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a b s t r a c t

Cellular senescence is a complex process involving a close-to-irreversible arrest of the cell

cycle, the acquisition of the senescence-associated secretory phenotype (SASP), as well as

profound changes in the expression of cell surface proteins that determine the recognition

of senescent cells by innate and cognate immune effectors including macrophages, NK,

NKT and T cells. It is important to note that senescence can occur in a transient fashion to

improve the homeostatic response of tissues to stress. Moreover, both the excessive gen-

eration and the insufficient elimination of senescent cells may contribute to pathological

aging. Attempts are being made to identify the mechanisms through which senescent cell

avoid their destruction by immune effectors. Such mechanisms involve the cell surface

expression of immunosuppressive molecules including PD-L1 and PD-L2 to ligate PD-1 on T

cells, as well as tolerogenic MHC class-I variants. In addition, senescent cells can secrete

factors that attract immunosuppressive and pro-inflammatory cells into the microenvi-

ronment. Each of these immune evasion mechanism offers a target for therapeutic inter-

vention, e.g., by blocking the interaction between PD-1 and PD-L1 or PD-L2, upregulating

immunogenic MHC class-I molecules and eliminating immunosuppressive cell types. In

addition, senescent cells differ in their antigenic makeup and immunopeptidome from

their normal counterparts, hence offering the opportunity to stimulate immune response

against senescence-associated antigens. Ideally, immunological anti-senescence strategies

should succeed in selectively eliminating pathogenic senescent cells but spare homeostatic

senescence.
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Introduction

The transition from a healthy to a diseased state is driven by

perturbations in cellular fitness that e individually or together

e determine the age-dependent decay of organismal func-

tions. Among the different “hallmarks of aging”, in the last

decade cellular senescence has entered the limelight due to its

key involvement in the pathogenesis of major age-related

illnesses [1].

Cellular senescence is characterized by a stable prolifera-

tive arrest that can be triggered by multiple stimuli, spanning

from developmental cues to cellular stresses including - but

not limited to - DNA damage, telomere attrition, persistent

activation of trophic signals, oncogenic activation, and oxida-

tive stress. These signals interceptmultiple effector pathways,

most of which converge on the activation of the p53-p21 and

p16-RB axes that in turn act as cell cycle regulators, preventing

the proliferation of damaged or stressed cells, usually in an

irreversible fashion [2]. The senescent phenotype is charac-

terized by peculiar morphological, epigenetic, and metabolic

changes that favor the aforementioned cell cycle arrest, but

also entail resistance to apoptotic cell death and a prominent

proinflammatory secretome, referred to as senescence-

associated secretory phenotype (SASP) [3]. SASP is triggered

by a multipronged signaling network comprised of DNA dam-

age response (DDR), p38/MAPK, inflammasome and mTORC1,

ultimately converging on NF-kB and C/EBPb-dependent tran-

scriptional programs. The SASP exerts potent effects on

neighboring cells and surrounding tissues. As an example, the

SASP was found to exacerbate inflammation, promote angio-

genesis, ignite the fibrogenic cascade and favor cell prolifera-

tion. The cell type, context-dependent and dynamic attributes

of the SASP are critical determinants of the beneficial or dele-

terious effects of senescent cells in the organism [4].

There is a sizable body of literature reporting that senes-

cent cells progressively accumulate in the tissues of experi-

mental model organisms (such as mouse and turquoise

killifish) and humans during chronological aging [5e7]. In

support of the causal nexus between the excessive burden of

senescent cells and aging, the genetic ablation of p16/Ink4aþ

senescent cells was shown to extend healthspan and lifespan

of progeroid and naturally aged mice [8,9]. Conversely, se-

nescent cells are sufficient to promote the manifestation of

systemic or tissue-specific dysfunctions linked to aging when

transplanted into otherwise healthy/young animals [10].

These results have sparked considerable interest towards the

discovery or repurposing of drugs for use as ‘senotherapeutics

’in preclinical disease models and in the clinic. The arsenal of

senotherapeutics [11] available for (pre)clinical testing

currently consists of ‘senopreventive’ drugs, senomorphics

(i.e., agents that modify specific aspects of the senescent

phenotype without eliciting direct lethal effects to senescent

cells) and senolytics, defined as molecules that trigger the

selective apoptosis of senescent cells [12].

The molecular and phenotypic changes that underlie the

conversion of a normal cell into a senescent cell endow the

latter with the ability to crosstalk with host leukocytes.

Consistentwith this notion, adaptive and innate immune cells

directly control the burden of senescent cells in tissues, being
directly implicated in both the ignition and the extinction of

the process [13]. In this review, we provide an overview on the

molecular basis regulating the dialogue between immune

cells and senescent cells, and we explore the pathophysio-

logical consequences of this interaction in aging-associated

phenotypes and antisenescence therapies.
Senescence in physiology and pathology: one
size does not fit all

The conjecture that the generic term ‘senescence’ fails to fully

recapitulate the transcriptional and functional heterogeneity

of the senescent state has recently gained traction [14,15].

While individual phenotypic features of senescent cells (e.g.,

heightened p16 or p21 expression, enhanced senescence

associated beta galactosidase activity) e or a combination

thereof e are routinely employed to isolate and study senes-

cent cells, these markers are often unable to distinguish

‘adaptive’ senescence from its ‘maladaptive’ counterpart. In

contrast to the well rooted knowledge that pathogenic senes-

cent cells are abundant in aged or diseased tissues (see below),

cells scoring positive for common markers of senescence are

physiologically (yet often transiently) present in the tissues of

young/healthy individuals, where they play important roles in

processes such aswound healing [16], regeneration [17], tissue

reprogramming [18] and limitation of fibrotic scarring [19]. As

an example, p16/Ink4aþ cells are detected in the basement

membrane of the lung where they contribute to tissue regen-

eration and repair after damage [20]. Even in the context of

natural aging, eliminationof specificsubtypesof senescent cell

may elicit deleterious effects, as testified by the fact that

elimination of p16/Ink4aþ liver sinusoidal endothelial cells

disrupts vascular structure and leads to perivascular

fibrosis [21].

It hasbeenrecentlyproposed that the conceptof ‘beneficial’

senescence may be interchangeable with that of transient

senescence, in thus far that ‘adaptive’ senescent cells are

rapidly cleared by host leukocytes cells shortly after their for-

mation, paralleling the reestablishment of tissue homeostasis

[15]. In linewith this tenet, preneoplastic p21þ cells detected in

the liver following KRASG12V activation are placed under

immunosurveillance and progressively cleared by host im-

mune cells shortly after induction [22]. In a similar vein, p21þ

cells generated during normal embryonic development are

only transiently detectable, as they undergo macrophage-

assisted elimination [23].

In stark contrast, pathogenic senescent cells persist in aged

or damaged tissue with longer latency than their beneficial

counterparts, at least in part by suppressing the cytotoxic

action of immune cells in charge of their surveillance.

Importantly, these persister variants display the ability to

propagate the senescent phenotype (and hence induce ‘sec-

ondary or paracrine senescence’) to other cells laying in the

same tissue or located at distal sites, largely via their bioactive

secretome [4]. The accumulation of senescent cells during

aging has been recently quantitated longitudinally across

multiple tissues from wild type (WT) naturally aged mice and

Ercc1�/D progeroid mice, which lack the DNA repair enzyme

ERCC1 [6]. In both models, markers of senescence were found

https://doi.org/10.1016/j.bj.2023.02.001


b i om e d i c a l j o u r n a l 4 6 ( 2 0 2 3 ) 1 0 0 5 8 1 3
elevated in peripheral T cells and in most organs except the

heart and skeletal muscles, aorta being the tissue with the

most pronounced accrual of senescent cells. The load of se-

nescent cells significantly ramped up after mice reached

adulthood and continued to increase over time. Interestingly,

a sex-dependent pattern of senescent cells accumulation was

found, with female mice presenting a greater increase in the

rate of senescent cells formation towards geriatric age [6].

