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Abstract

Aging remains the primary risk factor for malignancy, driven primarily by the progressive decline of the immune system known as
immunosenescence. Natural killer (NK) cells serve as the critical effectors of tumor immunosurveillance, yet their anti-tumor efficacy is
compromised during biological aging. This review delineates the multifaceted mechanisms of NK cell immunosenescence including
phenotypic subset redistribution, receptor signaling dysregulation, and metabolic biogenesis failure driven by mitochondrial impairment
alongside telomere attrition and p16 p21 mediated cell cycle arrest. These cell intrinsic defects interact with the suppressive aging
microenvironment to create a self-reinforcing vicious cycle that facilitates tumor escape in the elderly population. Breaking this cycle
necessitates a multi-dimensional therapeutic framework that integrates cellular rejuvenation via induced pluripotent stem cell (iPSC) derived
chimeric antigen receptor (CAR) NK cells with niche remodeling using senolytics or bone marrow rejuvenation. Ultimately targeting the
biological hallmarks of NK cell immunosenescence represents a significant frontier in geriatric oncology offering the potential to resuscitate
anti-tumor immunity for the burgeoning elderly population.
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1. Introduction

Aging is established as the primary risk factor for mortality and a spectrum of chronic diseases, most notably malignancy, imposing a
marked health burden on global societies!! .. Emerging evidence underscores that aging is not a uniform decline but an intricate,
multidimensional process characterized by significant heterogeneity across systemic, organ-specific, and molecular levels[® .. This
heterogeneity allows for the “uncoupling” of chronological age from biological age, the latter of which more accurately reflects an
individual’s actual functional integrity and susceptibility to malignancy!®l. Within this multidimensional framework, the progressive
remodeling of the immune system known as “immunosenescence” emerges as a primary driver of age-related diseases. First
conceptualized by Roy Walford, immunosenescence describes the structural degeneration of lymphoid organs and the functional
erosion of both innate and adaptive immune compartments[!'2l, This systemic decline is paradoxically accompanied by
“inflammaging”, a state of chronic, sterile, low-grade systemic inflammation that further compromises tissue homeostasis!'?.

Within the intricate network of innate immunity, natural killer (NK) cells occupy a central position as the primary effectors of tumor
immunosurveillance. Acting as the first line of defense, NK cells possess the unique ability to recognize and eliminate malignant or
transformed cells in a non-major histocompatibility complex (MHC)-restricted manner, providing rapid protection before the
adaptive immune response is fully engaged!'*l. This anti-tumor orchestration follows a sophisticated functional cascade, which begins
with chemotactic recruitment into the tumor microenvironment, proceeds through the molecular recognition of malignant
signatures and subsequent activation, culminates in direct cytolytic destruction, and concludes with the essential modulation of
adaptive immunity(’>l. Throughout these stages, NK cell activity is governed by a delicate rheostat of stimulatory and inhibitory
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signalst'cl,

Beyond receptor regulation, NK cells exhibit significant diversity under normal conditions. Although they develop mainly in the bone
marrow, NK cells can also mature in other tissues to gain organ-specific features!!’-!8l. Human NK cells (CD56'CD3")*] include two
major subsets with distinct homing properties. The cytotoxic CD56%™CD16" subset predominates in the blood and spleen!?%,
expressing high levels of CX3CR1 for rapid mobilization>!"2%l. In contrast, the CD56P"9" subset preferentially localizes to secondary
lymphoid tissues and other organs!?*->42° through receptors like CXCR3[>!-2°l. This distribution supports tissue-specific functions. For
instance, uterine NK (uNK) cells (CD56""9"CD16°) are non-cytotoxic and regulate vascular remodeling during pregnancy!?*2\. Similarly,
tissue-resident NK (trNK) cells in the liver and lungs undergo stepwise maturation to adapt to local environments!?’-?l, These healthy
tissue profiles establish a baseline for understanding how aging alters NK cell function.

However, in the context of biological aging, this intricate balance is disrupted, driving NK cells into a state of immunosenescence.
When these senescent NK cells encounter the suppressive tumor microenvironment, they are highly susceptible to chronic
activation, which ultimately accelerates their transition into a state of functional exhaustion. While these two states share phenotypic
overlap, they are mechanistically distinct: immunosenescence represents an irreversible, age-dependent replicative arrest, whereas
exhaustion is primarily an antigen-driven, potentially reversible state of hyporesponsiveness. The main features of this dysfunctional
phenotype include impaired cytotoxicity, decreased secretion of cytokines, upregulated expression of inhibitory receptors,
downregulated expression of activating receptors, dysregulation of proliferation, and metabolic dysfunction!>*-*°l. Collectively, these
alterations represent a significant breakdown in the body’s primary defense against malignancy, thereby facilitating tumor escape
and progression in the elderly.

Despite the recognized clinical significance of NK cell dysfunction in the elderly, the multi-layered mechanisms driving this decline
remain complex and multifaceted®!). In this review, we begin by delineating the intrinsic biological hallmarks of NK cell
immunosenescence, emphasizing phenotypic remodeling characterized by the redistribution of CD56 subsets across diverse
anatomical compartments, alongside the shifting expression of key markers such as killer cell lectin-like receptor subfamily G
member 1 (KLRG1)P?, T cell immunoglobulin and ITIM domain (TIGIT)B%, and CD57134. We further explore the emerging role of
metabolic dysregulation, particularly mitochondrial dysfunction and telomere attrition, as key drivers of functional impairment[3>3°1,
Subsequently, we examine the extrinsic influence of the aging microenvironment, highlighting how systemic inflammaging, the
senescence-associated secretory phenotype (SASP), and bone marrow niche remodeling collectively suppress NK cell fitness3*371.
Finally, we discuss current and emerging therapeutic strategies aimed at restoring NK cell vigor, offering a promising frontier for
enhancing cancer immunotherapy in the burgeoning elderly population.

