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Abstract

Senescent cells (SCs) arise from normal cells in multiple organs due to inflammatory, metabolic,
DNA damage, or tissue damage signals. SCs are non-proliferating but metabolically active cells
that can secrete a range of pro-inflammatory and proteolytic factors as part of the senescence-
associated secretory phenotype (SASP). Senescent cell anti-apoptotic pathways (SCAPs) protect
SCs from their own pro-apoptotic SASP. SCs can chemo-attract immune cells and are usually
cleared by these immune cells. During aging and in multiple chronic diseases, SCs can accumulate
in dysfunctional tissues. SCs can impede innate and adaptive immune responses. Whether immune
system loss of capacity to clear SCs promotes immune system dysfunction, or conversely whether
immune dysfunction permits SC accumulation, are important issues that are not yet fully resolved.
SCs may be able to assume distinct states that interact differentially with immune cells, thereby
promoting or inhibiting SC clearance, establishing a chronically pro-senescent and pro-
inflammatory environment, leading to modulation of the SASP by the immune cells recruited and
activated by the SASP. Therapies that enhance immune cell-mediated clearance of SCs could
provide a lever for reducing SC burden. Such therapies could include vaccines, small molecule
immunomodulators, or other approaches. Senolytics, drugs that selectively eliminate SCs by
transiently disabling their SCAPs, may prove to alleviate immune dysfunction in older individuals
and thereby accelerate immune-mediated clearance of SCs. The more that can be understood about
the interplay between SCs and the immune system, the faster new interventions may be developed
to delay, prevent, or treat age-related dysfunction and the multiple senescence-associated chronic
diseases and disorders.
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Introduction

Cellular senescence entails essentially irreversible loss of replicative capacity of
proliferating cells in humans and other vertebrates [1-5]. Differentiated, non-dividing cells
can also enter a senescent-like state [6-8]. Senescent cells (SCs) accumulate with aging in
multiple tissues, particularly in association with age-related dysfunction. For example,
senescent cell burden is higher in tissues of elderly women with frailty than in healthier
elderly women [9]. SCs can also accumulate at sites of chronic diseases, even in younger
individuals, and transplanting senescent cells into younger mice can induce development of
age-related diseases [10-12]. Importantly, senolytic drugs, which promote removal of SCs
by targeting SCAPs, alleviate a range of chronic diseases at least in mice, reduce frailty,
improve healthspan (the period during life free of disability, pain, and independence-limiting
dysfunction), delay onset of age-related diseases as a group, and extend remaining lifespan
in old animals [10,13-24]. Therefore, understanding the mechanisms that control senescent
cell burden is critical and could lead to development of diagnostic tests and clinical
interventions with far-reaching health implications.

SCs are metabolically active, remain viable, and are resistant to apoptosis [1,25-27]. Rather
than being removed directly through apoptosis, it appears that SCs are usually cleared by the
immune system [28-34]. SCs generally exhibit downregulation of genes related to their
original function when in the non-senescent state. Furthermore, SCs have altered
heterochromatin patterns and cytoskeletal structure, up-regulation of lysosomal enzymes
such as senescence-associated p-galactosidase (SA B-gal), and a metabolic shift from fatty
acid utilization towards glycolysis [35-40].

Cells can become senescent in response to a variety of stressors. These stressors are of four
main types: (1) DNA damage (e.g., oncogenic or other mutations, radiation, DNA-damaging
chemotherapy, telomere shortening or dysfunction, oncogene activation, insertions
[transposons, DNA viruses, or retro-transcribed RNA viruses], reactive oxygen species-
[ROS] induced DNA damage or chromosomal instability), (2) metabolic stresses (e.g., high
glucose, osmotic stress, peroxidized or saturated fatty acids or ceramides, ROS, etc.), (3)
inflammation (e.g., inflammatory cytokines/chemokines), and (4) damage signals (e.g.,
damage-associated molecular pattern — DAMP — factors [nucleotides, urate, chromatin
fragments], misfolded or aggregated proteins, etc.) [6,41]. SCs can develop a senescence-
associated secretory phenotype (SASP) [42]. The array of SASP factors appears to vary
among SC types and with the stimuli that originally drove the cells into senescence [43]. In
general, SASP factors are inflammatory and can attract immune cells, promote matrix
rearrangement, interfere with stem and progenitor cell function, cause thrombosis, and
induce changes in the cellular composition of tissues due to growth factors [23,42,44-46].

There may be several beneficial roles of SCs, including for tissue regeneration, in guiding
development, and in protection against cancer [29,47,48]. Oncogenic mutations, activated
oncogenes, cancer-related metabolic byproducts, and DAMPs originating from cell debris
within clusters of cancer cells may induce senescence in the tumor cells or nearby healthy
cells. By becoming senescent, cancer cells are removed from the cell cycle, potentially
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slowing further cancer growth. Through their SASP, these SCs could kill neighboring cancer
cells and attract immune cells that contribute to further removal of cancer cells. Additionally,
senescence can spread from cell to cell [7,10], potentially slowing cancer growth. Consistent
with these roles of SCs in cancer protection, interventions that interfere with the generation
of SCs, such as knocking down p16!"k42 or p53 expression in mice, promote development of
cancer [49]. Thus, it would appear to be more desirable to develop pharmacological
interventions that eliminate SCs, rather than developing interventions designed to perturb the
cellular machinery through which damaged cells become senescent or to restore the
replicative potential of SCs already harboring potentially oncogenic mutations [50,51].
Immune clearance of SCs or senolytic drugs may prevent not only continuing damage to
tissues by SCs because of their SASP, but such drugs and/or immune clearance could also
remove SCs harboring oncogenic mutations that, with further mutations, might in theory
otherwise re-enter the cell cycle as cancer cells. Consistent with the latter speculation,
oncogenic SCs can escape from cell cycle arrest following /n vitro manipulation of gene
expression [51].

During aging and in multiple age-related diseases, SCs accumulate in numerous tissues
[10,18,23,50,52-55]. This accumulation suggests that immune-mediated SC clearance might
be impaired or overwhelmed, perhaps related to age-related changes in the immune system
[56]. With aging, organs and compartments in which immune cells differentiate, mature, or
circulate (bone marrow, thymus, spleen, lymph nodes, and blood) undergo morphological
and functional changes that perturb immune cell quantity and quality [57,58]. There is also a
general increase in circulating pro-inflammatory factors related to sterile, chronic, basal
inflammation, /nflammaging, with increases in circulating inflammatory cytokines such as
IL-6, IL-1pB, and TNFa [59]. The SASP may be a significant contributor to inflammaging
[60-62].