The generation of transgenic mouse models (e.g., INK-

ATTAC, p16-3MR) to induce the selective apoptosis of p16high

cells shed light on the preclinical value of reducing the burden

of senescent cells in contexts of premature/natural aging

[8,16]. Pioneering work by Baker and colleagues first reported

that the removal of senescent cells extended the lifespan of

progeric BubR1 hypomorphic mice [8]. The same group also

described that the systemic ablation of senescent cells was

sufficient to prolong the lifespan of naturally aged INK-ATTAC

mice while attenuating the occurrence of life-threatening

diseases (including cancer and cardiovascular diseases)

across adulthood [9]. In line with these data, the genetic abla-

tion of p16þ senescent cells in the INK-ATTACmodelmitigated

age-dependent bone-loss [24] and promoted rejuvenation (as

mirrored by improved cognitive function and reducedmarkers

of chronic inflammation) of the aged brain [25]. In analogywith

this finding, the intermittent clearance of p21high cells

improved parameters of systemic health in 23-month-old an-

imals [26].

Notably, phenotypic improvements associated with the

removal of senescent cells were also observed in murine

models of tauopathies [27], atherosclerosis [28], metabolic

diseases [29,30], as well as in the context of iatrogenic senes-

cence induced by systemic doxorubicin treatment [31].

Importantly, most of the beneficial effects reported in

transgenic mouse models have been validated by pharmaco-

logical interventions. As an example, senolysis induced by the

Bcl-XL inhibitor navitoclax enhanced tissue (e.g., bone

marrow, muscle) function by eliminating aged stem cells [32]

and reestablishedmetabolic homeostasis inmurinemodels of

metabolic syndromes [30]. Similarly, navitoclax administra-

tion restored kidney regenerative capacity of aged mice or

animals exposed to sub-lethal irradiation following ischemia/

reperfusion injury [33]. Peptides designed to disrupt FOXO4-

p53 interaction and induce p53-dependent apoptosis of se-

nescent cells alleviated signs of systemic toxicity induced by

doxorubicin and extended the lifespan of progeroid and

naturally aged mice [34]. The combination of dasatinib and

quercetin was associated with improved disease outcome in

multiple preclinical models including metabolic syndromes

[35], intestinal dysbiosis and inflammation [36], spinal cord

injury [37], Alzheimer disease [38], osteoarthritis [39], sarco-

penia [40], severe acute respiratory syndrome coronavirus 2

[41], as well as pulmonary [42] and renal fibrosis [43]. Health-

promoting effects associated with the clearance of senescent

cells in vivo were also described for glutaminolysis inhibitors

[44], cardiac glycosides [45] and fisetin [41,46]. Consistently,

chronic senolytic treatment with D þ Q or fisetin led to a

moderate but significant extension of lifespan and healthspan

in mouse models of natural aging [10,46].

Noteworthy, there is (limited) preliminary evidence that

senolytic administration may reduce senescent cells burden
in patients [47,48]. In this regard, results from randomized

clinical trials will be instrumental to substantiate the pre-

clinical findings. In the light of the spurious mode of action of

these agents, it remains nonetheless debatable that positive

effects of these agents on parameters of organismal health

would exclusively depend upon the reduction of the burden of

senescent cells in tissues. Furthermore, it will be critical to

compare side-by-side the pro-longevity effects of senolytics

with those evoked by senomorphic-based approaches - which

encompass well known geroprotectors such as rapamycin

[49], physical exercise [50], metformin [51,52], and caloric re-

striction [53] e in order to design optimal antisenescence

therapies for disease prevention and treatment. Interestingly,

both senolytic and senomorphic compounds can be found in

edible sources, suggesting that the senescent phenotype can

be modulated in vivo via the diet [54]. Nonetheless, it remains

to be demonstrated that these molecules can reach thera-

peutic concentrations via mere dietary intake.
Interplay between senescent cells and host
immunity

Cell-intrinsic events linked to the ignition of senescence in-

fluence organismal functions in a non-cell autonomous

manner e via the senescent secretome or the release of

extracellular vesicles [55]. As an example, sensing of cytosolic

chromatin fragments or free mitochondrial DNA by the cyclic

GMP e AMP synthase (cGAS) following DNA damage or

oxidative stress promotes the STING-dependent production of

core SASP protein [56]. Likewise, defective autophagy, exces-

sive mTORC1 activity and inflammasome hyperactivation

support the production of IL1A, which regulates SASP in an

autocrine and paracrine manner [57,58]. As yet another

example, “damaged” or senescent cells use exosome secretion

to eliminate harmful cytosolic DNA, which acts as a damage

associated molecular pattern (DAMP) on target cells [59].

The release of SASP mediators sets the ground for the

termination of the senescence-driven tissular response. This

is achieved by the chemoattraction of immune cells in charge

of senescent cells elimination. With a considerable degree of

context-dependency, both innate and adaptive immune cells

may place senescent cells under surveillance (summarized in

Fig. 1).

As first reported in settings of malignant transformation,

innate immune cells are primarily implicated in the elimina-

tion of senescent cells. In a murine model of hepatocellular

carcinoma, inflammatory cytokines (i.e., IL15, CSF1, MCP1,

CXCL1) released by senescent tumor cells following p53 re-

activation promoted tumor eradication by natural killer (NK)

cells, neutrophils, and macrophages [60]. Likewise, TH1 cyto-

kines released by CD4þ T lymphocytes favor macrophage-

dependent elimination of pre-neoplastic tumor lesions in

the liver [61]. Furthermore, pharmacological, or genetic in-

terventions that trigger senescence in a large fraction of ma-

lignant cells limit tumor outgrowth in a NK and T-cell

dependent manner [62,63].

At the present stage of the literature, there is compelling

evidence in support of the role of NK cells as ‘immune seno-

lytics’, even in the context of non-oncological illnesses. In a

https://doi.org/10.1016/j.bj.2023.02.001


Fig. 1 Overview of the senescente to-immune cells crosstalk. The profound perturbations in the biology of senescent cells

render them able to communicate with both the innate and the adaptive branches of the host immune system. In turn,

different population of host leukocytes participate in the surveillance of senescent cells. Some of the immunological effects

elicited by senescent cells -including the overproduction of complement factors or their dialogue with neutrophils remain to be

characterized.

Abbreviations: Abs: Antibodies; MHC: Major Histocompatibility Complex; NK: Natural Killer; NKG2D: natural killer group 2D;

NKG2A: natural killer group 2A; MICA: MHC class I polypeptideerelated sequence; PFN: Perforin; GzmB: Granzyme B; HLA-E

Major Histocompatibility Complex; Class I, E, CALR: Calreticulin; CD47: Cluster of Differentiation 47; CD24: Cluster of

Differentiation 24.
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seminal work, Krizhanovsky and colleagues demonstrated

that induction of senescence in activated stellate cells e fol-

lowed by rapid NK-mediated killing e was instrumental to

limit the fibrogenic cascade in the liver [19]. Mechanistically,

the expression of activating NKGD2 ligands (i.e., MICA, ULBP2)

on the surface of senescent cells unleashes the cytotoxic ac-

tivity of NK cells [64]. NK cells eliminate senescent cells via

granule exocytosis [65], as demonstrated by the fact that

perforin-deficient mice exhibit elevated accumulation of se-

nescent cells in tissues coupled to chronic inflammation and

shortened lifespan [66].