2. Biological Hallmarks and Phenotypic Remodeling of NK Cell Inmunosenescence

NK cell immunosenescence is characterized by a multi-dimensional remodeling of cellular identity and function. This process
involves a coordinated cascade of phenotypic shifts, receptor dysregulation, and metabolic failure, which collectively underpin the
functional exhaustion of the aging immune system. Here, we delineate the intrinsic biological hallmarks that define the senescent NK
cell state (Figure 1).

2.1 Phenotypic remodeling and subset redistribution

The fundamental architecture of the NK cell compartment is defined by the balance between the immunoregulatory CD5619"CD16°
subset and the cytotoxic CD56%™CD16" population. While this balance remains relatively stable from birth (cord blood) through early
adulthood, biological aging orchestrates a marked and progressive subset skewing. Unlike dwindling B-cell pools, NK cells often
expand in the very old to maintain numerical parity. This numerical resilience is driven by the selective expansion of the mature
CD56%™ subset, which occupies an increasingly larger portion of the lymphocyte pool while masking a qualitative erosion of the
immature reservoirl*®l, Lifespan analyses reveal a progressive contraction of CD56"9" frequency and absolute numbers, most notably
in the “very old” (p < 0.001)3840],

Within the dominant CD56%™ pool, the most conspicuous hallmark is the dramatic accumulation of CD57, which identifies NK cells
with shortened telomeres and negligible proliferative capacityl®$-*!l, This senescent profile is further accentuated by the specific
upregulation of leukocyte immunoglobulin-like receptor 1/immunoglobulin-like transcript receptor-2 (LIR-1/ILT-2), an inhibitory
receptor whose expression doubles in very advanced age, serving as a persistent brake on major histocompatibility complex class I
(MHC-I) recognition!®8l. Concurrently, NK cells exhibit a hallmark “exhaustion signature” characterized by the increased expression of
KLRG1 and TIGIT%3342, While KLRG1 serves as a terminal marker of replicative senescence, the surge in TIGIT represents a pivotal
functional blockade that competes with the activating receptor DNAM-1 for their shared ligand, CD155, thereby elevating the
activation threshold. Paradoxically, this gain in inhibitory signaling is accompanied by the coordinated loss of key maturation and
activating markers, including the downregulation of CD161, NKp30, and NKp46[*3:44, This aged repertoire skewing is heavily
confounded by latent cytomegalovirus (CMV) infection rather than reflecting chronological aging alone. Chronic, virus-driven clonal
expansion of adaptive NK cells largely drives this senescent phenotype, an intricate interplay explored in Section 2.2.
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Figure 1. Comparison of phenotypic, metabolic, and functional hallmarks between young and aged NK cells. The schematic illustrates the multi-dimensional remodeling of
NK cells during the transition from a functional state to immunosenescence. (Left) Young NK cells are characterized by an “Activation” profile, featuring preserved telomere
length, high expression of activating receptors (e.g., CD16, NKG2D, DNAM-1, and NCRs: NKp30, NKp44, NKp46), and efficient metabolic plasticity. Upon tumor recognition,
they secrete pro-inflammatory cytokines (IL-2, TNF) and chemokines (XCL1/2), and release potent cytotoxic effectors (GZMA/B, PRF1) to induce tumor cell apoptosis; (Right)
Aged NK cells undergo “Exhaustion” and immunosenescence driven by biological aging. This state is defined by intrinsic hallmarks including telomere attrition, mitochondrial
dysfunction (characterized by damaged mitochondria, increased ROS, and diminished OxPhos/glycolysis), and a shift toward bioenergetic rigidity. Phenotypic remodeling
involves the downregulation of activating receptors (NKp30/44/46) and the dramatic accumulation of inhibitory/exhaustion markers (e.g., PD-1, TIGIT, LIR-1, CD57, KLRG1,
and NKG2A/CD94). Functionally, the impaired secretion of granzymes and perforin, combined with inhibitory signals from the tumor microenvironment (e.g., HLA-E/NKG2A
interaction), allows tumor cells to achieve immune evasion, establishing a self-reinforcing cycle of malignancy in the elderly. Created in Adobe Illustrator. NK: natural killer;
NCRs: natural cytotoxicity receptors; IL: interleukin; TNF: tumor necrosis factor; ROS: reactive oxygen species; PD-1: programmed death 1; TIGIT: T-cell immunoglobulin and

ITIM domain; LIR-1: leukocyte immunoglobulin-like receptor 1; KLRG1: killer cell lectin-like receptor G1; HLA-E: histocompatibility leucocyte antigen E.

2.2 CMV serostatus and biological heterogeneity of NK cell aging

While human long-lived NK cell generation remains poorly understood, CMV seropositivity is firmly linked to the expansion of
memory-like NKG2C'CD57* subsets[*>*°l. Once primed, these cells expand further during subsequent viral infections, highlighting how
CMV shapes the biological heterogeneity of the aging NK cell pool!*’*°l. Indeed, the expansion of CD57*CD56%™CD16" NK cells, which
largely encompasses this adaptive population, is traditionally considered a hallmark of NK cell immunosenescencel*’). However,
comparative studies reveal that this phenotypic shift is primarily initiated by CMV infection rather than chronological aging itself, as
young and old CMV-seropositive donors display similar frequencies of these cells°'l. Instead of driving CD57 expression directly, aging
acts as a progressive accumulator of these CMV-primed cells to maintain overall NK cell homeostasis as other subsets declinel*°].
Indeed, while CMV selectively drives phenotypic receptor remodeling (such as CD94/NKG2C and CD57 expression), aging primarily
drives subset redistribution and functional decline, marked by the expansion of a granzyme A/B-deficient CD56°CD16* population!>!l.
This phenomenon highlights how persistent antigen stimulation, as a potent extrinsic factor, accelerates terminal differentiation and
limits the functional lifespan of NK cells.

