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Preface

The population continues to age at an increasing rate in virtually every country
worldwide. According to data from the 2019 Revision of World Population
Prospects (United Nations), by 2050 one in six people will be over age 65, with
peaks of one in four people in Europe and Northern America. Remarkably, the
number of individuals aged 80 years or over is projected to triple, from 143 million
in 2019 to 426 million in 2050. This situation is expected to increase dramatically
the incidence of multiple age-related pathologies, and to have an enormous impact
on public health.

Cellular senescence, a response to damage and stress characterized by a stable cell
cycle arrest and a complex secretory phenotype (SASP), was conceived, from the
initial experiments of Leonard Hayflick and Paul Moorhead (1961), as an underlying
cause of ageing. However, until recently, a formal in vivo demonstration of cellular
senescence as a hallmark of ageing has remained elusive. Only in the last 10 years,
the development of genetically-engineered mouse models allowed to conclude that
the selective elimination of senescent cells attenuates a number of age-related dys-
functions and promotes healthspan and lifespan. This notion boosted the develop-
ment of senotherapies—therapies aimed at interfering with senescent cells. Among
those, the most investigated senotherapies are based on compounds that can either
selectively kill senescent cells, also called senolytics, or inhibit the SASP, also called
senostatic or senomorphics. Preclinical validation of various senolytics confirmed
that the eradication of senescent cells delays, and in some cases reverts, a number of
age-related disorders. These pathologies include, among others, cardiovascular
diseases, neurological disorders, type 2 diabetes, inflammatory diseases, fibrosis,
geriatric syndromes, musculoskeletal impairments, and cancer.

Cellular senescence is a very heterogeneous process that depends on a number of
variables including the trigger or type of stress, the particular cell type and the tissue
of origin. For this reason, a universal marker able to identify senescent cells
unequivocally and to serve as a target for interventions seems to be lacking. As a
consequence, one main strategy to identify drugs with senolytic activity has been the
use of large-scale screening methods based on siRNA and small compounds libraries
in the context of cytotoxicity readouts. This is the case of the combination of the
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tyrosine kinase inhibitor, dasatinib and the flavonoid, quercetin, which promotes
senolysis in particular cell types. Also, as senescent cells upregulate pro-survival
pathways to become resistant to cell death inducers, it has been shown that inhibitors
of the Bcl-2 family of antiapoptotic proteins (e.g. ABT-263 and ABT-737) are potent
and more specific senolytics. Similarly, other strategies include the use of molecules
interfering with the interaction between p53 and FOXO4 (FOXO4-DRI peptides) or
between p53 and MDM2 (UBX0101), facilitating p53-mediated apoptosis. The
identification of vulnerabilities in senescent cells has been occasionally based on
some markers and features of senescent cells, such as increased lysosomal
senescence-associated b-galactosidase (SAb-gal) activity, and this includes chap-
erone HSP90 inhibitors (e.g. 17-AAG and 17-DMAG) and drug delivery systems
(e.g. nanocarriers coated with galacto-oligosaccharides, GalNPs). Finally, screening
of compound libraries has allowed the identification of natural compounds with
senolytic activity, including the flavonoid, fisetin, piperlongumine and more
recently, cardiac glycosides.

Unfortunately, this arsenal of senolytics is not exempt from side effects and
toxicities, which limits their clinical potential. For example, it is well known that
ABT-263 (navitoclax) causes neutropenia and thrombocytopenia. Therefore,
despite the successful preclinical validation of a number of formulations with
senolytic activity in different animal disease models, drug-associated toxicities have
compromised validation in early phase clinical trials. The development of more
selective second-generation senolytics requires a more accurate understanding
of the molecular properties of senescent cells and the identification of senescence
biomarkers. Despite these aforementioned limitations, some senolytic agents have
already advanced to trials testing. This includes UBX0101 for the treatment of
osteoarthritis (now in phase II), the cocktail dasatinib and quercetin for the man-
agement of idiopathic pulmonary fibrosis and chronic kidney disease, and ABT-263
in combination with senescence-inducing chemotherapies for the treatment of
advanced solid tumors.

The SASP is considered to be the main senescence-associated component
responsible for tissue degeneration and inflammation, and a major driver of
age-related disorders, particularly when senescent cells accumulate and persist in
organs. Therefore, in addition to senolytics, an innovative and exciting therapeutic
strategy is the development of compounds capable of manipulating the detrimental
effects of the senescent cells via the inhibition of SASP components. Among these
senomorphic or senostatic compounds, inhibitors of NFjB (e.g. metformin,
resveratrol, simvastatin), JAK/STAT (e.g. ruxolitinib) and mTOR (e.g. rapamycin)
have been successfully tested at the preclinical level. This strategy is however still
in its infancy, and may also exert ‘on-target’ side effects such as attenuation of
tumor immune surveillance and retardation of tissue repair and remodeling: pro-
cesses where short-term senescence and SASP seem to play beneficial functions.

Finally, it is worth mentioning that there is an emerging interest within the
scientific community to develop tools to detect and monitor senescent cells in vivo.
This would allow clinicians to monitor longitudinally the burden of senescent cells
in multiple age-related disorders and also, the assessment in cancer patients in
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response to radiotherapy and chemotherapy. To date, a collection of senoprobes has
been developed, mainly consisting of fluorescent SAb-gal-dependent probes and
also in diagnostic nanoparticles. However, the translation of senoprobes to the
clinic may require the adaptation of more conventional bioimaging systems in
humans, like Magnetic Resonance Imaging (MRI) and Positron Emission
Tomography (PET), by developing contrast agents and radionuclides, respectively.
The field of senoprobes is very much at its beginning but it is expected to expe-
rience an extraordinary expansion in the next few years provided that more
selective biomarkers of cellular senescence are identified.

Preclinical studies have convincingly concluded that the eradication of senescent
cells can alleviate multiple age-related pathologies in animal models. Despite these
exciting results, many challenges still remain: (i) better insights in the intrinsic
mechanisms of cellular senescence and the identification of more specific
senescence-associated biomarkers, (ii) the development of more selective senolytics
and senoprobes, and (iii) a deeper understanding on the required doses, biodistri-
bution and timeline of elimination of potential senotherapeutics. Despite these
limitations, some first-generation senolytics are already in clinical trials and the
scientific community awaits the translation of successful preclinical studies to
promising, confirmed and proven principles. We are now entering an exciting era in
which we are uniquely positioned to translate anti-senescence therapies to medical
applications, a strategy that may have an important impact on multiple human
age-related disorders and, ultimately, the promotion of healthy ageing.

Cambridge, UK Daniel Muñoz-Espin
Groningen, The Netherlands Marco Demaria
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of Senotherapies



Chapter 1
Senolytic Drug Development

Yonghan He, Guangrong Zheng, and Daohong Zhou

Abstract Cellular senescence is a hallmark of aging because senescent cells (SnCs)
accumulate with age and play a causative role in many age-related diseases. Selec-
tively eliminating SnCs has been emerging as a new strategy for treating age-related
diseases and extending healthspan. Small molecules that targeting different SnC anti-
apoptotic pathways (SCAPs) to selectively kill SnCs are termed senolytics. Up to
date, several classes of senolytic agents, including naturally occurring compounds
and their derivatives, and targeted therapeutics, have been identified. Here we discuss
the biological significances of cellular senescence in aging, and summarize some of
the known naturally occurring and targeted senolytic agents and their targets. As
most of the known naturally occurring compounds or targeted senolytics have limi-
tations to be developed as therapeutics for human applications, development of more
specific and potent senolytic agents that can reduce the on-target and/or off-target
toxicity of senolytics, is urgently needed to improve healthy aging in humans.

Keywords Cellular senescence · Senolytics · Senescence-associated secretory
phenotype · Aging · Age-related diseases

1.1 Cellular Senescence

Cells become permanently growth arrested after extensive replication or as a result
of exposure to stress, which prevents propagation of genetically unstable and dam-
aged cells, and promotes their removal by the immune system (Childs et al. 2015).
Therefore, cellular senescence normally functions as a vital tumor suppressivemech-
anism and also plays an important role in tissue damage repair. However, if the
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increase in senescent cell (SnC) production persists beyond the immune clearance
capacity or the immune system is compromised and cannot efficiently remove SnCs,
SnCs can accumulate. Under such circumstances, SnCs can play a causative role in
aging and age-related diseases by inducing chronic oxidative stress and inflammation
via increasing the production of reactive oxygen species (ROS) and secretion of a
plethora of inflammatorymediators (e.g., cytokines and chemokines), growth factors,
and extracellular proteases—termed the senescence-associated secretory phenotype
(SASP) (Campisi 2013). Therefore, it has been suggested that inhibiting the induction
of senescence might be detrimental, but promoting SnC clearance is beneficial. This
suggestion is supported by the findings: (1) SnCs accumulate with aging, particularly
at the sites of age-related pathologies (Childs et al. 2015); (2) SnCs can contribute
to ‘inflammaging’ and other age-related pathologies in part via expression of SASP
(Tchkonia et al. 2013); and (3) clearance of SnCs using a transgenic approach delays
the onset of several age-related diseases and disorders including cancer in naturally
agedmice and prolongs their lifespan (Baker et al. 2016). These findings demonstrate
that SnCs are novel therapeutic targets of aging and age-related diseases.

1.2 SnCs are Emerging Therapeutic Targets

Although SnCs have been associated with various biological and pathological pro-
cesses with aging, the causal relationship between SnCs and age-related diseases
and disorders remained unclear until the year of 2011 (Baker et al. 2011). Baker
et al. designed a transgenic strategy for the clearance of SnCs in progeroid mice
and demonstrated that SnC removal can significantly delay the onset of several age-
related pathologies and prolong the healthspan. The study provides solid evidence
supporting that SnCs are causally implicated in generating age-related phenotypes
(Baker et al. 2011). Using the same genetic approach, they revealed that clearance of
SnCs not only delayed the onset of tumorigenesis and attenuated age-related dete-
rioration of several organs, but also significantly extended the lifespan of normal
mice (Baker et al. 2016). Since then, an increasing body of evidence has accumu-
lated to demonstrate that SnCs play a causative role in a variety of diseases using
mouse models, including atherosclerosis (Childs et al. 2016), osteoarthritis (Jeon
et al. 2017), Parkinson’s disease (Chinta et al. 2018), Alzheimer’s disease (Zhang
et al. 2019), diabetes (Palmer et al. 2015; Aguayo-Mazzucato et al. 2019), can-
cer (Takasugi et al. 2017; Demaria et al. 2017), pulmonary fibrosis (Schafer et al.
2017; He et al. 2019) and many other diseases (Childs et al. 2015; Tchkonia et al.
2013; Kirkland and Tchkonia 2017; Childs et al. 2017; Niedernhofer and Robbins
2018). Therefore, SnCs have been emerged as therapeutic targets for many of these
age-related diseases.
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1.3 Senolytics

SnCs can endure sustained DNA damage, oxidative stress, proteotoxicity and other
stressors because they are protected from induction of apoptosis by various SnC
anti-apoptotic pathways (SCAPs) (Kirkland and Tchkonia 2017; Childs et al. 2017;
Niedernhofer and Robbins 2018). However, these SCAPs can also function as the
Achilles’ heel of SnCs. Molecularly targeted inhibition of SCAPs with a small
molecule can selectively kill SnCs. These small molecules are termed senolytics,
whereas those that can suppress SASP, named senomorphics. Both senolytics and
senomorphics have the potential to prevent and treat age-related diseases and to
extend healthspan (Kirkland and Tchkonia 2017; Childs et al. 2017; Niedernhofer
and Robbins 2018). However, compared to senomorphics, senolytics may provide
greater promise and better benefits as anti-aging therapeutics because permanent
elimination of SnCs by senolytics requires less drug exposure, produces less drug
toxicity, and leads to a more durable effect than suppression of SASP by senomor-
phics. Therefore, development of senolytics has become a more attractive strategy to
combat aging and age-related diseases. This hypothesis has yet to be tested in future
studies.

To date, several classes of senolytic agents have been identified (Fig. 1.1),
including (1) naturally occurring compounds and their derivatives such as quercetin
(Xu et al. 2018; Zhu et al. 2015; Hickson et al. 2019), fisetin (Yousefzadeh et al.
2018; Zhu et al. 2017), piperlongumine and analogs (Wang et al. 2016; Zhang et al.
2018; Liu et al. 2018), curcumin analogs (Li et al. 2019) and cardiac glycosides
(Guerrero et al. 2019; Triana-Martínez et al. 2019); and (2) targeted therapeutics such

Fig. 1.1 Known senolytics that target different senescent cell (SnC) anti-apoptotic pathways
(SCAPs)
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as dasatinib (Xu et al. 2018; Zhu et al. 2015; Hickson et al. 2019), a non-specific
tyrosine kinase inhibitor; inhibitors of the anti-apoptotic Bcl-2 family proteins
(Zhu et al. 2015; Zhu et al. 2017; Chang et al. 2016; Yosef et al. 2016); HSP90
inhibitor and histone deacetylase (Fuhrmann-Stroissnigg et al. 2017); UBX0101
(Jeon et al. 2017), an inhibitor of the MDM2/p53 protein interaction; and a modified
FOXO4-p53 interfering peptide (IP) (Baar et al. 2017). The following is a brief
description of each of these known senolytics.

1.3.1 Senolytic Natural Compounds

Many natural products have anti-aging effects and are used as traditional medicines
and nutritional supplements to prevent or treat various age-related diseases, such as
resveratrol (Knutson and Leeuwenburgh 2008), berberine (Xu et al. 2017), rutin (Li
et al. 2016; Yang et al. 2012), catechin (Assuncao and Andrade 2015; Bernatoniene
and Kopustinskiene 2018), proanthocyanidin (Liu et al. 2018), ginkgo biloba extract
(EGb 761) (Sastre et al. 1998), ursolic acid (He et al. 2014; He et al. 2013) and other
phytomolecules (Mukherjee et al. 2011). Most of them are antioxidants and exert
their anti-aging functionsmainly by reducing oxidative damage. However, only a few
of them have been identified as senolytics, including quercetin (Xu et al. 2018; Zhu
et al. 2015; Hickson et al. 2019), fisetin (Yousefzadeh et al. 2018; Zhu et al. 2017),
piperlongumine and analogs (Wang et al. 2016; Zhang et al. 2018; Liu et al. 2018), the
curcumin analog EF24 (Li et al. 2019) and goldenrod extracts (Lämmermann et al.
2018), someofwhichhavebeenvalidatedby a recent studydonebyYousefzadeh et al.
(2018). They tested a panel of flavonoids, including resveratrol, curcumin, luteolin,
fisetin, rutin, epigallocatechin gallate, apigenin, pirfenidone, myricetin, catechin and
quercetin. Of which, fisetin showed the best senolytic activity, luteolin and curcumin
showedweak activity, while the others had almost no senolytic activity (Yousefzadeh
et al. 2018). In addition, two recent studies demonstrate that cardiac glycosides (CGs)
such as ouabain and digoxin function as broad-spectrum senolytics (Guerrero et al.
2019; Triana-Martínez et al. 2019).

1.3.1.1 Quercetin

Quercetin is a dietary flavonoid that can be found in a variety of vegetables and fruits
as well as in tea and red wine (Formica and Regelson 1995). Quercetin shows broad
biological activities, such as anti-obesity, antioxidant, anti-viral, anti-carcinogenic,
anti-bacterial and anti-inflammatory (Anand David et al. 2016). Indeed, quercetin
is widely used as a nutritional supplement and as a phytochemical remedy for vari-
ous diseases, such as cardiovascular dysfunction, diabetes/obesity, inflammation and
mood disorders. The strong antioxidant activity of quercetin enables it to quench free
radicals from forming resonance-stabilized phenoxyl radicals. Nevertheless, the low
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bioavailability, chemical instability and poor water solubility greatly hinder its appli-
cations (Wang et al. 2016). Thus, various strategies have been developed to improve
its stability, efficacy and bioavailability.