More recently, invariant natural killer T (NKT) cells were

also assigned a role in the clearance of pathogenic senescent

cells from tissues. Thus, iNKT stimulation by glycolipid anti-

gen alpha-galactosyl ceramide (aGalCer) was sufficient to

reduce the number of senescent cells in the fibrotic (bleomy-

cin-treated) lung and in white adipose tissue (WAT) from

high-fat diet fed mice [67].
Macrophages also participate in the elimination of senes-

cent cells, although the ‘eat me’ versus ‘do not eat me’ signals

involved in the process remain elusive. Macrophages-

dependent senescent cell clearance was consistently re-

ported in pathophysiological instances of limb regeneration in

salamanders [68], embryogenesis [23], postpartum uterus

remodeling [69] and cancer [60]. Under circumstances of

chronic liver damage, a p53-dependent senescence program

in stellate cells induces the polarization of macrophages to-

wards an M1 proinflammatory phenotype, endowed with

phagocytic ability towards senescent cells [70]. Human se-

nescent fibroblasts transplanted into the peritoneal cavity of

severe combined immunodeficiency disease (SCID) mice

(which lack adaptive immunity) were rapidly eliminated by

phagocytes. Conversely, when human fibroblasts are pro-

tected from clearance following encapsulation into alginate

beads, a sub-class of macrophages with features of senes-

cence was attracted to the site of injection, suggesting that

https://doi.org/10.1016/j.bj.2023.02.001
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senescent-like macrophages may functionally contribute to

the aged phenotype elicited by senescent cells [71]. In addi-

tion, SASP factors released by senescent cells promote the

upregulation of the ecto-enzyme CD38 on the surface of

macrophages. In turn, CD38 overexpression by macrophages

reduces the systemic availability of NADþ and instigates the

chronic production of inflammatory cytokines, two events

that precipitate the aging phenotype [72].

Recently, a link between the immunosurveillance of se-

nescent cells by neutrophils has emerged. In a murine model

of retinopathy, the production of neutrophil extracellular

traps (NETs) is instrumental for the clearance of senescent

endothelial cells and the consequent vascular remodeling [73].

By contrast, neutrophils recruited to the damaged or aged liver

following the release of SASP factors by senescent cells

contribute to the paracrine spreading of the senescent

phenotype to neighboring cells via oxidative damage-

dependent telomere shortening [74]. This result suggests

that neutrophils may play a key role in the systemic propa-

gation of the senescence phenotype observed during aging.

In multiple independent datasets (including tran-

scriptomics and proteomics) generated from diverse models

of senescence in vitro, a strong correlation between the se-

nescent state and the overexpression of core components of

the complement system (e.g., C3) has surfaced [75,76]. While

the pathophysiological relevance of the excessive production

of complement factors by senescent cells in vivo remains to be

studied, it is tempting to speculate that senescent cells

contribute to the overexuberant activation of the complement

cascade, which reportedly occurs during aging [77] and in

pathologies (e.g., chronic kidney disease) in which senescence

has a well-defined pathogenic role.

Both humoral and cellular forms of adaptive immunity

have been implicated in the recognition and elimination of

senescent cells in vivo. Albeit additional evidence is required

to validate this finding, immunization of Balb/c mice with

senescent lung fibroblasts triggered the production of IgM

antibodies against a plasma membrane-bound oxidized form

of vimentin expressed on the surface of senescent cells.

Moreover, senescent cells may be sensitive to antibody-

dependent cell-mediated cytotoxicity following production

of natural antibodies against surface antigens [78].

As previously mentioned, cytokines produced by antigen

specific CD4þ T cells in pre-neoplastic tumor lesions are

propaedeutic for the macrophage-assisted clearance of se-

nescent cells [61]. Consistently, melanocytes undergoing

oncogene induced senescence (OIS) trigger a CD4þ T cell-

dependent response mediated by the upregulation of MHC-II

presentation machinery and the concomitant over-

expression of MHC-II molecules on their surface [79].

Interestingly, macrophages infiltrating the liver upon

CXCL14 production by p21þ hepatocytes expressing KRASG12V

facilitate the CD8þ T cells dependent killing of these preneo-

plastic cell variants [22]. In an experimental model of post-

traumatic osteoarthritis, a functional correlation between

senescence markers and pathologically elevated levels of

interleukin-17 (IL17) was established, at least in part tied to

the ability of senescent fibroblasts to skew naı̈ve CD4þ T cells

towards a Th17 phenotype in a TGF-beta dependent manner.

Interestingly, elevated levels of IL17 directly promoted the
paracrine spreading of senescent cells in the articular

joint [39].

The molecular bases of the crosstalk between CD8þ T cells

and senescent cells are being unveiled. It has been recently

reported that - regardless of their transformed status - se-

nescent cells mounted a potent CD8þ T cell-dependent im-

mune response when transplanted into immunocompetent

hosts. Based on these results and previous data, it can be

speculated that recognition of senescent cells by CD8 T lym-

phocytes depends upon multiple mechanisms including (i)

SASP; (ii) enhanced expression of MHC-I and MHC-I present-

ing machinery; (iii) the emissions of DAMPs at a level suffi-

cient to promote the recruitment and maturation of antigen

presenting cells (APCs); (iv) the efficient transfer of antigens to

APC; and (v) an altered immunopeptidome, resulting in the

presentation of unique antigens not expressed by their

normal counterparts and capable of inducing effective mem-

ory response [63,76].
Immunological mechanisms of senescent cell
accumulation

The physiological triggers of senescence during natural aging

remain elusive. Recent findings suggest that persistent levels

of trophic signals (e.g., insulin) or episodes of vascular damage

may contribute to the increased load of senescent cells in vivo

[52,80]. As observed in experiments of heterochronic para-

biosis, transfer of bloodborne pro-geronic factors from old to

young animals is sufficient to increase the number of senes-

cent cells in tissues [81,82]. Concurrently, old mice exposed to

the young circulatory milieu showed dwindling levels of

senescence markers [82]. Aligned to these results, removal of

senescent cells by senolytic treatment prior to blood exchange

annihilated the pro-aging phenotype in young mice [82]. It is

therefore plausible (as recently theorized [83]) that the

elevated age-associated burden of senescent cells would stem

from a combination of increased formation (due to time-

dependent accumulation of damage) and decreased elimina-

tion, the latter being linked to strategies of evasion from

immunosurveillance or a decline in the fitness of immune

cells responsible for senescent cell removal.

Data inferred from two recently generated models of

genetic-induced “immunosenescence” reinforce the hypoth-

esis that a dysfunctional/aged immune system would act as

primary driver of systemic senescence. Accelerated aging of

the immune compartment through the ablation of ERCC1 in

hematopoietic stem cells e which led to increased DNA

damage and senescence of leukocytes population including

NK cells and follicular T helper cells e was sufficient to cause

the systemic elevation of the senescencemarkers p16 and p21

during aging. This effect may be explained by inefficient im-

mune clearance of senescent cells [84]. Similarly, induction of

premature CD4þ T cell aging features by the specific obliter-

ation of TFAM e a key regulator of mtDNA replication and

transcription e promoted multi-organ (liver, heart, and

gonadal white adipose tissue) accumulation of senescent

cells. This effect is mediated by the excessive production of

inflammatory cytokines (and notably TNFa) by dysfunctional

T cells [85].

https://doi.org/10.1016/j.bj.2023.02.001
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Collectively, these studies insinuate the possibility that

“immunosenescence” may temporally precede - and hence

play a causal role - in the pathological accrual of senescent

cells in non-lymphoid tissues. However, the immunose-

nescence phenotype [86] is complex in thus far that it involves

thymic involution (accompanied by reduced production of

naı̈ve T cells and expansion of specific memory T cells clones)

and myeloid-over-lymphoid bias in central hematopoietic

organs driven by aberrant age-related clonal hematopoiesis.

Thus, additional work in more physiological setups is needed

to clarify which features of immunosenescence contribute to

the multi-organ accumulation of senescent cells. In turn, this

would pave the way to approaches that effectively rejuvenate

the immune system in a way that systemic aging is halted or

reversed. In this regard, it is tempting to speculate that in-

terventions known to improve immune cell fitness e such as

caloric restriction, caloric restriction mimicking diet or exer-

ciseewould elicit beneficial systemic effects due to enhanced

senescent cell immune clearance.

