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Abstract

Cellular senescence, a process that imposes permanent proliferative arrest on cells in response to
various stressors, has emerged as a potentially important contributor to aging and age-related
disease, and it is an attractive target for therapeutic exploitation. A wealth of information about
senescence in cultured cells has been acquired over the past half century; however, senescence in
living organisms is poorly understood, largely because of technical limitations relating to the
identification and characterization of senescent cells in tissues and organs. Furthermore, newly
recognized beneficial signaling functions of senescence suggest that indiscriminately targeting
senescent cells or modulating their secretome for anti-aging therapy may have negative
consequences. Here we discuss current progress and challenges in understanding the stressors that
induce senescence in vivo, the cell types that are prone to senesce, and the autocrine and paracrine
properties of senescent cells in the contexts of aging and age-related diseases as well as disease
therapy.

Aging is the progressive loss of tissue and organ function over timel. The antagonistic
pleiotropy theory of aging proposes that organismal fitness declines, at least in part, because
natural selection favors genetic programs that have beneficial effects on reproductive fitness
early in life without regard for negative impacts on health at later, post-reproductive ages2.
One set of genes that is likely to qualify as antagonistically pleiotropic is the regulators of
cellular senescence3, a potent anticancer mechanism that prevents malignancies by
permanently withdrawing (pre-) neoplastic cells from the cell cycle*® but also has been
implicated as a driver of aging and age-related disease®8.

The emerging evidence suggests that the drawbacks of senescence are twofold. First, as one
might expect, senescence causes a loss of tissue-repair capacity because of cell cycle arrest
in progenitor cells. Second, senescent cells produce proinflammatory and matrix-degrading
molecules in what is known as the senescence-associated secretory phenotype (SASP).
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One reason that cellular senescence may have evolved alongside programmed cell death as
an anticancer mechanism despite these downsides is that, in addition to being permanently
arrested (a cell-autonomous effect), senescent cells may be cleared by immune cells that are
recruited due to proinflammatory, chemotactic factors secreted as part of the SASP9-11,
Preneoplastic lesions could thus be eliminated en masse by invading immune cells, which
would generate non-cell-autonomous tumor-suppressive effect with broader impact!2.
Recently, evidence has pointed to beneficial effects of cellular senescence beyond tumor
suppression, for instance in directing wound repairl3 and in embryogenesisl41°, In these
contexts, senescence serves a tissue remodeling role and the senescent cells produced have a
relatively short half-life, presumably because they are efficiently cleared by immune cells1®.
In contrast, aged cells that chronically accumulate damage ultimately reach a threshold of
cellular stress that prompts their permanent withdrawal from the cell cycle.

Because of their potential involvement in many aging and disease processes, eliminating
senescent cells and attenuating the SASP have emerged as attractive therapeutic strategies;
however, translation of these findings into relevant human applications is currently limited
by our fragmentary understanding of both the basic molecular cell biology of in vivo
senescent cells and the overall importance of senescence to age-related diseases. Here, we
present a framework encompassing the causes and role of senescent cells in chronic disease
as well as normal and pathological aging with a focus on new approaches to answering
unresolved questions in aging research.

Lessons from the study of in vitro senescence

The seminal discovery of replicative senescence by Hayflick and Moorehead was the
beginning of speculation that senescence and aging might be causally linked!®. Their
observation that primary human cells undergo a limited number of divisions in vitro
immediately suggested a cell-autonomous theory of aging, whereby senescence depletes
tissues of replication-competent cells required for homeostasis, repair and regeneration.
Replicative arrest in culture has since become the model system for probing the molecular
causes and effectors of the senescent state.

In proliferating human cells, progressive telomere erosion ultimately exposes an uncapped
free double-stranded chromosome end, triggering a permanent DNA damage response
(DDRY). In this setting, the damage sensor ataxia telangiectasia mutated (ATM) is recruited
to uncapped telomeres, leading to the stabilization of tumor suppressor protein 53 (p53) and
upregulation of the p53 transcriptional target p21 (Fig. 1). In turn, p21 prevents cyclin-
dependent kinase 2 (CDK2)-mediated inactivation of RB, subsequently preventing entry into
the S phase of the cell cyclel’19, Other DNA-damaging stressors, such as ultraviolet (UV)
or gamma irradiation?%:21, chemotherapeutics?2-24 and hyperproliferation caused by
oncogenic Ras overexpression2>, also engage the ATM-p53-p21 axis (Fig. 1). The rapidly
acting p53-p21 pathway can also be engaged by DDR-independent expression of the p53
stabilizer p19AT (p14 in humans)28, loss of the tumor suppressor PTEN28, overexpression of
the S-phase transcription factor E2F3 (ref. 27) and, surprisingly, oncogenic Ras expression
in human mammary epithelial cells?8.
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As a second barrier to proliferation, p16'"™42 prevents CDK4- and CDK6-mediated
inactivation of RB to block cell cycle progression (Fig. 1). This mechanism can act either
alone or in combination with the p53-p21 pathway depending on stress or cell type. It seems
that p21 is often upregulated first and p16'"k42 Jater, possibly representing distinct phases on
the path from early to full senescence?®. Interestingly, transition from a p21-mediated arrest
to a fully senescent state may require an additional, forced round of cell division3C. This
results in aberrant cell cycle completion, failed mitosis and a 4N genome, as has been shown
in multiple cell types including fibroblasts passaged extensively in vitro and p16'nk4a.
expressing satellite cells collected from skeletal muscle of aged mice31-33,

In vitro senescent cells have several distinguishing characteristics, such as increased cell
size, enzymatic activity of the lysosomal hydrolase senescence-associated 3-galactosidase
(SA-B-GAL)34, upregulation of prosurvival pathways to resist apoptosis3>—3° and the
development of a SASP, a distinctive secretome consisting of a various proinflammatory
molecules, metalloproteases and growth factors (Fig. 1)40. The SASP is largely initiated by
NF-kB and p38 MAPK signaling*! and is maintained in an autocrine fashion by the SASP
factor interleukin la (IL-la; ref. 42). The discovery of the SASP suggested a mechanism by
which senescent cells could affect tissue and organ function out of proportion to their
numbers. Use of the above traits in combination is the current best practice for identifying
senescent cells, as any individual feature can be found outside of senescence or may emerge
at different times during the acquisition of senescence. For example, presenescent geriatric
satellite cells upregulate p16'"k4@ but lack detectable SA-B-GAL activity3L.