2. The SASP

Through their SASP, SCs can impact cells and tissues around them and at a distance by
inducing inflammation, attracting immune cells, spreading senescence to other cells, altering
stem and progenitor cell function, and impacting on endocrine and metabolic function. The
SASP varies among SCs, depending on the cell type the SCs originated from, how the SCs
were induced, over time since induction, and in response to hormones, cytokines, drugs, and
other factors. Among the more frequently observed SASP peptides and proteins are the
cytokines IL-6, IL-8, IL-1B, and GM-CSF, the chemokines MCP-1 to 4, MIP-1a (MIP-3a),
GROa (and y), RANTES, RARRES?2, matrix proteases and their inhibitors (MMP 1, 3, 9,
and 12 and TIMPs), and factors that modulate stem cell function, tissue development, and
angiogenesis, including activin A and TGF-p [42,46,63-65]. Bioactive SASP components
also include microvesicles and exosomes, microRNAs and other non-coding RNAs,
mitochondrial DNA fragments and other nucleotides, ROS, prostenoids, ceramides,
bradykines, protein aggregates, and other factors that might also spread senescence and
exacerbate inflammation [50,66—69]. SCs can attract, activate, and anchor immune system
cells through SASP cytokines, chemokines, and other factors that control immune cell
proliferation and development, proteases that remodel the extracellular matrix to facilitate
immune cell migration or damage immune cell receptors or ligands, and production of
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neoantigens through protein modifications by these proteases, protein misfolding, protein
aggregation, or release of intracellular contents [45,46,70].

Certain SASP components are recognized by receptors present on natural killer cells (NKs),
monocytes/macrophages (MOs), and T-cells and have effects on other immune cell types,
including neutrophils, basophils, mast cells (MCs), eosinophils, B-cells, and dendritic cells
(DCs; Table 1). Immune cells have complex signaling and regulatory roles during innate and
adaptive immune responses, but their primary function is to detect danger signals such as
defective cells, intracellular components resulting from cell lysis, tumor-specific
neoantigens, or pathogens. Immune cells can induce death of defective cells or pathogenic
organisms by targeting membrane receptors and by releasing cytotoxic cytokines, ROS,
cytolytic enzymes, or phagocytosis, leaving healthy neighboring cells alive. SASP factors
can induce stem cell development and angiogenesis, facilitating regeneration of damaged
tissue [71]. Furthermore, at least in an oncogene-induced senescence model, the SASP can
progress through separate regenerative and pro-inflammatory phases (Hoare et al., 2016).

The main SASP factors, their functions, and how immune system cells are affected by them
are shown in Table 1. Generally, secretion of type | (IFN-a, IFN-B) and Il (IFN-y) IFNs, as
well as pro-inflammatory cytokines (TNF-a, IL-1pB, IL-6, IL-8, IL-12, and IL-18) and
chemokines (GM-CSF, CCL2, 3, 4, and 5, CXCL1, 9, 10, and 11) initiates innate responses,
mediates inflammation and chemotaxis, augments NK activity, enhances HLA expression,
increases phagocytosis and oxygen/nitrogen radical production, promotes eosinophil and
neutrophil infiltration and action, drives maturation and activation of antigen-presenting cells
(APCs), and augments cellular immunity. Immune cell receptors for SASP cytokines/
chemokines have been systematically reviewed elsewhere [63].

Other SASP components such as exosomes (originating from endosomes) and ectosomes
(direct budding of the membrane) can carry cytosolic and membrane constituents of SCs to
distant sites [64,67,72—74]. Among these constituents are enzymes, bioactive lipids, ROS,
miRNAs, and DNA fragments that can also affect immune cell function [7,67,75-77].

Cytokines have a key role in the regulation of immunity and coordinate diverse cellular
responses. Cytokines can have dichotomous effects, depending on their environment, the
length of time they have been acting on a cell, and the presence of other soluble factors at
the sites of cytokine action. Accumulation of SCs and associated increases in SASP factor
release can chronically damage the tissue in which the SCs reside and can suppress immune
cell function over the long term. An example of this is IL-6. In the setting of acute tissue
damage, IL-6 is pro-inflammatory, activates the anti-tumor phenotype of T-CD4" helper
cells and T-CD8* cytotoxic lymphocytes (T-CD8* CTLs), and suppresses anti-inflammatory
T-CD4* regulatory cells (Tregs) [117]. 1L-6 also plays a role in resolution of inflammation,
thereby protecting tissues against excessive injury and allowing restoration of homeostasis
[118,119]. After the acute inflammatory response, I1L-6 promotes a shift of T-CD4" cells
from the Th1 to Th2 state. This leads to attenuation of T-CD8* CTL activity and generation
of T-CD4™ Ty cells due to the action of anti-inflammatory DCs. IL-6 also shifts
macrophages into the immune-suppressing M2 phenotype [120,121]. However, during
chronic inflammation with persistent damage due to strong stimuli or impaired repair
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mechanisms, the anti-inflammatory reaction blocks efficient resolution of subsequent acute
signals. This creates a feedback loop that spreads damage, delaying or impeding tissue
regeneration [118]. Consistent with biphasic effects of cytokines in general, acute exposure
to the SASP can promote regeneration, while chronic SASP exposure can inhibit
regeneration and induce chronic tissue damage [71]. Although senescence has a critical role
in suppressing replication of tumor cells, chronic expression of the SASP in tumors may
lead to an immunosuppressive environment, stimulate tumor development, trap immune
cells within the tumor, and stimulate tumor metastasis due to ROS, matrix degradation, and
stimulation of angiogenesis [42,121-124].