Levels of oxidative stress increase with age. Considering that quercetin is a potent
antioxidant, it has been hypothesized that quercetin may delay aging via reducing
oxidative damage. Administration of quercetin can reverse cognitive deficits in aged
mice (Singh et al. 2003) and promote longevity in Saccharomyces cerevisiae (Belinha
et al. 2007), which was attributed to its antioxidant activity. It was not identified as
a senolytic until 2015 when Dr. Kirkland’s group first discovered that quercetin is
a senolytic agent (Zhu et al. 2015). However, its senolytic activity was moderate
and cell type specific as it can only kill senescent human endothelial cells but not
senescent preadipocytes. Interestingly, when it was combined with dasatinib, they
became more effective than either agent alone in killing not only senescent human
endothelial cells but also preadipocytes and SnCs from many other tissue origins
(Zhu et al. 2015). For example, it was shown that naturally aged, radiation-exposed,
and progeroid Ercc1−/Δ mice exhibited a significant reduction in SnC burden after
the treatment with the combination of quercetin and dasatinib. More importantly,
this combination treatment improved the functions of multiple organs and delayed
many age-related pathologies in these mice, particularly extending the healthspan
in Ercc1−/Δ mice. Since then, the combination of quercetin and dasatinib have been
widely used to treat a variety of age-related diseases in mouse models (Zhang et al.
2019; Schafer et al. 2017; Roos et al. 2016; Ogrodnik et al. 2017; Nath et al. 2018;
Musi et al. 2018; Ogrodnik et al. 2019), including atherosclerosis (Roos et al. 2016),
pulmonary fibrosis (Schafer et al. 2017), hepatic steatosis (Ogrodnik et al. 2017),
chronic kidney disease (Nath et al. 2018), Alzheimer’s disease (Zhang et al. 2019;
Musi et al. 2018), and obesity (Ogrodnik et al. 2019). Moreover, two clinical studies
have been conducted to evaluate the safety of the combination of quercetin and
dasatinib in patients with idiopathic pulmonary fibrosis (Justice et al. 2019) and
diabetic kidney disease (Hickson et al. 2019). The results from these clinical studies
show that quercetin and dasatinib treatment was well tolerated and could reduce SnC
burden in these patients. However, quercetin is a polypharmacologic agent and its
mechanisms of action have not been well defined nor have their molecular targets
been identified and characterized. It remains unclear whether its therapeutic effects
are mediated by its senolytic activity, particularly considering that it is not a potent
senolytic agent and can only kill SnCs derived from a limited number of tissue origins
alone or in combination with dasatinib in vitro (Yousefzadeh et al. 2018; Hwang et al.
2018; Grezella et al. 2018).

1.3.1.2 Fisetin

Fisetin is widely studied flavonoid extracted from various fruits and vegetables such
as apples, persimmons, grapes, cucumbers, strawberries and onions (Arai et al. 2000).
It is commonly used as a nutritional supplement and has a highly favorable safety pro-
file. In Japan, the average dietary intake of naturally occurringfisetin is approximately
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0.4 mg/day (Arai et al. 2000; Kimira et al. 1998), apparently without any adverse
effects. Fisetin has numerous beneficial biological effects, including anti-oxidant,
anti-tumor, anti-angiogenic, anti-inflammatory, anti-hyperlipidemic and neuropro-
tective effects (Pal et al. 2016; Khan et al. 2013; Sundarraj et al. 2018). Like many
other flavonoids, fisetin acts as an antioxidant that can scavenge free radicals to confer
marked antioxidant activity and significant biological effects. Its anti-oxidative activ-
ity has been confirmed by both cyclic voltammetry assays and quantum-chemical-
based calculations (Marković et al. 2009). Accumulating data suggest fisetin as a
potent anti-tumor agent that can inhibit cancer cell proliferation and induce can-
cer cell apoptosis in a variety of cancer cell lines (Lall et al. 2016). Interestingly, the
effects are limited to cancer cells, as normal cells are less sensitive to fisetin treatment
(Lall et al. 2016), showing good selectivity against normal and cancer cells.

In 2017, fisetin was first found to selectively cause cell death in SnCs but not in
proliferating human umbilical vein endothelial cells (HUVECs) (Zhu et al. 2017).
However, it had no senolytic activity on senescent IMR-90 cells or primary human
preadipocytes (Zhu et al. 2017), indicating that its senolytic activity is cell-specific.
The senolytic activity of fisetin was validated by another study in which a series of
flavonoid polyphenols were tested for senolytic activity using SnCs (Yousefzadeh
et al. 2018). Among the flavonoids tested, fisetin was the most potent one to induce
SnC death. More importantly, treatment of progeroid Ercc1−/Δ and naturally aged
mice with fisetin reduced SnC burden in multiple tissues, which resulted in a signifi-
cant improvement in tissue homeostasis, reduced age-related pathology and moder-
ately extended median and maximum lifespan of naturally aged mice (Yousefzadeh
et al. 2018). Again, it has yet to be determined whether the therapeutic effects are
mediated by its senolytic activity as fisetin is also a polypharmacologic agent that has
been shown to extend the replicative lifespan of S. cerevisiae (Howitz et al. 2003) and
the lifespan of D. melanogaster (Wood et al. 2004) in part via activation of sirtuins.

1.3.1.3 Piperlongumine

Piperlongumine is a biologically active extract from Piper species. It is the major
alkaloid from long pepper and other important medicinal plants (Bezerra et al.
2013). Piperlongumine has wide pharmacological activities, such as anti-tumor,
anti-angiogenic, anti-platelet aggregation, anti-metastatic, anti-nociceptive, anti-
depressant, anti-atherosclerotic, anti-diabetic, and anti-bacterial (Bezerra et al. 2013).
The anti-cancer activities of piperlongumine have been widely studied. It can kill
various cancer types, including leukemia and solid tumors, such as skin, colon,
breast, lung, central nervous system (CNS), nasopharyngeal, pancreatic, osseous,
renal, bladder and prostate cancers (Bezerra et al. 2013; Piska et al. 2018). Inter-
estingly, piperlongumine shows selective cytotoxicity over cancer cells and only
displays weak cytotoxicity to normal cells (Bezerra et al. 2013). For example, it can
suppress leukemia cell growth and reduce tumor cell viability by inducing apop-
tosis, but only has weak cytotoxicity to normal lymphocytes (Bezerra et al. 2007).
Mechanistic studies reveal that piperlongumine functions as an antitumor agent via
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regulating multiple signal transduction pathways, including the mitochondrial apop-
tosis pathway, receptor tyrosine kinase (Raf-1) and extracellular signal-regulated
kinases (ERK1/2) (Bezerra et al. 2013). Additionally, piperlongumine can suppress
tumor progression and migration in vivo. The anticancer effect of piperlongumine
has been proposed through its inhibition of oxidative stress response enzymes such
as GSTp1 and CRB1, resulting in selective induction of ROS production in cancer
cells but not in normal cells (Bezerra et al. 2013).

By screening a library of small molecules that target pathways predicted to be
important for SnCs survival,Wang et al. identified piperlongumine as a novel lead for
the development of senolytic agents (Wang et al. 2016). Piperlongumine selectively
kills senescent human WI-38 fibroblasts induced by ionizing radiation, replicative
exhaustion, or ectopic expression of the oncogene Ras. It induces SnCs apoptosis via
activing the caspase cascades as pretreatment with the pan-caspase inhibitor Q-VD-
OPh (QVD) can significantly block the apoptosis. Piperlongumine was reported to
kill cancer cells by inducing the production of ROS. However, it cannot induce ROS
production in SnCs (Wang et al. 2016). Interestingly, piperlongumine synergistically
killed SnCs in combination with ABT263, a Bcl-2/Bcl-xL inhibitor. Initial structural
modifications to piperlongumine identified a series of analogswith improved potency
and/or selectivity in inducing SnC death (Liu et al. 2018). However, the mechanisms
by which piperlongumine kills SnCs are largely unknown. Dr. Zhou’s lab identified
a series of potential molecular targets of piperlongumine using a piperlongumine-
based chemical probe to pull-down piperlongumine-binding proteins from live cells.
One of them is oxidation resistance 1 (OXR1), an important antioxidant protein that
regulates the expression of a variety of antioxidant enzymes. They found that OXR1
was upregulated in senescentWI-38 fibroblasts. Piperlongumine can bound to OXR1
directly and induce its degradation through the ubiquitin-proteasome system in an
SnC-specific manner (Zhang et al. 2018). These findings provide new insights into
the mechanism by which SnCs are highly resistant to oxidative stress and suggest
that OXR1 is a novel senolytic target of piperlongumine that can be further exploited
for the development of new senolytic agents. However, whether piperlongumine and
its analogs can function as a senolytic agent in vivo has yet to be determined.

1.3.1.4 EF24

Curcumin is a hydrophobic polyphenol derived from the rhizome of the herb
Curcuma longa, and is a well-defined natural compound with a variety biological
activities, such as anti-cancer, anti-oxidation, anti-inflammation, and anti-microbial
(Aggarwal and Harikumar 2009; Anand et al. 2008; Gupta et al. 2013; Hatcher et al.
2008; Maheshwari et al. 2006). Curcumin was found to have therapeutic potential
and benefits in delaying aging and has been used to prevent and treat certain
age-associated diseases (Grill et al. 2018; Takano et al. 2018; Yang et al. 2017). It
has been shown to extend lifespan and healthspan inDrosophila melanogaster (fruit
fly) (Chandrashekara et al. 2014) and Caenorhabditis elegans (Liao et al. 2011).
However, its low potency and poor bioavailability limit its clinical applications



10 Y. He et al.

(Shoba et al. 1998). A series of curcumin analogs have thus been developed in order
to improve its bioavailability and therapeutic efficacy, such as EF24 (Adams et al.
2005; He et al. 2018), HO-3867 (Selvendiran et al. 2009), 2-HBA (Dinkova-Kostova
et al. 2007) and dimethoxycurcumin (DIMC) (Tamvakopoulos et al. 2007), which
were demonstrated to be more active than curcumin in reducing age-dependent
deterioration, such as cancer and inflammation.

Curcumin was reported to have weak senolytic activity in a recent study (Youse-
fzadeh et al. 2018). However, Li et al. identified EF24 as a more potent senolytic
agent than other curcumin analogs tested including HO-3867, 2-HBA and DIMC
(Li et al. 2019). They revealed that EF24 reduced cell viability not only in ion-
izing radiation induced SnCs, but also in SnCs induced by extensive replication or
ectopic transfection of theRas oncogene.Moreover, EF24 displayed broad-spectrum
senolytic activity against different types of SnCs, including human IMR-90 fibrob-
lasts, HUVECs and human renal epithelial cells (Li et al. 2019). EF24 was reported
to induce apoptosis in various tumor cells in part by inducing ROS production and
endoplasmic reticulum stress. However, EF24 did not induce ROS production in
SnCs, indicating that its senolytic activity is ROS-independent. Instead, they found
that EF24 could reduce the expression of Bcl-xL and Mcl-1 in SnCs but not in nor-
mal cells, probably via proteasomal degradation. The findings provide new insights
into the mechanisms by which curcumin analogs function as anti-aging agents, and
suggest the potential of EF24 to be a novel senolytic agent for the treatment of
age-related diseases.

1.3.1.5 Cardiac Glycosides (CGs)

Two groups recently discovered that CGs including ouabain and digoxin are potent
and broad-spectrum senolytics (Guerrero et al. 2019; Triana-Martínez et al. 2019).
These CGs could kill a variety of SnCs from different species and tissues origins
and induced by different stressors in vitro. They selectively killed SnCs primarily by
inhibiting theNa+/K+ ATPaseon the plasmamembrane,which caused the disturbance
of intracellular concentrations of Na+, K+ and H+ more profoundly in SnCs than non-
SnCs, and subsequently led to the loss of membrane potential and acidification of
the cells. In addition, SnCs are more susceptible to this disturbance than non-SnCs
because SnCs exhibit partial depolarization of their plasma membrane and have a
higher concentration of H+ than non-SnCs under basal conditions.

CGs also exhibit strong senolytic activity in vivo. For example, it was shown
that administration of ouabain or digoxin to mice effectively eliminated oncogene-
induced pre-neoplastic SnCs in the liver and pituitary, SnCs induced by radiation in
the lungs, and SnCs accumulated in different tissues with aging. The elimination of
SnCs in these mice led to decrease in the expression of SASP, suppression of tis-
sue fibrosis and improvement of various physiological functions. Furthermore, CGs
were highly cytotoxic to senescent cancer cells induced by various chemotherapeutic
agents, resulting in a significant improvement in tumor response to chemotherapy in
a lung cancer xenograft mouse model and a patient-derived breast cancer xenograft
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mouse model. These findings suggest that CGs have the potential to be used as
effective treatments for a variety of age-related diseases including cancer.

1.3.2 Targeted Senolytics

Almost all targeted senolytics identified to date are repurposed anticancer agents
that target SCAPs. These senolytics are in general more potent than naturally occur-
ring senolytic compounds with the exception of CGs. However, these repurposed
senolytics usually possess various on-target and/or off-target toxicities, which may
preclude their clinical use as anti-aging agents as older people aremore susceptible to
adverse drug effects than younger individuals and less tolerant of cancer drug toxicity.
Therefore, strategies to reduce on-target and/or off-target toxicity of known targeted
senolytics are needed to generate safer targeted senolytics for clinical translation.

1.3.2.1 Dasatinib—A Pan Tyrosine Kinase Inhibitor

Dasatinib was one of the first senolytics discovered by Zhu et al. (2015). Dasatinib
is a pan tyrosine kinase inhibitor that is known to promote tumor cell apoptosis via
inhibiting a variety of cell survival pathways, including the down-stream pathway of
ephrins or ephrin-B (EFNB) family members that are upregulated in SnCs. Dasatinib
preferentially reduced the viability in senescent human preadipocytes, but was much
less cytotoxic to senescentHUVECs.However,when itwas combinedwith quercetin,
they were more potent than either agent alone in killing different types of SnCs.
Therefore, the combination of dasatinib and quercetin have been widely used to
clear SnCs in various mouse models to treat different age-related diseases and tested
in two clinical trials as we discussed earlier in Sect.1.3.1.1. However, the mechanism
of action of dasatinib and the specific tyrosine kinase targeted by dasatinib tomediate
its senolytic activity have yet to be determined. Identification of the specific senolytic
target of dasatinib can lead to the development of more specific and potent senolytic
agents that can reduce the off-target toxicity of dasatinib.

1.3.2.2 Inhibitors of the Bcl-2 Family Antiapoptotic Proteins

Resistance to apoptosis is a hallmark of SnCs (Wang 1995; Childs et al. 2014; Sasaki
et al. 2001; Hampel et al. 2005; Soto-Gamez et al. 2019). Various SnCs may use
different SCAPs to resist apoptosis. The Bcl-2 family proteins, consisting of both
antiapoptotic and proapoptotic proteins, play important roles in the regulation of
apoptosis (Youle and Strasser 2008). These proteins share sequence homologywithin
conserved regions known as Bcl-2 homology (BH) domains. The Bcl-2 antiapoptotic
proteins are multi-BH-domain proteins including Bcl-2, Bcl-xL, Mcl-1, Bcl-w and
Bfl1. They can inhibit apoptosis by binding to the multi-BH-domain and BH3-only
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proapoptotic proteins. Among the Bcl-2 antiapoptotic proteins, Bcl-xL has been
primarily implicated in SnC resistance to apoptosis because inhibition of Bcl-xLwith
a Bcl-xL specific inhibitor (such as A-1331852) or a Bcl-2 and Bcl-xL dual inhibitor
(such as ABT263 or ABT737) can potently and selectively induce apoptosis in a
variety of SnCs (Zhu et al. 2017; Chang et al. 2016; Yosef et al. 2016; Zhu et al.
2016), whereas inhibition of Bcl-2 and Mcl-1 alone with their specific inhibitors has
no or weak effect on SnC survival (Chang et al. 2016; Yosef et al. 2016). However,
inhibition of Bcl-2 and Bcl-w may contribute to the cytotoxic effect of the Bcl-xL
inhibitors ABT263 and ABT737 on SnCs.

