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Infection susceptibility, poor vaccination efficacy, age-related disease onset, and neoplasms are linked to innate and adaptive
immune dysfunction that accompanies aging (known as immunosenescence). During aging, organisms tend to develop a
characteristic inflammatory state that expresses high levels of pro-inflammatory markers, termed inflammaging. This chronic
inflammation is a typical phenomenon linked to immunosenescence and it is considered the major risk factor for age-related
diseases. Thymic involution, naive/memory cell ratio imbalance, dysregulated metabolism, and epigenetic alterations are striking
features of immunosenescence. Disturbed T-cell pools and chronic antigen stimulation mediate premature senescence of immune
cells, and senescent immune cells develop a proinflammatory senescence-associated secretory phenotype that exacerbates
inflammaging. Although the underlying molecular mechanisms remain to be addressed, it is well documented that senescent T
cells and inflammaging might be major driving forces in immunosenescence. Potential counteractive measures will be discussed,
including intervention of cellular senescence and metabolic-epigenetic axes to mitigate immunosenescence. In recent years,
immunosenescence has attracted increasing attention for its role in tumor development. As a result of the limited participation of
elderly patients, the impact of immunosenescence on cancer immunotherapy is unclear. Despite some surprising results from
clinical trials and drugs, it is necessary to investigate the role of immunosenescence in cancer and other age-related diseases.
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INTRODUCTION

The increase in human life expectancy has led to a concomitant
aging of the population, who are not only at higher risk for age-
related diseases, including tumors, but also for a higher failure rate
of immunotherapy and an increase in the recurrence rate after
treatment."? This phenomenon is known as immunosenescence
and was first described by Roy Walford.>” Immunosenescence has
defined the destruction and remodeling of immune organ
structure as well as innate and adaptive immune dysfunction
with aging, causing poor vaccination outcomes, and increased
susceptibility to infection, age-related disease, and malignan-
cies® " Since the 1980s, scientists have begun to delve deeper
into the mechanisms and effects of immunosenescence, and have
found some important research results. Age-related declines in
coping capacity and concomitant increases in proinflammatory
status are the hallmarks of immunosenescence. This phenomenon,
known as “inflammaging”, first proposed by Claudio Franceschi in
2000,'% is caused by constant antigen load and stress.'” In
addition, thymic involution has been one of the most dramatic
and ubiquitous changes.'® Immunosenescence affects both the
innate and adaptive immune systems and certain immune cell
types are more affected.” In both mouse and human models, the
hematopoietic stem cell (HSC) population of aged individuals had
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an increased frequency of immunophenotypes, was less quies-
cent, and showed myeloid-biased potentials, with transcriptional
upregulation of genes related to cell cycle, myeloid-biased
differentiation and myeloid malignancies.'® Attenuated acquired
immunity is mainly associated with dwindling T-cell output, a
remarkable characteristic of immunosenescence.'® The paradox-
ical coexistence of a massive influx of hyporesponsive tumor-
infiltrating lymphocytes (TILs) in the tumor microenvironment
(TME) and continued tumor aggressiveness also implies that
dysfunctional T cells may hinder a successful antitumor response
and immunotherapy.'””"'® During immune system aging, three
dysfunctional T-cell types can be observed: exhausted, senescent,
and aged T cells.?>?" Among them, senescent T cells are the most
studied. Senescence was originally described as a phenomenon in
aged human fibroblasts both in culture and in vivo®%; however,
few markers were found in common between normal aging and
senescence. Cellular senescence is associated with numerous
cellular processes of aging, and the accumulation of senescent
cells is one of the key pathological features associated with aging.
Senescent cells are characterized by permanent cell cycle arrest
accompanied by morphological abnormalities, loss of proliferative
ability, and resistance to apoptosis.>?* As a physiological
response, it prevents genomic instability induced by persistent
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antigens and therefore the accumulation of DNA damage.?
However, excessive senescence, particularly of T cells, may
ultimately lead to catastrophic immune decline and an increased
risk of age-related diseases.’®?’ Cellular senescence can be
divided into premature senescence and telomere-dependent
senescence (age-dependent replicative senescence).?>2>428-30
The senescence discussed in this review primarily refers to
premature senescence triggered by damage signals such as
oxidative  stress, mitochondrial  dysfunction, epigenetic
changes, cytokines, perturbed proteostasis, persistent DNA
damage, and mitogenic oncogenes. We summarize the significant
findings in the research history of immunosenescence and
illustrate the Fig. 1.

Given the dilemma of rising health care costs resulting from
aging populations across the globe, gaining a comprehensive
understanding of the intricate mechanisms underlying immuno-
senescence and senescent T cells could lead to the exploration of
more effective therapeutic strategies. In this article, we focus on
outlining the features of immunosenescence, its specific molecular
mechanisms, and associated diseases, with particular attention to
senescent T cells. We delve into the extensive metabolic and
epigenetic pathways that determine T-cell fate and senescence.
Additionally, we compared exhausted, senescent, and aged T cells
as well as several clinical trials that have involved senescent
immune cells. Based on these results, we propose possible
interventional strategies targeting the metabolic-epigenetic axis
of immunosenescence and senescent T cells to enhance current
immunotherapy and extend life expectancy.

CONCEPT AND HALLMARKS OF IMMUNOSENESCENCE
Immunosenescence is a complex process that involves organ
reorganization and numerous regulatory processes at the cellular
level 3! As a result, immune system function decreases, leading to
an inadequate response to infections or vaccines in elderly
individuals. Although the full extent of the biological changes is
unknown, several characteristic changes are typically observed
such as thymic involution, HSC dysfunctions, disrupted naive/
memory ratio in T and B cells, inflammaging, accumulation of
senescent cells, impaired new antigen response, mitochondrial
dysfunction, genomic instability, and stress responses>>~° (Fig. 2).
Identifying hallmarks and characteristics associated with immu-
nosenescence is crucial for exploring its impact and significance,
particularly in age-related diseases.

Thymic involution plays a vital role in the imbalance of immune
cell proportions, particularly for T cells.>*~3® Thymic tissue can be
divided into epithelial tissue and nonepithelial perivascular space
without thymopoiesis. As the thymus atrophies, the epithelial
spaces gradually disappear, and the perivascular space gradually
fills the elderly thymus, leading to a decrease in naive T cells, an
increase in peripheral late-differentiated memory T cells, and
diminished migration of naive T cells to the periphery.3**' Recent
research has found that young adults who underwent thymect-
omy in early childhood for congenital heart disease displayed
premature immunosenescence compared with age-matched
adults, with altered T-cell profiles commonly seen in elderly
individuals. This provides much-needed evidence for the role of
thymic involution in human immune system aging.*? According to
the latest studies, thymic rejuvenation does not restore diversity,
and we agree that thymic degeneration does not perfectly explain
the decline in T-cell receptor (TCR) diversity in humans.****

One of the hallmarks of immunosenescence is “inflammaging,”
which refers to a systemic state of chronic low-grade inflammation
characterized by upregulated blood inflammatory markers and is
considered the central pillar of aging.>'*> The accumulation of
damaged macromolecules is responsible for inflammaging, and
endogenous host-derived cell debris is the source of chronic tissue
damage.*® Cellular senescence is central to the inflammaging
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process, and Effros RB et al. found that senescent CD8" cells
accumulated in the context of immunosenescence in vivo.*’
Senescent cells exhibit a distinctive senescence-associated secre-
tory phenotype (SASP) that secretes a plethora of soluble factors,
including interleukin-1 (IL-1), IL-6, IL-8, IL-13, IL-18, and tumor
necrosis factor (TNF) and its receptors, leading to the inflamma-
ging phenotype.**" Cellular senescence is a classic example of
antagonistic pleiotropy, in which a specific gene trait elicits a
phenotype that is beneficial early in life, for example, generating a
well-recognized protective barrier to prevent tumorigenesis,
which is essential for normal embryonic development and tissue
repair.>> However, later in life, this phenotype becomes detri-
mental in an aged organism.>>>* Cellular senescence has been
hotly debated as a driver of immunosenescence.