Origin and identification of senescent cells in vivo

Identifying, cataloging and isolating senescent cells in vivo remains a major obstacle®3.
Testing for key senescent cell markers on a tissue level, such as increased SA-B-GAL
activity3# and elevated transcript or protein levels of p16!™42 and p21, has been effective at
demonstrating the presence of senescence in bulk aged or pathological tissue. However,
additional genetic strategies to tag and kill senescent cells have been essential for confirming
cells” identities and their role in biological processes. Senescent-cell reporter systems in
mice using either a small senescence-responsive fragment of the p16'"k4a (CDKN2A)
promoter to drive green fluorescent protein (GFP) expression (in the INK-ATTAC
transgene)® or 50 kilobases of the same promoter driving monomeric red fluorescent protein
(MRFP) (p16-3MR)13 have been employed to isolate in vivo senescent cells by flow
cytometry, confirming that key in vitro phenotypes such as SASP production and SA--
GAL activity are conserved during senescence in vivo®’. However, these approaches rely on
enzymatic digestion of tissue followed by flow cytometry for the analysis of cells, thus
carrying the potential for loss of vulnerable cells due to harsh processing. Alternatively,
nondestructive in situ immunostaining for mRFP derived from p16-3MR identified
senescent cells during wound repair as myofibroblasts!3. Also noninvasively, a mouse with
luciferase knocked into the endogenous CDKN2A locus has been used to show that
senescence occurs in the desmoplastic response following tumor growth#4. However,
although p16/™k4a promoter activity is one of the best available markers of senescence,
p16'nk4a js also expressed in non-senescent cells and cells that are transiently arrested,
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representing an unknown fraction of aging tissue*3. In light of these considerations, we
suggest an approach for identifying senescent cells in vivo in Box 1.

Together, senescence reporter mice and marker analysis suggest that in vivo senescence can
be broadly categorized into three classes: acute, embryonic and chronic (Fig. 1). Acute
senescence occurs in response to discrete stresses that are required for tissue homeostasis,
including CCN1-induced myofibroblast senescence in wound healing*®, HLAG-induced
neutrophil senescence in the placenta?® and oncogene-induced senescence (OIS) in
neoplastic lesions#’ (Fig. 1). Embryonic senescence is noncanonical, whereby an arrest
maintained by p21 or the alternative CDK4 and CDKG® inhibitor p15'™k4P drives tissue
patterning without involvement of p16!"k4a (refs. 14,15). Both acute and embryonic
senescent cells appear to be beneficial, and their elimination seems programmed,
presumably through involvement of the immune system12 (Fig. 1).

In contrast to these largely beneficial senescence processes, senescent cells generated
through chronic or therapy-induced stimuli are more deleterious. Chronic senescence results
from long-term, slow macromolecular damage due to stresses such as protein misfolding,
protein aggregation, dysfunction of the nuclear lamina, epigenetic changes and various kinds
of DNA damage including telomere shortening (Fig. 1). In contrast to chronic senescence
resulting from normal ‘wear and tear’ and declining macromolecular repair mechanisms,
therapy-induced senescence results from abrupt exogenous stresses placed on tissues during
the course of disease management. Striking examples are irradiation or chemotherapy, both
of which cause the substantial collateral macromolecular damage to non-neoplastic cells that
are thought to be responsible for the early aging phenotypes frequently observed in cancer
survivors#849,

Given the wildly different contexts in which senescent cells arise, we predict that although
the overall “life cycle’ of a senescent cell might be a common feature regardless of its
classification as acute, embryonic or chronic, considerable phenotypic variation could exist.
One such example is the SASP, which could vary depending on the time spent in
senescence, the nature of the pro-senescent stress and the cell type. As the properties of a
senescent cell change with time0, it is possible that chronic senescent cells persisting for
extended periods may possess an ‘evolved’ SASP more damaging than that occurring in
acute senescence??, However, the length of time for which a chronic senescent cell persists
and whether this increases in advanced age are unknown. Similarly, the SASP is produced
as a consequence of stress-response pathways®1°2, which may be activated differently in
acute versus chronic senescence. Therefore, the secretome of senescent cells in these
contexts could be very different, as could the properties of acute senescent cells generated in
youth versus old age. Although cultured senescent mouse cells exhibit similarities in SASP
composition irrespective of the senescence-inducing stressor4?, examination of ‘SASP
factors’ in adipose tissue from different accelerated aging (progeroid) mouse models
demonstrate that SASP profiles differ in vivo. We compared two progeroid mouse models in
which prematurely aging tissues show increased cellular senescence as a result of low levels
(hypomorphism) of BubR1 (a mitotic checkpoint protein) or Spartan (a component of the
translesion DNA repair machinery®3). Strikingly, BubR1-hypomorphic mice showed
elevated IL-6 in prematurely aging adipose tissue, but Spartan-hypomorphic mice did not.
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This could indicate the existence of different SASPs or possibly a unique tissue response to
the presence of senescent cells from different stressors®3. Similarly, as several SASP factors
are under control of DDR signaling®*, one possibility is that other DNA-independent
damage types coexisting in the same cell may also alter the SASP in vivo. For example,
replicatively senescent cells were initially thought to undergo only telomere attrition but are
now appreciated to also have a diminished unfolded protein response with increased
proteotoxicity®®, as well as heightened production of progerin, a lamin A splice variant>6:57
that causes progeria.

Impact of senescence on human health

Persistent senescent cells in the adult are produced in at least three different contexts related
to human health: normal aging, age-related disease and therapeutic interventions (Fig. 2). In
normal ‘healthy” aging, tissue dysfunction still occurs in all individuals, whereas specific
age-related diseases strike only some. In aging individuals, processes required for tissue
homeostasis inevitably cause damage, resulting in senescence (Fig. 2a). These chronic
senescent cells may persist as a result of defects in the aging immune system or, potentially,
because isolated senescent cells lack sufficient signaling to attract resident immune cells.
Similarly, acute senescent cells from wound repair, tumor suppression or other unknown
programmed processes may be incompletely disposed of by the aging immune system and
persist. Collectively, lingering senescent cells arising from multiple mechanisms would
make aged tissue less functional and simultaneously more susceptible to further
deterioration when faced with other stressors.