At the molecular level, this CMV-driven differentiation involves marked epigenetic and transcriptional rewiringl®>>3. Specifically, the
loss of the transcription factor promyelocytic leukemia zinc finger protein (PLZF) precipitates the subsequent downregulation of key
signaling adapter molecules, including SYK, EAT-2, and Fc€RY. This maturation is regulated by T cell immunoglobulin and mucin
domain-containing protein 3 (TIM-3), whose decreased expression during chronic infections skews NK cells toward an exhausted yet
cytotoxic phenotype, identifying this pathway as a promising checkpoint targetl>*l. Notably, effective CMV control is driven
exclusively by either NKG2C* NK cells or T cells, indicating a rheostat-like regulation of antiviral T-cell responses whose long-term
impact on immunosenescence remains to be determined’>>l. Beyond isolated CMV exposure, Epstein-Barr virus (EBV) co-infection in
the elderly drives a mature CD56"¢9 subset that, despite lacking classical senescent markers, exhibits reduced cytotoxicity and
correlates with a T-cell-associated immune risk profilel>°l. Additionally, identifying CMV-derived peptides that selectively activate
NKG2C* NK cells presents new opportunities for NK cell regulation. These activity-modulating peptides could directly guide future
vaccine and therapeutic designl°’l. Furthermore, highly functional adaptive NK cells can be efficiently expanded from
CMV-seropositive donors using an anti-CD94 monoclonal antibody combined with interleukin (IL)-2 or IL-15. These expanded
effectors maintain high antibody-dependent cellular cytotoxicity (ADCC) capacity without upregulating programmed death 1 (PD-1),
providing a safe, cost-effective platform for adoptive immunotherapy!®sl.
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Beyond these therapeutic aspects, natural aging also affects these specialized subsets. The CD56 CD16" NK cell subset, described in
human immunodeficiency virus (HIV) patientsl®’], increases in elderly donorsl>'l. Additionally, CMV infection in older individuals drives
the accumulation of long-lived CD57* NK cells expressing NKG2C°%-°1l, In terms of tissue distribution, these adaptive NK cells
accumulate in the blood, bone marrow, and lungs, but are not significantly detected in lymph nodes, tonsils, or the gutl°?. Similarly,
aging causes mature NK cells to decrease in peripheral tissues but accumulate in the bone marrow!3*3,

2.3 Shifting profiles and functional imbalance of cytotoxicity receptors

Repertoire dysregulation and recalibrated signaling thresholds underpin the functional decline of senescent NK cells. While certain
primary activating receptors, most notably NKG2D, maintain stable surface density and positivity across age groups, their functional
output is qualitatively compromised. Evidence from Hazeldine et al.l’l suggests that the age-related decline in NK cell cytotoxicity is
not necessarily a failure of target recognition, but rather a post-binding defect characterized by impaired polarization of lytic
granules and reduced perforin secretion into the immunological synapse. This intrinsic functional failure is further compounded by
the progressive attrition of natural cytotoxicity receptors (NCRs) such as NKp30 and NKp46. Beyond direct tumor lysis, the loss of
these receptors disrupts critical NK-DC crosstalk and adaptive Th1 priming, thereby contributing to clinical vulnerabilities in older
adults, including the reactivation of latent infections and delayed resolution of inflammatory responses!'’l. In addition to these
activatory deficits, the senescent NK cell repertoire is increasingly dominated by inhibitory signals. Terminal differentiation during
aging promotes the stochastic expansion of Killer-cell Inmunoglobulin-like Receptors (KIRs) and the dramatic accumulation of the
maturity marker CD57, effectively locking the cells into a functionally rigid “chronic-off” statel®!l. The aging microenvironment
actively reinforces this inhibitory landscape through extrinsic programming. Recent findings by Chen et al.l>] demonstrate that
SASP-driven cytokines (e.g., CCL2 and IL-6) upregulate the ligand histocompatibility leucocyte antigen E (HLA-E) (Qa-1b) on myeloid
populations, which subsequently engages the CD94/NKG2A checkpoint to robustly suppress both antitumoral and vaccine-induced
immunity in aged hosts.

NK cell immunosenescence is modulated by diverse cellular interactions within the microenvironment. These crosstalk pathways,
though largely characterized in general tumor settings, intersect with the suppressive mechanisms that accumulate in the aging
microenvironment!!*-°l. For instance, NK-derived interferon gamma (IFN-Y) drives antitumoral M1 macrophage polarization/®®l.
Conversely, TGF-B1-secreting M2 macrophages suppress NK cell survival and function!®”l. Neutrophils also suppress NK cells through
direct contact, downregulating CCR1, NKp46, and NKG2DI®l. They cleave NKp46 using cathepsin G-containing NETs[°?l and release
reactive oxygen species (ROS) to reduce NK viability’l. Furthermore, myeloid-derived suppressor cells (MDSCs) and Tregs inhibit NK
cells via TGF-f1 releasel’!], IL-2 deprivation!’?), and TIGIT signaling!’3. These suppressive signals decrease CD3€ expression!’l.
Reciprocally, NK cells normally promote dendritic cell maturation and Th1 priming via IFN-y and NCRs[”>"7’l. The age-related loss of
NCRs (described in Section 2.3) therefore disrupts this helper axis. Finally, tumor-associated fibroblasts (TAFs) suppress NK cells by
releasing PGE2 and IDO!"®l. PGE2-EP4 signaling blocks IFN-y production!”), while IDO-mediated tryptophan degradation prevents the
recovery of NKp46 and NKG2D[3%L