As the immune system ages, metabolism undergoes changes
that involve increased glycolysis, mitochondrial dysfunction, and
reactive oxygen species (ROS).>>*° These features of immunose-
nescence are strongly related to high morbidity and mortality
from age-associated diseases such as cardiovascular diseases,
neurodegenerative diseases, autoimmune diseases, metabolic
diseases, and cancers in older patients.>”® As the incidence of
these disorders exponentially increases later in life, common
cellular and molecular mechanisms likely contribute to their
development®® In this context, it is crucial to examine the
molecular mechanisms, altered immune cell pool, and regulatory
signaling impact on immunosenescence and age-related diseases.

ABERRANT MOLECULAR MECHANISMS WITHIN
IMMUNOSENESCENCE

In addition to aging, numerous factors such as chronic inflamma-
tion, cellular senescence, and the TME can also modulate the
process of immunosenescence.>' Exposure to ultraviolet radia-
tion, alcohol, smoking, pollution, and lack of exercise further
contribute to immunosenescence.! The entire pathway of
immunosenescence remains to be fully elucidated. Considering
that the complex physiological phenotypes exhibited during
immunosenescence in vivo are the result of synergistic and
antagonistic changes in multiple pathways, all possible therapies
aimed at nonspecific “restoration” of the immune system might be
counterproductive. Therefore, it is necessary to identify possible
mechanistic targets and perform targeted interventions to safely
“restore” the immune status of older adults.>® The mechanisms
regulating immunosenescence are broadly attributed to damage,
inflammaging, epigenetic remodeling, persistent antigen stimula-
tion, thymic involution, and cellular senescence.

Persistent antigen stimulation and stress-induced damage

Numerous discoveries have generated a consensus that the
antigen burden to which individuals are exposed during their
lifetime is linked to immunosenescence.?® Khan et al. found that
latent cytomegalovirus-infected individuals have a reduced pool
of naive and early memory T cells and clonal expansions of CD8"
T cells with a CD28°CD57" phenotype, resulting in a decline in
T-cell responses.®’%2 Similar T-cell alterations have been identified
in the TME of multiple tumor types. The proportion of tumor-
associated regulatory T (Treg) cells is increased in the TME,®* and
hypoxia-driven accumulation of cyclic adenosine monophosphate
can inhibit tumor-specific effector T cells, activating p38 path-
ways.®* %’ Mechanistically, competition for glucose between
upregulated Tregs and effector T cells triggers ATM-related DNA
damage, induces extracellular regulated protein kinases 1/2 (ERK1/
2) and p38 pathways, and activates signal transducer and activator
of transcription 1/3 (STAT1/3) with upregulation of p21-p16-p53,
eventual!sy causing T cells to stably withdraw from the cell
cycle.®*5> Adenosine 5’'monophosphate-activated protein kinase
(AMPK) pathways activated by glucose deprivation could down-
regulate telomerase reverse transcriptase gene binding to
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A timeline of events in the research history of immunosenescence. In this figure, we summarize the concept regarding

immunosenescence, the breakthrough discovery of molecular mechanisms and biomarkers, and draw a timeline of research history

transforming growth factor-activated protein kinase binding
protein 1 (TAB1), causing autophosphorylation of p38, which in
turn initiates T-cell senescence and DNA damage (Fig. 3).58
Moreover, lifelong chronic antigen loading also leads to T
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lymphocyte population exhaustion to fill the immune space,
exacerbating the reduced T-cell repertoire.®® This suggests that
distorted T-cell pools resulting from immunosenescence can be
accelerated by long-term latent antigens in elderly individuals.”®
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Fig. 2 Hallmarks of immunosenescence and related diseases. Various immune cell subsets changed during immunosenescence. There were
significant changes in T-cell subpopulations, including a decline in T-cell production associated with age due to thymic degeneration,
abnormal T-cell metabolism, changes in the proportion of T subpopulations, and an SASP-mediated chronic low-grade inflammatory
environment. IFN-y interferon-y, IL-6 interleukin-6, IL-8 interleukin-8, IL-18 interleukin-18, IL-29 interleukin-29, MDSC myeloid-derived
suppressor cells, NK cells natural killer cells, ROS reactive oxygen species, SASP senescence-associated secretory phenotype, TCR T-cell
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Chronic antigenic stress triggers an inflammatory status via
progressive activation of macrophages.”' These changes result
in poor responses to newly encountered antigens and a shift of
the immune system toward immunosenescence.

ROS exhibit a hierarchical effect: mild amounts of ROS
propagate the reaction of lipid peroxidation chains and induce
apoptosis and autophagy in oxidatively damaged cells,”? whereas
high levels of ROS in cells are considered a driving force for
deleterious effects during aging and are tightly associated with
inflammaging, aging-related diseases and cancers.”*”> Low ROS
levels in HSCs and early progenitor cells are essential to maintain
their stemness potential compared with that of late differentiated
progeny cells.”® However, ROS gradually accumulate with the
degradation of oxidized proteins by ATP-induced mitochondrial
Lon proteases and an impaired mitochondrial oxidized protein
repair system.”” The increase in ROS gives rise to oxidative stress,
and proteasome activity decreases, further leading to substantial
protein oxidative modification and functional decline, which lay
the foundation for inflammaging and cellular senescence.”®

Genetic and epigenetic changes in immunosenescence

Epigenetic mechanisms tightly regulate all biological processes by
controlling gene transcription and translation. Several transcrip-
tion factors (TFs) that are closely related to homeostatic
proliferation, activation, and differentiation of T lymphocytes,
such as MYC, are expressed at low levels in the thymus of aged
rats, which is associated with immunosenescence.””®° Epigenetic
dysregulation, including DNA methylation patterns, histone
modifications, and noncoding RNAs, is widely identified as a
hallmark of aging, increasing autoimmune disorders, and
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particularly the high tumor risk in elderly individuals. However,
the underlying mechanisms responsible for these alterations are
not yet known.?’

