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of reactive oxygen species (ROS).21 Understanding and
addressing mechanisms governing immunosenescence are key
to promoting healthy aging.
Human metabolism changes with age. When analyzed for

total daily energy expenditure, reflecting daily energy needs
required to maintain human health and physiology, metabolic
activity and the energy quotient decline dramatically after age
60 compared to earlier ages. Indeed, aberrant metabolic
activity has been increasingly reported in the aging immune
system.22,23 Immunometabolism24,18,25 research in the past
decade has elucidated major mechanistic underpinnings of
immunosenescence and shown that compromised immune
competence during aging is accompanied by aberrant
metabolism (Figure 1). Most importantly, age-associated

metabolic mechanisms provide therapeutic targets with the
capacity to “rejuvenate” aging immune competence via
strategic metabolic reprogramming. Thus, targeted metabolism
reprogramming innovations are key to reinstating immune
competence in aged hosts.
Nanoparticle-based systems possess significant potential to

revolutionize metabolic reprogramming.26 The rapid expansion
of nanoparticle science has already created exciting oppor-
tunities for immune-based therapies.27−30 In a similar manner,
nanoparticle-based approaches to metabolic reprogramming
represent a new frontier for targeting immune senescence.31,32

Of note, nanoparticles containing senolytic agents have been
shown to eliminate senescent cells,33 and mesoporous silica
nanoparticles coated with matrix metalloproteinases (MMPs)-
3-responsive peptides and decorated with the chemokine
CXCL12 have shown to target the senescent microenviron-
ment.34,35 However, the true potential for nanosystems to
achieve quintessential metabolic reprogramming to address
immune senescence remains untapped and, thus, is just being
realized.

■ WHAT IS IMMUNE SENESCENCE?
Immune senescence refers to the age-related decline in the
function and integrity of the immune system, leading to
vulnerabilities to infections, an increased risk of cancer, and
susceptibility to autoimmune disorders.13,20 This multimodal
process is characterized by a decline in immune cell
populations, a shift toward a more inflammatory state, and
reduced responses to infections and vaccines. Several intrinsic

and extrinsic factors, including skewed hematopoiesis, thymic
involution, altered T and B cell responses, and inflammaging
are identified as major contributors to the process of
immunosenescence.36,13 The origin of immune aging can be
traced back to bone marrow cells, where the frequency of
myeloid progenitors increases, in a process termed myeloid
skewing. This leads to reduced T and B cell diversity and
renders the immune cells senescent, resulting in defective
immune responses and an increased risk of autoimmune
disorders. Senescent immune cells may lack the ability to
eliminate malignant cells or elicit antitumor T cell
responses.37,38 This increases the risk of cancer in older adults,
and also hampers the efficacy of immunotherapies.39 These
cumulative effects of immune aging not only reduce the
resilience of immune cells to external stressors but also
negatively impact the overall quality of life in aging individuals.
Recent studies highlight the importance of a metabolic shift in
aging immune cells, which leads to altered cell signaling and
cellular dysregulation, ultimately resulting in cellular derail-
ment and immune senescence.40

Molecular drivers of immune cell senescence can range from
SASP, pathogen-associated molecular patterns (PAMPs),
damage-associated molecular patterns (DAMPs), and/or
metabolic dysregulation.15 The SASP includes proinflamma-
tory cytokines, chemokines, growth factors, and proteinases
and can cause chronic inflammation or induce senescence in
neighboring cells.40 Interestingly, metabolites can govern
SASP, especially under geriatric disease conditions. Age-
associated accumulation of endogenous DAMPs, including
cell-free DNA, RNA, lipids, proteins, extracellular ATP, and
uric acid, can persistently activate pattern recognition receptors
(PRRs), thereby continuing low-grade inflammation.41−43 As
previously mentioned, accumulation of DNA damage and
alterations in DNA and histone modifications negatively
impact immune cell function, reducing the pool of functional
cells capable of responding to health threats. To an extent,
production of DAMPs is associated with the accumulation of
several metabolites produced by dysfunctional metabolism.
Similarly, the presence of PAMPs is enabled by age-associated
incompetent immune clearing of pathogens.44 This promotes
persistent signaling cascades that ultimately result in chronic
low-grade inflammation and SASP. Finally, disrupted meta-
bolic pathways, including impaired mitochondrial function and
energy production, directly contribute to SASP and immune
senescence (discussed in detail later).

■ WHAT IS THE ROLE OF METABOLISM IN
REGULATING IMMUNE AGING?