2.4 Metabolic dysregulation and mitochondrial impairment

Beyond receptor-mediated signaling, the energetic requirements for such dynamic membrane remodeling are further curtailed by
metabolic reprogramming in aged NK cells. Efficient immunosurveillance is an inherently energy-intensive process; however,
immunosenescence shifts the NK cell from a state of metabolic plasticity to one of bioenergetic rigidity. Reflecting a systemic
hallmark of aging where mitochondria serve as the primary site of cumulative organelle damage across tissues!®*!#3, this bioenergetic
rigidity is underpinned by the progressive impairment of PGC-1q, the central co-transcription factor orchestrating mitochondrial
biogenesis and respiratory homeostasis!®*#, In aged human NK cells, this is specifically manifested as a failure to upregulate PGC-10
upon IL-2 activation, leading to inhibited mitochondrial expansion and aberrant ROS accumulation!®l. This bioenergetic failure is
further compounded by a deficiency in the NAD" salvage pathway; specifically, the downregulation of the rate-limiting enzyme
nicotinamide phosphoribosyltransferase (NAMPT) disrupts mitochondrial homeostasis and oxidative phosphorylation, thereby
stripping tumor-infiltrating NK cells of the metabolic endurance required for sustained cytotoxicity®’l. Moreover, this bioenergetic
crisis is further exacerbated within the tumor microenvironment (TME), where nutrient deprivation suppresses the glycolysis and
OxPhos required for NK cell effector functions®$-8°1, Specifically, the TME paralyzes NK cell glucose metabolism via lipid
peroxidation-associated oxidative stress, revealing a lack of metabolic substrate flexibility in exhausted NK cells that leads to
persistent bioenergetic insufficiency and functional exhaustion!*’l. This systemic bioenergetic rigidity and the resulting functional
exhaustion are epitomized by the accumulation of dysfunctional subsets like the CD56"¢9 NK cells. The failure of these cells to execute
cytotoxicity and produce IFN-y provides a clinical reflection of the profound innate immune disturbance and impaired
responsiveness to antiviral therapies during chronic viral infections!®!l. Indeed, long-term exposure to the immunosuppressive TME is
a key extrinsic driver of this metabolic failure. Factors like TGF-f and hypoxia suppress glycolytic enzymes and impair mitochondrial
respiration. This chronic signaling forces a metabolic reprogramming that drives NK cells into exhaustion.

2.5 Telomere attrition and p16 p21 mediated cell cycle arrest

The immunosenescence of NK cells is primarily anchored in the progressive loss of physiological integrity, characterized by
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systematic telomere erosion and the induction of stable cell cycle arrest!®3°2, Although NK cells uniquely possess the capacity to
upregulate telomerase, their telomeric repeats nonetheless undergo lineage-specific attrition that eventually reaches a critical
minimum threshold, mandating irreversible cell cycle exit and orchestrating phenotypic remodeling!®?l. Mechanistically, critically
short telomeres activate the DNA damage repair (DDR) via ataxia telangiectasia mutated (ATM) and ataxia telangiectasia mutated
Rad3-related (ATR) kinases!’!l. Generally, this axis triggers p53/p21-mediated growth arrest and subsequent p16-mediated
maintenancel®>?°l, though its downstream role in NK cells remains to be fully characterized. Although this classical pathway is widely
accepted based on robust data from fibroblasts and T cells, direct evidence specifically validating p16/p21-mediated cell cycle arrest
in NK cells remains relatively limited. Yet, genomic DNA damage is a major intrinsic trigger of NK cell aging. It also promotes a
pro-inflammatory secretory phenotype, linking intrinsic genomic instability to extrinsic chronic inflammation. The chronic activation
of this DDR pathway serves as a primary driver of NK cell exhaustion, triggering the downregulation of NKG2D and Eomesodermin
while facilitating the enrichment of terminal markers such as KLRG1°l. The resulting permanent loss of proliferative ability prevents
the mobilization of a sufficient effector population. Clinically, shorter leukocyte telomere length is directly associated with a higher
risk of malignant tumors, as demonstrated in a cohort of over 470,000 middle-aged and older adults®7-%5l.

2.6 Epigenetic alterations in NK cell immunosenescence

Epigenetic changes are a key hallmark of aging, regulating gene expression without altering the DNA sequencel’’l. During
immunosenescence, DNA methylation shows a bidirectional imbalancel'?l. Specifically, age-associated hypomethylation disrupts
functional pathways in immune cells[!°!l. Meanwhile, promoter hypermethylation silences critical genes, impairing DNA repair and
cell cycle checkpoints!['°?l. Furthermore, histone modifications undergo major imbalances!!??l. Aging cells lose repressive histone
marks like H3K9me3, causing heterochromatin loosening and genomic instability!'°41%5l. Finally, chromatin remodeling alters
chromatin architecturel'®l. This chromatin relaxation permits the abnormal expression of silenced genes!!°’l. Concurrently, the
downregulation of core histones impairs the chromatin barrier, increasing transcriptional noise in aging cells['%%].