DNA methylation. As key epigenetic elements that control gene
expression, methylation marks are enriched in the promoter
region of genes at CpG islands with reduced expression.2? Age-
related DNA methylation pattern changes, including differential
methylation and variable methylation and changes at the level of
the global methylome have been identified as the best-
characterized epigenetic modifications, suggesting that under-
lying cellular and molecular changes begin earlier.®? and are
linked to significant immune cell dysfunction.®* DNA methylation
patterns that are altered compared with those of healthy
individuals have been observed in many age-related diseases.
Patients with cerebrovascular disease or atherosclerosis show
abnormal DNA methylation patterns in blood or endothelial cells
and changes in the DNA methylation patterns of cartilage or bone
are observed in patients with osteoarthritis and osteoporosis.®®
Our current understanding of cumulative changes in DNA
methylation over time remains constrained by methods to
quantify these changes. Whether it is to find CpG sites that show
differences in mean DNA methylation levels or differences in DNA
methylation between younger and older individuals, some
limitations restrict the study of the mechanism of DNA methyla-
tion in aging.

Histone modifications. DNA sequences must be accessible to

transcription factors and RNA polymerases for genes to be
transcribed. The global number of histones defines DNA
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accessibility.3® Simple eukaryotic models show that histone
acetylation, phosphorylation, and heterochromatin accumulation
increase with aging.¥” The trimethylation of histone H4 is
markedly increased in the liver and kidney of aged rats, leading
to transcriptional repression.®® Quiescent satellite cells exhibit
decreased histone expression and replication-related reduction in
histone biosynthesis in aging human fibroblasts.2® Heterochroma-
tin is globally lost due to reduced histone synthesis and changes
in chromatin structure such as the transition from highly
condensed to tightly packed chromatin structures.

In addition, the exchange of histone variants with different
primary sequences and properties with classical histones has been
observed in aging organisms. Different aging-related studies have
evaluated histone variants in mouse, primate, and human cells
that include chromatin either coupled to replication or unrelated
to replication. The copy-coupling process leads to incorporating
new nucleosomes into gaps between preexisting nucleosomes on
a genome-wide scale. The addition of replication-independent
nucleosomes or subunits occurs locally. Histone variants unrelated
to replication can substitute for classical histones and thus
potentially alter gene expression programs.”® Consequently, the
derepression of silenced genes and global gene expression
changes may occur.”’

MicroRNAs. As highly conserved single-stranded noncoding

RNAs, microRNAs have attracted much attention as epigenetic
mediators controlling gene expression at the posttranscriptional
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level in immunosenescence, particularly in age-related dis-
eases.”®?? In the context of immunosenescence, miRNAs mediate
chromatin remodeling, release inflammatory mediators, and
interfere with the development and differentiation of T and B
cells, resulting in decreased immune responses.”®

Cellular and molecular level mechanisms in immunosenescence
The mechanisms of immunosenescence underlie an accumulation
of damage in various components of the immune system,
including the innate immune system and the acquired immune
system.”'%%* |nnate immune senescence exhibits a decline in
antigen processing and presentation capacity and thus a
decreased response to stimuli. Characteristics of adaptive immune
senescence are a loss of TCR diversity and impaired immunolo-
gical memory formation. Impaired immune cells with SASP
dramatically affect tumor and other age-related disease progres-
sion." Therefore, noting the changes in senescent immune cell
subsets is significant.

Natural killer cells. Natural killer (NK) cells are characterized by
the upregulation of the killer cell immunoglobulin-like receptor
(KIR) family and concomitant downregulation of inhibitory natural
killer Group 2 member A (NKG2A) receptors from newborns to
adults, which appear to be remarkably stable in the majority of
elderly individuals.”® Only in a minority of subjects was it observed
that the age-associated frequency and phenotype of NK cell
subsets changed. These elderly donors demonstrated a significant

SPRINGER NATURE
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downregulation of cytotoxicity-activating receptors, whose func-
tion in NK cells—to promote the antitumor immune response and
kill virus-infected cells—is compromised.’® However, it is difficult
to isolate the impact of immunosenescence from the effect of
chronic virus infection, as in most studies, all elderly donors are
virus-seropositive.

Macrophages. The change in macrophage subpopulation com-
ponents is intricate. Macrophages can be grouped into proin-
flammatory, antitumorigenic M1, and anti-inflammatory,
protumorigenic M2 subsets.”” Compared with young mouse
hosts, healthy elderly hepatic tissue and adipose tissue have
more M1 macrophages, whereas the immunosuppressive M2
phenotype increases in elderly bone marrow, lymphoid tissues,
spleen, muscle, and lung in vivo.”®'%° Aged M2-like macrophages
enhance angiogenesis such that elderly mice are more susceptible
to injury-associated angiogenesis, which suggests that aged
macrophages play a role in other age-related diseases, including
cancers. The existence of senescent macrophages in vivo
remains controversial.'® The ability of macrophages to phagocy-
tose pathogens decreases with aging. Compared with young adult
donors, macrophages from aged individuals exhibit decreased
antigen-presenting capacity due to decreased expression of
coreceptors and MHC class Il molecules,'® % except for
microglia.'® Significant downregulation of Toll-like receptor
(TLR) expression on macrophages during aging has been
described'®” and is associated with increased Treg cells in aged
animals.'%1%°

T cells. Although the numbers of T cells are more or less constant
over the lifespan, various T-cell subpopulations have shown
pronounced heterogeneous changes in the context of immuno-
senescence, which is characterized by a loss in naive T cells and an
increase in highly differentiated CD28 memory T cells or
senescent cells.'® Emerging evidence suggests that the diversity
and output of CD4" T cells are stably maintained through
homeostatic mechanisms, but CD8" T cells exhibit significant age-
related changes.”®* Focusing on senescent CD8" T cells, the
expression of surface molecules changes markedly, although they
are not nonexclusive. Most striking is the specific reduction in the
costimulatory CD28 family.'"" Furthermore, high expression of
immune biomarkers such as CD57, Tim-3, killer cell lectin-like
receptor subfamily G member 1 (KLRG-1), and CD45RA is thought
to be implicated in T-cell senescence and has been thoroughly
discussed elsewhere.''>™"'* High expression of surface inhibitory
receptors in senescent T cells is reminiscent of cellular exhaustion.
T-cell exhaustion and aging share a few overlapping functional
and phenotypic features with senescence; nevertheless, they have
independent regulatory mechanisms and unique developmental
signatures (Fig. 4)."">""°® For example, cell cycle arrest is a hallmark
for identifying all types of senescence, but it is not exclusive to
senescent cells. Similarly, short-telomere lymphocytes do not
proliferate and are resistant to apoptosis but are not metabolically
active, whereas senescent T cells is metabolically active. 20116117
Essentially, cellular senescence is irreversible compared with
cellular depletion. Regarding T-cell aging, the current knowledge
is derived from studies of circulating peripheral blood, which only
represents 2% of the T-cell pool.'’® The understanding of T-cell
aging needs to be further deepened. We compare their features in
Table 1.