On this background of lingering senescent cells, disease might emerge when additional
stressors challenge vulnerable, senescent cell-rich tissue, such as insulin-resistant aged fat
confronted with a high-fat diet>8-60, Stress capable of causing disease may be unusual, such
as DNA-damaging agents in cigarette smoke, or simply a more prolonged or more intense
version of the same stresses operating in normal aging, such as telomere erosion following
the repair of smoke-damaged lung epithelium6? (Fig. 2b). Since the stresses of disease have
parallels in normal aging, it is not surprising that senescent cells are also produced by
disease. Unlike normal aging, disease-induced senescence may be restricted to one or a few
organs, and because disease-related senescence triggers are likely to be prolonged or more
intense, the rate of accumulation of senescent cells is likely to be much higher than in
normal aging.

Similarly, therapy-induced senescence is a response to potent exogenous stress. Therapy-
induced senescence can be a deliberate goal or a side effect of medical treatments or
procedures, or both, as with cytotoxic DNA-damaging chemotherapy and irradiation for
cancer treatment, in which activation of the senescence program in tumor cells is the goal
and collateral senescence of healthy cells the side effect (Fig. 2c).

Senescence in normal aging

Senescent cells are thought to accumulate in aged tissues based on the detection of cells with
high SA-B-GAL activity and increased expression of the senescence master regulator,
pl16'nk4a (refs, 34,44,62-65). However, the rarity of these cells, the potential nonspecificity
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in both of these markers, and the lack of a good p16'"k42 antibody in the mouse have long
precluded understanding of the causes of senescent arrest, the identity of the cells that
undergo senescence and their contribution toward aging. Two tools have been instrumental
in beginning to answer these questions: senescence-prone progeroid mouse models and
transgenic mice that allow identification and killing of senescent cells.

Studies of progeroid mice expressing low levels of the mitotic checkpoint protein BubR1
have shown that although the damage causing senescence may be random, some cell types
are more vulnerable to it than others8—8. For example, progenitor cells in fat tissue undergo
senescence with predictable kinetics”:56. In this same model, fibroadipogenic progenitors in
muscle also senesce prematurely, suggesting that progenitor cells may be uniquely
susceptible to this stress type. Importantly, this model permitted rapid testing of the causal
link between senescence and aging. Both abrogation of the senescence program by CDKN2A
deletion and selective removal of p16'"k4a_expressing cells using INK-ATTAC, which
functions as a senescent cell suicide transgene, in these animals blunted the aging process®’.
INK-ATTAC uses a fragment of the p16 promoter to drive expression of a caspase-8—FKBP
fusion protein that is able to be dimerized and activated and to induce apoptosis when it
encounters a synthetic drug, AP20187.

Though informative, these studies suffer the drawback that BubR1 deficiency is a non-
physiological stress present from early development onward. The chronic senescent state in
natural aging is likely to be more complex and probably induced by some combination of
telomere attrition, (oxidative) DNA damage, ER stress and other slowly accumulating forms
of macromolecular damage87-89. Further, the number of senescent cells in BubR1-
hypomorphic animals is quite high compared with the senescent cell burden accumulating in
normal aging’. Finally, whether these same cells are senescence prone in naturally aged
mice and to what extent senescence drives aging in normal conditions remains to be seen.

Despite the current lack of evidence showing a causal link between senescence and natural
aging, we can still speculate on a role for senescence in aging on the basis of the association
of senescent cells with age. Evidence in vitro suggests that two key mechanisms are likely at
play in senescence-driven tissue dysfunction, namely deterioration of tissue maintenance
processes due to the SASP and removal of reparative stem and progenitor cells from the
proliferative pool through senescence itself. Support for this two-part model includes the
presence of SASP factors, as described in vitro, that are known to have in vivo functions in
aging, such as the cytokines IL-6 and TNFa in aging tissues’% 71,

Stem cell function can be affected by both cell-autonomous and paracrine functions of
senescent cells. The cell-autonomous effects of senescence are most prominent in stem cells,
where persistent growth arrest contributes to the overall decline in tissue regenerative
potential. For example, in mouse skeletal muscle, the decline of the self-renewal capacity of
muscle satellite cells impairs muscle regeneration’2. Similarly, in the BubR1-hypomorphic
progeroid mice, muscle and fat progenitor cells are highly prone to cellular senescence,
driving loss of adipose tissue mass and profound sarcopenia®. Though one might expect
tissues with rapid turnover, such as the gastrointestinal tract or the hematopoietic
compartment’3, to be senescence prone, this does not seem to be the case, suggesting that
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stresses other than those associated with replication drive chronic senescence. Rapidly
dividing cells may also be more prone to apoptosis rather than senescence in response to
stress, as evidenced by spermatogonial and crypt stem cells undergoing apoptosis in
response to short telomeres’4,

Optimal function of stem cells depends on their highly specialized microenvironment, or
niche’®76, and, therefore, the SASP may deleteriously affect stem cells by altering this
niche. For example, metalloproteinases in the SASP could destroy the polarized extracellular
matrix. Removing these inhibiting factors may explain why Killing of senescent progenitor
cells in the BubR1 progeroid model ‘paradoxically’ improves sarcopenia®. The
irreversibility of extracellular matrix damage is also consistent with the observation that
senescent cell clearance halts, but does not reverse, tissue deterioration in this model®.

The SASP could also affect parenchymal cell function and tissue composition without
influencing stem cells. Structural changes caused by the secretion of matrix
metalloproteinases could damage surrounding extracellular matrix, potentially leading to
effects such as loss of skin or lung elasticity””. Endocrine-responsive intracellular signaling
cascades are also susceptible to known SASP factors. For example, senescent cells may
directly affect the GH-IGF1 axis through TNFa, IL-1f and/or IL-6, secretion of which cause
resistance to IGF1 signaling’®. In combination with decreased circulating IGF1 caused by a
decline in pituitary GH production’9:89, peripheral IGF resistance in muscle can result in
features of aging such as sarcopenia®l and reduced cardiac function®2, though these studies
should be interpreted with caution as they were all performed in mice. Components of the
SASP can also lead to sterile inflammation, which is accompanied by macrophage and
lymphocyte infiltration, apoptosis and fibrosis®3.