3. Impact of the Aging Microenvironment on NK Cell Function

Complementing these cell-intrinsic biological clocks, the progressive erosion of NK cell immunosurveillance is reshaped by the
extrinsic pressures of the aged systemic and local environments.

3.1 Inflammaging: Driving NK cells from senescence to exhaustion

Inflammaging and cellular senescence orchestrate a self-reinforcing positive feedback loop, in which the accumulation of the SASP
drives systemic inflammation and the bystander spread of senescence through p38 MAPK-mediated autophagy inhibition!(!?%-11%l, This
reciprocal axis facilitates mitochondrial dysfunction and ROS accumulation, ultimately impairing immune surveillance and creating a
permissive environment for the progression of diverse malignancies!'?%111.112], This persistent state is largely fueled by “sterile”
damage-associated molecular patterns (DAMPs) released from damaged cells and environmental insults, which sustain low-grade
chronic inflammation even in the absence of infection!!!%!!4l, Such sustained inflammation has been intrinsically linked to the classic
hallmarks of aging, regulating physiological aging and increasing susceptibility to malignancy!®>11>11°], Recent deep-learning analysis
of human immunomes has integrated these systemic inflammatory patterns into a metric termed the inflammatory clock (iAge),
identifying the interferon-related chemokine CXCL9 as a primary driver of this process!!!’l. Elevated CXCL9 levels not only track with
multimorbidity but also correlate with the upregulation of multiple inflammatory pathways and the downregulation of
proliferation-associated genes!'!'7l. While these senescent effects of CXCL9 were originally characterized in vascular endothelial cells,
this systemic inflammatory milieu is hypothesized to similarly impact immune cells. Exposure to such chronic inflammatory factors
may reinforce the senescent phenotype of NK cells, potentially priming them for exhaustion under tumor-associated stress and
compromising early tumor clearancel*?.

3.2 SASP-mediated immune suppression

The molecular genesis of the SASP is linked to the cGAS/STING-mediated detection of cytosolic DNA arising from the transcriptional
derepression of LINE-1 retrotransposons and heightened mitochondrial ROS production!'%11], Although initially programmed as a
two-step transient response to facilitate tissue repair through immune recruitment, the inherent heterogeneity of the SASP allows for
the dominant secretion of immunosuppressive factors such as TGF-B, which neutralize NK cell surveillance and promote paracrine
senescence in the surrounding nichel!?%-121], This systemic failure to achieve senescence clearance results in the chronic persistence
of these cells, which eventually fosters a fibro-inflammatory environment conducive to malignant progression!®!2°, Within this
microenvironment, these persistent cells remain metabolically active and exert immunosuppressive effects primarily through the
continuous release of the SASP!?%123], Specifically, senescent myeloid subsets such as PMN-MDSCs exhibit a prototypical SASPome that
promotes their persistence in the niche and reinforces the immunosuppressive landscapel!?$12°l, These senescent populations amplify
the suppression by secreting key SASP-related cytokines, including IL-6, IL-8, and TGF-[3, which directly impair the production of
cytotoxic molecules such as granzyme B and perforinl®’-126:1271, The functional output of the SASP is inherently pleiotropic, often
shifting from a beneficial immune-recruiting signal to a potent mediator of immune evasion as malignancies progress. This transition
is particularly evident in preneoplastic environments, where the SASP recruits immature myeloid populations that act as a cellular
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shield to directly inhibit NK cell-mediated surveillance, thereby facilitating tumor initiation and growth!'?3], In addition to immune
cell recruitment, the SASP actively enables senescent cells to evade immune clearance by secreting metalloproteases that induce the
proteolytic shedding of activating NKG2D ligands, such as MICA and ULBP2, from their surfacel!?-!3%, Furthermore, senescent cells in
aged tissues, such as fibroblasts in the skin of older humans, upregulate the inhibitory ligand HLA-E, which binds to the NKG2A
receptor on NK cells to robustly suppress their cytotoxic activity and promote senescent cell persistencel'?!l. Beyond these
mechanisms, senescent cells exploit the upregulation of immune checkpoint proteins, most notably PD-L1 and PD-L2, creating a
stable immunosuppressive environment that facilitates their escape from immune surveillance and contributes to malignant
progressionl!32-1341,

3.3 Bone marrow niche deterioration

Aging of the bone marrow (BM) niche is histologically characterized by increased adipogenesis and vascular rarefaction, establishing
a metabolic stress environment that prioritizes myeloid-biased differentiation at the expense of lymphoid-primed progenitors,
presumably limiting the precursor pool available for NK-cell replenishment!!3%!3°l, This structural deterioration is further
compounded by biomechanical rigidification; age-related matrix stiffening activates Yap/Taz signaling in stromal cells, suppressing
the molecular cues!!?7l that are thought to support the proper maturation of the NK cell pool. Within this framework, the progressive
attrition of critical factors like CXCL12 and Netrin-1 impairs hematopoietic maintenance, although the calvarial BM exhibits a unique
microenvironmental resilience that partially preserves lymphoid potential in the elderly(!38-11] Beyond structural and biomechanical
shifts, the erosion of the neural-hematopoietic axis, specifically the loss of sympathetic nervous system (SNS) innervation and
impaired ADR{33 signaling within arteriolar niches, serves as a potent driver of hematopoietic stem cell (HSC) immunosenescence.
Strikingly, pharmacological restoration of these adrenergic signals via ADR3-selective sympathomimetics can significantly
rejuvenate aged HSC function, offering a promising therapeutic strategy to recover the lymphoid output!'*!l, thereby potentially
restoring sustained NK cell immunosurveillance. Therefore, the multi-dimensional deterioration of the bone marrow
microenvironment is proposed to restrict the homeostatic replenishment of functionally competent NK cells, thereby potentially
contributing to the systemic decline in innate immunosurveillance observed during biological aging.