In immunosenescence, metabolic and epigenetic mechanisms
play a significant role in determining the fate of T-cell sub-
sets.>"1120 First, pre-TCRs are rearranged in the thymus.'?"'?2 The
TCR of naive T cells is stimulated by signals from professional
antigen-presenting cells when encountering cognitive antigens,
thereby fueling the transition from quiescence to activation of
proliferation and differentiation into effector cells>>''9'2> A
fundamental change among T cells is enhanced aerobic glycolysis
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in response to increasing expression of glucose transporters (GLUTSs)
on the cell surface induced by the upregulation of glycolysis-related
genes in a c-Myc-dependent manner.'** Concomitant with
increased glucose metabolism, multiple signaling pathways are
integrated to upregulate mitochondrial biogenesis and mtDNA that
encodes critical complex components required by oxidative
phosphorylation (OXPHOS), but the mechanisms are largely
unknown.'?> Recently, Ron-Harel et al. identified a metabolic
signature of mitochondrial proteome remodeling, termed one-
carbon metabolism.'?® Following acute viral infection, naive T cells
rapidly proliferate and differentiate into specialized subpopulations
to remove pathogens, kill target cells, and control infection.''®'2¢
Most activated T cells die after the antigens are cleared, and a few
become memory cells.'®” Investigations have demonstrated that
CD28 synergizes to stimulate the phosphatidylinositol 3-kinase
(PI3K)-protein kinase B (PKB/AKT)-mechanism target of the rapa-
mycin (mTOR) signaling axis, which plays a vital role in the
rearrangement of TCR and the metabolic reprogramming of
glucose, glutamine, and fatty acids during T-cell differentia-
tion.”?®713% As central transcription regulators, mTOR complex 1
(MTORC1) and mTORC2 demonstrate distinct roles in T-cell
differentiation.”®' Constitutive mTORC1 activation results in the
transition from naive T-cell to CD8" T-cell effector subsets, whereas
inhibition of MTORC2 causes the generation of CD8" T-cell memory
populations.'*? During aging, T cells gradually enter a dysfunctional
state with body homeostasis disorder and immunosuppression,
undergoing metabolic reprogramming and epigenetic remodeling
to senescence, aging, and even apoptosis.'*>* TCR rearrangements
necessary for generating double-positive thymocytes are impaired
because of thymic involution. Changes in CD28 expression in part
explain the upregulation of glycolysis in senescent T cells. In T-cell
immunosenescence, stress facilitates a failure to express key
electron transport chain (ETC) components and encode OXPHOS
subunits,'**  which induces increased ROS generation and
decreased proteasome activity, accompanied by decreased levels
of mitochondrial synthesis, inefficient one-carbon metabolism, and
altered basal lipid metabolism.>>*%7%'3% |mmunocompromised
senescent T cells present decreased expression of functional
molecules related to cytotoxic activity, such as perforin, granzyme
B, and senescence-associated [-galactosidase  (SA-B-gal),
in vivo,'3137

T-cell activation initiates specific gene expression programs that
drive cellular differentiation and effector functions associated with
changes in the epigenetic landscape.'*® Activating enhancer-
binding protein 4, induced by transient c-Myc gene expression, is
a common target for many activation-inducible gene-encoding
molecules and is essential for sustained T-cell activation.'*® Genes
associated with effector function are labeled with active
epigenetic signatures, thereby facilitating more robust and
efficient transcription in response to secondary stimuli, and
acquired epigenetic programming can be retained in human
CD8" memory T cells for many years, which may account for the
durable preservation of CD8" memory T-cell effector poten-
tial."*°"'*? During differentiation, methylation marks are acquired
at the promoters of genes with reduced expression and lost at the
promoters of genes with increased expression.2? Using chromatin
immunoprecipitation, the codeposition of permissive trimethyla-
tion of histone H3 lysine 4 and inhibitory trimethylation of histone
H3 lysine 27 at promoter regions is recognized as a hallmark of
naive CD8" T-cell differentiation.’”® The number of methylation
and methylome changes significantly differs among T-cell subsets,
particularly in CD8" T cells with aging. Altered global DNA
methylation patterns have recently been identified as one of the
best-characterized epigenetic modifications in T-cell aging.®*> CpG
islands of silent genes were hypermethylated and enriched for
repressive histone marks, and the majority of age-related
hypomethylated sites were located at DNA regions flanking CpG
islands. Tserel et al. found strong negative correlations between
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Fig. 4 Metabolic and epigenetic modifications for the fate of T cells. Naive T cells primarily use FAO and OXPHOS to derive their energy. Upon
stimulation by antigens, activated mTOR signaling pathways lead to the release of a series of cytokines such as HIF-1a. The effector T cells then
exhibit a general increase in glycolytic metabolism and mitochondrial mass with epigenetic reprogramming. Simultaneously, some
intermediate metabolites also coordinate with epigenetic remodeling. For example, SAM produced by one-carbon metabolism subsequently
promotes nucleotide synthesis. After clearance of the antigen, memory CD8" T cells exhibit a metabolic switch to depressed metabolic
activity that utilizes FAO and OXPHOS to meet energy demands. A distinct epigenetic landscape with open chromatin architectures is also
displayed on particular loci to maintain longevity. With persistent pathological stimulation, T cells engage in exhausted differentiation with
abnormal signals and specific cell cycle-related gene expression, inducing metabolic reprogramming such as decreased aerobic glycolysis, low
cytotoxic activity, downregulation of mitochondrial biogenesis, and cell cycle arrest. Finally, aging or stress signals drive all types of T cells to
turn into aged/senescent cells. Emerging evidence suggests that aged/senescent T cells also exhibit abnormal metabolic regulation such as
mitochondrial dysfunction and a unique epigenetic landscape. APC antigen-presenting cells, CTLA-4 cytotoxic T lymphocyte-associated
antigen-4, FAO fatty acid oxidation, GZMK granzyme K, HIF-1a hypoxia-inducible factor-1a, KLRG-1 killer cell lectin-like receptor subfamily G
member 1, LAG-3 lymphocyte activation gene 3, MEK mitogen-activated protein kinase kinase, OXPHOS oxidative phosphorylation, PD-1
programmed cell death protein 1

methylation and expression levels of genes associated with
cellular immune response and differentiation (e.g., CD27 and
SATB1) in CD8™ T-cell subsets, which suggests a link between age-
related epigenetic changes and impaired T-cell function. Intrigu-
ingly, the degree of DNA methylation at specific CpG sites reflects
the organic aging rate in several studies.'** In various aging
models, a decline in core histone protein expression levels has
been observed.'”® Typically, senescent T cells exhibit unique
chromatin condensation, termed senescence-associated hetero-
chromatic foci (SAHF); a global increase in chromatin accessibility;
and a global loss of linker histone H1.'%'* Hypomethylation
coinciding with changes in histone modifications, particularly
repetitive genomic sequences in heterochromatin, may instigate
genomic instability and premature senescence.'®'*° The expres-
sion level of miR-92a in CD8™ T cells declines significantly with age
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and is associated with decreased naive T cells in immunosenes-
cence.”® Overexpression of miR-24 in senescent T cells with
downregulated CD28 expression caused the expression of histone
variant H2AX to decline, thereby reducing the repair ability of
T cells for the DNA damage response.'”’ These age-dependent
epigenetic changes also arise in immune-specific genomes,
leading to T-cell senescence. Interestingly, available assays
revealed that the dominant aged signatures of T cells resemble
the hallmarks of exhausted T cells. Comprehensive profiling of
immune tissue across multiple mouse organs found a subset of
clonal age-associated granzyme K (GZMK) expressing CD8" T cells
with exhausted-like phenotypes.'>®> During aging, increasing
GZMK" CD8" effector memory cells from human peripheral
blood mononuclear cells (PBMCs) shared specific alterations of the
epigenetic landscape and exhausted expression marks with

SPRINGER NATURE



Immunosenescence: molecular mechanisms and diseases

Liu et al.