When these results are taken together, a complex interaction between senescent cells and
their local and systemic environments emerges. Over time, these effects develop into the
classic age-related phenotypes of reduced tissue function and diminished stress resistance.
Therefore, when a tissue that has been influenced by cellular senescence is challenged, it is
more likely to become pathological.

Senescence in age-related disease

Numerous examples of senescence at sites of aging pathology have been reported, but
whether they cause disease or are a consequence of pathology is unclear. In some cases, loss
of proliferation-competent cells may be responsible for pathology, as in glaucoma®4,
cataracts®, the diabetic pancreas®® and osteoarthritis®®. In others, inflammation from the
SASP may play a causal role in disease, as in atherosclerosis®®, diabetic fat>859 and
cancer8’. Finally, SASP-mediated extracellular matrix remodeling may be key to disease
progression or inhibition, as senescent cells drive pulmonary fibrosis8® but restrict liver
fibrosis®®.

These results lead us to propose a model of the interrelationship between chronic senescence
and disease risk to guide further inquiry into these disease states. In youth and middle age,
disease can occur when genetic or exogenous stressors overwhelm the normal capacity of a
tissue to maintain function. For example, repetitive joint injuries can cause osteoarthritis in
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young adults when damage to the cartilage matrix exceeds the ability of this tissue to repair
itself0. In this case, the short duration but intense stresses encountered in disease mirror
those found during normal wear and tear that can produce senescent cells in aging.
Supporting this, both injury-induced and age-related arthritic joints contain senescent
chondrocytes®1:92, Disease-causing stressors can also have no parallel during normative
aging. For example, atherosclerosis is driven by the accumulation of oxidized low-density
lipoprotein (LDL) in arterial walls as a consequence of high-fat diet% despite LDL typically
decreasing with age®4.

In contrast to disease in youth, age-related disorders occur on a background of tissue already
rendered dysfunctional by aging processes, including tissues that have senescent cell
accumulation. We term these ‘primary’ senescent cells, because they result from normal
wear-and-tear processes inherent to tissue maintenance. Senescence diminishes tissue
resistance to disease-causing stresses via progenitor cell arrest, as well as through stem and
parenchymal cell dysfunction via the SASP. As disease initiates and progresses, an
additional wave of senescent cells is generated at sites of pathology. These ‘secondary’
senescent cells, like primary senescent cells, may amplify disease progression. This two-
tiered model partially explaining why disease vulnerability rises with age is illustrated well
by two case studies: the aging fat driving type 2 diabetes mellitus (T2DM) and the aging
vasculature driving atherosclerosis (Fig. 3).

Aging and T2DM

Circulating glucose triggers a release of insulin from the pancreas, permitting insulin-
responsive peripheral tissues, such as fat and skeletal muscle, to take up glucose for cellular
respiration®®. In youth, chronic adipose tissue inflammation and high circulating free fatty
acids can cause fat insulin resistance®:97, requiring the pancreas to generate more insulin to
maintain normal glucose levels. Proliferation of insulin-secreting pancreatic f3 cells is
required to meet demand. If peripheral tissue insulin demand exceeds supply, T2DM can
result. Consistent with this, the regenerative capacity of (3 cells is a very important factor in
the development of T2DM?98. As in other diseases, increased replication of p cells lead to
senescence through telomere attrition®, in principle restricting the adaptive response to
insulin resistance and driving T2DM. Accordingly, nutrient-induced diabetic mice have
increased SA-B-GAL—positive [ cells and a reduction in the proliferation marker Ki67 in
late-stage diseasel%0. Further, deletion of CDKN2A rescues blood fasting glucose levels and
improves p-cell proliferation in streptozocin-induced diabetes!L,

Senescence may also predispose fat to becoming insulin resistant, as has been observed in
fourth-generation Tert knockout mice, which have short telomeres, enhanced senescence in
fat tissue and glucose intolerance®®. Surgical removal of Tert™~ fat tissue attenuates glucose
intolerance®®, consistent with senescence in the fat driving insulin resistance. Additional
support for a causal role of fat senescence in T2DM progression comes from disruption of
the p53-p21 pathway. Global or adipose-specific deletion of TP53 improves glucose
tolerance in obese mice, reduces adipose senescent cell burden and attenuates insulin
resistance mediated by p53-dependent inflammation829,
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Therefore, it appears that senescence is generated as a direct consequence of T2DM in both
the fat and pancreas and drives progression of the disease. On the basis of this conclusion,
we hypothesize that an increase in fat and -cell senescence with age could explain the age-
related increase in prevalence of T2DM. In the pancreas and fat, p16'™42 levels increase
with age in mice®? and humans!L. This could restrict B-cell regenerative potential, limiting
the adaptive response to insulin resistancel01. In fat, levels of the SASP factors IL-6 and
IL-1p increase with age, and these are known to cause insulin resistance when chronically
high102-104 However, the enhanced glucose tolerance of naturally aged mice
overexpressing p16/"k42 calls into question this model of a deleterious global role of
senescence in T2DM195, This study identified enhanced insulin responsiveness in heart,
liver and skeletal muscle, all tissues without established roles for senescence in glucose
tolerance, suggesting that this may represent a tissue-specific effect. Furthermore, it is
unclear what effect an extra copy of the CDKN2A locus has on senescent cell numbers in
these tissues or fat.

Finally, the reduced ability to maintain glucose homeostasis in aging can lead to widespread
glucose toxicity. This global stress could drive cellular senescence in various cell types such
as fibroblasts, kidney tubular epithelial cells, endothelial cells and mesenchymal stem
cells106-109 This potential of glucose to drive cellular senescence globally may contribute to
other important age-related pathologies, such as vascular and kidney diseasel0°.