Chronic inflammation stresses cells and these stresses can, in turn, induce senescence. Thus,
a chronic pro-inflammatory SASP may promote propagation of senescence. Since SCs are
resistant to apoptosis, being protected by senescent cell anti-apoptotic pathways (SCAPS)
[24,26], they can endure and spread the senescent phenotype. Consistent with this,
transgenic 1L-10 knock-out mice (IL-10 is a cytokine with anti-inflammatory properties)
have a premature aging-like phenotype and have increased SCs and SASP factors in their
tissues [10]. Another example is the Nfkb1 ™/~ mouse, which lacks suppressors of the pro-
inflammatory activity of NF-kB (a major regulator of inflammation) and develops a
progeroid phenotype together with SC accumulation [125,126]. Several other lines of
evidence support the possibility that the SASP can promote senescence [127,128]. For
example, the cytokine TNFa (implicated in systemic inflammation) is a SASP component in
some cell types, such as fat cell progenitors [54]. TNFa has recently been shown to promote
and sustain senescence [129]. TNFa induces ROS and activates senescence through a
damage response JAK/STAT signaling pathway, which is self-reinforcing following
withdrawal of TNFa [129]. The SASP is exacerbated in TNFa-mediated senescence. Thus,
the SASP induced through TNFa-mediated senescence may spread senescence to adjacent
cells.

3. Immune-mediated clearance of SCs
3.1. NKs

NKs remove compromised cells by inducing apoptosis through membrane receptors or by
enzymatically disrupting target cell membranes. NKs recognize signs of cell dysfunction
caused by damage or external pathogens through broad-affinity cell receptors, such as Toll-
like receptors (TLRs) [130]. For example, in a model of liver fibrosis, hepatic stellate cells
(HSCs - liver pericytes) become activated. These cells start to express alpha-smooth muscle
actin (aSMA) and secrete extracellular matrix molecules that contribute to liver fibrosis
[131]. These activated HSCs can become senescent-like, with up-regulation of the cell cycle
inhibitors p16'"k4a and p21CiP1 and with impaired replicative capacity and accumulation of
SA B-gal in lysosomes. These senescent HSCs attract NKs that clear them and promote
resolution of fibrosis within 20 days [132]. The NK receptors, NKG2D and DNAM1, detect
these senescent-like HSCs and induce their death through perforin exocytosis, rather than
through the apoptosis-inducing death receptor, Fas ligand [33,133]. In another example, as
part of the uterine changes required to support embryonic implantation, endometrial stromal
cells become senescent-like. In response to the inflammation induced by these senescent-like
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endometrial cells, neighboring cells release IL-15 and attract NKs. These NKs then clear the
SCs through NKG2D and DNAML1 receptors and induce perforin exocytosis in the same
way as in the liver, thereby preparing endometrial tissue for the next phase of pregnancy
[28].

3.2. Macrophages

Tissue-resident macrophages or circulating monocytes (which can differentiate into
macrophages within tissues) are professional phagocytosing and antigen-presenting cells
(APCs) that are attracted and stimulated by SASP factors/proteins such as MCP-1, MIP-1a.,
and GMCSF. MOs migrate /n7 vitro in response to conditioned medium (CM) derived from
senescent human fat cell progenitors, but not in response to CM from non-senescent fat cell
progenitors [54]. MO-mediated SC clearance was first demonstrated during limb
regeneration in salamanders [32]. MOs have been observed in direct contact with SCs,
suggesting interaction through membrane surface receptors. Eliminating MOs prevented
clearance of SCs in this model, indicating that MOs are essential for clearing SCs. The
precise mechanism of SC killing by MOs is not fully understood. MOs can kill target cells
by producing soluble cytotoxic factors such as ROS, TNFa, and nitric oxide in response to
TLR signaling [134] or by phagocytosing Ig antibody (Ab)-coated cells (/.e., opsonization)
recognized by Fc receptors [135,136]. CD47 in the membrane of target cells functions as a
“don’t eat me signal” when recognized by signal regulatory protein a (SIRPa) of MOs.
Loss of CD47 or disruption of CD47-clustered pattern in lipid rafts targets cells for
phagocytosis, as happens to apoptotic cells and in removal of older red blood cells
[137,138]. There are changes in the composition of lipid rafts in SCs [139] that may
interfere with the clustering of the macromolecules acting as a “don’t eat me” signal [137].
This could stimulate or inhibit SC clearance, potentially affording SCs protection from
clearance by MOs and contributing to the age-related increase in SC burden. Depending on
whether MOs are in the classically-activated M1 or alternatively-activated M2 states, MOs
can promote cell death through either cytotoxicity or phagocytosis, respectively. MOs in the
M1 state secrete TNFa, IL-1B, and IL-6, potentially amplifying effects of the SASP
[140,141]. Interactions of MOs with SCs and effects of these interactions on MO
polarization warrant further investigation. The role of MOs in clearing SCs also needs to be
examined more extensively.

3.3. Humoral immune system detection of SCs

The humoral immune system comprises soluble circulating components capable of
recognizing a range of biomolecules and supports adaptive immune responses. Among these
circulating components are proteins in the complement system, contact cascade elements,
pentraxins, and naturally-occurring antibodies (NAbs) that recognize signs of cell death and
signal the presence of microbial pathogens by attaching to damaged biomolecules, cell
debris, and components of pathogens [142]. A NAb was found to be increased in plasma of
mice after immunization with senescent lung fibroblasts. This NAb is a poly-reactive
immunoglobulin that recognizes vimentin. This led to the finding that vimentin, a
cytoskeletal molecule, can be exposed on the membranes of SCs, as can a form of vimentin
modified by an oxidationspecific adduct, malondialdehyde (MDA) [143]. Vimentin can also
be expressed on cell membranes of neutrophils, T-lymphocytes, and macrophages during
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apoptosis and activation [144,145] as well as when cleavage by metalloproteinases
(normally present at sites of inflammation) generates “eat-me signals” that attract
macrophages and enhance phagocytosis by them [146,147]. The presence of vimentin and its
MDA-modified form on membranes of SCs together with opsonization of vimentin by NAbs
may activate immune cells through Fc receptors (FcR), promoting phagocytosis. It is not yet
clear if MDA-modified vimentin can lead to evasion of immune recognition. The NAb
against vimentin is pre-produced by a subset of B-cells (B-1 cells), irrespectively of the
presence of infection or other stimuli [148]. NAbs have broad reactivity to lipids, DNA, and
other biomolecules, guaranteeing a reservoir of circulating Abs that can attach to dying,
pathogen-infected, or malfunctioning cells, potentially including SCs. [148]. Although NAbs
are poly-reactive and part of the innate immune system, future research may pinpoint
specific anti-SC Abs made by adaptive B-cells. Furthermore, other as yet unknown antigenic
characteristics of SCs may be discovered that could be used for identifying and targeting
SCs and developing drugs and/or vaccines that eliminate SCs. This could inform the
development of so-called “vaccine chips” that would be useful to rapidly evaluate the
strength, type, duration, and quality of immune responses induced by such vaccines [149].