Table 1. Comparisons of exhausted, senescent, and aged T cells in metabolic and epigenetic characteristics

Category

Exhaustion

Senescence

Aging

Refs.

Typical feature

Surface markers

TCR signaling
machinery
Cytokine profile

Epigenetic
changes

Metabolic
alterations

Functional
alterations

proliferative activity |
cell cycle arrest: p27, p15 1
cyclin E-Cdk2, Cdc25A |

PD-1, CTLA-4, Tim-3, LAG-3, BTLA, TIGHT,
CD39, CD160, CD244, CD45RO*, 4-1BBt

LCK, ZAP70]

early stage: IL-2]
intermediate stage: TNFa]

terminal stage: INF-y, f-chemokines |

DNA methylation mediated by Dnmt3a;
histone methylation regulated by Jmjd3 and

TET

glycolysis|

mitochondrial activity/biogenesis |

ROS 1

cytotoxic activity|
effector molecule: GzmB |

proliferative activity |

DNA damage 1

telomere length, telomerase
activity |

cell cycle arrest: p16, p21, p531
CD57, KLRG-1, Tim-3, TIGIT,
CD45RA, CTLA-4, SA-B-Galt
CD27, CD28]

NKRs?

LCK, ZAP70, DLG1, Lat, SLP- 76|

SASP, proinflammatory cytokines:

IL-6, IL-8, IFN-y, TNF?1
Inhibitory factors: IL-10, TGF-f 1
IL-2, IL-7]

SAHF 1

glycolysist
mitochondrial biogenesis |
ROS 1

cytotoxic activity|
GzmB, perforin]
suppressive functionst

T-cell senescence 1
TCR repertoire |
naive-memory balance]
effector plasticity|

PD-1, CTLA-41

LCK, ZAP70]

INF-y, TNF |

global DNA methylation at
CpG sites |

chromatin accessibility at
Gzmk promoters?

glycolysis|
mitochondrial biogenesis |
ROS?T

cytotoxic activity|
GzmB |
GzmK?

65,68,114,230,231

5,133,137,232-237

164

133,238

153,239,240

56

69,136,152

BTLA B- and T-lymphocyte attenuator, Cdc25A M-phase inducer phosphatase 1, DLG1 disks large homolog 1, GzmB granzyme B, GzmK granzyme K, IL-2
interleukin-2, IL-6 interleukin-6, IL-7 interleukin-7, IL-8 interleukin-8, IL-10 interleukin-10, KLRGT killer cell lectin-like receptor G1, Lat linker for activation of T cells,

NKRs natural killer cell receptors, SAHF senescence-associated heterochromatin foci, SA-B-gal senescence-associated B-galactosidase

mouse age-associated GZMK-expressing CD8" T cells.">? Basic
leucine zipper ATF-like TF, which is extensively expressed in aged
CD8" T cells, plays a prominent role in T-cell exhaustion
differentiation.”® Terminally exhausted T cells typically exhibit
upregulation of chromatin accessibility at the promoters of
effector genes associated with granzyme B (GZMB) and inter-
feron-y (IFN-y), which did not change with age, suggesting that
the mechanisms of aging and T-cell exhaustion progression are
merely similar in part.”>® Although intensive studies of T cells have
provided some insight into immunosenescence, they still have
several limitations and need to be considered in future
investigations.

B cells. Plasma cells derived from B cells are the sole producer of
lasting protective antibodies, developing an immunological
memory after infection or vaccination.'”* Immunosenescence
results in the remodeling of the B-cell compartment.'> The E47
mRNA degradation rate is significantly increased in B cells from
elderly mice.®® The reduced output of B cells, combined with
diminished expression of the autoimmune regulator and auto-
antigen genes in thymic B cells, drastically hinders the develop-
ment of humoral immunity in response to infectious pathogens in
the elderly.'>”1>8

Other cells. According to recent research, neutrophils also
modulate T-cell function, and their function is regulated with
aging. As central orchestrators of the immune response, the
critical role of dendritic cells (DCs) in the maintenance of
tolerance, antigen presentation to T cells, and endocytosis is also
reduced in aged individuals; however, there is no significant effect
on the numbers and phenotype of DCs in aged subjects.’® Aged
HSCs show more substantial myeloid lineage potential. The
expansion of myeloid-derived suppressor cells (MDSCs) promotes
immunosenescence and induces severe bystander effects in host
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tissues by secreting inflammatory factor transforming growth
factors (TGF-B) and IL-10.'%°

Inflammaging and its role in positive feedback in
immunosenescence

Immunosenescence involves inflammaging and progressive
deposition of senescent cells.'®""'%? Inflammation and cellular
senescence are not negative phenomena. However, SASP cells
secrete a plethora of soluble molecules, typically including
proteases, fibroblast growth factor 2 and hepatocyte growth
factor, chemokines, angiogenic factors, proinflammatory cyto-
kines, matrix metalloproteinases (MMPs), and extracellular matrix
(ECM) components.®>'%® Active p-p38 mitogen-activated protein
kinase (MAPK) in senescent T cells inhibits autophagy protein nine
in an mTOR-independent manner, thus restraining autophagy.® In
addition, senescent T cells with programmed cell death protein 1
(PD-1) can affect the phosphorylation of zeta-chain-associated
protein kinase 70 (ZAP70) induced by lymphocyte-specific protein
tyrosine kinase (LCK) to antagonize TCR signals directly, thereby
further activating the P38 pathway and inhibiting PI3K-AKT-mTOR
signaling, ultimately causing autophagy loss (Fig. 4).'®* Failure of
autophagy leads to the accumulation of T cells with the SASP
phenotype, which in turn induces mitochondrial dysfunction,
stimulates the generation of myeloid-derived suppressor cells,
increases ROS levels, and exacerbates inflammaging.*®'%? Mito-
chondrial metabolic disorders cause a type 1 cytokine inflamma-
tory storm of TNF-a and IFN-y, subsequently inducing
inflammaging in peripheral tissues.>'®> Conceivably, sustained
secretion of the SASP factor in tissues is a significant source of
inflammaging'®®7'®® (Fig. 5). Age-regulated tissue-specific macro-
phages and neutrophils may cause immunosuppressive chronic
low-grade inflammation, resulting in many diseases. Increased
TNF-a levels were associated with reduced CD28 expression and
defective T-cell responses.>® Interestingly, autocrine and bystander

Signal Transduction and Targeted Therapy (2023)8:200



Immunosenescence: molecular mechanisms and diseases
Liu et al.