The persistence of senescent cells in aged or damaged

tissues involves immunosuppressive strategies orchestrated

by these persister variants to resist immune disruption.

Similar to what has been previously reported in the context of

neoplastic malignancies, senescent cells may bypass immu-

nosurveillance via the expression of secreted or cell surface-

bound molecules (henceforth referred to as senescence asso-

ciated immune checkpoints, SAICs) that directly inactivate

the cytotoxic activity of immune cells in charge of their sur-

veillance. In addition, senescent cells can elicit perturbations

in the microenvironment due to the local attraction of diverse

immunosuppressive immune subsets, which in turn hamper

the cytotoxic function of innate and adaptive immune cells. In

support of the latter scenario, phenomena of senescence-

related ‘immunosuppressive inflammation’ have been thor-

oughly described in the different mouse models of cancer, in

which senescent neoplastic or stromal cells skewed adaptive

immune responses via the recruitment of myeloid derived

suppressor cells (MDSC) [87]. It is plausiblee yet remains to be

proven - that such phenomena may also occur during natural

aging or in age-related diseases.

With a high degree of context dependency, a number of

SAICs have now been described. Seminal works from the

group of Irving Weissman and others shed light on the tight

balance between eat-me (e.g., calreticulin) and do not eat me

signals (CD24, CD47, GD2) that determine the susceptibility of

target cells to phagocytosis [88]. Independent reports indicate

that senescent cells exhibit a concomitant upregulation in the

expression of CD47, CD24 and calreticulin [89,90]. It is there-

fore tempting to speculate (yet it remains to be formally

demonstrated) that treatment with monoclonal antibodies

targeting CD47 (aCD47), which elicits preclinical and clinical

benefits in pathological contexts such as fibrosis would lead to

macrophage-dependent senescent cell clearance [91]. A

recent report indicates that elevated CD47 expression by se-

nescent cells undermines the ability of macrophages to

perform optimal efferocytosis, an event that has been asso-

ciated with autoimmunity [90].

Non-classical MHC-I molecules may also serve as SAICs.

Thus, senescent cells bypass NK cells and CD8þ T cells control

via the upregulation of the non-classicalMHC-Imolecule HLA-
E (H2-Qa-1), which acts as a ligand for the inhibitory receptor

NKG2A expressed by NK cells and differentiated CD8þ T lym-

phocytes. In co-culture experiments, silencing of HLA-E or

NKG2A blockade sensitized senescent fibroblasts to elimina-

tion by these immune subtypes [92]. In line with this result,

surface expression of the disialylated ganglioside GD3 sup-

pressed NK-mediated cytotoxicity, while the pharmacological

neutralization of GD3 by a specific monoclonal antibody

rescuedNK-dependent clearance of senescent cells in amouse

model of bleomycin-induced pulmonary fibrosis [93]. Recent

works consistently report that the senescent cells present in

the tissues of naturally aged mice and in specimens from

idiopathic fibrosis patients displayedheightened expression of

the immune checkpoint molecule PD-L1 [94,95]. Accordingly,

treatment of naturally agedmice or animals challengedwith a

protocol to induce steatohepatitis with anti-PD1 reduced the

load of senescent cells in a CD8þ T cell dependentmanner [94].

Interestingly, a recent work by Chaib and colleagues found

elevated expression of PD-L2, but not PD-L1, in multiple

cellular models of senescence. Notably, anti-PD-L2 treatment

is sufficient to eradicate tumors in which senescence was

induced by doxorubicin treatment [96]. Future experiments

will clarify whether anti-PD-L2 treatment also diminishes the

burden of senescence cell in non-oncological setups.

Taken together, these data suggest that the staggering

potential of immune checkpoint blockade therapy to contrast

cancer outgrowth might be translated to other pathological

settings in which senescence has a defined pathological

function. On the one hand, it would be of great relevance to

test whether combination approaches based on the targeting

of different SAICs would synergize in promoting the elimi-

nation of senescent cells by distinct immune subsets and

therefore yield superior therapeutic benefits. On the other

hand, SAIC expression by senescent cells may serve the pur-

pose to limit pathogenic autoimmunity, thus imposing a note

of caution about the safety of such interventions.
From senolysis to immune-senolysis:
therapeutic perspectives

In the light of the elevated degree of functional and molecular

heterogeneity associated with the senescent state, therapeu-

tic approaches designed to specifically target deleterious se-

nescent subtypes (while sparing their beneficial counterparts)

or to eliminate selective senescent cell types present within a

tissue are needed. There are now compelling proof-of-concept

studies in support of the use of immunotherapy to selectively

target senescent cells. Investigators have harnessed the se-

lective (or augmented) expression of cell surface proteins by

senescent cells to educate the immune system towards their

elimination. As an example, CAR-T cells engineered to

recognize urokinase-type plasminogen activator receptor

(uPAR) are able to reduce the overall burden of senescent cells

in tumor bearing animals or inmice challengedwith protocols

to induce hepatic fibrosis [97]. Along similar lines, the senes-

cence specific expression of DPP4 can be used to sensitize

senescent fibroblasts to NK cell mediated antibody-dependent

cellular cytotoxicity [98]. Importantly, this approach has been

recently employed to develop ‘senolytic vaccines’ targeting

https://doi.org/10.1016/j.bj.2023.02.001
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glycoprotein nonmetastatic melanoma protein B (GPNMB) on

senescent cells. Notably, immunization of mice against

GNMPB reduced the burden of senescent cells, improved the

healthspan of naturally agedmice, and prolonged the lifespan

of Zmpste24 knockout progeroid mice [99].

Alternative immunotherapy-based interventions to clear

out senescent cells can also be conceived (Fig. 2). For example,

adoptive immune cell transfer could potentiate the killing of

pathogenic senescent cells. As mentioned above, senescent

cells exhibit an altered immunopeptidome, resulting in the

presentation of unique subsets of antigens that are neither

expressed by their normal counterparts nor subjected to

thymic selection [76]. While the mechanistic insights under-

lying this effect remainunknown, such senescence-associated

antigenic epitopes may be harnessed for dendritic dell-based

vaccination strategies. The goal of such vaccination protocols

would be to prime T cells against senescent cells and to insti-

gate durable immunological memory against pathogenic se-

nescent cell variants. In this regard, theuseofnewlydeveloped

animal models [100] e possibly coupled with approaches of

genetic or pharmacological senolysis and single cell
technologies e may facilitate the identification of therapeuti-

cally relevant senescent-specific antigens.
Conflicts of interest

GK has been holding research contracts with Daiichi Sankyo,

Eleor, Kaleido, Lytix Pharma, PharmaMar, Osasuna Thera-

peutics, Samsara Therapeutics, Sanofi, Tollys, and Vascage.

GK has been consulting for Reithera. GK is on the Board of

Directors of the Bristol Myers Squibb Foundation France. GK is

a scientific co-founder of everImmune, Osasuna Therapeutics,

Samsara Therapeutics and Therafast Bio. GK is the inventor of

patents covering therapeutic targeting of aging, cancer, cystic

fibrosis and metabolic disorders. GK's brother, Romano

Kroemer, was an employee of Sanofi and now consults for

Boehringer-Ingelheim. GK's wife, Laurence Zitvogel, has held

research contracts with 9 Meters Biopharma, Daiichi Sankyo,

Pilege, was on the on the Board of Directors of Transgene, is a

cofounder of everImmune, and holds patents covering the

treatment of cancer and the therapeutic manipulation of the

https://doi.org/10.1016/j.bj.2023.02.001


b i om e d i c a l j o u r n a l 4 6 ( 2 0 2 3 ) 1 0 0 5 8 18
microbiota. GK's brother, Romano Kroemer, was an employee

of Sanofi and now consults for Boehringer-Ingelheim.