From birth to death, metabolism plays a fundamental role in
shaping immune cell function. The term “immunometabolism”
encompasses metabolic bioenergetics and biosynthesis pro-
cesses that regulate immune cell biology.45,46 Indeed, the
intricate balance between catabolic (breakdown) and anabolic
(synthesis) pathways for sugars, fats, and amino acids is
essential for the maintenance, survival, and function of immune
cells. However, this intricate balance is not static and changes
dynamically during immune response stimulation. When
immunity is stimulated by abnormal events, such as infection,
trauma, or inflammation, immune cells undergo profound
functional and phenotypic transformations to mount a
protective immune response. The transition of immune cells
from a naive to a stimulated (activated) state, a key step in
creating immune protection against health threats, necessitates

Figure 1. Reciprocal relationship between metabolic aberrations and
immune dysfunction during aging. This graph illustrates the inverse
correlation between immune function and metabolic dysregulation
during aging. The teal curve represents immune competence, which
declines with age, indicating reduced innate and adaptive immune
responses. The red curve depicts metabolic alterations, which increase
over time, causing immune senescence and metabolic diseases.
Created in BioRender. Gujar, S. (2026) https://BioRender.com/
d75wf0y.
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significant metabolic shifts in major metabolic pathways,
including glycolysis, oxidative phosphorylation (OXPHOS),
and fatty acid oxidation (FAO).47 Interestingly, immune cells
can switch between these metabolic pathways. Resting or
inactive immune cells predominantly rely on OXPHOS for
energy production, whereas activated immune cells shift
toward glycolysis to rapidly meet their energy and biosynthetic
demands.48

Aging decreases the overall metabolic resilience. Age-
associated metabolic aberrations also extend to the immune
system, causing notable changes in immunometabolism.18,49

Aged immune cells display persistently elevated glycolysis
accompanied by suppressed OXPHOS, reflecting organism-
wide chronological aging.50 This differs from the metabolic
profile of immune cells in younger individuals.51 Interestingly,
aging results in metabolic shifts within phagocytic cells,

particularly a reduction in FAO, which is essential for energy
production and maintaining cellular function. This impairment
reduces the population of functional macrophages that can
effectively perform immune functions.52 Aged immune cells
often show increased lipid droplet accumulation due to
impaired FAO, which can contribute to a proinflammatory
state by promoting cytokine production.53 With an advancing
age, the ability of immune cells to reprogram their metabolism
in response to health challenges declines. This results in
impaired responses to infections and a diminished recognition
of antigens. Moreover, aging promotes a metabolic environ-
ment that fosters inflammaging�a chronic, low-grade
inflammatory state�by skewing immune cells toward
proinflammatory phenotypes.18 This, in turn, contributes to
immunosenescence, the progressive decline of immune
function with age. Targeted metabolic reprogramming thus

Figure 2. Targeting metabolic and survival pathways in senescent cells to mitigate inflammaging. Key pathways that regulate senescent cell survival,
anabolic reprogramming, and the secretion of the SASP, contributing to chronic inflammation (inflammaging). NAD+ metabolism is impaired
during aging due to CD38 overexpression. Supplementation with NAD+ precursors (NR/NMN) or inhibition of CD38 (e.g., with inhibitor 78c)
restores NAD+ levels. NAD+ supplementation is supported by contributions from the microbiome and may be enhanced by using probiotics and
prebiotics. Senescent cells exhibit increased glucose uptake and reprogrammed metabolism through enhanced anabolic and one-carbon (1-C)
pathways. These processes are predominantly governed by PI3K/AKT/mTOR and NF-�B signaling. Activation of AMPK (e.g., by metformin) and
inhibition of mTOR (e.g., by rapamycin) disrupt metabolic signaling required for senescent cell maintenance by modulating NF-�B and c-myc/
HIF1�, which reduce inflammation and glycolysis, respectively. Growth factor and cytokine-induced JAK/STAT signaling further modulates these
metabolic pathways and SASP production. Senomorphic agents, such as dasatinib, fisetin, and quercetin, reduce SASP secretion and promote
apoptosis by inhibiting PI3K/AKT and regulating antiapoptotic proteins (BCL2/Bcl-xL), thereby allowing mitochondrial outer membrane
permeabilization via BAX/BAK and cytochrome c release indicating apoptosis. Reduced mitophagy (also regulated by mTOR signaling) increases
ROS generation and secretion of DAMPs like mt-DNA induces TLR signaling pathways causing inflammasome activation and cytokine storm.
Antioxidants, ROS scavenging systems and autophagy inducers could be beneficial in reducing mitochondrial metabolic imbalances. Targeting
these interlinked pathways provides a strategic framework for senotherapy to eliminate senescent cells or suppress their proinflammatory effects in
aging and age-related diseases. Created in BioRender. Gujar, S. (2026) https://BioRender.com/nx04l2e.
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represents a promising strategy for rejuvenating aging immune
cells and combating immune senescence.

■ HOW DOES METABOLISM GOVERN
AGE-ASSOCIATED IMMUNE SENESCENCE?