3.4. T-cells

T-cells are lymphocytes that have a unique, high-affinity, specific T-cell receptor (TCR) to a
single antigenic peptide (epitope). To be activated, T lymphocytes must recognize naturally
processed antigens, usually presented by APCs, and be able to retain immunological
memory of prior encounters with antigens as part of the adaptive immune system. T
lymphocytes include CD4* helper cells, which orchestrate immune responses (polarization
segregates T-helper cells into cells with distinct cytokine secretion profiles), CD8* cytotoxic
T lymphocytes (T-CD8* CTLs) that promote killing similarly to NKs, and CD4* Foxp3*
Treg cells that can suppress immune responses [150].

T-CD8* CTLs can act through granular exocytosis as NKs, and express the same receptor,
NKGD?2, as that used by NKs to recognize SCs [33,151]. Therefore, T-CD8* CTLs may
contribute to immune surveillance of SCs as well. T-CD4" cells polarized into the Th1-like
profile produce cytotoxic inflammatory cytokines that could enhance the efficacy of
senescence surveillance by immune cells. The Th2-like profile, on the other hand, involves
secretion of I1L-4 and TGF-B, which downregulate NKGD2 in NKs and T-CD8* CTLs and,
therefore, may impair SC clearance [151].

Hepatocytes in oncogene-induced tumors have a pre-malignant senescent-like phenotype,
with a SASP capable of attracting T-CD4" helper and T-CD8* CTLs as well as neutrophils,
NKs, MOs, and DCs [30,48]. In hepatic oncogene-induced tumors, the T-CD4* cells and
APCs are involved in clearing pre-malignant SCs, while the T-CD8* CTLs and NKs, which
are classically involved in tumor clearance, are not. It has been demonstrated that in subjects
with cirrhosis due to hepatitis C infection, there is more SC accumulation when the subjects
are also infected with HIV, which results in depletion of T-CD4" cells. This observation
indicates T helper cells are involved in SC clearance [30].

T-CD4* Treg Cells have the capacity to promote generation of senescent-like T lymphocytes
in the tumor environment, with induction of DNA damage response (DDR) signaling
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through competing for glucose uptake [152]. These senescent T-cells cannot clear SCs, and
themselves express SASP-like factors. Whether Teq cells promote senescence in other cell
types has not, to our knowledge, been reported. Mechanisms of immune cell-mediated SC
clearance are summarized in Table 2 and have recently been reviewed comprehensively
[34,63].

4. Clearance of SCs by other immune system components

4.1. Pattern recognition receptors (PRRSs)

The innate immune system conducts surveillance for signs of danger, such as cell membrane
signals indicating the presence of cell damage, impending cell death, viruses, extracellular
components of bacterial cell walls, or antigens expressed by fungi or helminths. Pattern
recognition receptors (PRRs) trigger signaling pathways that respond to pathogen-associated
molecular patterns (PAMPs — molecular signs of pathogen presence) and DAMPs (molecular
signs of cell dysfunction or death) [153]. DAMPs can induce cellular senescence and can
also be produced by SCs. Therefore, DAMPs are potential targets for immune cell- or
humoral immune-mediated SC clearance [50]. For example, senescent fibroblasts secrete the
DAMP oxidized high mobility group box 1 protein (HMGB1), which is recognized by
TLR-4 and trans-membrane receptor for advanced glycation endproduct (RAGE) receptors
by several immune cell types. A consequence of HMGBL signaling, at least in macrophages,
is inhibition of phagocytosis and increased secretion of 1L-6 and other pro-inflammatory
cytokines [154]. Furthermore, HMGB1 promotes senescence in non-senescent fibroblasts
[41]. Thus, HMGBL1 could protect SCs from clearance while spreading senescence,
possibilities that warrant further investigation.

PRR signaling may contribute to the development of the SASP in SCs. Activation of cyclic
GMP-AMP synthase (CGAS), an intracytoplasmic sensor of double-stranded DNA
(dsDNA), detects genetic material of parasitic pathogens and due to reverse-transcribed
transposable elements. Damage to the nuclear integrity of cells can release chromosomal
DNA into the cytoplasm and trigger cGAS activity, promoting a SASP expression profile.
SCs themselves have decreased nuclear lamin B1 and an unstable nuclear structure. SCs
frequently contain cytoplasmic chromosomal fragments (CCF). This cytoplasmic DNA can
lead to generation of a SASP [155,156]. Since bacterial or viral dSDNA can promote the
SASP and the SASP itself can, in turn, reinforce and spread senescence, pathogen-infected
cells might become senescent [157]. Indeed, virally-infected SCs host much less viral-
induced proliferation than non-senescent cells, partly due to the anti-viral effects of SASP-
generated inflammation. Supporting the suggestion that immune senescence surveillance
mechanisms can limit viral infection, bleomycin-induced SCs in the lung /n vivo did not
contain detectible vesicular stomatitis virus (VSV), while infected non-senescent control
cells had a high viral load [157].

4.2. Neutrophils

Neutrophils, which can respond to bacterial infections and DAMPs, are usually the first
immune response cells to arrive at sites of inflammation [158,159]. IL-8, a major SASP
cytokine, attracts neutrophils, which release microbicidal granules, liberating their cargo of
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nitric oxide and ROS [160]. Neutrophil recognition of humoral factors through FcR
promotes phagocytosis and is related to NETosis, the cytotoxic process of releasing
chromosomal DNA into the extracellular environment to attack pathogens. IL-8, TNFa., and
IFNy signaling are connected to NETosis [161]. Consistent with NETosis being related to
senescence, in tumor cells made senescent by overexpressing p53, neutrophils were attracted
to the tumor sites [48]. Although neutrophils may increase SC abundance by escalating
inflammation due to local tissue damage, this could be counteracted by phagocytosis of SCs
by neutrophils acting through FcR recognition. Neutrophil depletion with antibodies reduced
SC clearance from liver, indicating that neutrophils contribute to SC surveillance [30].