Themechanism bywhich Bcl-xL inhibition selectively induces apoptosis in SnCs
may be attributable to the persistent stress endured by SnCs, which can upregulate
the expression of some of the proapoptotic proteins such as Bcl-2 antagonist/killer
(BAK) (Chang et al. 2016). To counteract the effect of these proapoptotic proteins
for survival, SnCs also express a higher level of antiapoptotic proteins such as Bcl-
xL (Chang et al. 2016; Yosef et al. 2016). Therefore, inhibition of Bcl-xL with an
inhibitor can release Bcl-2-interacting mediator of cell death (BIM) and other BH3
proteins, which in turn activates BAK and/or Bcl-2-associated X protein (BAX).
The activation of BAX and/or BAK at the mitochondrial membrane induces their
oligomerization and formation of the macropores that causes mitochondrial outer
membrane permeabilization (MOMP).MOMP results in the release of cytochromeC
frommitochondria to the cytoplasm, which binds to the apoptotic protease-activating
factor 1 (APAF1) to form the apoptosome. The apoptosome then induces a cascade
activation of the initiator caspase (caspase 9) and executioner caspases (caspases 3,
6 and 7) to dismantle the cells (Czabotar et al. 2014).

Because ABT263 is one of the most advanced Bcl-2 and Bcl-xL dual inhibitor
drug candidate, it has been extensively evaluated as a senolytic agent. Dr. Zhou’s
and other labs have found that ABT263 can potently kill a variety of SnCs in cell
culture with a few exceptions (such as senescent chondrocytes and synovial fibrob-
lasts in the osteoarthritic joint), whereas it has minimal effect on their non-senescent
counterparts (Zhu et al. 2015; Chang et al. 2016; Yosef et al. 2016). These findings
suggest that ABT263 is a potent and broad-spectrum senolytic agent. This suggestion
is supported by the finding that treatment of mice with ABT263 can effectively clear
SnCs in various murine tissues. More importantly, clearance of SnCs with ABT263
can rejuvenate aged hematopoietic stem cells (HSCs) and the senescent hematopoi-
etic system in aged mice (Chang et al. 2016) and ameliorate several pathological
conditions associated with aging such as atherosclerosis, dementia and pulmonary
fibrosis (Childs et al. 2016; Pan et al. 2017; Bussian et al. 2018). However, the on-
target toxicity of thrombocytopenia induced by Bcl-xL inhibition prevents the use
of ABT263 and other Bcl-xL specific inhibitors in clinic even for cancer patients,
because platelets also depend on Bcl-xL for survival (Ashkenazi et al. 2017; Gandhi
et al. 2011; Leverson et al. 2015; Souers et al. 2013). Therefore, strategies that can
be used to overcome this on-target toxicity will be needed in order to generate a safer
and more effective Bcl-xL targeting senolytic agent for clinical translation. Alter-
natively, a combination therapy with lower doses of different senolytic agents may
provide a synergy to more effectively clear SnCs while reducing their on-target and
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off-target toxicity as seen with the combination of quercetin and dasatinib (Zhu et al.
2015) and ABT263 plus piperlongumine (Wang et al. 2016).

1.3.2.3 HSP90 Inhibitors

HSP90 is a molecular chaperone ubiquitously expressed in cells and tissues. It plays
an important role in the regulation of protein stability. It is upregulated inmany differ-
ent types of cancers and required for the stability and function of numerous oncogenic
signaling proteins as well as certain anti-apoptotic factors (Solárová et al. 2015).
Therefore, several HSP90 inhibitors have been developed as potential anticancer
agents. It has been well established that SnCs are under proteotoxic stress (Pluquet
et al. 2015) and thus potentially are more dependent on HSP90 for survival than non-
SnCs. Indeed, Fuhrmann-Stroissnigg et al. recently reported that HSP90 inhibitors
such as 17-DMAG are senolytics (Fuhrmann-Stroissnigg et al. 2017). These HSP90
inhibitors can selectively kill a variety of SnCs from mouse and human. Mechanic
study reveals that inhibition of HSP90 with an inhibitor disrupts the interaction of
HSP90with the phosphorylatedAKT, leading to the destabilization of the active form
of AKT that is important for the induction of cellular senescence and SnC survival.
More importantly, it was shown that periodic treatment of Ercc1−/Δ progeroid mice
with 17-DMAG reduced the tissue burden of SnCs and delayed the onset of several
age-related phenotypes and pathologies. However, to translate 17-DMAG into clinic
for the treatment of age-related diseases, we need to generate analogs of 17-DMAG
to improve its pharmacokinetic and pharmacodynamic properties and reduce its side
effects (Mellatyar et al. 2018).

1.3.2.4 FOXO4-p53 Interfering Peptide (IP) and MDM2 Inhibitors

p53 is a well-known tumor suppressor that acts as a double-edged sword in regulation
of cellular senescence and aging (Wu and Prives 2018; Johmura andNakanishi 2016).
Increases in the levels and activity of p53 occur when cells enter a pre-senescent stage
upon activation of theDNAdamage response (DDR) pathway, which plays an impor-
tant role in the initiation of cellular senescence. In addition, direct activation of p53
by MDM2 inhibition with nutlin-3a can also induce senescence in mouse fibroblasts
without induction of DNA damage and activation of the DDR pathway (Efeyan et al.
2007). However, in many types of cells, p53 levels reduce to a level that is below
the basal levels of p53 in non-SnCs when they become senescent (Kim et al. 2015).
The reduction of p53 in SnCs may protect them from apoptosis because p53 is one
of the most important apoptosis determinants and can induce apoptosis through both
transcription-dependent and -independent mechanisms (Fridman and Lowe 2003).
In addition, the reduction of p53 activity was found in various tissues in aged mice
(Feng et al. 2007), which may contribute to the accumulation of SnCs and higher
prevalence of cancer due to reduced apoptosis during aging. Therefore, restoration
of p53 activity has the potential to eliminate SnCs via induction of SnC apoptosis.
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This hypothesis was supported by the finding that increases in p53 transcriptional
activity via disruption of the interaction between FOXO4 and p53 using a FOXO4
peptide selectively induced apoptosis in SnCs in cell culture and effectively cleared
SnCs in mice (Baar et al. 2017). In their study, they found that FOXO4 was ele-
vated to maintain cell viability in SnCs. Subsequently, they designed a peptide called
FOXO4-DRI which can disrupt PML/DNA-SCARS, release active p53 in SnCs, and
selectively and potently target SnCs for p53-dependent apoptosis. In vivo, FOXO4-
DRI counteracted chemotherapy-induced senescence and loss of liver function, as
well as loss of renal function in fast-aging mice.

However, there are still some challenges to use peptides as a therapeutics in clinic.
Alternatively, p53 can be activated by inhibition of the interaction between MDM2
and p53 to selectively kill SnCs. This is because the levels and activities of p53 are
primarily regulated at the level of post-transcription via the MDM2-mediated ubiq-
uitination and proteasome degradation (Kruse and Gu 2009), and inhibition of the
interaction between MDM2 and p53 with an inhibitor can increase p53 stability and
activity (Moll and Petrenko 2003). Indeed, it was reported recently that UBX0101, an
inhibitor of MDM2, could selectively kill SnCs in vitro and effectively clear them in
mice with post-traumatic osteoarthritis after local therapy. However, systemic treat-
ment withMDM2 inhibitors can be risky because it causes substantial hematopoietic
suppression and gastrointestinal toxicity (Tisato et al. 2017). It has yet to be deter-
mined whether these adverse effects are on-target toxicities or off-target side effects.
Therefore, MDM2 inhibitors may be only suitable for clearing SnCs to treat age-
related diseases such as osteoarthritis via local administration. It will be important
to find an alternative strategy to activate p53 without causing significant normal tis-
sue toxicity. This would be more desirable for the development of a better senolytic
agent that can be safely used in elderly individuals who are more susceptible to drug
adverse effects than young people.

1.4 Conclusions

While natural senolyticsmay have the advantages of low toxicity, they are usually less
potent than targeted senolytics and thus have to be combined with other senolytic
agents to be effective in clearing SnCs (Zhu et al. 2015), except CGs (Guerrero
et al. 2019; Triana-Martínez et al. 2019). The mechanisms of action of most natural
senolytics have not been well defined nor have their molecular targets been identi-
fied and characterized, making it very difficult to rationally modify the compounds
to improve their senolytic activity. In contrast, almost all the targeted senolytics dis-
covered are repurposed anticancer agents except the FOXO4-p53-IP (Kirkland and
Tchkonia 2017; Childs et al. 2017; Niedernhofer and Robbins 2018). These repur-
posed senolytics usually possess various on-target and/or off-target toxicities, which
could preclude their clinical use as anti-aging agents because older people are more
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susceptible to adverse drug effects than younger individuals and less tolerant to can-
cer drug toxicity. Therefore, strategies to reduce on-target and/or off-target toxicity
of known targeted senolytics are urgently needed.
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Chapter 2
Discovery of Senolytics and the Pathway
to Early Phase Clinical Trials

Erin O. Wissler Gerdes, Yi Zhu, Tamar Tchkonia, and James L. Kirkland

Abstract Cellular senescence is one of the fundamental mechanisms of aging.
Senescent cells accumulate at etiological sites of age-related diseases and can secrete
factors that cause dysfunction at local and systemic levels. The discovery of senolyt-
ics, drugs that specifically target senescent cells, has opened an innovative pathway
for treating age-related diseases. Successes in pre-clinical models have led to first-
in-human trials. If effective, senolytics could have a profound impact on alleviating
age-related disorders and diseases.

Keywords Senolytics · Dasatinib · Quercetin · Fisetin · SASP · Cellular
senescence · SCAPs

2.1 Introduction

Aging is the leading risk factor for most serious chronic diseases and disabilities
including dementias, cancers, cardiac disease, vascular diseases, atherosclerosis,
osteoporosis, arthritis, diabetes, metabolic syndrome, renal failure, blindness, and
frailty (Miller 2002; Kirkland 2013). Although age-related chronic conditions are
the major drivers of morbidity, mortality, and health costs, most have been difficult
to control. The number of chronic disease conditions per individual increases with
aging, leading to multi-morbidity (St Sauver et al. 2015), thus circumventing the
public health impact of preventing any single age-related disease (Miller 2002; Fried
et al. 2009). In addition to chronic diseases, aging predisposes to geriatric syndromes
and reduced resilience. Geriatric syndromes include frailty, sarcopenia, immobility,
falling, depression,mild cognitive impairment, incontinence, andweight loss, among
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other problems (Inouye et al. 2007). Decreased physiological resilience entails fail-
ure to respond to or recover from stresses, such as pneumonia, stroke, heart attacks,
dehydration, chemotherapy, surgery, fractures, or vaccinations (Kanapuru and Ersh-
ler 2009; Bandeen-Roche et al. 2009; Qu et al. 2009; Walston et al. 2009; Leng et al.
2007; Walston et al. 2006; Fried et al. 2001; Walston et al. 2002; Bandeen-Roche
et al. 2006; Rockwood et al. 2006; Kirkland et al. 2016; Hadley et al. 2017).

An ideal strategy for addressing age-related chronic diseases, geriatric syndromes,
and decreased resilience may be a “root cause” approach: targeting the fundamental
aging mechanisms that represent shared upstream contributors or drivers of all of
these conditions. Such a strategy could delay, prevent, or alleviate these conditions
as a group, instead of adhering to the traditional one-disease-at-a-time approach. By
one estimate, a 2% delay in the progression of aging processes would lead to an
increase of 10 million healthy, as opposed to disabled, elderly people in the US by
2060 compared to doing nothing, delaying cancer, or delaying heart disease, with a
savings in US health costs of $7.1 trillion over 50 years (Goldman et al. 2013).

Aging has long been recognized as the leading risk factor for most chronic dis-
eases, geriatric syndromes, and decreased resilience, yet the fundamental aging pro-
cesses that predispose to these conditions have only recently become viewed as
potentially modifiable (Kirkland 2013; Tchkonia et al. 2013; Kirkland 2016). Sup-
porting the view that interventions targeting basic aging processes could be feasible
are the findings that: (1) Maximum lifespan is extended and age-related diseases are
delayed across species by a number of single gene mutations (Bartke 2011; Pilling
et al. 2017), suggesting pathways affected by these mutations could be therapeutic
targets; (2) Humans who live beyond age 100, a partly heritable trait, frequently
have delayed onset of age-related diseases and disabilities (Lipton et al. 2010), lead-
ing to compression of morbidity and enhanced healthspan; (3) Caloric restriction,
which increases maximum lifespan, is associated with delayed onset of multiple
chronic diseases in animal models (Anderson and Weindruch 2012); (4) Rapamycin
increases lifespan and appears to delay cancers, age-related cognitive decline, and
frailty in mouse models (Harrison et al. 2009; Bitto et al. 2016); (5) Factors produced
by stem cells or in blood from young individuals may alleviate dysfunction in older
individuals (Conboy et al. 2005; Lavasani et al. 2012; Villeda et al. 2014); and (6)
Senescent cell accumulation is associated with chronic inflammation, fibrosis, and
stem and progenitor cell dysfunction that in turn promote many age-related chronic
diseases and geriatric syndromes (Tchkonia et al. 2013; Zhu et al. 2014). Senolytic
drugs, which selectively eliminate senescent cells, delay age-related disorders, and
enhance both health and life span in mice (Tchkonia 2017; Kirkland et al. 2017; Zhu
et al. 2015; Roos et al. 2016; Schafer et al. 2017; Ogrodnik et al. 2017; Farr et al.
2017), as do a number of other drugs and lifestyle interventions.While senolytics and
other agents that target fundamental aging processes were discovered only recently
and in some cases are not yet published, the aging field is at the point of beginning
to translate these interventions from lower mammals to humans
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Fig. 2.1 Timeline depicting the discovery of senolytics. The discovery of senolytics began with
the discovery of senescent cells in 1961 by Hayflick and Moorehead (1961). Developing senolytics
began before and independently from making or studying INK-ATTAC mice
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2.2 Cellular Senescence

Hayflick and Moorehead (1961) (Fig. 2.1) discovered senescent cells in 1961. These
cells, which appeared after serial subculturing of human embryonic fibroblasts, had
loss of replicative capacity but remained viable. This prompted work to test the
hypothesis that aging leads to accumulation in vivo of pre-senescent cells, which
have limited remaining replicative potential, and senescent cells, which are viable
but cannot replicate. In 1979, Schneider et al. found this to be true in human skin
fibroblasts (Schneider 1979). In 1990, we observed this to be the case in primary
fat cell progenitors (preadipocytes) in adipose tissue cloned from rats across the
age spectrum, one of the cell types employed to discover senolytics (Kirkland et al.
1990).