Immunosenescent cells exist in an environment of age-
associated metabolic aberrations, including impaired nutrient
sensing,54 mitochondrial dysfunction,55 and reduced autopha-
gic activity,56 as delineated in the hallmarks of aging. Together,
these disturbances drive the metabolic reprogramming typical
of immunosenescence, characterized by increased glycolytic
flux, suppressed OXPHOS, and compromised antioxidant
defenses. Concurrently, impaired mitophagy�a cytoprotective
mechanism that removes damaged or dysfunctional mitochon-
dria�results in ROS accumulation, further amplifying
oxidative stress during immunosenescence.57 Of note, elevated
ROS levels cause further mitochondrial damage, generating
additional ROS and driving cellular stress, which disrupts
redox homeostasis. Central to maintaining this balance is
nicotinamide adenine dinucleotide (NAD+), which facilitates
electron transfer in metabolic pathways supporting cellular
antioxidant systems.58 NADH, the reduced form of NAD,
donates electrons to the oxidized form of OXPHOS and is
oxidized back to NAD+, sustaining the TCA cycle and other
redox reactions. The NAD+/NADH ratio is critical for the
proper functioning of these reactions. During immunosenes-
cence, declining NAD+ levels�partly driven by increased
NADase CD38-mediated NAD+ degradation�increases ROS
production and drives broader metabolic dysregulation.59

These metabolic alterations contribute to inflammaging and
SASP and are often exacerbated by comorbidities. For
instance, metabolic stressors such as obesity and diabetes can
exacerbate macrophage dysfunction, further promoting inflam-
maging and tissue degeneration.23 Targeting factors that
contribute to metabolic dysregulation can potentially reverse
or slow the rate of immune senescence, which can be achieved
by using targeted personalized metabolic reprogramming
strategies.

■ STRATEGIES FOR METABOLIC REPROGRAMMING
TO REVIVE AGING IMMUNE CELLS

Looking ahead, innovative strategies aimed at precisely
targeting metabolic aberrations within aged immune cells
hold promise for restoring immune competence (Figure 2).
Glycolysis, a central metabolic axis, is essential for T cell
activation, with key enzymes such as lactate dehydrogenase A
(LDHA) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) orchestrating cytokine gene expression, particularly
interferon-�. 60−62 Aging impairs the glycolytic flexibility of T
cells, compromising both their longevity and their memory
responses.50 Modulation of glycolytic flux in aged T cells has
emerged as a potential approach to enhance survival, reinstate
metabolic plasticity, and restore robust memory function.63

Beyond glycolysis, OXPHOS is critical for ATP production
and efficient T cell activation,61 which occur in mitochondria.
Mitochondria are indispensable for meeting the energy
demands of adaptive immune cells. This is particularly the
case during the formation of the immunological synapse, which
is a specialized interface between a T cell and an antigen-
presenting cell. Synapse formation requires extensive cytoske-
letal remodeling and heightened bioenergetic output. During
synapse formation, mitochondria are actively repositioned

toward the immune synapse, ensuring a localized ATP supply
and precise regulation of calcium signaling.64,65 The spatial and
functional coupling coordinates cytoskeletal dynamics and
vesicular trafficking, thereby amplifying T cell activation and
enabling efficient cytokine production and effector responses.
Activation-induced calcium influx further stimulates OXPHOS
and ROS generation, both of which are crucial for sustaining T
cell effector functions.66 Mitochondrial dysfunction is a major
driver of age-associated immune senescence and is closely
linked to impaired one-carbon metabolism in activated
cells.67,68 The accumulation of abnormal mitochondria in
CD4 and CD8 T cells is a characteristic feature of aged T cells
compared to young cells. Aged naiv̈e CD8 T cells often fail to
progress through early transitional activation states due to
deficits in one-carbon metabolism, which is essential for
nucleotide biosynthesis, methylation reactions, and epigenetic
regulation.69 Interestingly, recent studies have demonstrated
that spermidine improves mitochondrial metabolism and
antitumor T cell function in aged mice and is broadly linked
to metabolic and longevity pathways, but direct restoration of
one-carbon metabolic flux in aged CD8 T cells has not yet
been conclusively demonstrated.70,71 This suggests the exciting
possibility that such interventions can help rehabilitate the
aging immune system.
Aged CD4 T cells show reduced levels of OXPHOS and rely

more on glycolysis and glutaminolysis for energy compared to
young cells. Therefore, targeted inhibition of glutaminolysis
may be a novel therapeutic strategy to restore immune
function in aging. This may be particularly useful in specific
circumstances, such as to rehabilitate T cells to tackle immune
rejection in organ transplantation in aged individuals.72

Mitochondrial oxidative stress also impacts the activity of
FOXP3+ CD4 T cell-mediated inflammation in frail older
adults.73 In addition, the generation of ROS in tissue-resident
macrophages becomes more common with aging, which
involves redox potentials such as NADH and FADH2 from
metabolites.74 The proper implementation of antioxidant
augmentation promises to reverse such mitochondria-mediated
oxidative stress. Interestingly, NAD+ levels dramatically decline
with age and are often correlated with an increased expression
of the CD38 enzyme (an NADase), which degrades NAD+

both intracellularly and extracellularly.75−77 Supplementing
with NAD-boosting metabolites78 or inhibiting NADase, such
as CD38, in cells can restore NAD+ levels.79,80 While the age-
related upregulation of the NADase CD38 has emerged as an
important contributor to systemic NAD+ depletion, several
additional mechanisms also participate in regulating NAD+