Acknowledgments

GK is supported by the Ligue contre le Cancer (�equipe label-

lis�ee); Agence National de la Recherche (ANR)e Projets blancs;

Canc�eropôle Ile-de-France; Fondation pour la Recherche

M�edicale (FRM); a donation by Elior; Equipex Onco-Pheno-

Screen; Gustave Roussy Odyssea, the European Union Horizon

2020 Projects Oncobiome and Crimson; Institut National du

Cancer (INCa); Institut Universitaire de France; LabEx

Immuno-Oncology (ANR-18-IDEX-0001); a Cancer Research

ASPIRE Award from the Mark Foundation; the RHU Immuno-

life; Seerave Foundation; SIRIC Stratified Oncology Cell DNA

Repair and Tumor Immune Elimination (SOCRATE); and SIRIC

Cancer Research and Personalized Medicine (CARPEM). This

study contributes to the IdEx Universit�e de Paris ANR-18-

IDEX-0001. YG is supported by a Karolinska Institute

Doctoral Fellowship; FP is supported by a Starting Grant from

Karolinska Institute; Project Grant from Novo Nordisk Fonden

(NNF22OC0078239); by Longevity Impetus Grant from Norn

Group; by a Starting Grant from the Swedish Research Council

(VR MH 2019-02050); by Project Grant from Cancerfonden (21

1637 Pj); aswell as by a Starting Grant from Jeanssons Stiftelse.

Figure were created with BioRender.com.

r e f e r e n c e s

[1] Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G.
Hallmarks of aging: an expanding universe. Cell
2023;186(2):243e78.

[2] Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O,
Bishop C, et al. Cellular senescence: defining a path forward.
Cell 2019;179(4):813e27.

[3] Hernandez-Segura A, Nehme J, Demaria M. Hallmarks of
cellular senescence. Trends Cell Biol 2018;28(6):436e53.

[4] Birch J, Gil J. Senescence and the SASP: many therapeutic
avenues. Genes Dev 2020;34(23e24):1565e76.

[5] Van Houcke J, Marien V, Zandecki C, Vanhunsel S, Moons L,
Ayana R, et al. Aging impairs the essential contributions of
non-glial progenitors to neurorepair in the dorsal
telencephalon of the Killifish Nothobranchius furzeri. Aging
Cell 2021;20(9):e13464.

[6] Yousefzadeh MJ, Zhao J, Bukata C, Wade EA, McGowan SJ,
Angelini LA, et al. Tissue specificity of senescent cell
accumulation during physiologic and accelerated aging of
mice. Aging Cell 2020;19(3):e13094.

[7] Tuttle CSL, Luesken SWM, Waaijer MEC, Maier AB.
Senescence in tissue samples of humans with age-related
diseases: a systematic review. Ageing Res Rev
2021;68:101334.

[8] Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG,
van de Sluis B, et al. Clearance of p16Ink4a-positive
senescent cells delays ageing-associated disorders. Nature
2011;479(7372):232e6.

[9] Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J,
et al. Naturally occurring p16(Ink4a)-positive cells shorten
healthy lifespan. Nature 2016;530(7589):184e9.

[10] Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK,
Weivoda MM, et al. Senolytics improve physical function
and increase lifespan in old age. Nat Med
2018;24(8):1246e56.
[11] Campisi J, Kapahi P, Lithgow GJ, Melov S, Newman JC,
Verdin E. From discoveries in ageing research to therapeutics
for healthy ageing. Nature 2019;571(7764):183e92.

[12] Chaib S, Tchkonia T, Kirkland JL. Cellular senescence and
senolytics: the path to the clinic. Nat Med
2022;28(8):1556e68.

[13] Kale A, Sharma A, Stolzing A, Desprez PY, Campisi J. Role of
immune cells in the removal of deleterious senescent cells.
Immun Ageing 2020;17:16.

[14] Cohn RL, Gasek NS, Kuchel GA, Xu M. The heterogeneity of
cellular senescence: insights at the single-cell level. Trends
Cell Biol 2023;33(1):9e17.

[15] Paramos-de-Carvalho D, Jacinto A, Saude L. The right time
for senescence. Elife 2021;10.

[16] Demaria M, Ohtani N, Youssef SA, Rodier F, Toussaint W,
Mitchell JR, et al. An essential role for senescent cells in
optimal wound healing through secretion of PDGF-AA. Dev
Cell 2014;31(6):722e33.

[17] Da Silva-Alvarez S, Guerra-Varela J, Sobrido-Camean D,
Quelle A, Barreiro-Iglesias A, Sanchez L, et al. Cell
senescence contributes to tissue regeneration in zebrafish.
Aging Cell 2020;19(1):e13052.

[18] Mosteiro L, Pantoja C, Alcazar N, Marion RM,
Chondronasiou D, Rovira M, et al. Tissue damage and
senescence provide critical signals for cellular
reprogramming in vivo. Science 2016;354(6315).

[19] Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J,
Miething C, et al. Senescence of activated stellate cells
limits liver fibrosis. Cell 2008;134(4):657e67.

[20] Reyes NS, Krasilnikov M, Allen NC, Lee JY, Hyams B,
Zhou M, et al. Sentinel p16(INK4aþ) cells in the basement
membrane form a reparative niche in the lung. Science
2022;378(6616):192e201.

[21] Grosse L, Wagner N, Emelyanov A, Molina C, Lacas-
Gervais S, Wagner KD, et al. Defined p16(high) senescent
cell types are indispensable for mouse healthspan. Cell
Metabol 2020;32(1):87e99 e6.

[22] Sturmlechner I, Zhang C, Sine CC, van Deursen EJ,
Jeganathan KB, Hamada N, et al. p21 produces a bioactive
secretome that places stressed cells under
immunosurveillance. Science 2021;374(6567):eabb3420.

[23] Munoz-Espin D, Canamero M, Maraver A, Gomez-Lopez G,
Contreras J, Murillo-Cuesta S, et al. Programmed cell
senescence during mammalian embryonic development.
Cell 2013;155(5):1104e18.

[24] Farr JN, Xu M, Weivoda MM, Monroe DG, Fraser DG,
Onken JL, et al. Targeting cellular senescence prevents age-
related bone loss in mice. Nat Med 2017;23(9):1072e9.

[25] Zhang X, Pearsall VM, Carver CM, Atkinson EJ,
Clarkson BDS, Grund EM, et al. Rejuvenation of the aged
brain immune cell landscape in mice through p16-positive
senescent cell clearance. Nat Commun 2022;13(1):5671.

[26] Wang B, Wang L, Gasek NS, Zhou Y, Kim T, Guo C, et al. An
inducible p21-Cre mouse model to monitor and manipulate
p21-highly-expressing senescent cells in vivo. Nat Aging
2021;1(10):962e73.

[27] Bussian TJ, Aziz A, Meyer CF, Swenson BL, van Deursen JM,
Baker DJ. Clearance of senescent glial cells prevents tau-
dependent pathology and cognitive decline. Nature
2018;562(7728):578e82.

[28] Childs BG, Baker DJ, Wijshake T, Conover CA, Campisi J, van
Deursen JM. Senescent intimal foam cells are deleterious at
all stages of atherosclerosis. Science 2016;354(6311):472e7.

[29] Ogrodnik M, Miwa S, Tchkonia T, Tiniakos D, Wilson CL,
Lahat A, et al. Cellular senescence drives age-dependent
hepatic steatosis. Nat Commun 2017;8:15691.