A key article by Sharpless et al. in 2004 showed inAmes dwarfmicewith pituitary
hormone deficiencies as well as in calorically restricted mice, models in which both
healthspan and lifespan are increased, that senescent cell accumulation is delayed
(Krishnamurthy et al. 2004). This article was critical in prompting us to begin test-
ing the hypothesis that targeting senescent cells may alleviate multiple age-related
disorders. We had noted that the preadipocytes with restricted replicative poten-
tial that accumulate with aging in adipose tissue and fail to differentiate into fat
cells also have increased expression of the inflammatory cytokine, TNFα (Kirk-
land et al. 2002). Before their key publication in 2008 (Coppé et al. 2008), Campisi
et al. presented their finding that senescent cells can secrete a range of inflammatory
and pro-apoptotic factors, the senescence-associated secretory phenotype (SASP)
at meetings. This suggested that senescent cells have the potential to damage tis-
sues in vivo, further prompting us to test if the increased burden of senescent cells
with aging could be a cause of local and systemic dysfunction. Thus, in 2004/5 we
began to test the hypothesis that selectively targeting senescent cells is a promising
strategy for restoring function in old age and for delaying or preventing age-related
disease onset. We began exploratory efforts to develop senolytic agents, a strategy
we published several years later (Kirkland and Tchkonia 2014).

2.3 Senescent Cell Burden/Accumulation

Senescent cells are resistant to apoptosis (Munoz-Espin andSerrano2014). Senescent
cells appear with aging in a number of tissues and develop at sites of pathogenesis of
several chronic diseases. Accumulation of senescent cells can cause extensive local
and systemic dysfunction due to their pro-inflammatory SASP (Coppé et al. 2008,
2010; Kuilman and Peeper 2009). In pre-clinical experiments, we showed transplant-
ing small numbers of senescent cells around the knee joints of young mice induces
an osteoarthritis-like phenotype, while transplanting non-senescent cells did not (Xu
et al. 2018).Additionally, transplanting1million radiation- or chemotherapy-induced
senescent autologous ear fibroblasts or syngeneic preadipocytes intraperitoneally
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into lean, adult mice, so that only 1/10,000 of all cells in the transplanted mice were
senescent cells, induced impaired physical function and shortened lifespan due to
early onset of all of the same age-related diseases that cause death in older naturally-
aged mice (Xu et al. 2018). Transplanting non-senescent cells into control mice did
not do this, nor did transplanting 500 thousand as opposed to 1 million senescent
cells. However, transplanting 500 thousand senescent cells into diet-induced obese
(DIO) adult mice, which have more senescent cells than lean mice, or into old mice,
was sufficient to cause the accelerated aging-like state. This suggests that there is a
threshold of senescent cells, pre-existing plus transplanted, above which the acceler-
ated aging-like state occurs. These observations further suggest the potential value
of interventions that target senescent cells.

2.4 Development of Senolytics

The first senolytics were ultimately identified using a mechanism-based approach
informed by their modes of action and targets, rather than a random approach such
as screening libraries of compounds. As stated above, our efforts to find senolytics
began in 2004/5 (Fig. 2.1), with initial attempts to create fusion proteins comprising a
senescent cell surface binding domain coupled to a toxin, high throughput compound
library screens for agents that eliminate senescent but not non-senescent cells, and
other approaches. These traditional approaches did not achieve our goal. We there-
fore turned to a hypothesis-driven drug discovery approach. Our hypotheses were:
(1) senescent cells resist apoptotic stimuli, implying the existence of pro-survival—
anti-apoptotic defenses against their own SASP and harsh metabolic internal state
and (2) in some respects, senescent cells are like cancer cells that do not divide (Zhu
et al. 2015). Our hypothesis driven, mechanism-based approach led to discovery of
the first senolytics, the combination of Dasatinib plus Quercetin, within amonth after
starting this work in May, 2013 [published in March, 2015 (Zhu et al. 2015)] and
more senolytics subsequently (Zhu et al. 2016, 2017; Fuhrmann-Stroissnigg 2017).

We asked how senescent cells expressing a SASP can survive, despite their own
highly pro-apoptotic and metabolically-distinct, potentially damagingmilieu. Build-
ing upon bioinformatics data derived from proteomic and transcriptomic profiles of
senescent versus non-senescent cells, we searched for senescent cell anti-apoptotic
pathways (SCAPs).We identified several such potential SCAPs (ephrins/dependence
receptors; PI3Kδ/Akt/metabolic; Bcl-2, Bcl-xl, Bcl-w; p53/FOXO4a/p21/serpine
[PAI-1&2]; HIF-1α) (Zhu et al. 2015; Baar et al. 2017) (Fig. 2.2) and then another,
the HSP-90 pathway (Fuhrmann-Stroissnigg 2017). We tested whether these SCAPs
are essential for senescent cell survival by targeting key proteins within these SCAP
pathways using RNA interference in senescent versus non-senescent human primary
preadipocytes and humanumbilical vein endothelial cells (HUVECs).Of the 39 small
interfering RNA’s (siRNA’s) targeting possible SCAPs, 17 caused death of senescent
but not non-senescent cells. We noted the patterns of SCAP pathways that prevent
self-induced death of senescent human preadipocytes differed considerably from
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Fig. 2.2 Network analysis to test links among EFNB-1, EFNB-3, PI3KCD, p21 (CDKN1A), PAI-1
(SERPINE1), PAI-2 (SERPINB2), BCL-xL, and MCL. Source Author

those required for survival of senescent endothelial cells. Senescent preadipocytes
rely on pathways related to tyrosine kinases involved in the apoptosis that can be
caused by dependence receptors (receptors that, if present on a cell but that are unoc-
cupied by a ligand, induce cell death by apoptosis, such as the ephrin receptors)
as well as p53- and p21-related pro-survival mechanisms and metabolically-related
apoptosis involving PI3-kinase, AKT, and, again, p53. Senescent preadipocytes did
not depend onBCL-2 family pro-survival proteins. Conversely, senescent endothelial
cells depended for survival on BCL-2 family members, particularly BCL-xL, com-
pared to non-senescent endothelial cells, as well as components of the PI3 kinase
and HIF-1α pathways.

To discover senolytic agents, senescent and non-senescent cells were treated with
46 drugs and natural products previously reported to target the key SCAP proteins
that we had identified through our RNA interference studies. Based on our starting
hypotheses, agents selected for testing included those reputed to have an effect against
cancers. By using this mechanism-based approach, Dasatinib (D) and Quercetin (Q)
were among the first senolytics we selected for more intensive investigation based
on their ability to target multiple nodes in the pro-survival SCAP networks we had
discovered. We also selected these compounds because D has been approved by the
FDA for use in humans since 2006 and Q is a natural product with a favorable safety
profile, potentially enabling progression to clinical trials. Furthermore, these agents
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were selected because both have short elimination half-lives, <11 h, in humans,
facilitating a “hit-and-run” intermittent treatment approach. As predicted, we found
D and Q are senolytic. From the RNA interference studies, D was predicted to be
senolytic for senescent human cultured preadipocytes but not human endothelial
cells, which turned out to be true. Also as predicted, Q was senolytic for endothelial
cells but not preadipocytes. The combination of D+Q, which together targets at least
8 SCAP pathway nodes (Fig. 2.2), was senolytic for both senescent preadipocytes
and endothelial cells. Thus, different types of senescent cells employ distinct SCAPs
to defend themselves against their own SASP and pro-apoptoticmilieu. In some types
of senescent cells, more than one SCAP pathway is engaged and these pathways can
be redundant. Therefore, for each type of senescent cell, targeting only one SCAP
pathway may not be sufficient to induce apoptosis. Combinations of senolytics that
target different SCAPs or individual drugs that are active against multiple targets are
required to overcome this redundancy. This novel concept goes against the traditional
drug development paradigm of “one drug-one target-one disease” (Fig. 2.3).

Of note, work to discover senolytics began before development of transgenicmice
fromwhichhighly p16Ink4a-expressing cells canbe removedusing a drug that acts on a
cell-killing construct, ATTAC that was originally devised by P. Scherer et al. (Trujillo
et al. 2005; Baker et al. 2011). Similarly, in p16-3MR mice, a drug-inducible killing
construct is expressed in highly p16Ink4a-expressing cells (Demaria et al. 2014). In
these engineeredmice, the drug-inducible killing construct is expressed in an inactive
form by placing the transgene under the control of the p16Ink4a promoter, either as an
inserted construct or, in the case of p16-3MRmice, within a minigene. Some, but not

Fig. 2.3 Single target pathway versus multiple targets. The first generation of senolytics were
discovered based on their mechanisms of action and targets. Senolytics, such as D+Q or Fisetin, go
against the “old-fashioned”model of one-drug, one target, and one disease. Ideally, senolytics should
act on senescent cells specifically versus causing apoptosis in multiple cell types (“panolytics”)
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all senescent cells express p16Ink4a and not every cell with high p16Ink4a expression is
senescent, for example non-senescent activatedmacrophages (Hall et al. 2016; 2017).
Unlike in the transgenic mice, senolytics do not act through targeting cells that have
high expression of p16Ink4a. Rather, senolytics selectively eliminate those senescent
cells that cause tissue damageby releasing the pro-apoptotic, proinflammatory factors
and proteases that are part of the SASP. Senolytics can also kill cancer cells, in
particular those types of cancer cells that release pro-apoptotic factors, such as certain
lymphoid malignancies. Indeed, one of the hypotheses used to develop the strategy
for discovering senescent cells is that senolytics should do so (Zhu et al. 2015). Thus,
senolytics act in a manner distinct from the removal of highly p16Ink4a-expressing
cells from the engineered animal models. It is therefore not a “given” that eliminating
highly p16Ink4a-expressing cells from the transgenic animal models will faithfully
mimic the effects of removing senescent cells using senolytic agents. Unlike the
transgenic animal approaches, senolytics are effective in wild-type mice without an
inserted transgene, the discovery of senolytics did not depend on or involve use of the
transgenic mice, and efforts to discover senolytics began before and independently
from development of the transgenic mice.

2.5 Target of Senolytics: Senescent Cells

Completely new drug development paradigms are needed to take senolytics into
clinical application, as may be the case for other types of interventions that target
“root cause” fundamental aging processes (Kirkland 2013, 2016; Newman et al.
2016; Huffman et al. 2016; Justice et al. 2016; Burd et al. 2016). Perhaps the closest
analogy regarding potential strategies for translating senolytics into clinical appli-
cation is that of antibiotics. Antibiotics or antibiotic combinations are developed to
target bacteria or other pathogens, not necessarily single molecular targets. In devel-
oping antibiotics, often a range of infections, for example respiratory and urinary
tract infections, skin infections, and septicemia, are tested using candidate agents,
rather than testing their effectiveness against only a single disease. Additionally, a
range of pathogens is generally tested for susceptibility to the antibiotic. Effects of
antibiotics alone or in combination are tested. The same may be the case for effec-
tively developing and translating senolytics into clinical application. The key drug
targets are senescent cells and the networks that sustain them, not a single molecule,
not a single biochemical pathway, nor a single receptor. Multiple senescent cell
types, senescence-associated diseases, and combinations of senolytics may need to
be considered to successfully translate senolytics into clinical application, unlike the
traditional one-drug/one-target/one-disease approach used for developing drugs that
target a receptor, an enzyme, or a biochemical pathway.

Combination of senolytic agents with SASP inhibitors, such as rapamycin, met-
formin, or ruxolitinib, might possibly interfere with effectiveness of the senolytics,
since senolytics act by allowing pro-apoptotic, proinflammatory SASP factors to kill
the senescent cells from which these factors are released by transiently disabling
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the SCAPs that protect the senescent cells. This theoretical problem may turn out to
be avoided by holding administration of SASP inhibitors for periods of time before
and after senolytics are administered in the course of intermittent senolytic drug
treatment regimens.

Since our report of D+Q, over a dozen more senolytics have been published
using essentially the same hypothesis-driven approach [reviewed in (Tchkonia
2017; Kirkland et al. 2017)]. One such senolytic, Fisetin, is a naturally occurring
flavonoid that selectively induces apoptosis in senescent but not proliferating human
umbilical vein endothelial cells (HUVECs) (Zhu et al. 2017; Yousefzadeh et al.
2018). Similarly to quercetin, Fisetin selectively reduced viability and numbers of
senescent HUVECs. This flavonoid is present in many fruits and vegetables such as
apples, persimmon, grapes, onions, and cucumbers, with high concentrations found
in strawberries (160 μg/g) (Khan et al. 2013). Its hydrophobic properties allow
Fisetin to penetrate cell membranes and accumulate within cells to exert antioxidant
effects (Ishige et al. 2001). It is widely available as a nutritional supplement and has
a low side effect profile, which makes it an attractive option for clinical trials.

Wefirst reported that targeting theBCL-2 pathway is a senolytic strategy inMarch,
2015 (Zhu et al. 2015). Knocking down BCL-xL mRNA by RNA interference killed
senescent human endothelial cells, but not senescent human preadipocytes or non-
senescent cells. Ten months later, we reported that Navitoclax, which targets BCL-
2 family members including BCL-xL and BCL-w, induces apoptosis in senescent
human endothelial cells, but not senescent human preadipocytes or non-senescent
cells (Zhu et al. 2015). Within 15 days of that report, another group had found
Navitoclax is senolytic and enhances bone marrow recovery following radiation in
mice (Chang et al. 2016). However, Navitoclax only eliminates a subset of senescent
cell types (e.g., endothelial cells) and not others (e.g., senescent preadipocytes) and
can cause off-target side-effects through eliminating non-senescent cells, such as
neutrophils and megakaryocytes or platelets. Also, unlike Dasatinib, which has been
approved by theUSFood andDrugAdministration (FDA) for clinical use since 2006,
Navitoclax is still not approved by the FDA for general clinical use.We subsequently
found the more specific BCL-xL inhibitors, A1331852 and A1155463, are senolytic,
at least for endothelial cells (Zhu et al. 2017), but again they have not been approved
for general clinical use by the FDA.

2.6 Mouse Models of Aging and Disease

After the initial finding that the combination of D+Q is senolytic for both senescent
preadipocytes and endothelial cells, we tested this first generation senolytic drug
combination in naturally-aged animals. In early 2015, we published our findings
that a single course of senolytics enhanced cardiac ejection fraction and improved
vascular reactivity in 24 month old mice, the equivalent to 75–80 years of age in
humans (Zhu et al. 2015). This was the first demonstration that targeting senescent
cells enhances healthspan parameters in naturally-aged mice. Later that year, we
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confirmed and extended that finding by treating naturally-aged mice with a SASP
inhibitor, Ruxolitinib. Metabolic healthspan parameters, including preservation of
subcutaneous fat and insulin sensitivity, were enhanced by targeting senescent cells
in these naturally-aged mice (Xu et al. 2015). Furthermore, total daily activity, rear-
ing activity, ambulation, ability to remain suspended by hanging on to a wire, grip
strength, and coordination were improved by targeting senescent cells in naturally-
aged mice (Xu et al. 2015). Subsequently, we and others found that senolytics allevi-
ate an impressive range of not only age-related phenotypes, but also chronic diseases
in pre-clinical animal models, including high fat diet-induced vascular hyporeactiv-
ity, vascular calcification, damaged cardiac muscle, age-related cardiac hypertrophy
and fibrosis, metabolic dysfunction and diabetes, chronic kidney disease, liver steato-
sis and fibrosis, pulmonary fibrosis, hyperoxia-induced airway disease, age-related
bone loss, and obesity-related neuropsychiatric dysfunction, among others (Roos
et al. 2016; Schafer et al. 2017; Ogrodnik et al. 2017; Farr et al. 2017; Xu et al. 2018;
Moncsek et al. 2017; Ogrodnik et al. 2019; Parikh et al. 2018; Lewis-McDougall
et al. 2019; Palmer et al. 2019; Lewis-McDougall et al. 2019; Anderson et al. 2019;
Kim et al. 2019; Musi et al. 2018; Zhang et al. 2019). Senolytics can reduce chronic
low-grade inflammation, protein aggregation, calcification, and fibrosis, the patho-
logical processes active at sites of etiology in many of the major chronic diseases
(Tchkonia 2017; Kirkland et al. 2017; Tchkonia and Kirkland 2018).