homeostasis during aging. These include increased activity of
poly(ADP-ribose) polymerases (PARPs), which consume
NAD+ during DNA damage repair responses, as well as
stress-activated enzymes such as sterile alpha and TIR motif-
containing protein 1 (SARM1), which catalyzes rapid NAD+

cleavage under conditions of metabolic or cellular stress. In
parallel with increased NAD+ consumption, aging is also
associated with impairments in NAD+ biosynthesis. In
particular, reduced expression or activity of nicotinamide
phosphoribosyltransferase (NAMPT), a key enzyme in the
NAD+ salvage pathway, has been reported in several tissues
and immune cell populations during aging. A decline in
NAMPT-dependent NAD+ regeneration may therefore ex-
acerbate NAD+ depletion in cells exposed to chronic
inflammatory signaling, oxidative stress, or genotoxic damage.
Understanding the multiple pathways contributing to NAD+
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depletion provides a stronger rationale for therapeutic
strategies aimed at restoring NAD+ metabolism.81,82 Similarly,
amino acids also play a significant role in immune cell
metabolism. For example, taurine is a sulfur-containing

semiessential amino acid that declines with age, causing an
increased risk of DNA damage, cellular senescence, mitochon-
drial dysfunction, hyperinflammation, and ROS generation in
granulocytes.83 Taurine supplementation can help mitigate

Figure 3. Nanoparticle-based interventions targeting hallmarks of aging. This schematic illustrates the application of engineered nanoparticles to
mitigate cellular and molecular dysfunction associated with aging. Inflammaging, characterized by chronic, low-grade inflammation, arises due to an
age-associated accumulation of senescent cells, dysfunctional mitochondria, elevated levels of proinflammatory cytokines, and a decline in naive
immune cell populations. Various nanomedicine-based interventions can be developed to target these underlying mechanisms. Senolytic or
senomorphic drug-loaded nanoparticles eliminate or suppress senescent cells and their SASP, thereby reducing inflammatory signaling.
Mitochondria-targeted nanoparticles activate AMPK, enhancing mitochondrial respiration and reducing oxidative stress. Antioxidant-loaded
nanoparticles further counteract ROS accumulation, improving mitochondrial health. Autophagy-inducing nanoparticles promote clearance of
damaged cellular components in aged immune cells, lowering the inflammatory burden. Nanoparticles targeting proinflammatory cytokines help
restore the balance between proinflammatory and anti-inflammatory signals. Metabolic inhibitor-loaded nanoparticles, such as AZD1080-loaded
silicasomes, can downregulate immune exhaustion markers (e.g., PD-1) and transcriptional regulators (NF-�B and T-bet) in cytotoxic T
lymphocytes, thereby rejuvenating immune function. Collectively, these nanoparticle platforms provide a multifaceted approach to restore the
immune-metabolic balance and reduce age-associated inflammation. Created in BioRender. Gujar, S. (2026) https://BioRender.com/bnq2tpw.
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age-associated degenerative phenotypes and enhance both the
health span and lifespan. Thus, control of amino acid
metabolism and calcium homeostasis can restore granulocyte
functionality in aging and can potentially be used to revive
immune cell function in vulnerable older adults.84

Apart from the direct involvement of metabolites, the
microbiome is gaining considerable interest in aging research.
During aging, gut microbiome diversity is reduced, which can
alter microbial metabolite production, leading to changes in
immune function and the development of inflammaging85,86

The opportunity to deliver probiotics or prebiotics directly to
affected systemic organs in aging could reverse metabolic
dysregulation and restore metabolic homeostasis. Researchers
should consider developing targeted antibiotic delivery systems
that specifically target harmful bacteria while preserving the
integrity of beneficial bacteria in aged individuals to foster
healthy aging.

■ IS NANOTECHNOLOGY THE KEY TO
AGE-ASSOCIATED IMMUNE REJUVENATION VIA
METABOLIC REPROGRAMMING?