[30] Aguayo-Mazzucato C, Andle J, Lee Jr TB, Midha A, Talemal L,
Chipashvili V, et al. Acceleration of beta cell aging

http://refhub.elsevier.com/S2319-4170(23)00005-7/sref1
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref1
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref1
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref1
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref2
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref2
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref2
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref2
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref3
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref3
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref3
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref4
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref4
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref4
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref4
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref5
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref5
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref5
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref5
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref5
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref6
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref6
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref6
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref6
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref7
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref7
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref7
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref7
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref8
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref8
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref8
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref8
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref8
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref9
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref9
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref9
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref9
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref10
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref10
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref10
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref10
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref10
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref11
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref11
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref11
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref11
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref12
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref12
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref12
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref12
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref13
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref13
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref13
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref14
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref14
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref14
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref14
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref15
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref15
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref16
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref16
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref16
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref16
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref16
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref17
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref17
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref17
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref17
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref18
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref18
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref18
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref18
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref19
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref19
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref19
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref19
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref20
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref20
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref20
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref20
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref20
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref20
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref21
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref21
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref21
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref21
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref21
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref22
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref22
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref22
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref22
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref23
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref23
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref23
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref23
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref23
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref24
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref24
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref24
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref24
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref25
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref25
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref25
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref25
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref26
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref26
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref26
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref26
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref26
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref27
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref27
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref27
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref27
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref27
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref28
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref28
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref28
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref28
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref29
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref29
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref29
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref30
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref30
https://doi.org/10.1016/j.bj.2023.02.001


b i om e d i c a l j o u r n a l 4 6 ( 2 0 2 3 ) 1 0 0 5 8 1 9
determines diabetes and senolysis improves disease
outcomes. Cell Metabol 2019;30(1):129e142 e4.

[31] Demaria M, O’Leary MN, Chang J, Shao L, Liu S, Alimirah F,
et al. Cellular senescence promotes adverse effects of
chemotherapy and cancer relapse. Cancer Discov
2017;7(2):165e76.

[32] Chang J, Wang Y, Shao L, Laberge RM, Demaria M, Campisi J,
et al. Clearance of senescent cells by ABT263 rejuvenates
aged hematopoietic stem cells in mice. Nat Med
2016;22(1):78e83.

[33] Mylonas KJ, O’Sullivan ED, Humphries D, Baird DP,
Docherty MH, Neely SA, et al. Cellular senescence inhibits
renal regeneration after injury in mice, with senolytic
treatment promoting repair. Sci Transl Med 2021;13(594).

[34] Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks KWJ,
Bourgeois BRM, et al. Targeted apoptosis of senescent cells
restores tissue homeostasis in response to chemotoxicity
and aging. Cell 2017;169(1):132e147 e16.

[35] Ogrodnik M, Zhu Y, Langhi LGP, Tchkonia T, Kruger P,
Fielder E, et al. Obesity-induced cellular senescence drives
anxiety and impairs neurogenesis. Cell Metabol
2019;29(5):1061e10677 e8.

[36] Saccon TD, Nagpal R, Yadav H, Cavalcante MB, Nunes ADC,
Schneider A, et al. Senolytic combination of dasatinib and
quercetin alleviates intestinal senescence and
inflammation and modulates the gut microbiome in aged
mice. J Gerontol A Biol Sci Med Sci 2021;76(11):1895e905.

[37] Paramos-de-Carvalho D, Martins I, Cristovao AM, Dias AF,
Neves-Silva D, Pereira T, et al. Targeting senescent cells
improves functional recovery after spinal cord injury. Cell
Rep 2021;36(1):109334.

[38] Zhang P, Kishimoto Y, Grammatikakis I, Gottimukkala K,
Cutler RG, Zhang S, et al. Senolytic therapy alleviates Abeta-
associated oligodendrocyte progenitor cell senescence and
cognitive deficits in an Alzheimer’s disease model. Nat
Neurosci 2019;22(5):719e28.

[39] Faust HJ, Zhang H, Han J, Wolf MT, Jeon OH, Sadtler K, et al.
IL-17 and immunologically induced senescence regulate
response to injury in osteoarthritis. J Clin Invest
2020;130(10):5493e507.

[40] Moiseeva V, Cisneros A, Sica V, Deryagin O, Lai Y, Jung S,
et al. Senescence atlas reveals an aged-like inflamed
niche that blunts muscle regeneration. Nature
2023;613(7942):169e78.

[41] Camell CD, Yousefzadeh MJ, Zhu Y, Prata L, Huggins MA,
Pierson M, et al. Senolytics reduce coronavirus-related
mortality in old mice. Science 2021;373(6552).

[42] Schafer MJ, White TA, Iijima K, Haak AJ, Ligresti G,
Atkinson EJ, et al. Cellular senescence mediates fibrotic
pulmonary disease. Nat Commun 2017;8:14532.

[43] Li C, Shen Y, Huang L, Liu C, Wang J. Senolytic therapy
ameliorates renal fibrosis postacute kidney injury by
alleviating renal senescence. FASEB J 2021;35(1):e21229.

[44] Choudhury D, Rong N, Ikhapoh I, Rajabian N,
Tseropoulos G, Wu Y, et al. Inhibition of glutaminolysis
restores mitochondrial function in senescent stem cells.
Cell Rep 2022;41(9):111744.

[45] Triana-Martinez F, Picallos-Rabina P, Da Silva-Alvarez S,
Pietrocola F, Llanos S, Rodilla V, et al. Identification and
characterization of Cardiac Glycosides as senolytic
compounds. Nat Commun 2019;10(1):4731.

[46] Yousefzadeh MJ, Zhu Y, McGowan SJ, Angelini L,
Fuhrmann-Stroissnigg H, Xu M, et al. Fisetin is a
senotherapeutic that extends health and lifespan.
EBioMedicine 2018;36:18e28.

[47] Hickson LJ, Langhi Prata LGP, Bobart SA, Evans TK,
Giorgadze N, Hashmi SK, et al. Senolytics decrease
senescent cells in humans: preliminary report from a
clinical trial of Dasatinib plus Quercetin in individuals with
diabetic kidney disease. EBioMedicine 2019;47:446e56.

[48] Justice JN, Nambiar AM, Tchkonia T, LeBrasseur NK,
Pascual R, Hashmi SK, et al. Senolytics in idiopathic
pulmonary fibrosis: results from a first-in-human, open-
label, pilot study. EBioMedicine 2019;40:554e63.

[49] Laberge RM, Sun Y, Orjalo AV, Patil CK, Freund A, Zhou L,
et al. MTOR regulates the pro-tumorigenic senescence-
associated secretory phenotype by promoting IL1A
translation. Nat Cell Biol 2015;17(8):1049e61.

[50] Englund DA, Sakamoto AE, Fritsche CM, Heeren AA,
Zhang X, Kotajarvi BR, et al. Exercise reduces circulating
biomarkers of cellular senescence in humans. Aging Cell
2021;20(7):e13415.

[51] Moiseeva O, Deschenes-Simard X, St-Germain E,
Igelmann S, Huot G, Cadar AE, et al. Metformin inhibits the
senescence-associated secretory phenotype by interfering
with IKK/NF-kappaB activation. Aging Cell
2013;12(3):489e98.

[52] Li Q, Hagberg CE, Silva Cascales H, Lang S, Hyvonen MT,
Salehzadeh F, et al. Obesity and hyperinsulinemia drive
adipocytes to activate a cell cycle program and senesce. Nat
Med 2021;27(11):1941e53.

[53] Fontana L, Nehme J, Demaria M. Caloric restriction and
cellular senescence. Mech Ageing Dev 2018;176:19e23.

[54] Martel J, Ojcius DM, Wu CY, Peng HH, Voisin L, Perfettini JL,
et al. Emerging use of senolytics and senomorphics against
aging and chronic diseases. Med Res Rev
2020;40(6):2114e31.