In a key studyfirst demonstrating that targeting senescence is a potentially disease-
modifying treatment for Alzheimer’s disease and other protein aggregation-related
neurodegenerative diseases, D+Q was shown to decrease brain senescence markers,
SASP factors, neurofibrillary tangles, andneuro-inflammation and to partially reverse
a measure of brain hypo-perfusion, decrease brain atrophy, and enhance cognition in
several different Tau+ Alzheimer’s disease mouse models (Musi et al. 2018; Zhang
et al. 2019). D+Q was next shown to be effective in β-amyloid-expressing mice,
another Alzheimer’s disease mouse model (Zhang et al. 2019). D+Q was effective
even if administered to 23 month old Tau+ mice with clinically-evident dementia
(Musi et al. 2018). Thus, it may be feasible to alleviate features of Tau+ dementia
even after the dementia has become clinically manifest, a scenario that is much
more translatable into initial clinical application than would be trials of preventing
development of dementia, since the latter would involve discerning which subjects
are most likely develop dementia before it becomes clinically evident, a difficult task
and one that would entail treating many subjects unnecessarily (since many subjects
with risk factors do not develop dementia or do so after a prolonged lag). Therefore,
clinical trials of senolytics for clinically manifest Alzheimer’s and related dementias
are about to start.

Based on our findings of pro-survival SCAP networks, we and others identified
the flavonoid Fisetin as senolytic in both HUVEC and IMR 90 cells. The senolytic
efficacy of Fisetin was tested in both murine models (progeroid and chronologi-
cal aged mice) and human tissues (Yousefzadeh et al. 2018). Intermittent treatment
with Fisetin reduced abundance of some types of senescent cells in multiple tissues.
Also, late interventionwith Fisetin restored tissue homeostasis, alleviated age-related
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pathology, and extended median and maximum lifespan. These characteristics sug-
gested the feasibility of translating Fisetin into human clinical studies, which are
now underway.

The first article about senolytics demonstrated that targeting senescent cells
improves function in naturally-aged animals (Zhu et al. 2015). Beneficial effects
on function in naturally-aged mice were subsequently confirmed in studies using the
original and later senolytics as well as SASP inhibitors (Xu et al. 2018; Yousefzadeh
et al. 2018; Xu et al. 2015).

2.7 Testing If a Drug Acts as a Senolytic Using a Modified
Set of Koch’s Postulates

Although there is evidence that senolytics may alleviate multiple conditions as con-
sidered above, proving that drugs actually alleviate a given age-related phenotype,
disorder, or disease because of senolytic as opposed to off-target effects is not triv-
ial and has not been established beyond doubt for many such conditions so far. To
prove conclusively that a candidate agent alleviates a condition because of senolytic
effects, we propose a set of 8 criteria based on Koch’s postulates of the type used to
prove causation in the case of infectious agents. These are considered below.

To establish causality using this modified set of Koch’ postulates, it would be
first necessary to show that senescent cells occur in tandem with the condition in
question: (1) Are senescent cells present in animals or humans with the condi-
tion? (2) Do individuals without senescent cells have the condition? Next, a way
to test if cellular senescence is sufficient to cause a condition is to (3) show that
the condition can be reproduced by inducing local accumulation of senescent cells.
This can be achieved by transplanting senescent cells, focal irradiation, or tissue-
specific genetic approaches to cause local senescent cell accumulation. For example,
it was first demonstrated that senescent cells are sufficient to cause osteoarthritis by
transplanting small numbers of syngeneic senescent mouse cells around the knee
joints of younger mice (Xu et al. 2016). After a couple of months, this resulted in
decreased mobility, knee joint pain, and radiographic changes characteristic of age-
related osteoarthritis, while transplanting equal numbers of non-senescent cells did
not cause this. In another example (also considered above), transplanting small num-
bers of senescent cells into middle-aged mice caused development of a frailty-like
state after a few weeks, with decreased physical function and endurance, as well as
accelerated onset of age-related diseases as a group (Xu et al. 2018). Causality can be
tested further by (4) determining if removing these transplanted or induced senescent
cells prevents or alleviates the condition. In the case of frailty or accelerated onset of
age-related diseases caused by transplanting senescent cells, D+Q reduced senescent
cell burden and indeed delayed or prevented these conditions. (5) It is then impor-
tant to test if targeting naturally-occurring senescent cells alleviates the condition
in question. This was achieved in the cases of frailty and age-related disease onset
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by treating naturally-aged, as opposed to younger transplanted mice with D+Q. (6)
Administering the potentially senolytic drugs being investigated should have few
or no effects related to the condition being tested in individuals without senescent
cells, for example in young mice. (7) Senolytics should alleviate the condition even
if given intermittently, at intervals longer than the drugs’ half lives, since senescent
cells can take 2–6 weeks to re-accumulate, at least in cell culture. In the case of D+Q,
the elimination half life is 11 h, but the drugs are as effective if administered monthly
as continuously, at least in the case of age-related osteoporosis (Farr et al. 2017).
(8) Finally, if an agent is truly senolytic, it should alleviate multiple age-related
conditions.

2.8 Clinical Trials

Senolytics were first developed using cells cultured from human subjects in order
to facilitate the path to translation into human application. Senolytics were next
shown to be effective in clearing senescent cells from mice and also for alleviating a
range of age- and senescence-related disorders in mice, including cardiac and vascu-
lar dysfunction, insulin resistance, cognitive dysfunction, age-related osteoporosis,
and frailty, among many others (see below). Furthermore, treatment with senolytics
alleviated the accelerated aging-like state induced by transplanting senescent ver-
sus non-senescent cells into young mice (Xu et al. 2018). Recently, senolytics were
shown to decrease senescent cell abundance in adipose tissue of humanswith diabetes
and obesity (Hickson et al. 2019) and to alleviate physical dysfunction in patients
with idiopathic pulmonary fibrosis, a cellular senescence-driven disease [see below
(Justice et al. 2019)].

Obesity with diabetes leads to accumulation of senescent cells in adipose tissue
of humans (Minamino et al. 2009). To test if senolytics can clear senescent cells
from human tissues, adipose tissue biopsied from obese, diabetic human subjects
undergoing surgery was treated with D+Q or vehicle for 48 h (Xu et al. 2018).Within
a few hours, the senescent cells in the freshly-isolated tissue began to undergo cell
death through apoptosis. This was associated with reduced release of SASP factors,
and increased expression of transcription factors that promote adipose tissue insulin
sensitivity and of metabolically beneficial factors, including adiponectin and adipsin.
Fisetin was also shown to reduce senescent cells from freshly-isolated human fat
(Yousefzadeh et al. 2018).



2 Discovery of Senolytics and the Pathway to Early Phase … 33

2.8.1 First-in-Human Trial of Senolytics: D+Q for Idiopathic
Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a senescence-associated, progressive, fatal
disease of the elderly for which treatments, other than lung transplantation, are at
best modestly useful. Senescent cells accumulate in subjects with IPF and are a
source of inflammatory and fibrotic mediators in this disease. In the Bleomycin
inhalationmousemodel of IPF,D+Qwasmore effective than another senolytic agent,
Navitoclax, in clearing senescent cells and D+Q alleviated pulmonary dysfunction,
attenuated weight loss, and improved exercise endurance in these mice (Schafer et al.
2017). A pilot, open-label clinical trial of 9 doses of oral D+Q over 3 weeks led to
improved 6-min. walk distance, walking speed, ability to get up from a chair, and
short physical performance battery by 5 days after the final dose in 14 subjects with
IPF (Justice et al. 2019). These results led to initiation of a Phase IIb randomized,
placebo-controlled, double-blind trial that is currently underway.

Approaches were devised to gain approvals of new tests for senescent cell burden,
a rapidly developing field, and of other tests of fundamental aging mechanisms
to be incorporated into the study without stopping the primary study each time
an amendment was submitted. Subject recruitment strategies had to be developed,
including adjusting and simplifying the study burden for the elderly subjects in the
trial.

2.8.2 Systemic Sclerosis

A reanalysis of archived skin biopsies from a trial of Dasatinib administered contin-
uously for 6 weeks to 3 subjects with systemic sclerosis with evidence of skin senes-
cent cells before treatment was conducted to test if senescent cells were removed
(Martyanov et al. 2019). Of 65 SASP factors assayed, 55 had decreased after the
course of Dasatinib, as were gene signature profiles linked to senescence.

2.8.3 Chronic Kidney Disease and Diabetes

A Phase 1, open-label, clinical trial of D+Q for subjects with diabetic kidney disease
(DKD) is underway at Mayo (ClinicalTrials.gov Identifier: NCT02848131). Interim
results were encouraging, showing that a 3 day oral course of D+Q in 9 subjects
with DKD caused reduced adipose tissue senescent cell burden by 11 days after
the last dose. Furthermore, a composite score of 10 circulating SASP factors was
significantly decreased 11 days after completing the 3 day D+Q intervention. This
trial is continuing (goal = 30) to test effects of senolytics on adipose tissue and
skin senescent cell abundance, blood and urine SASP factors, metabolic and renal
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function, inflammation, quality of life, and safety (drug toxicity) and tolerability.
No serious drug side effects have emerged so far and evidence continues to show
clearance of senescent cells. Each subject will be followed for 4 months after the
single course of D+Q. The goal is to provide data for a larger Phase IIb randomized,
placebo-controlled, double-blind trial of senolytics for DKD.

2.8.4 Alleviation of Frailty, Inflammation, and Related
Measures in Older Women

This Phase IIb double-blind, placebo-controlled clinical trial of a different senolytic
drug, Fisetin, to reduce senescent cell burden and alleviate frailty and inflamma-
tion in older women (AFFIRM) is underway at Mayo (ClinicalTrials.gov Identi-
fier: NCT03430037). Our groups recently reported an association between frailty in
elderly women and senescent cell burden in adipose tissue biopsies (Justice et al.
2017). In preclinical studies, we found Fisetin causes apoptosis of senescent human
endothelial cells (Zhu et al. 2017), among other senescent cell types. Fisetin alle-
viated frailty in progeroid and naturally-aged mice and extended median and max-
imum lifespan (Yousefzadeh et al. 2018). The latter finding has prompted testing
of continuous versus intermittent Fisetin administration in the NIA-Interventions
Testing Program (ITP). We arranged for isolation of Fisetin from plants in which
it is present, conducted FDA-required testing for contaminants, completed stability
and toxicity testing, prepared placebo capsules, conducted dose-escalation studies
in Rhesus monkeys, and gained an FDA-IND for testing effectiveness of Fisetin in
alleviating physical dysfunction in elderly women with the Fried frailty phenotype
and slow gait speed, as well as ancillary testing of senescent cell burden, metabolic
function, inflammation, and bone turnover. Along with the clinical trials mentioned
here, there are other trials launching in the near future, including 3 studying senolytics
for Alzheimer’s disease.

2.9 Translational Geroscience Network

In conducting the pre-clinical laboratory studies, completing the FDA and insti-
tutional approval processes, arranging for clinical trials to be conducted at multiple
sites, enrolling subjects, coordinating specimen and data processing and storage, and
harmonizing standard operating procedures (SOPs), many issues became apparent
that a coordinated research network could resolve.

The Translational Geroscience Network (TGN), made up of 8 academic medical
centers (Mayo, Harvard, Connecticut, Hopkins,Michigan,Wake Forest, UTHSCSA,
and Minnesota), was established to develop, implement, and test SOPs for transla-
tional early phase trials of agents that target fundamental aging processes. The overall
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goal is to facilitate and speed translation by optimizing resource utilization, while
avoiding duplication and counter-productive competition. This initial network will
engage in preclinical translational research, completing the appropriate regulatory
steps (e.g., acquiring INDs from the FDA), and assisting in developing several “use
case” proof-of-concept Phase I and II trials. By pursuing steps to translate drugs
that target fundamental aging mechanisms from bench to bedside concurrently and
by doing so in a coordinated way, it is hoped the TGN will accelerate development
of effective treatments. With luck, such interventions might be introduced clinically
within the next 5–15 years. Additionally, the creation of this network will allow
researchers from different sites to select, optimize, and validate ancillary measures
of fundamental aging processes to be assayed across all trials. Ultimately, one of the
long term goals of the TGN is to develop a biobanking and repository network where
researchers can share samples and data, allowing comparisons among interventions
targeting fundamental aging processes, including different senolytic drug regimens.

2.10 Enhancing Healthspan

Amethod for increasing healthspanmay be to remove damaging and potentially can-
cerous senescent cells and next to treat with trophic or anabolic factors. Removing
senescent cells before administering treatments that augment stem and progenitor
cell function or anabolic agents may: (1) increase effectiveness of the trophic or
anabolic agents by removing the “brake” on stem and progenitor cell function and
growth exerted by senescent cells and (2) reduce the risk of cancer that could com-
plicate administering trophic or anabolic agents to elderly individuals harboring pre-
cancerous or cancerous cells. Many of the recently discovered senolytic agents have
been in use for inducing apoptosis of cancer cells before their senolytic effects were
discovered (Tchkonia 2017; Kirkland et al. 2017). For example, Dasatinib is used for
treating certain hematological and other cancers (Keating 2017) and Quercetin can
delay or alleviate cancers (Chikara et al. 2018). Thus, treating with senolytic drugs
first might remove cancerous cells and senescent cells harboring potentially cancer-
ous mutations before trophic and anabolic factors are administered. This approach
for enhancing healthspan needs to be validated in pre-clinical experimental animal
studies.

Perhaps better senolytics reported after the discovery that D+Q is senolytic will
result in even more improvement of physical function, delay and alleviation of age-
related diseases, and lifespan extension than D+Q, although it is likely that these
improvements will not persist indefinitely. It seemsmuchmore likely that age-related
dysfunction and death will occur at some point because of other fundamental aging
processes, even if repeated administration of senolytics can completely and durably
eliminate senescent cells. To achieve amore substantial increase in healthspan than is
possible through senolytics alone, combining senolytic treatments with interventions
that target other aging processes may be more effective.
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2.11 Conclusions

Aging is a complex process that involves multiple factors that are comprised in a net-
work driving this process. Cellular senescence is a key agingmechanism that is part of
this network of fundamental aging mechanisms. Many fundamental aging processes,
including genomic instability, telomere dysfunction/shortening, metabolic dysregu-
lation, protein aggregation andmisfolding, and nuclearmembrane andmitochondrial
dysfunction, can initiate or drive cellular senescence, and senescent cells coupled
with their SASP factors can causally prime multiple aging processes, including stem
cell exhaustion, disrupted intercellular communications, protein aggregation, NAD+

depletion, and chronic inflammation, which eventually lead to aging phenotypes
and chronic diseases. If senescent cells are targeted and eliminated by senolytics,
many or perhaps all other aging processes might be alleviated, the Unitary Theory
of Targeting Fundamental Aging Mechanisms.

Since interventions that increase health- and life-span in mammals now exist, we
hypothesize that by targeting fundamental mechanisms of aging, clinical interven-
tions can be envisaged that could delay, prevent, or alleviate age-related conditions as
a group, instead of one-disease-at-a-time. If effective in humans, interventions target-
ing basic aging processes could have a substantially larger impact on healthspan and
costs than curing any one chronic disease, a potentially fundamental transformation
in health care (Miller 2002; Kirkland 2013, 2016).