Recent studies underscore the potential of nanotechnology to
address age-related health conditions. A notable example is the
lipid nanoparticle (LNP)-based life-saving COVID-19 mRNA
vaccines,87−89 which produced protective anti-SARS-CoV-2
immunity in aged individuals.90,91 Since then, LNP technology
has been rapidly applied for targeted drug delivery, precision
gene editing, and multidrug encapsulation.92,93 Interestingly,
the capacity of LNP and related nanotechnologies to drive
metabolic reprogramming through metabolite cargo loading
and precision targeting has only started to be appreciated. The
following section highlights advances in nanostructure develop-
ment, aimed at addressing age-related metabolism aberrations,
as they relate to immune senescence (Figure 3).
Targeting Senescence with Senolytics
Senescent cells arise in response to diverse stressors�
including DNA damage, oncogene activation, mitochondrial
dysfunction, and metabolic imbalance�and exhibit substantial
variability across tissues and cell types.94 As a result, no single
biomarker universally defines senescence in vivo. Instead,
senescent cells are typically identified using combinations of
molecular, metabolic, and functional characteristics, including
cell-cycle arrest, altered chromatin organization, and SASP.
This heterogeneity poses a major challenge for the develop-
ment of senescence-targeted therapies, particularly in the
context of selective targeting and clearance in living organisms.
Senolytics are agents that selectively eliminate senescent
cells95−97 (Figure 2). Targeting T cell senescence with
senolytic/senomorphic drugs to enhance the efficacy of
immunotherapies has prompted researchers to explore
antiaging therapies. Natural compounds, including epigalloca-
techin, berberine, curcumin, quercetin, fisetin, and others,
exhibit the capacity to mitigate age-related immune dysfunc-
tion by alleviating immune senescence.98 Dasatinib has shown
potential in targeting senescent human fat cell progenitors,
while quercetin is active against senescent endothelial and
mesenchymal stem cells.99 Nanotechnology offers a strategic
path to deliver these senolytics with enhanced preci-
sion.33,100−102 Nanoparticles, organic and inorganic, serve as
versatile carriers, with inorganic nanoparticles made of gold,
silver, platinum, and iron oxide emerging as particularly
promising platforms. These nanoparticles can encapsulate

senolytic and senomorphic agents to remodel the aging
immune microenvironment and restore immunometabolic
fitness. Quercetin surface-functionalized magnetite nanopar-
ticles can attenuate SASP, resulting in the elimination of
senescent cells. With a hydrodynamic size of 140 nm, these
nanoparticles activate AMPK signaling, reduce SASP compo-
nents including IL-8 and IFN-�, and promote oxidant-induced
cellular senescence. Importantly, oxidant-induced senescence is
associated with elevated glucose metabolism, which is
mediated by enhanced AKT phosphorylation and increased
GLUT1 expression. Such findings echo observations in cancer
biology, where AKT hyperactivation similarly augments
glucose transporter expression and glycolytic enzyme activity
to drive aerobic glycolysis and cell proliferation.103,104

Together, these insights frame senolytic nanomedicine not
only as a means of eliminating dysfunctional cells but also as a
platform for targeting immunometabolic pathways during
aging.105

Another promising strategy to combat immune senescence
involves targeting the generalized metabolic impairments
associated with aging.106 Statins, for instance, inhibit HMG-
CoA reductase and exert antiaging effects through telomerase
modulation.107 Rosuvastatin, classified as a senolytic statin,
reduces cholesterol and low-density lipoprotein (LDL) levels
while decreasing ROS, thereby lowering the risk of
cardiovascular events.108 Targeted nanoparticle formulations
of statins further enhance this effect. For example, CD9
antibody-functionalized mesoporous silica nanoparticles coated
with hyaluronic acid can deliver rosuvastatin specifically to
foamy macrophages in atherosclerotic plaques, reducing ROS
formation and downregulating SASP cytokines TNF-� and IL-
6, ultimately mitigating age-related immunometabolic dysfunc-
tion.109

Senolytic strategies can also exploit the elevated lysosomal �-
galactosidase (SA-�Gal) activity in senescent cells. Nano-
particles capped with galacto-oligosaccharides can selectively
release drugs like Navitoclax in senescent cells, activating
immune surveillance in tumor models.110 Similarly, SSK1-
loaded neurotransmitter-derived lipid nanoparticles cross the
blood-brain barrier and release gemcitabine upon cleavage by
lysosomal �Gal, effectively eliminating senescent cells�a
strategy that has shown promise in targeting Alzheimer’s
disease pathology.111

Beyond senolytics, metabolic regulators, such as mTOR
inhibitors, play a pivotal role in immune cell function.
Rapamycin administration in aged mice restores hematopoietic
stem cell populations and enhances naiv̈e immune cells, while
improving influenza vaccine responses in elderly volun-
teers.112,113 Increased glycolytic flux and elevated glucose
uptake in senescent cells is often associated with enhanced
expression of glucose transporters such as GLUT1.114 This
metabolic shift reflects the increased energetic and biosynthetic
demands associated with the maintenance of the senescent
state and the production of SASP factors. Targeting these
metabolic dependencies may therefore provide an alternative
strategy for identifying or selectively modulating senescent
cells, particularly when conventional surface markers lack
sufficient specificity. Thus, nanoparticle-based delivery of
mTOR inhibitors enables metabolic reprogramming of
immune cells with minimal side effects.
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Targeting Inflammaging