4. The Vicious Cycle between NK Cell Senescence and Tumorigenesis

The intersection of NK cell immunosenescence and malignant progression establishes a self-reinforcing vicious cycle that
compromises the host’s anti-tumor defense. Clinically, the age-associated decline in NK cell activity is linked to increased
susceptibility to infections and malignancy, highlighting the significant impact of NK cell dysfunction on older adults!'*?l. This clinical
vulnerability is driven by reciprocal interactions within the TME, which induces functional alterations in resident NK cells to facilitate
immune evasion!'*’l. This functional collapse is underpinned by DNA damage; persistent tumor-induced stimulation triggers the
ATM-mediated DDR pathway, which drives aged NK cells into a state of functional exhaustion characterized by the loss of
eomesodermin and the activating receptor NKG2D[?l. Specifically, intra-tumoral NK cells, such as the CD103" subset, exhibit
substantial functional impairment characterized by the upregulated expression of co-inhibitory molecules (e.g., Tigit and TIM-3) and
a marked reduction in granzyme B production!'*3l. This cytolytic failure is further exacerbated by TME-derived cytokines, where
elevated IL-6 suppresses the cytotoxic activity of NK cells while decreased perforin and granzyme B levels impair their function!'*4l.
Such inhibitory signatures are pervasive across various malignancies, including lung and breast cancers, where the downregulation
of activating receptors like NKp30 and NKG2D impairs cytolytic function!'*5147], as well as hematological malignancies marked by
proliferative arrest associated with CD57 expression!!*$"151l. These receptor alterations and immunosenescence markers manifest
through distinct mechanisms across different malignancies, shaped by their distinct tissue origins and immunogenicity. Specifically,
alterations in key activating receptors, such as NKp30, NKp46, and DNAM-1, compromise NK cell immunosurveillance against tumors
of various origins, including haematological malignancies!'>?, melanomal'>3l, and ovarian carcinomal'>!l. In acute myeloid leukaemia,
contact with ligand-expressing blastsl'>!l drives NK cells to downregulate NKp46, NKp30[!>1:152155 and DNAM-1l!>11551 paralleling
alterations found in healthy elderly donors['>>l. Combined with reduced ligand expression on these blasts, this receptor
downregulation impairs NK cell-mediated tumor immunosurveillance.

Alongside these receptor-level and contact-dependent defects, cytokine-driven inhibition remains a major suppressive barrier.
Compounding this cytokine-mediated suppression, TGF-[3, abundantly present in the aged TME, further paralyzes NK cell function by
directly targeting the mTOR pathway, thereby blocking IL-15-induced metabolic activation, curtailing proliferation, and
downregulating key cytotoxic receptors to reinforce the immunosuppressive landscapel'?’l. Reciprocally, the tumor itself actively
accelerates NK cell senescence: chronic tumor-associated stress drives persistent DDR activation and telomere attrition,
progressively locking NK cells into a terminally differentiated state marked by CD57 upregulation, TIGIT accumulation, and loss of
NKG2D-mediated cytolytic capacityl*>°%144l. In the aging population, cellular senescence promotes tumor growth and metastasis
through the SASP!>%157], This secretome locks the microenvironment into a self-sustaining cycle of immune paralysis and oncogenic
progression.
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5. Breaking the Cycle: Therapeutic Opportunities

The establishment of a self-perpetuating vicious cycle between NK cell immunosenescence and malignant progression necessitates a
multi-dimensional therapeutic framework to decouple this reciprocal relationship and restore the host’s anti-tumor integrity
(Figure 2).

Intrinsic Biological Hallmarks Extrinsic Microenvironmental Pressures

Receptor Dysregulation + Systemic Inflammaging

Metabolic Rigidity & Mitochondrial Dysfunction + SASP-Mediated Inmune Suppression
Telomere Attrition & DNA Damage Response + Bone Marrow Niche Deterioration
p16/p21-Mediated Cell Cycle Arrest + Tumor Microenvironment (TME) Paralysis

Therapeutic Strategies

Restoring Intrinsic Potency CAR-NK Therapies Targeting the Senescent Niche
ol ne Checkpoint Blockad * Youthful Sources + Senolytics & Senomorphics
« Cytokine Support * Genetic Armoring « Bone Marrow Rejuvenation
* Reversing Metabolic Paralysis . i gati K * Neutralizing SASP Factors
= ‘ SASP a
* p— - a
CAR Inhibition
Inhibitory Signals Blocked
Aged NK cell Tumor cell CAR-NK cell Tumor cell NKcell Senolyti

Restoration of NK Cell Fitness

ity & Bi getic Endurance
« Proliferative Vigor & Sustained Cytotoxicity
« Effective Recrui & C

Robust Cancer | veillance & Enh d Survival in the Elderly Population

Healthy Aging

Figure 2. Integrated therapeutic framework for resuscitating NK cell function in the elderly. Biological aging impairs NK cell-mediated immunosurveillance through
synergistic intrinsic hallmarks and extrinsic microenvironmental pressures, including receptor dysregulation, metabolic rigidity, and bone marrow niche deterioration. To
counteract this decline, multi-dimensional therapeutic strategies are integrated to break the vicious cycle of immune paralysis. These approaches encompass the restoration
of intrinsic potency via checkpoint blockade and cytokine support, the deployment of youthful or genetically armored CAR-NK cells to bypass host senescence, and the
pharmacological remodeling of the senescent niche using senolytics. Collectively, these interventions facilitate the restoration of NK cell fitness and ensure sustained cytolytic
vigor. This systemic rejuvenation achieves robust cancer immunosurveillance and promotes healthy aging in the elderly population. Created in Adobe Illustrator. NK: natural

killer; CAR: chimeric antigen receptor; TME: tumor microenvironment; SASP: senescence-associated secretory phenotype.