Aging and atherosclerosis

In addition to causing T2DM, the stress of a high-fat diet can also drive atherosclerosis.
Atherosclerosis is a disease of major arteries in which high levels of low-density lipoprotein
bearing oxidative modifications accumulate in vessel walls, attracting phagocytic immune
cells to form plaques19.111, Cardiovascular disease as a result of atherosclerosis is the
primary cause of mortality in the Western world and is on the rise globally12, During
plaque formation and expansion, smooth-muscle proliferation and declining levels of
endothelial nitric oxide synthase can lead to telomere shortening and oxidative stress,
respectivelyl13.114 These are inducers of senescence, and it is not surprising that senescent
vascular smooth muscle and endothelial cells have been reported in human and mouse
atheromas!15-117_ Because of the complex signaling between these cell types and immune
cells recruited to plaques, these findings raise the possibility of a multistep role of senescent
cells in atherogenesis. First, plague initiation could be driven by senescent endothelial cells,
which, through the SASP and surface receptors, could mediate the initial invasion of
circulating monocytes into the vessel wall®. Additionally, senescent endothelial cells are
prone to apoptosist!8, causing endothelial layer ‘leakiness’119 that would permit
extravasation of oxidized LDL into the vessel wall. In turn, senescent endothelial cells
cannot perform normal signaling tasks, such as the secretion of NO to restrain proliferation
and prevent lipid peroxidation in smooth muscle cells?20, and this could drive early intimal
thickening, a key risk factor for atherosclerosis. Second, plaque progression could be
mediated by chemoattractant factors in the SASP, including the cytokine MCP1 and
interleukins with known proatherosclerotic functions2L. Finally, senescent cells could
contribute to plaque destabilization and formation of rupture-prone ‘vulnerable’ plaques that
lead to acute complications such as stroke and myocardial infarction122, The transition from
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stable to unstable atheroma is driven in part by protease-mediated degradation of
extracellular matrix in the smooth muscle—rich fibrous cap!?2. Elastase and matrix
metalloproteases such as MMP1, MMP3 and MMP13 are known components of the
vascular smooth muscle SASP and could potentially destabilize plaques by degrading
extracellular matrix in the cap123-125,

The above scenario remains speculative and based on elevated p16/"k4a protein levels in
atheromas alongside SA-B-GAL—positive cells, as well as in vitro proliferation assays of
smooth muscle cells isolated from plaques as compared to healthy arteries93:126-128,
Seemingly in contradiction to the model described above, some studies show that
components of the senescence effector program, such as p53 (refs. 129,130) and p21 (ref.
131), actively protect against atherosclerosis. However, interpretation of these results is
complicated by roles for these genes outside of senescence. As in cancer prevention,
senescence in atherosclerosis may serve an initial protective role by restricting proliferation
within developing lesions and minimizing plaque-disrupting apoptosis. However, at some
threshold of senescence burden, the proinflammatory, matrix-degrading SASP may
exacerbate disease, akin to how senescence may ultimately drive tumorigenesis via the
SASP. It will therefore be critically important to test the causal contributions of senescence
to atherogenesis at different stages of lesion development using new tools for the detection
and killing of senescent cells in key model systems for human atherosclerosis.

Much as in T2DM, stresses of normal aging can induce senescence in cell types relevant to
atherosclerotic disease. For example, senescent endothelial cells with short telomeres
accumulate normally during aging in vascular beds with turbulent blood flow132, These
same sites are atherosclerosis prone. It is therefore tempting to speculate that the age-related
susceptibility to atherosclerosis arises in part from these chronic senescent cells and drives
disease through the processes described above.

Therapy-induced senescence

Senescence as a therapeutic goal

Senescence as a therapeutic goal can be achieved either by applying systemic pro-senescent
stress, such as ionizing radiation or DNA-damaging chemotherapy®32, or by selectively
restoring defective stress-response pathways (Fig. 2c). In cancer therapy, systemic
treatments target cancer cells because their sustained engagement in the cell cycle makes
them more susceptible to injury than nondividing cells. Additionally, cancer cells struggle to
cope with further stress due to higher basal damage. These stresses proceed by activating a
DDR or unfolded protein response. More recently, targeted therapies have been developed
that inhibit senescence in order to ‘unmask’ the effects of stresses already at work within
cancer cells and drive these cells into apoptosist34135, One example in which senescence is
an essential component of therapy is arsenic trioxide—retinoic acid therapy, which cures
acute promyelocytic leukemia by blocking an oncogenic fusion protein and activating pro-
senescent p53 signaling®3%. Solid tumors also benefit from senescence-inducing therapies,
whereby inactivating crucial oncogenes or restoring tumor-suppressive signaling permits
cancer cells to respond normally to intrinsic damage. This mechanism has been shown to
occur when c-Myc overexpressionl3”, PTEN insufficiency!38 and Shp2 overexpression139
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are corrected. Further, the CDK4 and CDKG® inhibitor palbociclib appears to restore
senescence signaling in patients!40, and derivatives of the p53 stabilizer Nutlin-3a are also
being actively developed for the clinic. However, if such therapies generate persistent
senescent cells that could damage or compromise surrounding tissue via the SASP, this may
explain the long-term side effects of cancer treatment. Therefore, combining pro-senescence
therapy with interventions that clear senescent cells could be beneficial for short- and long-
term outcomes in cancer patients. Drugs that block pro-survival pathways in senescent cells,
such as autophagy inhibitors, have shown promise for removing these lingering cells!34,

Senescence as an undesirable side effect

Another informative example of therapy-induced senescence occurs in pediatric blood
cancer therapy involving bone marrow transplantation. In this procedure, the patient’s
immune system is ablated by ionizing radiation or chemotherapy, which, as an unwanted
side effect, creates a senescent cell-rich milieu that might not only impair the engraftment
and functionality of the hematopoietic system of the healthy donorl41.142 but also accelerate
tissue deterioration at a systemic level. Consistent with this, survivors of pediatric cancer
who have gone through such treatments exhibit signs of premature aging43, including loss
of cognitive functionl44 and heart failurel4>, with precocious elevation of p16'"42 in skin?9.

Finally, organ transplants may be a striking example of unwanted therapy-induced
senescence. For example, transplanted kidneys are subject to ischemia-reperfusion injury146,
a type of oxidative damage, as well as replicative stress as the shocked transplant has to
repair inevitable tubular injury following engraftment24’. Both of these stresses pose a risk
for renal tubular epithelial senescence. Eliminating p16'"<42-driven senescence in donor
mice dramatically improves graft success48. Intriguingly, donor age and kidney p16'nk4a
levels can predict graft success in humans4? and mice°C. This might only indicate a lower
stress tolerance or functionality of older donor organs that is not necessarily related to
senescencel®l. However, a higher senescent cell burden could generate a proinflammatory
environment in aged kidney and promote immune rejection. One other requirement of organ
transplant is immunosuppression of the recipient. This could, unfortunately, lead to therapy-
induced senescent cells remaining in the transplanted organ that may otherwise be clearable,
reducing organ function via SASP effects.