4.3. Mast cells

Mast cells (MCs), which are usually tissue-resident, are rich in granules that contain
histamine and other pro-inflammatory factors. MC degranulation induces permeability of
blood vessels and lymphatics, stimulating migration of immune cells into the inflamed site.
MCs can also boost inflammation in the absence of degranulation. Through TLRs, MCs
activate the humoral immune system, attract neutrophils and eosinophils, and secrete MCP-1
and TNFa. MCs can also secrete I1L-6 and IFNvy, stimulating matrix digestion and causing
cytotoxicity in vascular cells [162]. MC abundance increases in several tissues during natural
aging and in age-related chronic diseases in skin, blood vessels, endocrine organs, the
thymus, and the liver [163-166]. Although MCs can be attracted by the SASP and facilitate
migration of other immune cells involved in SC clearance, it is not clear if MCs have a direct
role in clearing SCs. In the thymus during aging, MCs can interact with lipid-laden,
lipofuscin-rich cells without undergoing degranulation [164]. These lipid-laden cells
accumulate in the thymus with aging and may be senescent-like. During oncogene-induced
accumulation of SCs in the skin, appearance of MCs has been observed, but only in old, not
young mice [167]. The potential role of MCs in exacerbating the SASP warrants further
investigation.

4.4. Basophils

Basophils are relatively rare cells that are associated with helminthic infections and allergies.
Basophils can be activated and attracted by the DAMPs, PAMPs, cytokines, and complement
factors [168] that are increased in the SC environment. Basophils can shift T-CD4* helper
cells from the pro-inflammatory Th1-like to the allergy-related Th2-like state [169],
potentially downregulating the SASP. The SASP seems in general to stimulate the T-CD4*
Th1 state. There is an overall increase in Th1l- vs. Th2-shifted cells during normal aging
[170]. Therefore, increases in basophils could contribute to resistance against inflammaging
and might be a possible target for therapeutic interventions [171].

4.5. Eosinophils

Eosinophils are, like basophils, related to allergic and anti-helminthic immune responses.
SASP factors such as GM-CSF, eotaxin, IL-18, and TNFa promote increased survival of
eosinophils [159] Eosinophils also respond to the DAMPs that can be released by SCs.

Eosinophils have effector functions that are thought to contribute to the pathophysiology of
asthma, including degranulation and superoxide production [172]. In chronic asthma, there
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is remodeling of airways associated with fibrosis. Eosinophils provide a pro-fibrotic
stimulus, causing activated smooth muscle cells to produce extracellular molecules through
TGF-p [173,174]. SC presence is required for lung airway remodeling (fibrosis) after injury,
and blocking senescence also attenuates fibrosis. Based on these observations, it seems
possible that SCs generated due to injury promote fibrosis in the lung in the same way as
HSCs do in the liver. If injury responses or the SASP attract eosinophils, the activated
fibrotic phenotype of senescent aSMA* cells would be boosted. Instead of SC clearance,
such eosinophils may promote an “anti-clearance” environment due to IL-4 secretion, which
down-regulates expression of the NKGD2 receptor of NKs, shifts T cells into the Th2 state,
and shifts MOs into the M2 profile. If this speculation is correct, eosinophils could impair
immune clearance of SCs because of IL-4 and TGF-B in the setting of fibrosis [151,175].
Alternatively, since eosinophils induce switching into the Th2 state, like basophils,
eosinophils may even contribute to healthy aging. However, this speculation remains to be
tested.

4.6. Dendritic cells

Dendritic cells (DCs) are professional APCs that can assemble antigens from peripheral
tissues and then migrate into secondary lymphoid organs and tissues, such as lymph nodes,
where these DCs present the antigenic peptides to T- and B-cells, thus exerting an important
role in immune surveillance. Macrophages have a similar function, but usually mostly in the
tissues in which they reside [176]. DCs are potent inducers of NKs and TCTL activity and
may enhance SC clearance promoted by these cell types [176]. However, in fibrotic lung
airways, DCs appear to amplify the chronic environment that suppresses clearance of SCs
[177]. Also, DCs can cause naive T-CD4™ cells to become induced Treg Cells (iTreg cells) in
several tissues [178]. Given the already known immunosuppressive roles of Teq cells, DCs
might indirectly suppress SC clearance and indirectly induce T-cell senescence, as seen in
the tumor environment [179]. DCs are plastic and it is possible that DCs exacerbate the
already pro-inflammatory environment in which they reside. However, the capacity of DCs
to surveil the organism and migrate to lymphoid organs could make them initiators of T- and
B-cell reactions against SC antigens. Indeed, it may prove to be possible to artificially
activate DCs to develop cellular vaccine therapies [180].

4.7. B lymphocytes

B-cells have high-specificity and high-affinity receptors similar to those of T-cells. B-cells
can also retain memory for previous infections and exposure to antigens. B-cells can

produce a soluble version of their receptors, the immunoglobulins (Abs), which are secreted
into the circulation. Antibodies recognize antigenic peptides on target cells and flag them for
immune cell recognition and clearance. The first link connecting B-cells with possible SC
clearance came from attempts to raise high-affinity Abs against SCs. However, SC clearance
by B lymphocytes appears to be more closely linked to the primitive B1 cell lineage, which
secretes the broad-affinity NADb that is known to react with SCs [143]. Mechanistic studies of
the ability of such NAbs to mediate immune SC clearance /n7 vivo could help in developing
more highly-specific Abs with therapeutic potential.
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4.8. SCs as immune cells