Until safety and effectiveness of senolytic drugs have been established in clinical
trials, we strongly emphasize that these drugs are at an early stage of development.
There could be profound, serious, as yet unforeseen adverse effects of senolytics in
humans. At this point, senolytic agents must not be used outside of clinical trials
involving intensive monitoring for potential adverse effects. Senolytics are not ready
for general prescribing or clinical use.
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Chapter 3
Interconnection Between Cellular
Senescence, Regeneration and Ageing
in Salamanders

Qinghao Yu and Maximina H. Yun

Abstract Urodele amphibians have long served as key models for regenerative,
developmental and evolutionary biology research. Recent studies have uncovered
the induction of cellular senescence during limb regeneration. The dynamics of
senescence in this context reflects that observed in acute senescence, suggesting
that senescent cells may play positive roles in regeneration. Further, salamanders
possess a highly robust and efficient mechanism for senescent cell surveillance and
clearance. Given the causal role of chronic senescence in ageing and age-related
pathologies, it is of therapeutic interest to understand the mechanisms and regulation
underlying this clearance mechanism. Here, we discuss what is known about cellular
senescence in salamanders, what these organisms can offer towards understanding
the roles of cellular senescence in regeneration, and how they can serve as informative
models for senescence-based therapeutic approaches.

Keywords Cellular senescence · Axolotl · Newt · Regeneration · Development ·
Senolytics

3.1 Introduction

3.1.1 Cellular Senescence

Senescence is a stress response to severe genotoxic or cellular insults, in which cells
enter a state of essentially irreversible growth arrest and acquire a set of characteristic
phenotypic alterations (Hayflick and Moorhead 1961; van Deursen 2014; Campisi
2013). A variety of cell intrinsic and extrinsic stresses can trigger the senescence
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response, such as telomere attrition (Bodnar et al. 1998), DNA damage (Sedelnikova
et al. 2004; Di Micco et al. 2006), oxidative damage (von Zglinicki 2002), and
chronic mitogenic signalling (Moiseeva et al. 2006). These senescence-inducing
stimuli engage various cellular signalling networks, but ultimately implement the
characteristic growth arrest by inhibition of cyclin-Cdk complexes through the acti-
vation of the tumour suppressors p53, p16, or both (Ben-Porath andWeinberg 2005).
Both pathways converge at the level of Rb hypo-phosphorylation, resulting in the
continued repression of E2F-target genes required for cell-cycle progression (Stein
et al. 1990; Narita et al. 2003). In addition to the senescence-associated growth
arrest, senescent cells exhibit a range of distinctive phenotypic alterations, including
changes in cell morphology, chromatin remodelling (Shah et al. 2013; Narita et al.
2006; Zhang et al. 2007), metabolic reprogramming (Kaplon et al. 2013; Dorr et al.
2013), and an expansion of the lysosomal and mitochondrial networks. One of the
most prominent features exhibited by the majority of senescent cells is the upregula-
tion of genes that encode secreted proteins—an array of proinflammatory cytokines
and chemokines, together with various growth factors and proteases—collectively
referred to as the senescence-associated secretory phenotype [SASP] (Acosta et al.
2013; Coppe et al. 2010). This phenotype may vary depending on cell type, stressor
and context. The SASP is a key distinguishing feature of senescent cells from other
non-proliferating states, such as quiescence and terminal differentiation, and under-
lies many of the physiological and pathological functions of cellular senescence by
facilitating communication with the surrounding tissue microenvironment.

The irreversible cell-cycle arrest implemented during replicative senescence was
recognised early on as a powerful cell-autonomous mechanism to restrict the expan-
sion of damaged cells (Hayflick and Moorhead 1961; Bodnar et al. 1998). The sub-
sequent discovery of oncogene-induced senescence [OIS] reinforced the notion that
cellular senescence, like apoptosis, constitutes a safeguard against tumorigenesis
(Serrano et al. 1997; Michaloglou et al. 2005; Chen et al. 2005; Collado et al. 2005;
Braig et al. 2005). In contrast to apoptosis, however, senescent cells remain viable
and metabolically active and, as such, are able to influence tissue structure and
function. Methods to identify and perturb senescent cells in vivo have extended its
known roles beyond tumour suppression to a wide range of biological processes.
Research in the past decades has placed cellular senescence as an integral com-
ponent of embryonic development (Czarkwiani and Yun 2018; Munoz-Espin et al.
2013; Davaapil et al. 2017; Storer et al. 2013), wound healing (Jun and Lau 2010;
Demaria et al. 2014), and tissue repair (Krizhanovsky et al. 2008; Kim et al. 2013;
Meyer et al. 2016), highlighting positive roles for cellular senescence. The process
can, however, exert deleterious effects, as illustrated by its causal role in ageing,
age-related loss of regenerative capacity, and neoplastic progression (van Deursen
2014; Campisi 2013; Coppe et al. 2010; Krtolica et al. 2001; Laberge et al. 2012;
Munoz-Espin and Serrano 2014). The disparate physiological effects of senescence
are likely reflected by diversity on the cellular level, in terms of triggering stress, the
kinetics andmechanismof induction, tissue context, and a corresponding heterogene-
ity in SASP composition. Thus, a more nuanced understanding of the physiological
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Fig. 3.1 Urodele amphibians. a The commonly used d/d axolotl strain [left] and wild-type [right]
adult axolotls [A. mexicanum]. b Post-metamorphic Iberian ribbed newts [P. waltl]

roles of cellular senescence has emerged: a current hypothesis holds that, in addi-
tion to acting as a cell-autonomous mechanism of tumour suppression, senescent
cells function primarily to restore tissue homeostasis in response to acute damage
and stress (Yun 2018). Subsets of cells within the damaged tissue enter the senescent
state, and, likely through various components of the SASP, coordinate responses in
the surrounding microenvironment [which may range from modulation of cellular
plasticity to pro-regenerative ECM remodelling and vascularisation] to restore tissue
and organ function. This response, referred to as ‘acute senescence’, culminates with
the recruitment of components of the immune system that mediate the elimination
of senescent cells. Among the critical findings contributing to this hypothesis are
those obtained using unconventional yet rapidly developing model organisms, the
salamanders [Urodele amphibians; Fig. 3.1] (Yun et al. 2015).

3.1.2 Salamanders as model organisms for senescence studies

Urodeles such as the Mexican axolotl [Ambystoma mexicanum] and Iberian ribbed
newt [Pleurodeles waltl] possess a remarkable capacity for regeneration. A sala-
mander can restore its limbs and tail, upper and lower jaws, ocular tissues such as
the lens and retina, the intestine and portions of the heart and brain (Brockes and
Kumar 2005; Brockes 1997). Following limb amputation, the amputation plane is
sealed by the wound epidermis, a transient epithelium formed by rapid migration of
epithelial cells from the wound circumference (Brockes and Kumar 2005; Brockes
1997). Regeneration then proceeds through the formation of a blastema, a transient
mass of progenitor cells that proliferate and differentiate to restore the missing struc-
ture with remarkable fidelity andmorphogenic autonomy (Brockes and Kumar 2005;
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Fig. 3.2 The events and kinetics of senescent cells during salamander limb regeneration.
Senescent cells appear during the early to intermediate stages of regeneration and accumulate in
the blastema. They produce an array of secreted factors that can affect neighbouring cells, which
could directly or indirectly contribute to different aspects of the regenerative programme

Tanaka 2016; Nacu and Tanaka 2011). It was recently reported that limb regenera-
tion is accompanied by induction of a senescent population within the blastema, a
process which is specific to regeneration and absent in limb development, and occurs
recurrently with multiple rounds of regeneration (Yun et al. 2015). The events and
kinetics of cellular senescence in this context are highly reminiscent of those observed
during acute senescence, and proceeds with a timely induction and concludes with
macrophage-dependent elimination (Fig. 3.2). These observations raise the intrigu-
ing possibility that senescent cells may be functionally important for regeneration
of complex structures, such as—but not limited to—the salamander limb. Indeed,
various lines of research have placed cellular senescence as an integral component in
the response to injury, and highlighted its capacity for promoting tissue remodelling
and maintenance (Yun 2018). The mechanisms by which senescent cells exert these
effects may also be pertinent to urodele regeneration, and will be discussed in depth
below.

Beyond the role of senescence in regeneration, salamanders also offer a model of
relevance to senescence in ageing contexts. In contrast to the temporally-controlled
induction of senescence during processes such as wound healing and embryonic
development, the accumulation of senescent cells during organismal ageing appears
to be stochastic and unscheduled, and likely occurs due to a combination of differ-
ent stresses [chronic senescence] and a failure in immune-mediated clearance (van
Deursen 2014; Wang et al. 2011). The increased prevalence of senescent cells with
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age represents a driving factor in tissue deterioration and age-related pathologies (van
Deursen 2014). Notably, salamanders do not appear to accumulate senescent cells
with age, possess long lifespans without any obvious signs of tissue deterioration,
and retain the capacity for repetitive rounds of regeneration throughout the entirety
of their lifespans (Yun 2015). Thus, these organisms offer an interesting tool for
comparative approaches towards understanding mechanisms that limit age-related
senescent cell accumulation. In this review, we examine the interplay between cellu-
lar senescence, regeneration, and organismal ageing in salamanders. We discuss how
insights from cellular senescence in other processes can inform us about the contri-
bution of senescence towards the remarkable features of salamanders, and highlight
what these organisms can offer as models to investigate the physiological roles of
senescence.

3.2 Physiological Roles of Cellular Senescence

3.2.1 Physiological Roles of Cellular Senescence

3.2.1.1 Senescence in Wound Healing and Tissue Repair

Research into the functional roles of cellular senescence in different physiological
contexts have illustrated that senescent cells hold tremendous potential in influencing
tissue organisation and architecture. Through paracrine signalling mediated by the
SASP, senescent cells can impact various biological processes, including cell prolif-
eration, differentiation, angiogenesis, cellular plasticity, inflammation, and immune-
modulation (Rajagopalan and Long 2012; Lujambio et al. 2013). The potential of
senescent cells to coordinate tissue remodelling in vivo has been appreciated in the
context of embryonic development, wound healing and tissue repair. In mammals,
the response to tissue and organ damage often proceeds through fibrosis instead
of regeneration. Excessive fibrosis can lead to scar formation and tissue dysfunc-
tion, and the failure to regenerate imposes a major clinical burden (Gurtner et al.
2008). Research over the past decade has revealed that cellular senescence is a cen-
tral component of the response to tissue injury and damage, and plays an important
role in limiting excessive fibrosis at injury sites through the production of SASP
factors that promote matrix degradation (Yun 2018). Senescence-mediated restric-
tion of fibrosis is observed in various systems, including the liver (Kim et al. 2013;
Borkham-Kamphorst et al. 2014), skin (Jun and Lau 2010; Demaria et al. 2014), and
heart (Meyer et al. 2016) and constitutes a conserved response during tissue repair
and wound healing.

The extracellular matrix protein CCN1 is upregulated at injury sites and coor-
dinates multiple aspects of wound healing (Kim et al. 2018). Through genetic and
biochemical analyses, CCN1 has been found to promote tissue repair in numerous
contexts, including skin injury and liver damage, by stimulating senescence in cells
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at sites of injury (Jun and Lau 2010; Kim et al. 2013). CCN1 acts through inte-
grin a6ß1 and HSPS-mediated activation of the RAC1-dependent NADPH1 oxidase,
resulting in sustained reactive oxygen species [ROS] accumulation and consequent
p53 and p16 activation (Jun and Lau 2010). Recombinant CCN1 is able to induce
senescence in fibroblasts in vitro, and stimulate the expression of matrix degrading
enzymes [MMP1, MMP3], pro-inflammatory cytokines, and significantly downreg-
ulate type I collagen expression. Indeed, when the integrin interaction of wild-type
CCN1 is impaired in vivo, wound healing following skin injury proceeds with exac-
erbated fibrosis due to a failure of myofibroblasts to undergo senescence. Treatment
of wounds with recombinant CCN1 in this background was able to limit excessive
fibrosis and reduce collagen deposition. In the case of liver injury, CCN1 is produced
by damaged hepatocytes, and is required for senescence induction in activated HSCs.
Accordingly, mice with hepatocyte-specific deletions of CCN1 exhibit exacerbated
liver fibrosis in response to damage (Kim et al. 2013; Borkham-Kamphorst et al.
2014).

A more recent study from Campisi and co-workers further examined the role of
the secretome in the pro-regenerative effects of senescence during cutaneous wound-
ing. Using a mouse model that enables inducible elimination of senescent cells, the
authors showed that senescent cell depletion resulted in poor formation of gran-
ulation tissue at the wound site and reduced angiogenesis (Demaria et al. 2014).
Characterisation of the senescent population revealed that these cells largely com-
prise fibroblasts and endothelial cells, and show elevated expression of the SASP
components PDGF-A and VEGF. Senescent cell-depletion significantly delayed the
kinetics of wound closure, a process which depends on the induction of contractile
myofibroblasts. Histological analysis revealed a reduction in the number of myofi-
broblasts in the mid-region of wound sites, suggesting a potential decrease in myofi-
broblast differentiation. This idea was supported by the capacity of PDGF-AA to
stimulate the differentiation of fibroblasts to myofibroblasts in vitro. Indeed, topical
treatment of senescence-free wounds with recombinant PDGF-AA restored normal
kinetics of wound closure, with concomitant restoration of myofibroblast numbers
(Demaria et al. 2014). It should be noted that wound healing under these conditions
still concluded with excessive fibrosis, consistent with additional components of the
SASP being required for full wound resolution (Demaria et al. 2014).

The aforementioned studies support the idea that transient induction of senescent
cells can promote certain types of wound healing. However, further research suggest
that the timely elimination of those cells is equally important for the outcome of
the process. Particularly, studies of the senescence response during liver damage
have emphasised the importance of senescent cell clearance in tissue repair contexts
(Krizhanovsky et al. 2008). Gene expression analysis of senescent HSCs revealed
up-regulation of pathways involved in immune surveillance, including stimulating
receptors for natural killer cell function such as MICA, ULBP2 and PVR2. Upon
abrogation of NK cell-mediated clearance, senescent cells accumulated and treated
livers displayed significantly more fibrosis as compared with controls (Krizhanovsky
et al. 2008). Clearly, cellular senescence has an important role in fibrosis restriction
in response to injury, and may also represent an important factor in the response to
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amputation through regeneration rather than fibrotic scarring in salamanders (Yun
2018).

3.2.1.2 Developmental Senescence

Surveys for senescent markers in axolotl, Xenopus, mice, chick and quail embryos
has revealed that senescence induction occurs consistently in discrete time windows
in numerous structures during development (Munoz-Espin et al. 2013; Davaapil et al.
2017; Storer et al. 2013; Villiard et al. 2017). The major function of cellular senes-
cence during development is to promote the regression of transient embryonic struc-
tures, through the recruitment of immune components. For example, senescence is
induced in the tubules of the amphibian pronephros and themammalianmesonephros
[precursor embryonic kidney forms], spreads throughout the structure, culminating
in monocyte/macrophage recruitment and subsequent senescent cell clearance and
associated structural degeneration (Munoz-Espin et al. 2013; Davaapil et al. 2017). In
addition, senescent cells are thought to modulate tissue patterning and morphogen-
esis, as exemplified by patterning defects in the cement gland and the oral and nasal
cavities when TGF-ß signalling is perturbed in Xenopus embryos. In the murine
apical epidermal ridge [AER], a key signalling centre during limb development,
SASP-derived FGF8 and FGF4 serve as key proliferation-inducing signals to the
adjacent mesenchyme, and loss of cellular senescence in p21 null embryos results in
reduced proliferation in the underlying stroma and disrupts the normal expression of
key patterning genes (Storer et al. 2013). Further, cellular senescence has been pro-
posed to modulate the differential arrest and expansion of different cell populations.
In the endolymphatic sac epithelium of the inner ear, senescence induction occurs
in a subset of epithelial cells, and coincides with a robust expansion of a minor,
pendrin-positive population beginning at E14.5 (Kim and Wangemann 2011). Dur-
ing murine development, the loss of p21-dependent senescence results in abnormal
expansion of pendrin-negative cells, and the robust in pendrin-positive population
is notably reduced, resulting in aberrant infoldings of the epithelium into the lumen
(Munoz-Espin et al. 2013). In many cases analysed, developmental abnormalities are
corrected at later stages through compensatory mechanisms such as apoptosis and
latemacrophage infiltration. In contrast to damage-induced senescence, growth arrest
during development appears to be implemented mainly through p21, and occurs in
the absence of DNA damage, although p15 is detected in the mouse mesonephros
and endolymphatic sac, and p53 in the axolotl pronephros. The signalling networks
underlying developmental senescence induction, however, appear to be less con-
served. For example, TGFB plays a key role in senescence induction in the mouse
mesonephros, salamander pronephros and the Xenopus cement gland (Davaapil et al.
2017). However, whilst ERK signalling is required for senescence induction in the
mouse AER, ERK inhibition has no discernible effects on amphibian senescence
(Davaapil et al. 2017).