5.1 Restoring intrinsic potency

TIGIT has emerged as a primary checkpoint specifically associated with NK cell exhaustion, serving as a more relevant mediator of NK
dysfunction than traditional markers such as CTLA-4 or PD-1. Blockade of the TIGIT axis effectively prevents this functional collapse,
not only restoring NK-mediated tumor surveillance but also potentiating adaptive T cell responses through essential immune
crosstalk[?3l, Complementing the TIGIT axis, therapeutic targeting of the inhibitory NKG2A receptor with monalizumab has
demonstrated significant potential to simultaneously reinvigorate NK and CD8" T cell effector functions. By alleviating inhibitory
signaling, particularly from the HLA-E ligand, monalizumab has shown promising clinical efficacy in Phase II trials, providing a
synergistic platform that may overcome resistance to first-generation immunotherapies in refractory settings!'>®l. Concomitant with
the alleviation of these inhibitory brakes, the reinforcement of proliferative vigor via the IL-15 superagonist complex ALT-803
provides the necessary functional drive to overcome replicative senescence. Clinical evaluation has shown that ALT-803 triggers the
robust activation and systemic expansion of NK and CD8" T cells without the paradoxical induction of immunosuppressive regulatory
T cells, thereby offering a potent platform to rejuvenate anti-tumor surveillance in the aged and immunocompromised host!'>,
Building on these synergistic principles, the clinical combination of ALT-803 and nivolumab has demonstrated the ability to
overcome resistance in refractory non-small cell lung cancer. By reinvigorating NK and T cell activity, this regimen provides a
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promising strategy to rescue anti-tumor responses in patients who previously progressed on standard checkpoint inhibitors!'®l,
Ultimately, these integrative strategies highlight that the simultaneous neutralization of inhibitory checkpoints and the
reinforcement of stimulatory signaling can effectively resuscitate the latent anti-tumor potency of endogenous NK cell repertoires
within the aging host.

5.2 Chimeric antigen receptor (CAR)-NK therapies

Compared to CAR-T cells, CAR-NK therapies show superior safety with a lower risk of graft-versus-host diseasel'*!l. They are also less
likely to trigger severe cytokine release syndrome or neurotoxicity!'°?. This safety is due to different cytokine profiles; activated NK
cells primarily secrete IFN-y and granulocyte-macrophage colony-stimulating factor (GM-CSP)l'®3], whereas CAR-T cells release a
wider range of inflammatory cytokines like IL-6 and tumor necrosis factor alpha (TNF-o)!'%4l. Additionally, CAR-NK cells retain their
natural cytotoxicity through receptors like NKG2D and CD16-mediated ADCCI!°%1¢], This dual killing mechanism helps eradicate
heterogeneous tumors that escape CAR-targeted antigen recognition. Furthermore, CAR-NK cells can be produced from allogeneic
sources, including cord blood and induced pluripotent stem cells (iPSCs), as standardized, ready-to-use products!'°’l. This eliminates
the need for patient-specific manufacturing!'°®l. For elderly patients, whose autologous T cells are often compromised by aging, this
ready-to-use availability and lower toxicity represent a major clinical benefit.

Supporting these advantages, a landmark clinical trial demonstrated that cord blood-derived CAR-NK cells can yield high remission
rates (73%) with minimal toxicity!'®’l, proving the clinical feasibility of using youthful, allogeneic sources. Thus, these youthful cells
may bypass the senescence and exhaustion inherent in older autologous therapies. The clinical translation of CAR-NK cells is further
accelerated by the utilization of iPSCs as a limitless and homogeneous cell sourcel!’%!71, Notably, iPSC-derived NK cells engineered
with NK-optimized CAR constructs containing NKG2D and 2B4 signaling domains have demonstrated potent anti-tumor efficacy that
rivals CAR-T cells. This strategy provides a standardized off-the-shelf platform that achieves robust tumor inhibition while
maintaining a significantly superior safety profilel!’?l. To address the metabolic insufficiency and limited persistence typical of
senescent immune cells, researchers have developed armored iPSC-NK cells through multiplexed genetic engineering!!’>!7‘l. The
integration of membrane-bound IL-15 (mbIL-15) or IL-15/IL-15R fusion proteins into iPSCs provides essential autocrine survival
signals that promote sustained in vivo persistence and metabolic fitness!!73"175]. Furthermore, the introduction of high-affinity,
non-cleavable CD16 (hnCD16) allows these engineered cells to maximize ADCC when combined with monoclonal antibodies[!7%177],
Advanced platforms such as the iDuo-NK or quadruple-gene-edited CAR-iNK cells further incorporate the knockout of metabolic
barriers like CD38 or the negative regulator cytokine-inducible SH2-containing protein (CISH)!'7>178.17°], The therapeutic potential of
these genetically modified platforms is supported by clinical data. Specifically, iPSC-derived NK cells offer a youthful cell source that
avoids donor senescence. In a B-cell lymphoma trial, a single dose of 90 million or more cells induced objective responses in eight of
eleven patients, with seven achieving complete remission!'®’l. These responses occurred without dose-limiting toxicities or severe
neurotoxicity!'®’l. However, this trial lacked age-stratified data, and the aged recipient microenvironment may still suppress these
cells. This favorable safety profile is vital for older patients with limited physiological resilience. Therefore, combining youthful cell
origins with functional enhancements may help mitigate the effects of recipient immunosenescence, decoupling cell product potency
from the patient’s chronological age.