An alternative strategy to counteract the metabolic impair-
ments observed in aging immune cell populations is to reduce
senescence-associated inflammaging. Precisely targeting meta-
bolic enzymes involved in inflammatory cytokine macro-
molecule production can modulate the effects of inflammaging
in older adults. These metabolic enzymes play critical roles in
age-associated immunosuppression and thus represent promis-
ing therapeutic targets. For example, inhibition of glycogen
synthase kinase 3 (GSK3), a key regulator of NF-�B signaling
and metabolic processes like autophagy and glucose metabo-
lism, attenuates inflammation and promotes immune rejuve-
nation in aged cells. Notably, a nanostructured formulation of
the GSK3 inhibitor SB415286, developed via nanoprecipita-
tion within polyethylene glycol-poly(lactic-co-glycolic acid)
(PEG−PLGA) polymers, enhances the survival and prolifer-
ation of chimeric antigen receptor T (CAR-T) cells that have
been modified to attack cancer cells. This favors the
development of memory T cell populations. A similar approach
using GSK3 inhibition can potentially be employed to enhance
T cell survival and promote immune rejuvenation in aging.
GSK3 phosphorylation also inhibits AMPK activity, a central

regulator of the anabolic and catabolic balance. Nanoparticle-
mediated delivery of GSK3 inhibitors can enhance mitochon-
drial respiration by stabilizing PGC1�, thereby activating genes
critical for mitochondrial function.105 Consequently, GSK3-
loaded nanoparticles offer a promising approach to mitigate
mitochondrial dysfunction during immune senescence. Anoth-
er innovative nanoparticle platform involves silicasomes�
mesoporous silica nanoparticles encapsulated within lip-
osomes�loaded with the GSK3 inhibitor AZD1080.115 This
formulation enhances Tbx21 promoter activation, resulting in
increased T-bet expression (regulates immune cell differ-
entiation) in cytotoxic T cells, thereby improving their
metabolic function. Similar strategies can be leveraged to
deliver genes or drugs aimed at correcting age-related
metabolic dysregulation in immune cells.
Targeting Mitochondrial Respiration and Energy
Metabolism

Mitochondria, the powerhouse of mammalian cells, play a
critical role in metabolic pathways that produce energy and
macromolecules. Thus, it is not surprising that dysfunctional
mitochondria are a key intrinsic factor that contributes to
impaired immunometabolism during aging. As such, ap-
proaches focused on rejuvenating mitochondria and mitochon-
dria-based metabolic pathways (e.g., FAO) and processes (e.g.,
autophagy) are relevant to addressing age-associated immune
senescence, especially within T cells.116 The development of
mitochondria-targeting nanoparticles capable of inducing
mitophagy and reducing oxidative stress holds significant
potential for mitigating age-related immune decline. Similarly,
in line with the critical role of mitochondrial FAO in aged T
cell competence, nanoparticles can be engineered to deliver
FAO activators, inhibitors of lipotoxicity pathways, or genetic
modulators, such as siRNAs or CRISPR components, to
optimize metabolic gene expression. By modulating lipid
metabolism, nanoparticle-based strategies can enhance mito-
chondrial FAO, increase persistence, and prevent the
exhaustion of aged T cells. Interestingly, stimuli-responsive
nanoparticles, created using data from single-cell lipidomics
and T cell metabolic profiling, offer a precision approach to
applying nanotechnology in aging immunology. For example,

fenofibrate, a lipid metabolism-activating drug, when encapsu-
lated in poly(�-glutamic acid) nanoparticles conjugated with an
anti-CD3� Fab fragment has been shown to activate FAO and
mitochondrial respiration in T cells. Enhanced FAO and
mitochondrial function subsequently support T cell survival,
proliferation, and effector activity.117 This has been shown to
be particularly effective within the tumor microenvironment,
where these robust T cells can attack cancer cells more
effectively.118

Targeting ROS
Elevated ROS causes oxidative stress, disrupts cellular
metabolism,119 and contributes to the initiation and pro-
gression of numerous age-related diseases. The effect of ROS
on aging is further exacerbated by declining antioxidant
defenses, genetic mutations, and cumulative oxidative stress,
all of which negatively impact cellular function and longevity.57

Thus, ROS drives major dysfunction in the immune response
of geriatric populations. Antioxidant-based nanosystems can
effectively counteract ROS stress in metabolically impaired
aged cells. Nanoceria, a nanosystem that comprises Cerium
(Ce3+), has emerged as a promising immunomodulatory agent
in the treatment of various disease models due to its ROS
scavenging properties. Indeed, it has been shown to have a
significant impact in mitigating ROS-mediated cellular damage
in the setting of aging.120 Ce3+-based nanoparticles adminis-
tered to 22-month-old male Wistar rats reduce oxidative
damage in vital organs by neutralizing mitochondrial super-
oxide radicals, highlighting their potential antiaging effects.121