5. Which

SCs develop in response to danger signals, the SASP of SCs impacts on multiple processes
related to inflammation and cell survival in adjacent cells, and through the SASP, non-
immune SC types (e.g., those originating from fibroblasts, endothelial cells, or stromal cells)
modulate immune cell migration and state of activation and play a role in tissue repair,
regeneration, and pathogen responses. Thus, SCs originating from cell types outside the
formal immune system could essentially be considered as a component of the immune
system. Consistent with this view, activated, senescent-like, a SMA* HSCs have antigen-
presenting activity in liver, can activate T cells, potently stimulate NK proliferation /n vivo
[181], and appear to regulate clearance of liver SCs [182]. Although the /n vitro activation of
HSCs into a SMA* HSCs decreases antigen-presenting activity, this activity is rescued by
type Il interferon-gamma (INF+y) [183], which is highly secreted in liver fibrosis [184].
Since: (1) pre-malignant senescent HSCs in an oncogene-induced model express MHC/HLA
class-11 and (2) MHC/HLA class-I1 deficiency impairs clearance of senescent-like HSCs,
perhaps SCs can present antigens/peptides in the context of liver fibrosis, a speculation
meriting further study. While these senescent-like HSCs were not able to induce
proliferation of T-cells as efficiently as professional immune system APCs, MHC/HLA
class-11-related mechanisms appear to be relevant in regulating SC clearance [30]. Also
consistent with the speculation that SCs can behave as part of the immune system, decidual
stromal cells in the uterus potently inhibit DCs, preventing professional APCs from
activating other immune cell types that could target implanted embryos. However, perhaps
when stromal cells become senescent, they assume an APC-like activity, making clearance
of SCs from the pregnant endometrium more precise, preserving the viability of the
developing embryo. If these speculations are true, SCs of non-immune cell origin could
induce selective activation of adaptive immune cells, such as T and B lymphocytes, through
antigen processing and presentation by MHC/HLA molecules, over and above regulation of
immune responses through SASP factors. These speculations about potential immune cell-
like roles of SCs originating from outside the formal immune system are summarized in Fig.
1.

comes first, immune system dysfunction or SC accumulation?

Much of the work about SC surveillance has been conducted in the liver, which is immune-
protected and has high regenerative potential, unlike most other organs [185]. Even though it
is an immune-privileged organ, the liver is not spared from SC accumulation, such as that
seen in non-alcoholic fatty liver disease, which can occur with obesity or aging [18]. SCs
accumulate during chronological aging in adipose tissue, cartilage, arteries, lung, kidney,
heart, skin, bone, and other tissues [12,20,24,52,54,186-190]. As SCs are generated by
cellular damage and can spread senescence through their SASP (bystander senescence), SC
abundance would need to exceed an immune clearance threshold in order to accumulate
further. Alternatively, immune clearance could become impaired, allowing SCs to
accumulate and spread.
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5.1. Theimmune senescence hypothesis

A potential reason for the increasing SC burden that occurs with aging is that immune
surveillance declines due to senescence of the immune system or its stem cell compartments
[191]. Morphological or physiological changes in the differentiation niches from which new
immune cells originate (bone marrow and thymus) or in tissues where immune cells reside
or circulate (lymph nodes, spleen, blood, other organs) [192] could contribute to immune
dysfunction [193,194] as well as intrinsic age-related changes in immune cells [192-197].

Hematopoietic niche morphology changes dramatically during aging, with the bone marrow
becoming filled with bone marrow adipose tissue (MAT), bone loss, and inflammation
[198]. Hematopoietic stem cells become biased toward myeloid as opposed to lymphoid
lineages, potentially affecting the adaptive immune system and weakening responses to new
infections and vaccines, while increasing the abundance of myeloid cells [193,194]. Altered
cell localization in the spleen and lymph nodes with aging affects the cells’ access to
antigens. This could interfere with migration of APCs and activation and secretion of
antibodies by B-lymphocytes [58,192].

Although myeloid cell abundance is increased, differentiated myeloid cells become less
effective with aging [195-197]. NK and MO chemotaxis and phagocytosis activity decreases
with aging, as well as that of DCs [197,199]. In lymphocytes, co-receptors that promote
sensitivity to antigen recognition become downregulated [195,200]. There is mounting
evidence suggesting that with aging, memory T-CD8* CTLs shift into a more NK-like state,
becoming more frequently activated by receptors shared with NKs. This could serve to
rescue surveillance in the face of decreased antigen recognition activity [200].
Understanding about senescence in immune cells remains incomplete [34,197,201].
Characteristics of immunosenescence are reviewed extensively elsewhere [34,56,202].

Immune clearance of SCs could also promote immune cell dysfunction, since debris from
the SCs, including aggregated proteins, lipofuscin, nucleotides such as transposable
elements or non-coding RNAs, and other persistent damage signals, may contribute to loss
of immune cell function or to sustained inflammation and generation of additional SCs.
Consistent with these possibilities, genetic or pharmacological clearance of SCs or targeting
the SASP appears to alleviate inflammaging [15,20,23,24,54]. There is still much to learn
about effects of reducing SC abundance on immune system function. Such information may
be useful in devising novel therapeutic and vaccination strategies [200].

5.2. Research strategies for addressing links between SCs and immune aging

A number of questions remain about links between cellular senescence and age-related
immune dysfunction. Several new experimental approaches could help provide answers. For
example, transplantation of labeled non-immune SCs into younger or older recipient mice
may help to identify mechanisms behind the age-related declines in the capacity of the
immune system to clear SCs. Using such models, it may be feasible to determine if there is a
threshold load of SCs that the immune system can clear and if such a threshold changes with
age. Transplantation of labeled SCs into mice with different types of genetically-induced
immune cell deficiencies could help to distinguish roles of the different immune cell types in
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clearing SCs. As an example, INK-ATTAC mice transplanted with wild-type bone marrow
cells to create an immune system lacking the INK-ATTAC transgene could be treated with
AP20187, a drug that clears p16'"k4a* cells by dimerizing and activating the caspase-8
moieties of the ATTAC protein [203]. Such an experimental model could be used to test
effects of clearing SCs from organs and tissues without affecting immune p16!"k4a+ cells,
and allow investigation of consequences of this clearance on immune system function.

To address effects of senescence on immune system function, immune cell lineage-specific
transgenic models may be informative. T lymphocyte immune responses in old animals were
restored almost to those of young animals by suppressing the expression of p16/"k4a jn T
lymphocytes [204]. The opposite approach, promoting senescence in lineage-specific cells,
could also be useful and could be achieved by isolating cells, irradiating them, and
transplanting these autologous cells into young mice.