Signal 1:
Expansion of senescent cells
Signal 2:
\ Inflammaging
e
e
’ ’ :.. :.. :.. :..
e S Immunosenescence o o
‘A
3 o %0 % %
°
pro-inflammatory cytokines,
Autophagy| chemokines, angiogenic factors,
proteases, ECM components,
Cytotoxicity | MMPs, etc.
NKG2D
IL-10, TGF-B8

Granzyme/perforin|

Signal 3:

Compensatory immunosupression

Fig. 5 The circuit between cellular senescence and inflammaging promotes immunosenescence and tumorigenesis. Senescent cells gradually
accumulate in vivo. Consequently, the increased SASP of senescent cells aggravates the inflammatory state, which activates counteracting
immunosuppression. Subsequently, suppressive Treg cells secrete inhibitory cytokines, such as IL-10 and TGF-f, to prevent CD8 + T cells from
surveilling and clearing senescent cells. In addition, senescent cells can enable sustained activation of the NKG2D receptor by releasing
soluble NKG2D ligands from their cell surface or by increasing the expression of specific inhibitory proteins. Sustained activation of NKG2D
receptor function is inhibited, thereby impairing immune system function and enhancing the expansion of senescent cells in the TME. ECM
extracellular matrix, MMPs matrix metalloproteinases, NKG2D natural killer Group 2 member D

effects were observed whereby SASP induced senescence
propagation, thereby causing inflammaging and several
senescence-related diseases, in particular, diverse malignancies.169
There appears to be a positive feedback regulatory circuit
between inflammaging and cellular senescence, which impairs
the immune surveillance and autophagy of senescent cells, thus
allowing premature immunosenescence. Whether early modula-
tion of inflammaging can prevent or delay cellular senescence,
immunosenescence, and age-related diseases needs to be tested
in clinical trials.

MULTIPLE DISEASES ASSOCIATED WITH IMMUNOSENESCENCE
Older adults become more susceptible to multiple diseases with
the advance of immunosenescence. It is essential to study the
interplay and mechanisms to bring viable solutions for preventing
and treating these diseases and increasing the health span of
elderly populations.

Cardiovascular disease

Inflammation increases proinflammatory cytokine levels and the
likelihood of endothelial injury, vascular remodeling damage, and
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atherosclerosis. Inflammaging conditions recruit monocytes and
trigger them to convert into lipid-containing, senescent foamy
macrophages, which then accumulate and accelerate athero-
sclerotic progression. Foamy macrophages with SA-3-gal accumu-
late in fatty streaks of mice. They upregulate the SASP factors
MMP12 and MMP13 and recruit monocytes, stimulating more
conversion to foamy macrophages and promoting plaque
instability.'’® In patients infected with cytomegalovirus,
CD8"CD28~ T-cell expansion is a risk factor for vascular
dysfunction and is strongly associated with suffering from
atherosclerosis and acute coronary syndrome.'”! Recently, Yu
showed that high frequencies of senescent CD8"CD57" T cells
present in the PBMCs of patients with acute myocardial infarction
have proinflammatory and tissue-homing properties and are
linked to short-term cardiovascular mortality in patients.'”?

Autoimmune disease

Aging is associated with an increased incidence of autoimmune
diseases that predominantly affect women. Rheumatoid arthritis
(RA) is a chronic inflammatory disease associated with symmetrical
and destructive inflammation in joints and other tissues. As
autoimmune diseases progress, there is a higher prevalence of
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age-related complications. The most common comorbidities in RA
may include osteoporosis, cancer, cardiovascular disease, and
neuropsychiatric disorders.'”® Patients with RA develop features of
premature immunosenescence such as decreased thymic func-
tion, expanded late-differentiated effector T cells, increased
telomeric attrition, and a proinflammatory phenotype.'’* Interest-
ingly, RA patients presenting with extra-articular manifestations
also have an increased frequency of aged T cells.'”® These CD28~
T-cell subsets may contribute to inflammaging and further
aggravate the disease severity of RA upon stimulation by
increasing the production of inflammatory factors.'”%'”” Favorable
clinical responses were identified using specific treatments
significantly reducing CD8" CD28~ T cells in RA patients.'”®
Increased telomere erosion, resulting in increased autoreactivity
with self-antigens and loss of immune tolerance, is associated with
the development of atherosclerotic plaques and cardiovascular
disease in RA, all of which indicate potential age-related risk
factors for RA development.'”® Thus, immunosenescence may be
a prerequisite for the increased incidence of autoimmune
diseases.

Neurodegenerative diseases

Immunosenescence has been repeatedly implicated in cognitive
processes and neurodegenerative diseases, which place a
tremendous economic and social burden on society. For example,
levels of proinflammatory factors such as IL-6 are associated with
depression, fatigue, and cognitive impairment and are elevated in
Alzheimer’s and Parkinson’s patients.>®'8° Accelerated epigenetic
aging has also been shown to be associated with the develop-
ment of neurodegenerative diseases.'®’ Astrocytes in aged brains
also express more significant levels of p16 than those in young
brains.'®? Cellular senescence also prompts a physiological aging
shift into neurodegeneration.'®® Alzheimer's disease (AD) is a
distinct neurodegenerative disease associated with immunose-
nescence. The silencing transcription factor REST protects neurons
from oxidative stress and B-amyloid toxicity. Physiologically aged
human brains showed higher REST mRNA and protein levels than
AD patients. Targeted deletion of REST in the mouse brain
promotes age-related neurodegeneration. The expression of
transgenic human Rest in C. elegans demonstrated the neuropro-
tective effect of REST in reducing sensitivity to oxidative
stress.'®*'8> However, published evidence on whether causal
links exist between immunosenescence and neurodegeneration is
still limited.

Cancers

Investigations have discovered that several hallmarks of immu-
nosenescence such as epigenetic modifications, mitochondrial
dysfunction, and cellular senescence may account for cancer
features in older adults." Tumor response and tumor aggressive-
ness differ between young and older adults.'®'®® Age is associated
with more aggressive tumor phenotypes in many tumor types.
Gomes et al. emphasized that methylmalonic acid upregulation in
the serum of older adults induces SOX4 expression, which triggers
transcriptional reprogramming, further endowing cancer cells with
greater aggressiveness.'®” However, although the overall inci-
dence remains higher for some cancers in older patients, cancers
in younger patients are more aggressive and have poorer
outcomes. Compared with young melanoma patients, ECM
changes in elderly patients result in lower sentinel lymph node
metastasis rates but higher mortality.'®® Studies have suggested
that slower tumor growth and metastasis in elderly patients with
bronchial cancer are due to senescent host factors hindering the
growth and spread of invasive tumors.'®® Another retrospective
study of 1869 women with breast cancer found less aggressive
features in elderly patients.'”® These findings suggest that
immunosenescence is closely linked with tumorigenesis and
progression.
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Coronavirus disease 2019

Coronavirus disease 2019 (COVID-19), first reported in December
2019, has spread worldwide at an unprecedented rate with
profound and ongoing health and socioeconomic impacts. The
pathogen of COVID-19 is a highly contagious respiratory
[-coronavirus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)."°"! Highly heterogeneous COVID-19 can manifest as
asymptomatic, mild, severe, and even lethal because of the host’s
underlying complications and other factors. Elderly individuals
and adults with inflammatory conditions are at heightened risk for
developing and dying from COVID-19."%? Age-related decline and
dysregulation of immune function, i.e., immunosenescence, may
play an important role in older adults being more susceptible to
severe outcomes with COVID-19. A clinical trial (NCT04510194) is
ongoing to investigate whether anti-senescence and reduced age-
related immune decline could improve nonhospitalized COVID-19
outcomes. There remains much to be learned about immune
responses to SARS-CoV-2 infection.