Therapies targeting senescent cells: senotherapies

Clear healthspan benefits of preventing accumulation of p16'"™4a-expressing cells in BubR1-
hypomorphic progeroid mice®152, among other lines of evidence, have raised the possibility
that therapeutic targeting of senescent cells is a promising strategy to overcome age-related
disease and achieve healthy aging. There are several possible approaches, including
inducing death of senescent cells or blocking the SASP, for targeting senescent cells and
modulating their detrimental effects for therapeutic benefit. We refer to these strategies
collectively as ‘senotherapies’. Each senotherapeutic modality possesses various advantages
and disadvantages (Fig. 4).

The removal of senescent cells by direct killing, either by apoptotic (senoptosis) or
nonapoptotic (senolysis)153 means, is probably the most straightforward option and offers
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clear advantages compared to other approaches. These advantages include permanent
removal of the SASP source, permitting intermittent treatment, as well as elimination of
senescent cells that may be preneoplastic, reducing cancer risk from senescence escapel®?,
Therapeutics for killing senescent cells could take the form of senoptotic or senolytic small
molecules or immune-based clearance (antibodies or cytotoxic T cells; Fig. 4). Like cancer
cells, senescent cells undergo a chronic stress response due to persistent injuries such as
eroded telomeres or aberrantly active mitogenic signaling. Whereas cancer cells are
dependent on oncogenes, senescent cells rely on prosurvival stress response adaptations to
avoid apoptosis®®. This suggests that an attractive senescent cell killing approach would be
to use small-molecule inhibitors to block cell death-resistance pathways, thereby using the
endogenous stress to drive these long-lived cells into apoptosis. Existing inhibitors of
prosurvival pathways used in cancer therapy may have utility for senescent cell killing, and
could be even more effective for this use given that senescent cells, unlike cancer, do not
proliferate. Therefore, no strong ‘selection pressure’ for drug resistance can develop.

One example of a cancer drug that may also target senescent cells is dasatinib1%3, a broad-
spectrum kinase inhibitor that targets more than 30 different kinases*3156, In combination
with quercetin, a plant flavonoid with lifespan-extending antioxidant and proteosome
activating properties in worms®7-160 and cytoprotective effects in micel61, dasatinib
exhibits senolytic activity in cultured cells. In old mice, these compounds were shown to
improve parameters of cardiac and vascular function, although the extent to which senescent
cell killing occurred and contributed to these effects is unknown. Proof of causality would
require showing that candidate senolytic or senoptotic compounds lack efficacy in an aged
organism without the proposed target, senescent cells. For this reason, the greatest challenge
to the emerging field of senotherapy research will be to directly attribute healthspan
improvements to senescent cell killing rather than off-target effects. Reciprocally, whether
known anti-aging compounds exert senotherapeutic activity as one of their healthspan-
improving mechanisms is also an important consideration. Because of the multifaceted
effects of these compounds, in instances where compounds reduce senescence, a crucial
question to resolve is whether this observation is a cause of anti-aging effects or a
consequence.

Minimizing off-target effects of senotherapeutics is an important consideration for both
applied and basic science research. For example, senescence is beneficial in some contexts,
such as wound repair, and these cells should be exempted from killing. Management of both
types of off-target effects could be achieved by making clearance treatments periodic,
thereby avoiding killing of beneficial senescent cells in the short term. On the other hand,
periodic therapy must be weighed against our current ignorance of what fraction of
senescent cells are needed to be removed to achieve clinical benefit. In the BubR1
hypomorphic mouse, the INK-ATTAC transgene prevented aging phenotypes through highly
efficient senescent cell clearance. Furthermore, in this progeroid model, treatment begun in
late life blunted further deterioration but did not reverse dysfunction®. One interpretation of
this finding is that after a certain point, the SASP causes irreversible tissue deterioration.
This observation raises the possibility that treatment in human aging must be done before a
certain point to preserve function and also that the duration between treatment boluses may
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have an upper limit before damage is irreversible. These questions of what constitutes
necessary and sufficient clearance could be answered by exploring senescent cell killing
regimens in progeroid models or, ideally, in natural aging.

Minimizing off-target effects of senescent cell killing could be achieved in ways other than
intermittent clearance. In the case of senescence in defined body compartments92:162,
delivering drugs directly to the sites of pathology could avoid side effects. Antibodies raised
against senescence-specific surface antigens, such as CD44 in the senescent endothelium163,
could also be used to direct cytotoxic T cells for killing or to deliver cytotoxic nanoparticles.
An intriguing possibility based on recent success in killing cancer cells is that senescent cell
antigens could be used to raise T cells in vitro armed with artificial, chimeric antigen
receptors (CARS) raised against senescent cell-specific surface antigens for infusion164.
These CAR cells are emerging as highly efficient cancer therapy and may ultimately have a
place for senescent cell clearance, once safety is demonstrated.

Another strategy that may complement senescent cell killing is blocking the paracrine
effects of SASP (Fig. 4). This could be achieved by targeting signaling cascades upstream of
the SASP, such as NF-kB or p38 MAPK. However, these signals are not exclusive to
senescence, and thus intervention could affect communication between healthy cells, much
as scavenging of “‘deleterious’ reactive oxygen species (ROS) has been shown to impair
exercise performance in rats6°. Making SASP inhibition into a viable therapy will require
discovery of senescence-specific aspects of exocytosis in order to discriminate between the
SASP and more ‘healthy’ types of inflammation. It is also possible that blocking the entire
SASP is unnecessary and only senescence-specific SASP factors need to be removed to
achieve therapeutic benefit.

Future directions

As our refinement of senescent cell identification and purification in vivo improves (see Box
1), we can begin to answer more interesting questions. One such great unknown is how long
senescent cells live and why their quantity increases sharply with age. With the tools we
have now, we can address such longstanding but simple questions as whether it is the rate of
senescent cell production or the rate of clearance that is responsible for this effect. It is
known that some senescent cells, such as premalignant hepatocytes, are killed by the
immune system as a form of tumor suppression®:12. Senescent cells in fibrotic processes are
similarly cleared!, whereas other senescent cells, such as senescent melanocytes, are spared
this fate166. Understanding why some senescent cells are immune privileged and others are
not could shed light on age-related senescent cell accumulation, which could be a type of
similar immune privilege. Alternative explanations are a declining immune system, a
reduced cellular tolerance for stress or a rise in certain types of stress with time.