Organ-specific transgenic constructs that promote SC accumulation or that allow clearance
of SCs from immune-related organs could be used to explore the relevance of these organs to
immune system regulation of SC burden and overall aging. For example, thymic epithelial
cells are responsible for maturation and selection of self-tolerant T-cells. The major sign of
senescence in thymic epithelial cells is FoxN1 downregulation. Downregulation of FoxN1
gene expression in young mice promoted age-related morphological changes in the thymus
and generation of dysfunctional T-cells, which are pro-inflammatory, infiltrate healthy
organs, and cause increased IL-6 in the circulation, as occurs in inflammaging [205]. In this
model, in which T-cells and their micro-environment were effectively “young” and the
lymphoid organ where T-cells mature was “old”, T cell function was impaired [205].
Promoting senescence in immune cells isolated from young animals by sorting them,
irradiating the cells to induce senescence, labeling them to allow them to be tracked, and
then autologously re-implanting them, could be used to analyze effects of senescence of
different immune cell types. These or other approaches need to be developed to answer
fundamental questions about senescence in immune cells, the interaction of hon-immune
SCs with immune cells, and how these interactions affect aging and immune senescence

(Fig. 2).

5.3. Heterogeneous SC hypothesis

Cells of different types appear to vary in their likelihood to become senescent and in the
nature of their SASP following exposure to different inducers of cellular senescence. There
may also be changes over time in the composition of the SASP [206]. There could be a
strong pro-inflammatory SASP developing shortly after senescence is stabilized that could
progress to a low grade, chronically pro-inflammatory SASP over time, as suggested
previously [43,207]. Thus, there could be differences in effects of different types and
locations of SCs on immune cell function.

The existence of two states has been hypothesized to exist in non-immune SCs [43]: (1)
immunogenic SCs that release immune cell-attracting SASP factors and express surface
markers that promote clearance of the SCs and (2) SCs in an “anergic state”, in which the
SCs do not stimulate immune responses [34]. These states may be interchangeable or fixed
and may be induced by external stimuli. Anergic SCs could accumulate without causing
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symptoms but, during the course of aging or with disease, could become activated by
triggers such as inflammation or infection, leading to their switching from an anergic state
into one that is immunogenic. If so, this would amplify inflammation and potentially
contribute to the more severe immune responses to infections or injuries seen in older than
younger individuals. In senescence induced by the oncogene RAS, NOTCHL1 signaling
orchestrated a pre-SASP secretome. Initially, NOTCH1 suppressed C/EBPB-IL1a. The
SASP was mainly pro-regenerative (TGF-B, mitogens, efc.) and did not lead to attraction of
immune cells. In a time-dependent manner, NOTCH1 activity was suppressed, giving rise to
C/EBPB-IL1a and classical SASP inflammatory cytokines able to attract and promote
adhesion of lymphocytes to SCs [206,208]. NOTCH1 signaling seems to be part of the pre-
senescence program. Its downregulation is associated with a fully senescent phenotype
[206]. However, restoration of capacity to inhibit immune attraction when NOTCH1 is
artificially re-induced in fully SCs suggests that there are mechanisms SCs could use to
evade clearance. Though the NOTCH1 avoidance effect is mainly through downregulation of
pro-inflammatory SASP factors, other mechanisms could contribute. SCs secrete
microvesicles that can contain miRNAs, some of which can inhibit function of NKs and
MOs, such as miRNA164a, and also inhibit expression of inflammatory cytokines (IL-6,
IL-8, IL-1B, TNFa, and others) [64,72—74]. These paradoxical pro- and anti-inflammatory
effects of miR146a, miR-30a, and other miRNAs secreted by SCs may have a role in SCs
persistence and accumulation [67,69,74,209].

SCs can persist for years without being cleared by the immune system. For example,
children can develop SCs in benign melanocytic nevi that may persist throughout their lives
[4]. Whether these long-lived SCs have an attenuated SASP or develop other mechanisms to
evade immune clearance is unclear [206,208]. Also, whether heterogeneity among SCs is
due to differences in the signals that induced senescence, the originating cell type, time
elapsed since the cell became senescent, the site where the SCs are located, exogenous
signals in their microenvironment, or other mechanisms, remains to be investigated.

6. Open gquestions and therapeutic opportunities

Although several cytokines/chemokines that are part of the SASP can stimulate immune
responses, relationships between SCs and the immune system are only beginning to become
understood. Chemokine attraction of immune cells and clearance of SCs by the immune
system are two of several potential interactions between SCs and immune function. SCs may
be a cause of age-related immune system dysfunction, a possibility that has not been
comprehensively explored. Potential interventions targeting SCs directly or through the
immune system are summarized in Table 3 and described below.

6.1. SASP inhibitors

Drugs that inhibit pathways that lead to expression of constituents of the SASP by SCs,
SASP inhibitors (also known as “senomorphic” drugs [17]) have been shown to alleviate
aging phenotypes and cellular senescence-associated conditions. Among these agents are
rapamycin, metformin, ruxolitinib, and p38MAPK inhibitors [10,17,23,50,54,210-214]. For
example, alleviation of age-related osteoporosis by the JAK1/2 inhibitor, ruxolitinib, which
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attenuates the SASP [23,54] was found to closely parallel that by the senolytic combination,
dasatinib plus quercetin, as well as that by induced genetic clearance of highly p16!nk4a.
expressing cells from INK-ATTAC mice [15]. These SASP inhibitors may act in two ways.
One mechanism could be by affecting the senescence-inducing secretome of SCs and
subsequently the spread and accumulation of new SCs [212,215]. For example, p38 MAPK
inhibitors, which have been shown to suppress the SASP in culture [216], are also able to
protect cells from senescence and inhibit bystander spread of senescence /n vitro[7,217].
The second mechanism could involve improvement of immune cell surveillance efficiency.
If chronic inflammation can promote suppression of immune cells, then blocking
inflammatory factors might rescue immune surveillance [218,219]. Indeed, rapamycin
appears to rescue and enhance humoral immune responses to seasonal influenza vaccine in
elderly humans [220]. However, at higher doses or after prolonged treatment, rapamycin can
suppress immune responsiveness [50]. Furthermore, SASP inhibitors such as rapamycin
segmentally attenuate the SASP and may not reduce production of all SASP factors. More
studies of effects of SASP inhibitors on immunosenescence are needed.

6.2. Chemotherapeutic drugs

Chemotherapeutic drugs can promote a senescent-like state. For example, in myeloma cell
lines, these agents can upregulate ligands for NKG2D and DNAM-1, sensitizing these
senescent-like tumor cells to clearance by NKs [133]. However, senescence can also drive
tumor progression and metastasis [221]. It remains to be determined if chemotherapy-
induced induction of a senescent-like state in tumor cells sensitizes them to immune
clearance and if this strategy can be exploited to decrease tumor burden.