POTENTIAL THERAPEUTIC STRATEGIES TO IMPROVE
RESPONSES AMONG OLDER ADULTS

Selective elimination of senescent cells and related clinical trials
T-cell senescence has been recognized as one of the causative
factors of aging and immunosenescence. The production and
expansion of senescent cells synergistically with immunosenes-
cence depresses the efficacy of adoptive cell transfer therapies.'®
Senescence is not an acute transition but is progressive and
phased from a temporary or reversible state to a chronic
irreversible state.'®*'®* Simple anti-senescence may not produce
the expected therapeutic effects and can harm healthy tissues in
elderly individuals. Recently, several findings have challenged the
irreversibility of cellular senescence.'® The derepression of the
human telomerase reverse transcriptase gene restores telomerase
activity, allowing oncogene-induced senescent cells to re-enter
the cell cycle. Senescent cells that regain stemness acquire
increased proliferative capacity and tumorigenesis potential.'®”'%¢
In summary, the role of senescent T cells in the growth, invasion,
and resistance to therapies for immunosenescence and age-
related diseases remains questionable.

Several small molecules have exhibited promising activity
against cellular senescence. For example, rapamycin was observed
to reverse the increased SASP of senescent cells and increase
antiviral gene expression in elderly individuals.'®” However, these
agents lack selectivity and may produce substantial side effects
such as inflammatory responses and even deterioration of several
normal tissues; thus, they do not appear be the optimal treatment
choice.'® Immunotherapy, such as chimeric antigen receptor-T-
cell (CAR-T) and TCR therapy, has shown revolutionary clinical
benefits in patients with advanced or conventional therapy-
resistant cancers.'?>?°° However, the effect of immune checkpoint
inhibitors, which can suppress the expression of specific proteins
produced by senescent cells or prevent inhibitory receptor
activation, is controversial because of the low participation of
aged patients in clinical trials.?®' Recently, several researchers
discovered that patients with non-small cell lung cancer are
resistant to immune checkpoint-blocking treatments.?®*> Accord-
ing to preclinical research, immunosenescence is mainly respon-
sible for the response to therapy in 8-week-old mice, which may
explain, in part, why many successful preclinical therapies fail in
clinical trials. We propose that CAR-T cells targeting senescence-
specific surface antigens may be a plausible therapeutic perspec-
tive. We have collected several recent clinical immunotherapy
trials on CAR-T cells or targeting senescence-associated biomar-
kers and collated them into Table 2. Unfortunately, most clinical
trials of the characteristic biomarkers CD57 and KLRG-1 of
senescent T cells have not been applied. Recent research has
found an emerging cell surface protein widely induced during
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Table 2. List of the current immunotherapy targeting senescence-associated biomarkers

Conditions interventions Target Phase Identifier Status

HIV infection associated tumors Ipilimumab and Nivolumab PD-1, CTLA-4 Phase 1 NCT02408861  Recruiting
Advanced solid tumor malignancies Sym023 Tim-3 Phase 1 NCT03489343 Completed
Solid tumor, lymphoma LB1410 Tim-3, PD-1 Phase 1 NCT05357651  Not yet recruiting
Melanoma TSR-022, TSR-042 Tim-3, PD-1 Phase 2 NCT04139902  Recruiting
Liver cancer TSR-022, TSR-042 Tim-3, PD-1 Phase 2 NCT03680508 Recruiting
Advanced cancer COM902 TIGIT Phase 1 NCT04354246  Recruiting
Locally advanced cancer or metastatic cancer ~ OMP-313M32 TIGIT Phase 1 NCT03119428 Terminated
Relapsed refractory multiple myeloma pomalidomide, dexamethasone  TIGIT, LAG-3 Phase 2 NCT04150965  Recruiting
Cervical cancer Ociperlimab TIGIT, PD-1 Phase 2 NCT04693234  Active
Non-small-cell lung carcinoma AZD2936 TIGIT, PD-1 Phase 2 NCT04995523  Recruiting
Esophageal squamous cell carcinoma Tislelizumab, Ociperlimab TIGIT, PD-1 Phase 2 NCT04732494  Recruiting
Multiple myeloma CD3/CD28 KLRG-1 Phase 2 NCT01426828 Completed
CAR chimeric antigen receptor, CMV cytomegalovirus

senescence: urokinase-type plasminogen activator receptor
(UPAR). uPAR-specific CAR T cells could effectively eliminate
senescent cells in mice, although further investigations are
required to explore whether they have the necessary safety
profile for clinical application.?®® Despite this caveat, there is
growing interest in identifying novel markers of senescence that
may also have prognostic potential.

Targeting signal transduction improves immunosuppression and
enhances immune function