[55] Borghesan M, Fafian-Labora J, Eleftheriadou O, Carpintero-
Fernandez P, Paez-Ribes M, Vizcay-Barrena G, et al. Small
extracellular vesicles are key regulators of non-cell
autonomous intercellular communication in senescence
via the interferon protein IFITM3. Cell Rep
2019;27(13):3956e39571 e6.

[56] Gluck S, Guey B, Gulen MF, Wolter K, Kang TW,
Schmacke NA, et al. Innate immune sensing of cytosolic
chromatin fragments through cGAS promotes senescence.
Nat Cell Biol 2017;19(9):1061e70.

[57] Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P,
Morton JP, et al. A complex secretory program orchestrated
by the inflammasome controls paracrine senescence. Nat
Cell Biol 2013;15(8):978e90.

[58] Narita M, Young AR, Arakawa S, Samarajiwa SA,
Nakashima T, Yoshida S, et al. Spatial coupling of mTOR
and autophagy augments secretory phenotypes. Science
2011;332(6032):966e70.

[59] Takahashi A, Okada R, Nagao K, Kawamata Y, Hanyu A,
Yoshimoto S, et al. Exosomes maintain cellular
homeostasis by excreting harmful DNA from cells. Nat
Commun 2017;8:15287.

[60] Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA,
Grimm J, Lintault L, et al. Restoration of p53 function leads
to tumour regression in vivo. Nature 2007;445(7128):661e5.

[61] Braumuller H, Wieder T, Brenner E, Assmann S, Hahn M,
Alkhaled M, et al. T-helper-1-cell cytokines drive cancer
into senescence. Nature 2013;494(7437):361e5.

[62] Ruscetti M, Leibold J, Bott MJ, Fennell M, Kulick A,
Salgado NR, et al. NK cell-mediated cytotoxicity contributes
to tumor control by a cytostatic drug combination. Science
2018;362(6421):1416e22.

[63] Reimann M, Schrezenmeier J, Richter-Pechanska P,
Dolnik A, Hick TP, Schleich K, et al. Adaptive T-cell
immunity controls senescence-prone MyD88- or CARD11-
mutant B-cell lymphomas. Blood 2021;137(20):2785e99.

[64] Sagiv A, Burton DG, Moshayev Z, Vadai E, Wensveen F, Ben-
Dor S, et al. NKG2D ligands mediate immunosurveillance of
senescent cells. Aging (Albany NY) 2016;8(2):328e44.

http://refhub.elsevier.com/S2319-4170(23)00005-7/sref30
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref30
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref30
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref31
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref31
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref31
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref31
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref31
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref32
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref32
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref32
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref32
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref32
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref33
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref33
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref33
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref33
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref34
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref34
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref34
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref34
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref34
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref35
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref35
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref35
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref35
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref35
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref36
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref36
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref36
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref36
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref36
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref36
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref37
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref37
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref37
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref37
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref38
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref38
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref38
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref38
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref38
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref38
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref39
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref39
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref39
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref39
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref39
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref40
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref40
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref40
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref40
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref40
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref41
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref41
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref41
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref42
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref42
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref42
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref43
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref43
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref43
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref44
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref44
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref44
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref44
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref45
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref45
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref45
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref45
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref46
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref46
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref46
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref46
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref46
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref47
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref47
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref47
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref47
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref47
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref47
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref48
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref48
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref48
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref48
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref48
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref49
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref49
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref49
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref49
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref49
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref50
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref50
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref50
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref50
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref51
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref51
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref51
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref51
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref51
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref51
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref52
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref52
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref52
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref52
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref52
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref53
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref53
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref53
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref54
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref54
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref54
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref54
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref54
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref55
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref56
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref56
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref56
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref56
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref56
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref57
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref57
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref57
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref57
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref57
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref58
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref58
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref58
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref58
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref58
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref59
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref59
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref59
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref59
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref60
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref60
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref60
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref60
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref61
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref61
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref61
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref61
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref62
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref62
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref62
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref62
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref62
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref63
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref63
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref63
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref63
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref63
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref64
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref64
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref64
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref64
https://doi.org/10.1016/j.bj.2023.02.001


b i om e d i c a l j o u r n a l 4 6 ( 2 0 2 3 ) 1 0 0 5 8 110
[65] Sagiv A, Biran A, Yon M, Simon J, Lowe SW, Krizhanovsky V.
Granule exocytosis mediates immune surveillance of
senescent cells. Oncogene 2013;32(15):1971e7.

[66] Ovadya Y, Landsberger T, Leins H, Vadai E, Gal H, Biran A,
et al. Impaired immune surveillance accelerates
accumulation of senescent cells and aging. Nat Commun
2018;9(1):5435.

[67] Arora S, Thompson PJ, Wang Y, Bhattacharyya A,
Apostolopoulou H, Hatano R, et al. Invariant Natural Killer T
cells coordinate removal of senescent cells. Med (N Y)
2021;2(8):938e50.

[68] Yun MH, Davaapil H, Brockes JP. Recurrent turnover of
senescent cells during regeneration of a complex structure.
Elife 2015;4.

[69] Egashira M, Hirota Y, Shimizu-Hirota R, Saito-Fujita T,
Haraguchi H, Matsumoto L, et al. F4/80þ macrophages
contribute to clearance of senescent cells in the mouse
postpartum uterus. Endocrinology 2017;158(7):2344e53.

[70] Lujambio A, Akkari L, Simon J, Grace D, Tschaharganeh DF,
Bolden JE, et al. Non-cell-autonomous tumor suppression
by p53. Cell 2013;153(2):449e60.

[71] Liu JY, Souroullas GP, Diekman BO, Krishnamurthy J,
Hall BM, Sorrentino JA, et al. Cells exhibiting strong
p16(INK4a) promoter activation in vivo display features of
senescence. Proc Natl Acad Sci USA 2019;116(7):2603e11.

[72] Covarrubias AJ, Kale A, Perrone R, Lopez-Dominguez JA,
Pisco AO, Kasler HG, et al. Senescent cells promote tissue
NAD(þ) decline during ageing via the activation of CD38(þ)
macrophages. Nat Metab 2020;2(11):1265e83.

[73] Binet F, Cagnone G, Crespo-Garcia S, Hata M, Neault M,
Dejda A, et al. Neutrophil extracellular traps target
senescent vasculature for tissue remodeling in retinopathy.
Science 2020;6506:369.

[74] Lagnado A, Leslie J, Ruchaud-Sparagano MH, Victorelli S,
Hirsova P, Ogrodnik M, et al. Neutrophils induce paracrine
telomere dysfunction and senescence in ROS-dependent
manner. EMBO J 2021;40(9):e106048.

[75] Hernandez-Segura A, de Jong TV, Melov S, Guryev V,
Campisi J, Demaria M. Unmasking transcriptional
heterogeneity in senescent cells. Curr Biol
2017;27(17):2652e26560 e4.

[76] Marin I, Boix O, Garcia-Garijo A, Sirois I, Caballe A,
Zarzuela E, et al. Cellular senescence is immunogenic and
promotes anti-tumor immunity. Cancer Discov 2023;13(2).

[77] Tanaka T, Biancotto A, Moaddel R, Moore AZ, Gonzalez-
Freire M, Aon MA, et al. Plasma proteomic signature of age
in healthy humans. Aging Cell 2018;17(5):e12799.

[78] Frescas D, Roux CM, Aygun-Sunar S, Gleiberman AS,
Krasnov P, Kurnasov OV, et al. Senescent cells expose and
secrete an oxidized form of membrane-bound vimentin as
revealed by a natural polyreactive antibody. Proc Natl Acad
Sci U S A 2017;114(9):E1668e77.