These observations have opened several important questions. First, they demon-
strate that cellular senescence is an intrinsic component of vertebrate development,
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and can occur in a programmed manner in response to developmental cues outside
of pathology. They also raise the question as to whether senescence initially evolved
to orchestrate tissue remodeling and morphogenesis during embryonic development,
perhaps predating other forms of senescence, and was co-opted for its roles in adult
life later in evolution. Further, the species-to-species variation between developmen-
tal senescence [such as its presence and absence during mouse and amphibian limb
development, respectively] and its involvement in clade-specific structures [such as
the mammalian Wolffian duct and the amphibian cement gland] suggest that devel-
opmental senescence arose multiple times independently during vertebrate evolution
(Czarkwiani and Yun 2018). The contributions of cellular senescence to tissue pat-
terning and remodeling in these developmental contexts could also be of relevance to
regeneration in salamanders, a process which requires careful control of patterning
and coordination of multiple cell types in order to reconstitute a functional structure
(Yun 2018).

3.2.1.3 The Interplay Between Cellular Senescence and Plasticity

Recently, an interesting interplay between senescence and the control of cellular plas-
ticity has come to light. The ectopic expression of the transcription factors OCT4,
SOX2, KLF4, and cMYC [OSKM factors] in vivo leads to reprogramming of adult
cells into induced pluripotent stem cells [iPSCs] and the formation of teratomas
[tumours derived from iPSCs] (Abad et al. 2013). Using a murine model for in vivo
reprogramming, Serrano and colleagues uncovered a strong correlation between
pluripotency induction and cellular senescence (Abad et al. 2013; Mosteiro et al.
2016). OSKM expression led to reprogramming in a subset of cells, and senescence
in many others in close proximity. Using genetic and pharmaceutical analysis, it
was found that abrogation of senescence through deletion of p16 or the senolytic
agent navitoclax [ABT-263] severely compromised the efficiency of reprogramming
in vivo. In contrast, under conditions whereby senescence is elevated, such as upon
damage, in tissues of progeroidmice, or even in naturally-agedmice, reprogramming
and teratoma formation increased. This effect is dependent on the SASP and, in par-
ticular, IL-6 was identified as a critical factor in mediating the interplay between
cellular senescence and reprogramming (Mosteiro et al. 2016). In support of this,
using a transplant model, Keyes and colleagues showed that exposure of primary ker-
atinocytes to OIS-derived SASP enhanced the expression of stem-cell markers and
increased their proliferative capacity after grafting (Ritschka et al. 2017). However,
prolonged exposure to OIS-derived medium led to the acquisition of senescent traits
and a loss of proliferative capacity, reemphasising the importance of the transient
nature of senescence to its beneficial effects (Ritschka et al. 2017).

Although these studies have illustrated the potential for cellular senescence to
impact cellular plasticity, whether the samemechanism applies to normal in vivo con-
texts is not yet clear. However, salamander models may shed light into this important
question. Post-metamorphic salamanders such as Notophthalmus viridescens rely
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on the tightly-controlled dedifferentiation of adult tissues to form regenerative pro-
genitors (Brockes and Kumar 2005). Two informative systems have been used to
analyse reversal of the differentiated state in urodeles: lens and limb regeneration
in adult newts. Early work from Eguchi and co-workers showed that following lens
removal, pigmented epithelial cells [PECs] of the dorsal iris re-enter the cell cycle,
lose their pigmentation, and transdifferentiate into lens cells (Eguchi and Shingai
1971; Eguchi et al. 1974; Del and Tsonis 2003). In the case of muscle, regener-
ation proceeds through dedifferentiation of muscle fibres to generate proliferative
mononucleate progenitors (Echeverri et al. 2001; Kumar et al. 2000; Kumar et al.
2004; Lo et al. 1993). The implantation of purified myofibres from culture or of iris
tissue fragments into a blastema leads to the generation of mononucleate cells or
lens, respectively (Lo et al. 1993; Reyer et al. 1973). The blastema thus provides
an environment capable of destabilising the differentiated state without fully erasing
cell identity and of promoting return to the cell cycle (Brockes 1998); whether this
property is a function of cellular senescence is currently unknown. However, the
advent of pharmaceutical and genetic approaches to perturb the blastemal senescent
population (Box 3.1) in vivo positions salamander regeneration as a model to assess
the interplay between naturally-occurring cellular senescence and plasticity. Indeed,
the induction of senescent cells in the limb blastema coincides with the period of pro-
genitor generation and expansion (Yun et al. 2015) and is consistent with a potential
role in modulating cellular plasticity.

The enhancement of cellular plasticity through dedifferentiation and increased
‘stemness’ in the blastema raises the issue of tumorigenesis in urodeles. The early
stages of regeneration share many parallels with tumorigenesis; yet, experimental
evidence has shown that salamanders possess not an increased susceptibility, but
rather a remarkable resistance to cancer formation, particularly in regenerative tissues
(Brockes 1998). The local administration of chemical carcinogens during regenera-
tion in these animals results in markedly low tumour incidence (Tsonis 1983; Tsonis
and Eguchi 1981), and in particular, tumours of mesenchymal origin never arise
(Tsonis and Eguchi 1981; Tsonis and Eguchi 1982; Zilakos et al. 1992). In cases
when abnormal regeneration does occur, carcinogen treatment manifests instead in
supernumerary regenerates (Eguchi and Watanabe 1973), such as supernumerary
appendages or lens formation from the ventral iris, a process never observed during
normal lens regeneration.On the basis of these observations, it has been proposed that
cells harbouring tumorigenic mutations are tightly constrained within the framework
imposed by epimorphic regeneration (Brockes 1998). In addition, cellular senescence
could conceivably serve to spatiotemporally restrict enhanced cellular plasticity to
within the blastema, and prevent its occurrence outside of regenerative contexts. As
such, their elimination by the immune system would represent an important mecha-
nism to constrain tumourigenesis within the highly plastic environment required for
regeneration.
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3.2.1.4 What About Senescence in Salamander Regeneration?

The discovery of cellular senescence in the blastema represents the first evidence
of senescence in bona fide regeneration (Yun et al. 2015). Although currently a
phenomenological description, the transient induction of cellular senescence in this
context shares many features with acute senescence, and as such, raises the possibil-
ity that it may be functionally important for regeneration. Senescent cells are able to
exert a strong influence on the surroundingmicroenvironment of the blastema through
paracrine signalling via the SASP. Indeed, a strong SASP signature is detected within
the blastema coinciding with the peak of senescent cell induction (Yun et al. 2015).
Drawing from the known understanding of how cellular senescence is able to impact
numerous biological processes, it is possible to formulate a number of hypotheses for
how cellular senescence could contribute towards epimorphic regeneration (Fig. 3.3)
(Yun 2018). Firstly, senescent cells could directly modulate the behaviour of pro-
genitors, such as mobilising stem cell reserves or enhancing their generation through
increased dedifferentiation and proliferation. The fact that senescence induction coin-
cides with the period of generation and expansion of regenerative progenitors is con-
sistentwith such a hypothesis, and it will be interesting to assesswhether the interplay
between cellular senescence and plasticity extends to the context of natural repro-
gramming. Alternatively, senescent cells could contribute indirectly by establishing

Fig. 3.3 Regenerative effects of senescent cells. Senescent cells are able to impact a variety of
biological processes. In the context of epimorphic regeneration, senescence could modulate tissue
patterning and morphogenesis, population balancing, contribute to generation of regenerative pro-
genitors, increase in cell proliferation, and angiogenesis. Acute and chronic SASP factors comprise
molecules of different nature, or similar factors whose effect may differ due to the strength or
kinetics of their expression, or the biological context
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amicroenvironment conducive for regeneration, such as throughmatrix remodelling,
by stimulating angiogenesis, or through recruiting components of the immune sys-
tem that in turn exert pro-regenerative functions. Specifically, macrophages are an
essential cell type required for salamander regeneration (Godwin et al. 2013) and
are found in close proximity to senescent cells in the blastema (Yun et al. 2015).
In line with this, it is possible that senescent cells elicit changes in macrophage
polarisation and functionality during regeneration, as observed in the context of hep-
atocellular carcinogenesis (Lujambio et al. 2013). Lastly, senescence could serve as
a population balancing mechanism, either in a cell-autonomous manner by restrict-
ing the expansion of particular populations, or by acting on neighbouring cells, as
observed in the context of developmental senescence in themurine endolymphatic sac
(Munoz-Espin et al. 2013). Such balancing would be important for proper patterning,
in which cells of multiple lineages must proliferate and differentiate co-ordinately
to couple growth and patterning to reconstitute a functional limb.

An expansion in the available experimental tools for both salamander and senes-
cence research (Box 3.1)means it is nowpossible to directly address these hypotheses
experimentally, and thereby delineate the relationship between cellular senescence
and regeneration on themolecular and cellular levels. In order to do so, it is necessary
to deplete the blastemal senescent population and assess the impact on the outcome of
regeneration. The development of pharmacological (Childs et al. 2017) and genetic
(Demaria et al. 2014; Baker et al. 2011; Baker et al. 2016) approaches to specifically
target senescent cells in vivo enables ablation of the senescent population, making it
possible to assess how regeneration occurs in the absence of senescent cells through
conventional methods such as histology and live imaging. The same methods can
be employed for isolation and detailed characterisation of the blastemal senescent
cell population. Such studies will provide important insights into their nature, and
address key questions such as their ontogeny, the signalling networks underlying
induction of the senescent state, and how they evolve throughout different stages of
regeneration. Transcriptional profiling will further provide a platform for functional
studies, and identify candidate pro-regenerative SASP factors for functional analysis
and senescent-derived signals that mediate immune recruitment and their associ-
ated clearance. Moreover, the recent sequencing of the axolotl and newt genomes
(Nowoshilowet al. 2018; Elewa et al. 2017)will enable in-depth comparative analysis
of senescent-related genes, as well as allowing their genetic manipulation to gen-
erate knock-out or knock-in organisms. A better understanding of these processes
on the molecular and cellular level is of interest not only to elucidating the mecha-
nism of epimorphic regeneration, but also for therapeutic approaches for regenerative
medicine and senescence-based interventions.
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3.3 Senescence in Ageing

3.3.1 A Causal Link Between Senescence and Organismal
Ageing

An important aspect of the beneficial effects of acute senescence is its transient
nature. However, cellular senescence can also have deleterious effects, especially if
allowed to persist. It has long been postulated that cellular senescence drives age-
ing phenotypes, an idea supported by observations of senescent cell accumulation
in rodent, primate and human tissues with age (Dimri et al. 1995; Lawless et al.
2010; Wang et al. 2009; Jeyapalan et al. 2007; Herbig et al. 2006). A causal role for
senescence in ageing and age-related decline was provided by seminal studies by
van Deursen and colleagues. Through the use of a transgene termed INK-ATTAC,
which specifically induces apoptosis in p16-expressing cells upon administration of
the synthetic compound AP20187, it was shown that selective elimination of senes-
cent cells in BubR1 progeroid mice delayed the onset of several age-related diseases
(Baker et al. 2011). Subsequently, the beneficial effects of senescent cell clearance
were extended to natural ageing: elimination of p16-positive cells in naturally-aged
mice extended median lifespan and attenuated the functional decline of heart, kid-
ney and fat (Baker et al. 2016). Furthermore, treatment delayed cancer progression
and resulted in higher spontaneous activity and exploratory behaviour (Baker et al.
2016). Other studies have further reinforced the contribution of cellular senescence
to a wide range of age-related diseases, including astherosclerosis, sarcopenia, neu-
rodegeneration and osteoarthritis among others (Jeon et al. 2017; Childs et al. 2016;
Sousa-Victor et al. 2014; Bussian et al. 2018).

Mechanistically, cellular senescence is thought to drive ageing through twomech-
anisms. Firstly, replicative arrest of stem-cell and progenitor pools has been proposed
to prevent their participation in tissue regeneration (van Deursen 2014), an idea sup-
ported by the observation that progenitor cells of skeletal muscle and fat tissue of
BbuR1 progeroid mice are more prone to undergo senescence (Baker et al. 2013)
and the demonstration that geriatric muscle stem cells lose their reversible quiescent
state during ageing through the induction of senescence (Sousa-Victor et al. 2014;
Garcia-Prat et al. 2016). The induction of senescence in muscle satellite cells is cou-
pled with a decline in autophagy during ageing, and consequent loss of proteostasis,
mitochondrial dysfunction and the generation of ROS. Specific silencing of p16 in
geriatric satellite cells and re-establishment of autophagy enabled cell-cycle re-entry
and restored their regenerative functions (Garcia-Prat et al. 2016). Secondly, cellular
senescence is able to drive organismal ageing through adverse effects of the SASP.
Chronic secretion of cytokines and chemokines can drive sterile inflammation, a
hallmark of ageing (Lopez-Otin et al. 2013). SASP-derived proteases are able to
cleave membrane-bound receptors, ligands, extracellular matrix proteins or other
components in the tissue. In addition, senescence induction can spread across tis-
sues through a mechanism known as paracrine senescence, which is dependent on
cytokines such as IL-1ß, TGFß and chemokines (Acosta et al. 2013; Nelson et al.
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2012). Together, these processes could disrupt local stem cell niches and overall tis-
sue architecturewith age, driving ageing-associated deterioration. Another important
consideration is that senescent cells can remain viable in culture for months and con-
tinually evolve following the initial cell-cycle arrest, and enter a state termed ‘deep’ or
‘late’ senescence (De Cecco et al. 2013). Senescence progression is accompanied by
extrusion of chromatin into the cytoplasm to form cytoplasmic chromatin fragments
[CCFs] (Ivanov et al. 2013). Lysosome-mediated proteolysis drives histone loss,
and is thought to contribute to epigenomic remodelling and SASP diversification in
chronic senescent cells. In addition, chronic senescent cells are characterised by a dra-
matic increase in the transcription of retrotransposable elements [RTEs] (De Cecco
et al. 2013). Recent evidence has functionally linked RTE activation with adverse
effects of the late SASP (De Cecco et al. 2019). Transcriptional de-repression of L1
RTEs and reduced exonuclease activity results in the accumulation of L1 cytosolic
cDNA, which activates the type-I IFN response through the cGAS-STING pathway
(De Cecco et al. 2019). Treatment with the nucleoside reverse transcriptase inhibitor
lamivudine resulted in dampening of the late SASP response [e.g. expression of
CCL2, IL-6 and MMP3] and alleviate several ageing phenotypes in vivo, without
impacting cell-cycle arrest or the early SASP response (De Cecco et al. 2019).