At present, some assays for senescent cells have achieved
beneficial results. Removal of p16Ink4a-positive senescent cells
extends life expectancy in mice, slowing SASP emergence and
age-associated functional deterioration of organs and tis-
sues.??*2% Based on our previous discussion, we propose a
concept that regulates the metabolic pathways associated with
T-cell senescence mentioned above to prevent premature T-cell
senescence and enhance immune function. Treg cells exhibit
increased glucose and glycolytic metabolism and subsequently
induce cellular senescence and an immunosuppressive micro-
environment.?® An increased proportion of Tregs is a significant
obstacle to a successful immune response in age-related
diseases.®® It has been indicated that Treg-induced T-cell
senescence can be blocked by regulating glucose metabolism
in vitro and in vivo in animal models.*?°® Mechanistically, poly-
G3 activated human TLR8 in Treg cells and then dramatically
drove the downregulation of GLUT1 as well as the GLUT3 gene
and glucose metabolism-associated enzyme genes such as
hexokinase and phosphofructokinase, promoting the transfer of
GLUT1 and GLUT3 from the cell membrane surface to intracellular
storage sites and subsequently inhibiting glucose uptake,
transport, and glycolysis. In addition, activation of
TLR8 signaling downregulated the levels of cyclic adenosine
monophosphate and mTORC1-HIF-1a signaling, inhibiting tumor
cell metabolism and senescence. Recent studies have shown that
senescent T cells can regain function through the MAPK
pathway.®® Additionally, AMPK signaling has acted as a novel
therapy to inhibit cellular senescence and improve the aging
immune system.?’” Based on previous reviews, whether anti-
senescence and improved age-related immune decline could
improve nonhospitalized COVID-19 outcomes is currently being
investigated in an ongoing clinical trial (NCT04510194). The
extent to which senescent cells accumulate in humans correlates
with inflammation and organ damage, and it is essential to
investigate whether plasma protein profiles associated with
senescent cell burden can be developed.
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Intermediates of metabolic pathways, such as substrates and
cofactors, are essential for numerous chromatin- and DNA-
modifying enzymes; therefore, metabolic changes in dysfunctional
T cells within immunosenescence could touch off epigenetic
reprogramming. For example, downregulated glycolytic levels in
exhausted and aged T cells can influence the availability of NAD™
and NADH downstream in aged-like T cells, thereby affecting
sirtuin-2-mediated histone deacetylation and resulting in reduced
chromatin accessibility.>°® Additionally, the low production of
S-adenosylemethionine (SAM) due to defective one-carbon
metabolism in senescent T cells led to impaired DNA and histone
methylation.'?® Similarly, examples of epigenetic modulation
mediating T-cell metabolism are frequently discussed in the
context of immunosenescence. The decline in miR-181a is thought
to be an example of antagonistic pleiotropy; it is beneficial for
T-cell development in young adults and prevents autoimmune
diseases, but the decreased expression of miR-181a during aging
leads to its diminished inhibitory effect, and the expression of
dual-specific phosphatase DUSP6, constitutively expressed in
T-cell cytoplasm, is upregulated, causing defects in the ERK
signaling pathway, which impairs both positive and negative
selection and TCR sensitivity.?’>?'® Moreover, aged CD8" T cells,
irrespective of their differentiation state, displayed a loss of
chromatin accessibility at specific promoters and consequently
caused decreased levels of nuclear respiratory factor 1 binding
and ETC complexes, which likely resulted in metabolic dysfunction
facilitating immunosenescence.?’’ However, it remains unclear
whether these alterations lead to T-cell senescence or whether
T-cell senescence leads to metabolic and epigenetic
reprogramming.

Given the regulatory nature of metabolism and the partial
reversibility of epigenetic mechanisms, we propose a potential
hypothetical driving axis that targets epigenetic alterations and
metabolic reprogramming interacting in T-cell senescence against
immunosenescence. Because tricarboxylic acid cycle intermedi-
ates such as fumarate, succinate, and a-ketoglutarate have been
identified as vital epigenetic regulators, studies targeting mito-
chondria and their metabolites are considered critical to integrate
metabolism with epigenetic modifications.?’? Apart from bioener-
getic and biosynthetic functions, mitochondria act as signaling
organelles whose fitness is closely linked to nuclear activity,
triggering epigenetic programs to adapt to homeostatic stress
during aging. Mitochondrial dysfunction has been observed
among exhausted, senescent, and aging T cells.>'"®'3> |In mice,
T lymphocytes with mitochondrial transcription factor A (TFAM)
deficiency cause multiple aging-related metabolic and cognitive
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changes, accelerating premature death.? Consistent with these
results, CD4" and CD8" T cells with inherent differences in
mitochondrial content showed discrete susceptibility to senes-
cence and aging.?'® In this sense, deeper links between metabolic
and epigenetic changes must be explored to find more promising
treatment strategies. Desdin-Mico et al. confirmed that using
nicotinamide adenine dinucleotide precursors partially rescues
premature senescence in mice that is mediated by TFAM-deficient
T cells.? Evidence from multiple trials suggests that restoration of
mitochondria or mitochondrial metabolites via the epigenome
may be a promising direction for improving impaired T-cell
immunity and immune system disorders. A series of physiological
factors such as diet, exercise, enteric microorganisms, and the
circadian clock have been well defined as potential regulators that
prevent T-cell senescence and alleviate the immunosuppressive
milieu via metabolic and epigenetic programs, thereby enhancing
immune function and delaying the initiation and development of
cancers.'">?'%7222 |n this sense, deeper links between metabolic
and epigenetic changes must be explored to find more promising
therapeutic strategies.

VACCINATION IN THE ELDERLY

Adults over 60 years old have increased susceptibility to infectious
diseases, which severely reduces vaccination effectiveness. Using
a systems biology approach to identify early gene signatures is
pioneering work for predicting immune responses in humans.?*
Pulendran and colleagues conducted a series of clinical studies
over three years to evaluate the responses to influenza vaccina-
tion in adults.?** According to previous studies, later antibody
titers correlate with early molecular signatures and can be
accurately predicted. An analysis of system-wide methylation
levels identified groups of CpG islands that affected the
expression of several genes with established roles in humoral
immunity.>*® A high proportion of senescent T cells has already
been identified to be associated with reduced vaccine efficacy in
the elderly.*”?*® Extensive analysis of the elderly has suggested
that humoral responses to influenza vaccination were significantly
associated with age-related changes in T-cell populations and
function.?*” Genetic signatures associated with B-cell proliferation,
identified by gene set enrichment analysis, can accurately predict
high and low responders to influenza vaccines.??® Alterations in
the gut microbiome mediate signals that provide differential
antibody responses to peripheral immune cells.??° These findings
allow for identification of the underlying mechanism of the
vaccine response. Multiple factors can affect immunosenescence
and be affected by immunosenescence, further confirming that
immunosenescence makes vaccines less potent through specific
signaling pathways.

CONCLUSIONS AND FURTHER PERSPECTIVES

Overall, the function and fitness of the immune system are critical
factors for organism homeostasis, resistance against antigens, and
successful immunotherapy. Metabolism connected with epige-
netic pathways strongly drives immune system aging and cellular
senescence. Understanding of the molecular mechanisms related
to immunosenescence remains limited, and gold-standard bio-
markers for senescence remain lacking. The data suggest synergy
between antiaging treatments and checkpoint immunotherapy.
For example, rapamycin, combined with immune therapy,
achieved better therapeutic effects by interfering with SASP,
whereas successful immune checkpoint inhibitor therapy in the
elderly remains limited, and many therapies are still in preclinical
or clinical trials. Therefore, systematic studies on immunosenes-
cence are needed. Decreased T-cell output induced by thymic
degeneration in young adults can be reversed by IL-7 supple-
mentation, whereas thymic rejuvenation in older cohorts does not
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restore T-cell receptor diversity. Severe reversal of the senescent
cellular state confers increased proliferative capacity and tumori-
genic potential to cells reentering the cell cycle. Although
significant advances have been made in clinical and basic
immunosenescence research, many results are based on mouse
models. The existing immunological techniques and experimental
progress must fully reveal the complexities of the human immune
system. There is a need to understand the more profound effects
of immunosenescence on age-related diseases, particularly in
terms of tumor progression, and develop new scientific
approaches to establish more convincing in vivo models of aging
to search for potential mechanisms that induce immune suppres-
sion, which may provide emerging insights into antiaging
immunity and antitumor therapy.
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