5.3 Targeting the senescent niche

The clinical success of engineered natural killer cell therapies depends not only on cellular potency but also on the state of the
surrounding microenvironment where these cells must operate. A primary strategy to remodel this niche involves the use of
senolytics, which are pharmacological agents that selectively eliminate senescent cells by targeting their inherent pro-survival
pathwaysl'28l, Specifically, the combination of dasatinib and quercetin or Bcl-2 family inhibitors can significantly reduce the burden of
senescent cells in aged tissues while improving overall healthspan parameters[!8"-182l, For instance, pharmacologically targeting
specific cytokines such as TGF-f3 can alleviate the metabolic paralysis of natural killer cells by restoring the mTOR pathway, which is
frequently impaired in the aged tumor microenvironment!?’l, Niche remodeling also involves neutralizing the HLA-E and NKG2A axis,
which allows senescent cells to evade immune surveillancel!3!l, Strategically blocking this checkpoint with monalizumab
reinvigorates natural killer cell activity to enhance anti-tumor immunity within the aged host!'>%l. The long-term maintenance of
natural killer cell surveillance also requires the systemic rejuvenation of the bone marrow niche as the primary site for lymphoid
development. Research indicates that pharmacological activation of adrenoreceptor (33 signaling within the bone marrow niche via
selective sympathomimetics significantly rejuvenates aged stem cell function to recover the lymphoid output required for sustained
natural Killer cell replenishment!'*!l. Engineering a soft bone marrow niche by modulating Yap Taz signaling can successfully reverse
hematopoietic stem cell aging hallmarks and restore lymphopoiesis!!3’l. Supplementing the bone marrow niche with Netrin 1
rejuvenates aged niche cells and restores the regenerative potential of hematopoietic stem cells by activating essential DNA damage
response pathways!'??l. Additionally, the use of senomorphic agents such as metformin or rapamycin provides a non-cytotoxic
strategy to suppress the secretory capacity of the niche without depleting resident cells, thereby neutralizing the chronic
inflammatory statel'?8],
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5.4 Clinical translation and evidence gaps in aging populations

Applying these immunotherapies and senolytics to older cancer patients presents distinct clinical challenges, particularly concerning
age-related factors like frailty, polypharmacy, and reduced organ reserve. Physiologically, sarcopenia and increased adipose tissue
lead to reduced endogenous IL-15 levels and higher levels of inflammatory adipokines!'®3l. This baseline inflammatory state can
complicate treatment. Administering exogenous IL-15 superagonists (such as ALT-803) or CAR-NK cells in this inflammatory
environment increases the risk of severe toxicities, including cytokine release syndrome (CRS). Similarly, new cell therapies like
iPSC-derived NK cells are designed to bypass cellular aging. However, the therapeutic efficacy of these cells remains heavily
constrained by the physiological state of the aged host. Aged tissues typically exhibit mitochondrial dysfunction, high levels of ROS,
and altered lipid metabolism!!3*185], These factors can impair the metabolic fitness and immunological synapse formation of the
transferred cells, even if the cell product itself is healthy. There is also a lack of clinical evidence for these therapies in older
populations. Current CAR-NK trials do not include age-stratified analyses. Additionally, clinical data for senolytics, such as dasatinib
plus quercetin (D + Q) or Bcl-2 inhibitors, remain very limited in older cancer cohorts. Future clinical trials must include older patients
and report age-specific outcomes to establish safe treatment guidelines.

6. Conclusion and Future Perspectives

Biological aging remains the most significant challenge for cancer immunotherapy due to the systemic erosion of natural killer cell
function known as immunosenescence. This review has delineated the multifaceted mechanisms underlying this decline, including
phenotypic remodeling, receptor signaling dysregulation, and the metabolic rigidity driven by mitochondrial impairment. The
intersection of natural killer cell immunosenescence and the suppressive aging microenvironment creates a self-reinforcing vicious
cycle that facilitates tumor escape in the elderly population.

Breaking this cycle necessitates a multi-dimensional therapeutic framework that integrates cellular rejuvenation with niche
remodeling. While innovative strategies such as iPSC derived CAR-NK cells offer a youthful and standardized platform to bypass host
senescence, their long-term clinical efficacy will depend on the simultaneous transformation of the senescent niche. Combining
intrinsic potency restoration with extrinsic interventions like senolytics or bone marrow rejuvenation provides a promising
synergistic approach to resuscitate anti-tumor immunity.

Looking forward, several research directions are critical to advance this field. First, developing precise inflammatory clocks and
spatial multiomic technologies will help map organ-specific NK cell senescence. Second, future engineering strategies should target
epigenetic rejuvenation, such as restoring youthful DNA methylation patterns and histone modifications. Third, resolving technical
hurdles like enhancing in vivo persistence and optimizing homing to specific tissue niches remains vital. Finally, clinical trials must
implement age-stratified analyses and incorporate geriatric frailty indexes to guide treatment. Ultimately, targeting the biological
hallmarks of natural killer cell immunosenescence represents a key frontier in geriatric oncology. This approach offers the potential
to establish immune cell-based therapies as a new pillar of cancer treatment for the burgeoning elderly population.
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