Similarly, targeting ROS paves the way to the development of
antioxidant-loaded nanoparticles for mitochondrial protection
and metabolic reprogramming in aged immune cells. In this
context, Mn3O4 nanoparticles have been reported to maintain
redox balance under oxidative stress and protect mitochondria
from damage induced by ROS free radicals.122 Emerging
evidence suggests that nanosystems can be strategically
engineered to modulate cellular metabolism, restore immune
competence, and thereby promote healthy aging through
targeted metabolic reprogramming.
Future Directions: Opportunities and Challenges
Human aging is a heterogeneous process governed by distinct
biological mechanisms that influence both pathological and
healthy outcomes. As such, along with curative solutions
targeting age-associated disease conditions, there is a need to
develop preventative approaches to promote healthy aging.
Recent studies suggest that immunometabolic interactions
represent an important regulatory interface linking inflamma-
tion, nutrient-sensing pathways, and tissue regeneration during
aging. Changes in immune cell metabolism influence cytokine
production, antigen presentation, and cellular survival, thereby
affecting systemic inflammatory tone and metabolic homeo-
stasis. Nevertheless, these immune-driven processes operate in
concert with other well-established aging mechanisms,
including genomic instability, mitochondrial dysfunction,
endocrine signaling alterations, and environmental exposures.
Consequently, immunometabolic dysregulation should be
viewed as a critical node within the broader network of
aging biology rather than a singular determinant of organismal
aging. Here, we have discussed the role of nanosystems in
targeting one such age-associated biological mechanism�
immunosenescence.
Heterogeneity within the immune system and the lack of

appropriate markers to distinguish senescent cells are
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challenges for developing precise strategies aimed at
eliminating senescent cells. As such, next-generation ap-
proaches carrying advances in multi-omics and nanoscience
are essential to identify precision and possibly personalized
immune rejuvenation therapeutic approaches. For instance,
transcriptomic profiling can reveal receptor landscapes and
secretome signatures, while proteomic analyses can identify
surface-accessible epitopes, collectively expanding the cata-
logue of senescence-associated targets. Integrating these data
sets with nanoparticle engineering pipelines through ligand
screening, modular surface functionalization, and iterative
validation in physiologically relevant aged models may allow
the development of nanoformulations capable of discriminat-
ing between closely related cell populations. Such convergence
of biomarker discovery and materials design is invaluable for
designing nanomedicine platforms capable of selectively
recognizing and eliminating senescent cells. In parallel, efforts
are underway to exploit classical histochemical markers such as
�-galactosidase by engineering nanoparticles that deliver
therapeutic payloads specifically to �-gal-expressing senescent
cells, with a limitation of their intracellular localization. The
nanosystem targeting SA-�-gal can be formulated in such a way
to target cells via senescent-associated surface markers.
Similarly, other markers including urokinase plasminogen
activator receptor (uPAR), CD26, and MMPs can be used
to increase the specificity or reduce off-target effects of
senolytic agents and can be combined with newly identified
biomarkers to achieve precision targeting. Beyond canonical
biomarkers, senescent cells undergo profound metabolic
reprogramming that may provide exploitable therapeutic
vulnerabilities. Even though precision targeting can improve
the efficacy, conventional translational barriers still need to be

addressed, which can be pronounced in older patient
populations. As aging is accompanied by chronic inflammation,
dysregulated immune surveillance that can increase adverse
immune reactions or alter nanoparticle uptake can cause
immunogenicity. Long-term safety in elderly individuals is
particularly difficult to establish, given age-related declines in
renal and hepatic clearance, increased tissue fibrosis, and the
potential for cumulative organ deposition over time.123,124

Addressing these barriers will be essential for ensuring that
next-generation nanoformulations can be safely and equitably
deployed in aging populations (Table 1).
Another challenge in developing the relevant nanosystems is

the immunogenicity of the nano material (e.g., PEG) selected.
As aged hosts already may have aberrant immunity, the
polymers/materials used for synthesis of nanoparticles may
cause hypersensitivity, accelerated clearance, and reduced
bioavailability.125,126 For example, the formation of anti-PEG
antibodies on administration of pegylated nanoparticles, which
accelerate its clearance, has been noted. More studies are
underway to understand PEG immunogenicity and its
modification for safer drug delivery with lesser adverse side
effects.127,128 Appropriate care should be taken when selecting
systems for use with older hosts. It may be possible to tailor
nanoparticles specifically for use in older individuals. For
example, multidrug nanoparticle delivery systems fabricated
with suitable materials and designed to target senescence,
oxidative stress, and metabolic dysfunction may address several
age-related health issues at once. Closely linked to material
properties is the pharmacokinetics of the nanoformulation.
The translational barriers explained above intersect with
regulatory challenges, as agencies increasingly require age-
specific safety, biodistribution, and immunotoxicity data rather

Table 1. Potential Interventions to Rehabilitate Immune Function in Aging

intervention proposed mechanism
nanoparticle systems
developed so far reference

spermidine improves mitochondrial metabolism and restores T cell function in aged mice PolyDNA-spermidine NPs 70,71,138,139

PLGA NPs
NAD+ facilitates electron transfer in metabolic pathways supporting cellular antioxidant systems in

aged immune cells
dual targeting NMN
nanoparticles with ROS
response

140,141

78c inhibits CD38 and restores NAD+ levels in cells, increases lifespan and health span of naturally
aged mice

none developed 142

dasatinib exhibits senolytic effects, reducing age-related increase in senescence-associated �-galactosidase liposomes 143,144