6.3. Immunotherapies

It may become feasible to develop immunotherapies involving autologous transplantation of
immune cells following activation of these immune cells /n vitro against SC antigens. For
example, chimeric antigen receptor T-cells (CAR-T) adoptive cell transfer (ACT), DC
vaccines, development of Abs against MDA-vimentin, use of other Abs targeting SCs for
removal by NKs, viral therapy using oncolytic viruses to enhance surveillance, and other
potential immunological approaches for decreasing SC number have been reviewed recently
[34,222].

6.4. Senolytics

Senolytic drugs are agents that can induce apoptosis in senescent cells while sparing non-
senescent cells These include dasatinib, quercetin, navitoclax, A1331852, A1155463, fisetin,
luteolin, HSP 90 inhibitors, and others being currently developed and tested
[10,14,17,21,22,24,50]. Senoltyic agents act by transiently interfering with the pro-survival
SCAPs that defend SCs against their own pro-apoptotic SASP as well as the increased
intracellular drivers of apoptosis within senescent cells (DNA damage, ROS, cytoplasmic
nucleotides, cGAS activation, efc.). Senolytic drugs are effective in delaying, preventing, or
treating multiple age- and senescence-related conditions in mice [10,14—
16,18,20,24,214,223,224]. Effects of senolytics on the immune system remain to be
investigated. Potentially, these agents could enhance immune responsiveness by reducing SC
burden. Senolytics may reduce abundance of immune cell types that produce pro-apoptotic
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factors by targeting them directly, although this appears not to occur in the case of activated
macrophages [10]. More likely, senolytics may reduce abundance of activated immune cells
indirectly through decreasing the burden of SCs that attract, anchor, and active immune
cells. Whether there are direct effects of senolytics on immune organs remains to be
determined.

Senolytics may have a role in reducing the impact of transplanting organs or cells from older
individuals into younger recipients. SCs in organs transplanted from old donors could
impede function of the recipient immune system or increase risk of transplant rejection or
graft vs. host disease [225]. Before non-autologous bone marrow transplantation, recipients
are treated with high doses of chemotherapy that can induce senescence and an accelerated
aging-like phenotype [226]. The transplanted bone marrow cells are exposed to a
microenvironment containing SCs that could compromise results of the transplantation.
Potentially, intermittent treatment with senolytics may alleviate these effects, a possibility
that warrants further research. Pretreatment with senolytics could turn out to increase
effectiveness of vaccination, much as is the case for rapamycin (sirolimus) [220]. Senolytics
might also be used to enhance effectiveness of adoptive cell transfer therapies involving use
of tumor-infiltrating lymphocytes (TILs) or engineered CAR-T cells. The presence of
senescent immune cells in the cell preparations used to make TILs or CAR-T cells could
compromise their ability to proliferate /n vitro and anti-tumor efficiency after implantation
in vivo, since a fraction of these T cells could undergo replicative senescence during
amplification before injection. Furthermore, some findings suggest that greater telomere
length is correlated with TIL persistence and efficacy following transplantation [227,228].
Although there is controversy about effects of senescent T cells on ACT therapy [229,230],
this possibility needs to be investigated further.

7. Conclusions

SCs and the SASP appear to be “root cause” contributors to multiple age-related diseases,
geriatric syndromes (such as frailty), and loss of physiological resilience or ability to recover
after illness, trauma, or physical stresses. Pharmacological clearance of SCs can delay,
prevent, or alleviate many of these conditions and is associated with reduced tissue
inflammation and fibrosis as well as increased healthspan and lifespan in mice [10,14,231].
SCs are cleared by the immune system in younger individuals, but accumulate with
increasing age or disease severity. As SCs appear to differ depending on the cell type they
originated from, how senescence was induced, and how long senescence persisted, there
could be distinct effects on the immune system of these different types of SCs, perhaps
contributing to variations in rate of SC clearance by the immune system, thereby resulting in
different rates of accumulation of SCs. More research is needed regarding differences among
SCs and how these differences are affected by or cause immune system dysfunction. Further
work is needed about if and how SCs promote bystander senescence in immune cells and by
what mechanisms. It may even be the case that SCs are an integral part of the immune
system, orchestrating inflammation through attracting and anchoring formal immune cells
and regulating their activation state. An understanding of the interplay between SCs and the
rest of the immune system could lead to insights relevant to designing interventions to treat
age-related dysfunction and chronic diseases. If senescence of the immune system indeed
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affects the capacity of the immune system to clear SCs, therapeutic approaches of at least
two types can be envisaged: eliminating SCs directly or modulating immune responses to
favor SC clearance. An understanding of the relationship between SCs and the immune

system could be critical in elucidating the fundamental basis of aging changes and

mechanisms accounting for development of age-related dysfunction and chronic diseases.
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Fig. 1.

Senescent cell clearance mediated by the immune system cells: what is known and what has
yet to be confirmed. Recent studies suggest several ways through which SCs may be cleared
by immune cells. In a healthy immune surveillance scenario, SCs produce factors and
provide signals that promote SC clearance. Interactions that could suppress SC clearance are
shown in green and interactions that promote SC clearance are in red. Possible mechanisms
are in Italics. NK = Natural Killer Cell; SC = Senescent Cell; DAMPs = Damage-Associated
Molecular Patterns; T-CD8* CTL = CD8* Cytotoxic T Lymphocyte; MDA = Oxidative
Adduct Malondialdehyde; Tyeg = T-CD4" Regulatory Cell; SASP = Senescence-Associated
Secretory Phenotype.
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Fig. 2.
Effects of immune clearance of SCs in health and aging. Whether SC accumulation causes

or is a consequence of age-related immune system dysfunction is an open question. Possible
chains of events are shown. In younger individuals, there is continuing surveillance for SCs
by the immune system, with clearance of SCs leading to attenuation of damage signals and
the SASP. In older individuals, clearance of SCs by the immune system is impaired. SCs
could accumulate and cause dysfunction of immune cells or, conversely, age-related changes
in the immune system could allow SCs to accumulate. Once sufficient SCs accumulate and
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immune cell function becomes impaired by this SC accumulation, a feedforward cycle of
further SC accumulation and immune system dysfunction might ensue.
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