A final, and perhaps the most important, unanswered question in the field is whether cellular
senescence actually drives aging and reduces lifespan. Preventing the accumulation of
senescent cells or removing them once they have arisen increases health span in the BubR1
hypomorphic mouse. However, lifespan is not thereby altered, and aging changes are
preventable, but not reversible. Repeating this type of study in naturally aged mice is crucial
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to determine both whether the senescent cell clearance is practical in humans and the details
of the approach. These questions can only be addressed by long-term natural aging studies in
mice and, ultimately, in humans.

With the scientific community interested in senescent cell removal and a focused effort
underway to identify compounds able to clear senescent cells, we may soon find ourselves
testing pharmacological or biological therapies for senescent cell killing in vivo. The impact
this will have on human health and disease is frankly unknown, but may reveal new
biological phenomena. If senescent cells can be killed in humans, will this simply delay
familiar aging dysfunction, or will new types of pathology emerge? Given the risks of all
cytotoxic therapies and the long lifespan of humans, use of senescent cell killing compounds
as a broad anti-aging therapy cannot be easily investigated in people. However, if approved
for specific disease states, such compounds will inevitably end up being used chronically by
adventurous patients ‘off label’. Much like people voluntarily performing calorie restriction,
such ad hoc experimentation will probably be our first glimpse of the answer we all seek: is
senotherapy a panacea for aging?
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BOX 1 Pipeline for identifying senescent cells in vivo

There is currently no universally accepted standard of evidence for identifying senescent
cells and determining their functional significance in vivo. Drawing on our experience,
we propose the following ‘best practices” workflow for consideration.

The first step consists of asking whether senescence is present and in what cell type.
SASP factor and CDK:i expression should be assessed in tissue via RT-PCR or western
blotting, keeping in mind that not all inflammation has its origin in senescence.
Following this, the senescent cell type must be identified. SA-B-GAL-staining of whole
tissue can, in our hands, be followed by immunofluorescence staining of cryosections for
some cell type markers or by routine hematoxylin and eosin (H&E) staining. However,
cell identification is best accomplished by in vivo mouse experiments using senescent-
cell reporters, such as p16-LUC, p16-3MR or INK-ATTAC. p16-LUC consists of a
luciferase knock-in at the p16/"k42 (CDKN2A) locus and permits whole-body imaging of
p16'nk4a promoter activity. In contrast, p16-3MR and INK-ATTAC are transgenes that
allow for the killing of senescent cells as well as their detection via fluorescence.
p16-3MR uses a 50-kilobase fragment of the p16'"™4a promoter to drive expression of
both mRFP and luciferase reporters as well viral thymidine kinase, which is lethal in the
presence of the drug ganciclovir. INK-ATTAC expresses both GFP and a drug-activated
FKBP—caspase-8 fusion protein under control of a 2.6-kilobase p16'"4a promoter
fragment. One of these systems should be used to isolate fluorescent senescent cells by
flow cytometry to detect p16'™42 SASP-factor and cell-type markers by RT-PCR or
western blotting, or for further biological characterization, such as single-cell RNA
sequencing and assessment of proliferative capacity. This level of analysis will permit
comparison of the secretory and other properties of senescent cells across biological
contexts, addressing the key question of whether all senescent cells are created equally.
The different proposed roles of senescence in various diseases may be explicable by the
existence of senescent cell ‘subtypes’, resulting from differences in stressors,
environment or cell type, revealed through this type of analysis.

The second step is testing the effect of senescence. Removing senescent cells reveals
their indirect effects, such as consequences of the SASP, whereas breeding experimental
mice onto a p16'™4a-null background to prevent the senescence program tests both
downstream effects and the consequences of the senescence arrest itself. Although this
difference makes senescent cell killing a ‘cleaner’ experiment, INK-ATTAC and
p16-3MR use different promoters and may be expressed differently depending on cell
type. Furthermore, because these constructs trigger apoptosis through different means
(effector caspase activation versus mitochondrial DNA damage), each may be more
efficient at cell killing in some settings than in others. More concerning, though, than
explaining inconsistencies that will arise between Killing systems are the systematic
errors that are likely to emerge through over-reliance on p16 as a biomarker.

The gold-standard definition of senescence remains permanent, irreversible exit from the
cell cycle, and this should be tested directly in isolated cells, if possible. As p16!"k42 js an
end effector of this arrest, its expression is still the most highly used surrogate marker of

this arrest, together with SA-B-GAL enzymatic activity. However, both markers have
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well-known false positives, including T cells for p16 (ref. 167) and maturing tissue
macrophages for SA-B-GAL168. One can in principle be used to validate the other: for
example one can confirm p16 status of SA-B-GAL—positive cells by testing whether they
can be killed by INK-ATTAC. Unfortunately, as both these false-positive cell types are
potentially inflammatory, assays for SASP factor expression may also give false
positives. Researchers in the field of senescence must take great pains to avoid these
kinds of spurious results. The development of cell type—specific Killing constructs, as
well as ones operating under the control of other senescence-specific genes that are
unknown at present, would help eliminate some of these sources of error.

Nat Med. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Childs et al. Page 24

Development Adulthood
+—— Embryonic —— Acute Chronic —
(gradual, cumulative damage)
* Mesonephros Placenta Wound OIS
* Endolymphatic sac * Telomere erosion * Proteotoxic stress
* Apical ectoderm: )€ * DNA damage * Nucleolar stress
* Neural roc * Epigenetic stress * Spindle stress
* ROS * Low BubR1
TGFp PTEN HLA-G | * ER stress ¢ Others? |
\ -CD158

\
ATVR D

p53

p21

\/ e (cok2) (‘cDKase ) Cell cycle
RB family

re-entry

RB family
members

p38 inhibition or

Early senescence

; Inkda ;g
« Permanent cell cycle arrest \ p16™* inactivation
(potentially reversible)
* SA-B-GAL positive
Eull senescence § g ~G © SASP (inflammatory cytokines, 92 o°
& < Q Qo
« Irreversible cell cycle arrest <& ) TOETESES ) o o SASP
* SA-B-GAL positive . g Decreased p53 stabilization ~
* SASP N Impaired immune clearance
Acute senescent cells: Chronic senescent cells:
short-lived and beneficial long-lived and harmful
Morphoge dients Tumor Tumorigenesis
Changes in cellularity Wound repair Tissue dysfunction