[79] van Tuyn J, Jaber-Hijazi F, MacKenzie D, Cole JJ, Mann E,
Pawlikowski JS, et al. Oncogene-expressing senescent
melanocytes up-regulate MHC class II, a candidate
melanoma suppressor function. J Invest Dermatol
2017;137(10):2197e207.

[80] Maus M, L�opez-Polo V, Lafarga M, Aguilera M, Lama ED,
Meyer K, et al. Iron accumulation drives fibrosis,
senescence, and the senescence-associated secretory
phenotype. bioRxiv 2022:501953. 2022.07.29.

[81] Yousefzadeh MJ, Wilkinson JE, Hughes B, Gadela N,
Ladiges WC, Vo N, et al. Heterochronic parabiosis regulates
the extent of cellular senescence in multiple tissues.
Geroscience 2020;42(3):951e61.

[82] Jeon OH, Mehdipour M, Gil TH, Kang M, Aguirre NW,
Robinson ZR, et al. Systemic induction of senescence in
young mice after single heterochronic blood exchange. Nat
Metab 2022;4(8):995e1006.

[83] Karin O, Alon U. Senescent cell accumulation mechanisms
inferred from parabiosis. Geroscience 2021;43(1):329e41.

[84] Yousefzadeh MJ, Flores RR, Zhu Y, Schmiechen ZC,
Brooks RW, Trussoni CE, et al. An aged immune system
drives senescence and ageing of solid organs. Nature
2021;594(7861):100e5.

[85] Desdin-Mico G, Soto-Heredero G, Aranda JF, Oller J,
Carrasco E, Gabande-Rodriguez E, et al. T cells with
dysfunctional mitochondria induce multimorbidity and
premature senescence. Science 2020;368(6497):1371e6.

[86] Goronzy JJ, Weyand CM. Understanding
immunosenescence to improve responses to vaccines. Nat
Immunol 2013;14(5):428e36.

[87] Di Mitri D, Toso A, Chen JJ, Sarti M, Pinton S, Jost TR, et al.
Tumour-infiltrating Gr-1þ myeloid cells antagonize
senescence in cancer. Nature 2014;515(7525):134e7.

[88] Duan Z, Luo Y. Targeting macrophages in cancer
immunotherapy. Signal Transduct Targeted Ther
2021;6(1):127.

[89] Basisty N, Kale A, Jeon OH, Kuehnemann C, Payne T, Rao C,
et al. A proteomic atlas of senescence-associated
secretomes for aging biomarker development. PLoS Biol
2020;18(1):e3000599.

[90] Schloesser D, Lindenthal L, Sauer J, Chung KJ, Chavakis T,
Griesser E, et al. Senescent cells suppress macrophage-
mediated corpse removal via upregulation of the CD47-
QPCT/L axis. J Cell Biol 2023;222(2).

[91] Wernig G, Chen SY, Cui L, Van Neste C, Tsai JM,
Kambham N, et al. Unifying mechanism for different
fibrotic diseases. Proc Natl Acad Sci USA
2017;114(18):4757e62.

[92] Pereira BI, Devine OP, Vukmanovic-Stejic M, Chambers ES,
Subramanian P, Patel N, et al. Senescent cells evade
immune clearance via HLA-E-mediated NK and CD8(þ) T
cell inhibition. Nat Commun 2019;10(1):2387.

[93] Iltis C, Seguin L, Cervera L, Duret L, Hamidouche T, Kunz S,
et al. A ganglioside-based senescence-associated immune
checkpoint. bioRxiv 2021;23:440408. 2021.

[94] Wang TW, Johmura Y, Suzuki N, Omori S, Migita T,
Yamaguchi K, et al. Blocking PD-L1-PD-1 improves
senescence surveillance and ageing phenotypes. Nature
2022;611(7935):358e64.

[95] Onorati A, Havas AP, Lin B, Rajagopal J, Sen P, Adams PD,
et al. Upregulation of PD-L1 in senescence and aging. Mol
Cell Biol 2022;42(10):e0017122.

[96] Chaib S, L�opez-Domı́nguez JA, Lalinde M, Prats N, Marin I,
Meyer K, et al. The efficacy of chemotherapy is limited by
intratumoural senescent cells that persist through the
upregulation of PD-L2. bioRxiv 2022:501681. :2022.11.04.

[97] Amor C, Feucht J, Leibold J, Ho YJ, Zhu C, Alonso-Curbelo D,
et al. Senolytic CAR T cells reverse senescence-associated
pathologies. Nature 2020;583(7814):127e32.

[98] Kim KM, Noh JH, Bodogai M, Martindale JL, Yang X, Indig FE,
et al. Identification of senescent cell surface targetable
protein DPP4. Genes Dev 2017;31(15):1529e34.

[99] Suda M, Shimizu I, Katsuumi G, Yoshida Y, Hayashi Y,
Ikegami R, et al. Senolytic vaccination improves normal and
pathological age-related phenotypes and increases lifespan
in progeroid mice. Nature Aging 2021;1:1117e26.

[100] Jaeger AM, Stopfer LE, Ahn R, Sanders EA, Sandel DA, Freed-
Pastor WA, et al. Deciphering the immunopeptidome in
vivo reveals new tumour antigens. Nature
2022;607(7917):149e55.

http://refhub.elsevier.com/S2319-4170(23)00005-7/sref65
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref65
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref65
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref65
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref66
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref66
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref66
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref66
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref67
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref67
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref67
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref67
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref67
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref68
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref68
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref68
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref69
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref69
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref69
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref69
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref69
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref69
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref70
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref70
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref70
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref70
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref71
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref71
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref71
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref71
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref71
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref72
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref73
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref73
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref73
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref73
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref74
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref74
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref74
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref74
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref75
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref75
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref75
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref75
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref75
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref76
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref76
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref76
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref77
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref77
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref77
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref78
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref78
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref78
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref78
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref78
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref78
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref79
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref79
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref79
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref79
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref79
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref79
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref80
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref80
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref80
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref80
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref80
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref81
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref81
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref81
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref81
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref81
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref82
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref82
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref82
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref82
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref82
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref83
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref83
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref83
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref84
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref84
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref84
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref84
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref84
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref85
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref85
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref85
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref85
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref85
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref86
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref86
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref86
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref86
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref87
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref87
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref87
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref87
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref87
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref88
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref88
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref88
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref89
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref89
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref89
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref89
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref90
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref90
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref90
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref90
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref91
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref91
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref91
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref91
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref91
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref92
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref92
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref92
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref92
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref92
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref93
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref93
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref93
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref94
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref94
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref94
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref94
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref94
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref95
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref95
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref95
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref96
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref96
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref96
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref96
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref96
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref97
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref97
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref97
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref97
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref98
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref98
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref98
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref98
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref99
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref99
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref99
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref99
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref99
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref100
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref100
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref100
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref100
http://refhub.elsevier.com/S2319-4170(23)00005-7/sref100
https://doi.org/10.1016/j.bj.2023.02.001

	Cellular senescence and the host immune system in aging and age-related disorders
	Introduction
	Senescence in physiology and pathology: one size does not fit all
	Interplay between senescent cells and host immunity
	Immunological mechanisms of senescent cell accumulation
	From senolysis to immune-senolysis: therapeutic perspectives
	Conflicts of interest
	Acknowledgments
	References