PLGA NPs
chitosan NPs

fisetin reduced the fraction of senescent T and NK cells, reduces markers of inflammation and
oxidative stress

lecithin-chitosan-savie
Nanoparticles

145,146

quercitin exhibits potent immunostimulatory and antioxidant properties by enhancing GSH and NO
levels, modulating IL-2 production, and mitigating age-related oxidative stress in PBMCs

nanoemulsions 147,148

liposomes
metformin exerts antiaging effects on T cells by enhancing telomerase concentration and increasing the

frequency of undifferentiated T cells
quantum dots 149−151

gold NPs
rapamycin restores hematopoietic stem cell populations and enhances naiv̈e immune cells selenium NPs 112,113,152,153

micelles
curcumin anti-inflammatory and antioxidant effects reduce immunosenescence by modulating NF-�B

and cytokine production
nanomicelles 154,155

vitamin D enhances innate and adaptive immunity, reduces chronic inflammation in elderly gold NPs 156,157

omega-3 fatty
acids

suppress chronic inflammation, improve T and B cell function, and modulate cytokine profiles nanoemulsions 158,159

probiotics (e.g.,
Lactobacillus
spp.)

modulate gut microbiota, enhance mucosal immunity, and improve systemic immune
responses in older adults

polymeric NPs 160,161

nanoemulsions
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than extrapolations from young adult models. To avoid these
concerns, preclinical and clinical testing relevant to aging
should be developed. Focusing on immunological endpoints
such as blood profiling for specific senescence-associated
(inflammatory cytokines or chemokines) or functional
biomarkers (exhaustion markers for T cells or metabolic
fitness) to visualize improvement along with clinical endpoints
such as lower hospitalization/infections, simple physical
function test (grip strength or walk test), and wound healing
can be utilized.129−131

Manufacturing scalability is another major hurdle; many
precision-engineered nanomaterials rely on complex chem-
istries, batch-sensitive processes, or costly raw materials that
challenge reproducibility and large-scale production.132−134

Finally, cost-effectiveness will be a key determinant of whether
these technologies can move beyond niche applications as high
production costs, specialized storage requirements, and the
need for age-stratified clinical testing may limit accessibility.
Apart from the immunosenescence-targeting nanosystems

discussed in this perspective, other novel targets capable of
rejuvenating the aging immune system are on the horizon. One
such target is NAD+, a cofactor involved in various metabolic
reactions that declines with age and is not readily permeable to
cells, even when given as a supplement. Emergent research
shows the key potential for NAD+ remediation via enhanced
synthesis or reduced degradation in rejuvenating age-
associated immune dysfunction against infections and cancers.
Thus, targeted nanoparticles encapsulating NAD+ precursors
or NADase inhibitors promise to restore NAD+ in
immunosenescent cells, thereby improving mitochondrial
activity. Further research on the optimization of nanoparticle
formulations to deliver NAD+ supplements that effectively
cross cellular membranes with few off-target effects and
selectively target senescent immune cell populations is
required. A promising approach is the recent development of
a spatiotemporal nanoparticle that targets macrophages and
stem cells to supplement NAD in aged host tissue
regeneration.135 Similarly, nanosystems targeting the metabolic
nexus of AMPK, PI3K/AKT/mTOR by codelivering geropro-
tectors and AMPK activators coupled with mTOR inhibitors
(for instance, rapamycin-loaded nanoparticles) can rescue the
imbalance between catabolism and anabolism in senescent
immune cells. This could restore their functional capacity
without affecting nonsenescent cells. The dual-drug carrier can
function as a potential releasing system in an aging
environment to minimize immune suppression. Potentially,
researchers could also consider targeting one-carbon metabo-
lism, which helps in the proliferation and activation of immune
cells.69,136,137 Nanoparticles that modulate serine synthesis or
glucose flux may enhance the recovery of T cells and
macrophages in aged individuals. Further extensive research
is required to develop context-specific nanosystems capable of
drug release within senescent immune cells to promote the
healthy aging of human populations.
Nanointerventions represent a transformative approach that

enhances the delivery of immunomodulatory agents by
enabling high targeting efficiency and sustained delivery.
Advancements in the development of nanodelivery systems
to ensure minimal toxicity and maximum specificity are
ongoing. By integrating current innovations, nanosystems
targeting immune senescence promises to become a key
technology in personalized immune rejuvenation strategies to
support healthy aging. Importantly, nanomedicine approaches

should be considered complementary to other emerging
geroscience strategies, including small-molecule geroprotectors
that target nutrient-sensing pathways, cellular therapies aimed
at immune or stem cell rejuvenation, and lifestyle interventions
such as caloric modulation and exercise that remain among the
most robust modulators of health span. Taken together, this
perspective highlights the importance of adopting an
integrative framework in which immunometabolism and
nanomedicine are positioned alongside other therapeutic
modalities in the broader effort to modulate aging biology.
Such a perspective recognizes that effective strategies
promoting healthy aging will likely require coordinated
targeting of multiple interconnected pathways rather than
reliance on a single mechanistic axis.
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