Placental angiogenesis

Figure 1.
Effector pathways of three senescent cell types. Stresses inducing senescence vary

depending on the in vivo context, although there is substantial overlap in processing of the
stress-response signal and activating effectors of senescence. For example, in all reported
cases, rising levels of cyclin-dependent kinase inhibitors drive entry into senescence by
activating RB to block cell cycle progression. In embryonic senescence, elevated TGFf and
reduced PTEN activity upregulate SMAD-FOXO transcriptional activation of the cyclin-
dependent kinase inhibitor p21, as well as activation of p15'"k4b through unclear means. In
contrast, acute senescence—in the placenta, after wounding or in response to oncogene
activation or loss of the tumor suppressor PTEN—triggers DNA damage or p53 signaling to
induce p21 and p16'"k4a Both embryonic and acute senescence are beneficial, and
presumably these cells are cleared rapidly by the immune system as part of their program.
These two settings contrast with chronic senescence, which is a response to the slowly
accumulating macromolecular damage of age, such as telomere erosion, proteotoxicity,
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DNA damage and likely many others. Effectors of chronic senescence probably include p21
and p16'"k4a which are induced in aged tissues. Chronic senescence can also evolve from
acute senescence if immune clearance is impaired with age, leading to prolonged arrest and
possibly alterations in the SASP. In all senescence cases, cyclin-dependent kinase-mediated
licensing of RB activity leads to an early senescent state where the arrest is permanent in
vivo, but can be reversed with manipulation of single factors, such as p38 inhibition or
inactivation of p16'"k4a, These early senescent cells are SA-B-GAL positive and may not
have a SASP. Senescent cells may evolve further into a truly irreversible full senescence
with SA-B-GAL positivity and a SASP. The cellular changes driving this phenotypic switch
in vivo are unclear but are likely to include robust processes such as heterochomatinization
of cell cycle genes and activation of an NF-xB—dependent transcriptional program
generating the SASP.
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Figure2.

Seglescence in aging, age-related diseases and disease-related treatments. (a) Common
cellular stresses yield senescent cells that accumulate in various tissues over time and may
contribute to tissue dysfunction even within healthy aging. (b,c) In contrast, disease-related
senescence (b) and therapy-induced senescence (c) generate an additional burden of
senescent cells on top of the chronic senescence generated by aging itself. An example of
disease-related senescence is chronic obstructive pulmonary disease (COPD) following
cigarette smoking, an addiction that causes DNA damage from compounds present in
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cigarette smoke as well as telomere shortening due to increased demand for repair placed on
the injured airway epithelium. Both DNA damage and telomere shortening occur during
normal aging, but in smoking, the duration and intensity of the stress is much higher. In this
case, although there are peripheral effects of smoking, much of the damage is concentrated
in the lung, and a majority of smoking-induced senescent cells probably occur there.
Therefore, disease-related senescence occurs at a high rate in one or a few target organs and
may drive aging with chronic disease. Therapy-induced senescence is the result of stressors
due to medical intervention and can be both a desired outcome of therapy or an undesirable
side effect. Here we focus on two examples of undesirable therapy-induced senescence.
Chemotherapy is known to cause accelerated aging. One way in which this is thought to
occur is through organism-wide telomere erosion and DNA damage in non-neoplastic cells,
leading to systemically high levels of senescence. Therapy-induced senescence can also be
promoted in solitary organs, such as the kidney in the case of kidney transplant. Here,
ischemia-reperfusion drives oxidative damage, DNA damage and proteotoxicity, and
attempts by the donor kidney to replace lost cells following engraftment leads to telomere
erosion. These stresses cause a high, organ-specific senescence burden, potentially leading
to graft rejection or diminished excretory function.
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Figure 3.

Senescent cells as drivers and amplifiers of disease. The interrelationship of senescence-
driven tissue dysfunction, susceptibility to disease-causing stress and senescence in disease
is illustrated by the example of type 2 diabetes mellitus (T2DM). In young adulthood
(shown at left), fat exposed to a healthy diet is insulin responsive and receives sufficient
levels of insulin from the pancreas to take up glucose, maintaining normoglycemia. Chronic,
high levels of free fatty acids in the circulation, due to obesity and a high-fat diet, can drive
insulin resistance in peripheral adipose tissue by inducing proinflammatory senescent cells
in fat. The pancreas can initially meet the increased demand for insulin through proliferation
of insulin-producing B cells, maintaining normoglycemia with hyperinsulinemia. However,
following telomere erosion, the capacity of 3 cells to expand production of insulin is limited
by senescence. If insulin resistance worsens further, hyperglycemia and T2DM develop with
accumulation of additional senescent cells in the fat. In contrast to T2DM development in
youth, in advanced age (right), a form of peripheral insulin resistance already exists in the
absence of overt dietary stresses that is due in part to the accumulation of senescent cells in
aged fat. Therefore, the aged pancreas and fat can develop T2DM when stressed with a high-
fat diet that is quite mild when compared to what is required for pathology to develop in

youth.
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Figure4.
Senotherapies to prevent disease and extend healthy life span. Outright killing of senescent

cells by reprogrammed cytotoxic T cells, antibodies against abundant (selective) surface
proteins of senescent cells, or small-molecule inhibitors (senolyic or senoptotic molecules)
of, for instance, pro-survival pathways that senescent cells engage to avoid apoptosis.
Alternatively, blocking p38 MAPK or IL-1a could inhibit the SASP itself, though this
strategy would require continuous treatment and may therefore disrupt beneficial functions
of senescence or other inflammatory processes. Inhibiting purely deleterious SASP factors
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or senescence-specific exocytosis processes, if they exist, would sidestep this problem.
Finally, preventing the stresses leading to senescence, but not the senescence program itself,
may promote healthy aging and prevent disease. Preventative steps include healthy diet,
exercise and avoidance of lifestyle stresses such as smoking, but may also include ‘anti-
aging’ drugs such as metformin and rapamycin.
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