3.3.2 Senescence and Ageing in Salamanders

In contrast to mammals, a survey of adult salamander tissues showed a remarkable
absence of senescent cells (Yun et al. 2015). Notably, salamanders possess very long
lifespans, lack obvious signs of ageing, and are able to sustain indefinite rounds of
regeneration throughout their lifetime (Eguchi et al. 2011). Key questions are how
salamanders maintain such low systemic levels of senescent cells during ageing, and
whether this underlies their lack of age-related deterioration and sustained regen-
erative capacity. The paucity of senescent cells in salamanders can be conceivably
attributed to (Hayflick and Moorhead 1961) active mechanisms to restrict the induc-
tion of cellular senescence and/or (vanDeursen 2014) efficient clearancemechanisms
relative to mammals that persist throughout their lifespan (Fig. 3.3). Clearance refers
to themechanisms bywhich components of the immune systemdetect senescent cells
and mediate their elimination. Experimental data suggest that both mechanisms con-
tribute towards the low basal levels of senescent cells observed in salamanders (Yun
et al. 2015; Ferretti and Brockes 1988). For example, salamander blastemal cells do
not undergo crisis or replicative senescence, and can bemaintained for more than 200
generations in culture (Ferretti and Brockes 1988), indicating the presence of active
mechanisms to circumvent senescence. This property of urodele cells is thought to
underlie their capacity to sustain an indefinite number of regeneration cycles.

Studies of cellular senescence in salamanders uncovered a highly robust mech-
anism for senescent cell surveillance and clearance (Yun et al. 2015). It has been
proposed the increase in senescent cell accumulation in mammals with age is driven
by an increased decline in immune function (van Deursen 2014). This notion is



56 Q. Yu and M. H. Yun

supported by studies data from mice with impaired immune-mediated cytotoxicity;
perforin-knockoutmice display premature accumulation of senescent cells and accel-
erated ageing phenotypes (Ovadya et al. 2018). In salamanders, implanted senescent
cells are efficiently detected and eliminated from adult tissues (Yun et al. 2015). This
mechanism is dependent on the innate immune system, as evidenced by the persis-
tence of implanted cells followingmacrophage depletionwith chlodrosome treatment
(Yun et al. 2015). Owing to their amenability to live imaging and transplantations,
together with the use of transgenic reporter lines or pharmaceutic approaches to label
senescent cells and components of the immune system, the salamanders constitute
an experimental system to investigate the mechanisms by which the immune sys-
tem efficiently detects and disposes of senescent cells in vivo (Box 3.1). Molecular
characterisation of the senescent population may reveal senescent-derived signals
that mediate immune recruitment. A better understanding of the pathways governing
this process will lead to the identification of molecular targets for experimental per-
turbation. By experimentally preventing immune-surveillance of senescent cells, it
will be possible to evaluate the contribution of immune-mediated clearance towards
maintaining the low levels of senescent cells in the salamander during homeosta-
sis. Furthermore, given the low base-line level of endogenous senescent cells in
these organisms, it will be interesting to assess whether experimental accumula-
tion of senescent cells would mirror the age-related deterioration caused by chronic
senescence observed in mammals or restrict regenerative capacity.

3.4 Conclusions

Taken together, recent studies addressing the roles of cellular senescence under physi-
ological contexts have underscored the capacity of senescent cells to modulate tissue
structure and function. Although not yet established experimentally, we speculate
that cellular senescence may be functionally important for regeneration. The dynam-
ics of senescence induction and clearance in the blastema are consistent with that
observed during development, wound healing and tissue repair; as such, the blastemal
senescent populationmay influence regeneration through similar mechanisms. It will
be of both biological and translational interest to delineate the interactions between
the senescent population and other cells in the blastema. Furthermore, the causal
link between chronic senescence and age-related decline has galvanized efforts to
develop novel therapies against senescent cells. One potential strategy is to enhance
the immune response against senescent cells. As salamanders possess a remarkably
efficient mechanism for immune-mediated surveillance and disposal of senescent
cells, they offer an experimental system for mechanistic investigations into the inter-
action between such cells and the immune system.We expect that a better understand-
ing of the molecular and cellular mechanisms underlying this process will inform
rational interventions for senescence-cell removal. Lastly, research in salamanders
will provide deeper insights into the evolutionary origins of cellular senescence, and
allow for comparisons across the animal kingdom.
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Box 3.1 Molecular toolbox for salamander research

• Germline transgenesis. Tools for germline transgenesis in both axolotl
(Khattak et al. 2013) and Iberian ribbed newts (Hayashi et al. 2013), based
on the I-SceI meganuclease and the Tol2 transposon system, have been
essential for obtaining a mechanistic understanding of limb regeneration.
Owing to the ease with which salamanders can be bred in the laboratory,
it is possible to obtain a substantial number of F0 individuals harbouring
transgenes for experimental investigation.

• Genome sequence and assembly and CRISPR-mediated gene edit-
ing. The recent sequencing and assembly of the 32-Gb axolotl genome
(Nowoshilow et al. 2018) and the 20-Gb P. waltl genome (Elewa et al.
2017) provides a rich platform for investigations into the molecular basis of
regeneration. Together with CRISPR-mediated gene editing (Elewa et al.
2017; Fei et al. 2018), it is possible to assess candidate genes for functional
analysis.

• Somatic gene delivery methods. Several different technologies exist for
gene delivery in salamander cells and tissues, including electroporation (Yun
et al. 2013; Echeverri and Tanaka 2003), and different viral transfection
methods (Khattak et al. 2013; Whited et al. 2013; Oliveira et al. 2018).

• Transplantation. Salamanders are highly receptive to transplantations
without graft rejection. The use of surgical manipulation to transplant cells
or tissues combined with several molecular and transgenic technologies
have been informative towards understanding key aspects of regeneration,
including the identity of cell types in the blastema (Kragl et al. 2009).
In addition, such methods can be used to implant exogenously-induced
senescent cells into salamanders, as described in Yun et al. 2015.

• Live imaging. Many salamander tissues are optically transparent, and
highly amenable to live imaging (Currie et al. 2016). Through these
approaches, it is possible to follow interactions between senescent cells
[endogenously induced or implanted] and the immune system.

• Chemical screening. Pre-feeding salamander larvae can be reared in
microtitre plates to perform moderate-throughput screening for pharma-
ceutical compounds (Ponomareva et al. 2015) such as senolytics.
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Chapter 4
Senolytics Target Senescent Cells
and Improve Aging and Age-Related
Diseases

Tony Buffard and Gerardo Ferbeyre

Abstract Accumulation of senescent cells has emerged as amajor pathogenic factor
in aging and multiple age-related diseases. Studies on the biology of senescent cells
have identified vulnerabilities to eliminate them using a novel class of drugs called
senolytics. These drugs kill senescent cells by blocking their resistance to apoptosis,
by reactivating latent p53 or by increasing oxidative stress. Other compounds inhibit
the senescence associated secretory phenotype or SASP. Senolytics and SASP mod-
ulators have been effective to improve natural aging and age-related diseases in mice
models leading to ongoing clinical trials in humans.

Keywords Senolytics · Senescence associated secretory phenotype (SASP) ·
BCL2 family · Apoptosis · P53 ·Metformin

4.1 Introduction

Cellular senescence is a programmed response triggered by both physiological or
pathological factors that results in a phenotype characterized by an inability to
respond to proliferative signals, resistance to apoptosis and the secretion of a variety
of proteins and lipids with potent proinflammatory activity (Ferbeyre 2018; Lopes-
Paciencia et al. 2019). In vivo, senescent cells can be divided into three distinct
categories: embryonic, acute and chronic. Embryonic senescent cells help to shape
developing tissues in mammals, fish and amphibia (Davaapil et al. 2017; Yun et al.
2015; Storer et al. 2013; Munoz-Espin et al. 2013; Villiard et al. 2017) whereas acute
senescent cells are a protective response to abrupt stress such as a wound or an onco-
genic signal. Both acute and embryonic senescent cells are beneficial and are elimi-
nated through the immune system. Chronic senescence, on the other hand, may result
from slowly accumulating damage at the macromolecular level and is associated to
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aging, cancer and age-related diseases (Childs et al. 2015). Accumulation of DNA
damage, including damage in telomeric regions, have been linked to aging (Sedel-
nikova et al. 2004; Liu et al. 2005; Lombard et al. 2005; Herbig et al. 2006; Sahin and
Depinho2010;Hewitt et al. 2012).DNAdamage activates theDNAdamage response,
which ismeasurable using antibodies that recognize proteins phosphorylated byDNA
damage-activated kinases and includes the histone variant γ-H2AX (Mallette et al.
2007; Mallette et al. 2007; Halazonetis et al. 2008; Di Micco et al. 2006). However,
the precise triggers of DNA damage and senescence during aging are still unknown.

4.2 Evidence of Senescent Cell Accumulation in Vivo

A lot of research confirms that accumulation of senescent cells is a hallmark of aging
(López-Otín et al. 2013; He and Sharpless 2017). This might be the consequence of
an increased generation of senescent cells with aging and/or a decrease in senescent
cell clearance as the immune system gets older (Childs et al. 2015). In fact, senescent
cells have a longer half-life in old animals (Karin et al. 2019), suggesting that their
clearance becomes less effective with aging. Accumulation of senescent cells has
been demonstrated using several senescence biomarkers in old zebrafish (Kishi et al.
2008) and many mammals (Jeyapalan and Sedivy 2008).

A biomarker commonly used to detect senescent cells is the staining for the
Senescence-Associated β-Galactosidase (SA-β-Gal), a lysosomal enzyme upregu-
lated in senescent cells (Kurz et al. 2000; Bandyopadhyay et al. 2005). The other
standard biomarker is the induction of the cyclin-dependent kinase inhibitor (CKI)
p16Ink4a mRNA levels. Expression of this tumor suppressor is undetectable in young
rodents, but it increases with age in older tissues (Krishnamurthy et al. 2006;
Berkenkamp et al. 2014; Burd et al. 2013) including stem cells (Janzen et al. 2006;
Molofsky et al. 2006). P16Ink4a is mechanistically connected to senescence since
inhibition of its expression in stem cells reduces their aging phenotype and allows
faster tissue repair (Janzen et al. 2006; Molofsky et al. 2006). Telomere shortening,
another well-known cause of senescence, can be measured using in situ hybridiza-
tion with telomeric probes and can be used as a biomarker in some tissues. Telomere
length decreases with age in the gut and liver in mice (Hewitt et al. 2012) and pri-
mates (Jeyapalan et al. 2007). Given the lack of a universal marker for senescence,
quantification of senescent cells should use methods combining several biomarkers.
For example, by combining the SA-β-Gal assay, DNA damage response markers and
the depletion of HMGB1 from the cell nucleus, Biran et al. found senescent cells
to be 10–20 times more abundant in old than in young mice (Biran et al. 2017).
Using a similar strategy based on several biomarkers, Herbig et al. showed that the
percentage of senescent cells in baboons’ skin increased exponentially from 2% in
young individuals to more than 15% in aged ones (Herbig et al. 2006). This was
confirmed by another study and it was suggested that it would be the case for any
mitotic tissue (Jeyapalan et al. 2007).
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In humans, the levels of p16Ink4a and p27 (another CKI) are accurate biomarkers
of aging in kidneys (Chkhotua et al. 2003; Melk et al. 2004), while the abundance of
SA-β-Gal positive cells correlated with age in skin samples (Dimri et al. 1995). This
has been confirmed using other senescence-associated markers in the skin (Wang
and Dreesen 2018), bones, mesenchymal stem cells (Zhou et al. 2008; Farr and
Khosla 2019) and human peripheral blood T lymphocytes (Liu et al. 2009). All of
this research convincingly shows that senescent cells do accumulate with age in
mammals. Importantly, senescent cells are also more readily detected in many ailing
tissues and age-related conditions (Table 4.1) (Jaul andBarron 2017; Franceschi et al.
2018). This suggests that drugs acting on senescent cells will have a major impact
in gerontology and healthy aging.

4.3 Elimination of Senescent Cells: Senolytics

Elimination of senescent cells using suicide genes in genetically modified mice or
drugs that kill senescent cells, called senolytics, improve many age-related diseases
(Table 4.2). Senolytics are thus posed to have broad medical applications. Here, we
will discuss them according to their mechanism of action, illustrated in Fig. 4.1.

4.3.1 Senolytics that Inhibit the Bcl2 Family

In multicellular organisms, cells can be eliminated by a process of programmed
cell death called apoptosis. Apoptosis can be triggered in two ways. The extrinsic
pathway involves a death receptor situated on the cytoplasmic membrane that can be
activated by several death effector cytokines. The intrinsic pathway is triggered by
endogenous damage that engages mitochondria to release pro-apoptotic factors such
as cytochrome c. In both cases, Bcl-2 family proteins (Bcl-2, Bcl-xl, Bcl-w, Bfl-1 or
Mcl-1) antagonize this process (Azmi et al. 2011).

Senescent cells are particularly resistant to apoptosis. For example, senescent
human fibroblasts express high levels of Bcl-2 family members and can last as long
as four weeks in media lacking serum without signs of apoptosis (Wang 1995).
Senescent cells also secrete many cytokines and lipids, collectively known as the
Senescence-Associated Secretory Phenotype (SASP), that may have anti-apoptotic
functions. Together these Senescent Cell Anti-apoptotic Pathways protect senescent
cells from cell death (Kirkland and Tchkonia 2017) and targeting them could be a
promising way to selectively kill senescent cells.

Recent publications have shown several compounds that could act as effective
senolytics via inhibition of antiapoptotic pathways. ABT-263, also known as Nav-
itoclax, preferentially induces apoptosis in senescent fibroblasts and vein epithelial
cells by inhibiting Bcl-2, Bcl-xl and Bcl-w (Zhu et al. 2016). These results were also
observed in vivo in different mice models (Chang et al. 2016, 2016; Pan et al. 2017).
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Table 4.1 Senescent cells in human diseases. ABT-263: inhibitor of the Bcl2 family, D + Q:
Dasatinib + Quercetin, Ink-ATTAC: mouse model for clearance of p16Ink4a positive cells, HSV-
TK: human herpes simplex virus thymidine kinase, JAKi: JAK kinase inhibitor, Rapamycin: mTOR
inhibitor to suppress IL6 and the senescence-associate secretory phenotype

Disease System affected References

Presbycusis Hearing Watson et al. (2017)

Sarcopenia Muscle Snijders and Parise (2017),
Sousa-Victor et al. (2014),
Sousa-Victor et al. (2014)

Immunosenescence and AIDS Immune Fülöp et al. (2017), Palacio et al.
(2019), Lanna et al. (2014),
Bestilny et al. (2000)

Heart diseases Cardiovascular Rotter Sopasakis et al. (2019),
Shimizu et al. (2019), Balint
et al. (2019)

Hypertension Cardiovascular Guzik and Touyz (2017)

Atherosclerosis Cardiovascular Minamino et al. (2002), Sasaki
et al. (2019), Thorin and
Thorin-Trescases (2009), Voghel
et al. (2010), Childs et al. (2016),
Garrido and Bennett (2016),
Roos et al. (2016)

Benign Neoplasia Multiple Choi et al. (2000), Castro et al.
(2003), Nakamura and Nishioka
(2003), Castro et al. (2004),
Maldonado et al. (2004),
Michaloglou et al. (2005),
Vernier et al. (2011),
Deschenes-Simard et al. (2013,
2019), Burd et al. (2013)

Osteoarthritis Skeletal Franceschi et al. (2018), Jeon
et al. (2017), Xu et al. (2016)

Osteoporosis Skeletal Saeed et al. (2011), Farr et al.
(2017)

Rheumatoid arthritis Skeletal Chalan et al. (2015), Fessler et al.
(2018), Petersen et al. (2019)

Intervertebral disc degeneration Skeletal Patil et al. (2019)

Alzheimer’s disease Nervous Franceschi et al. (2018), Bhat
et al. (2012), Garwood et al.
(2014), Zhang et al. (2019)

Parkinson’s Nervous Franceschi et al. (2018), Chinta
et al. (2013)

Diabetes Metabolic Palmer et al. (2015),
Aguayo-Mazzucato et al. (2019)

(continued)
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Table 4.1 (continued)

Disease System affected References

Obesity Adipose and Metabolic Palmer et al. (2019), Tchkonia
et al. (2010), Yoshimoto et al.
(2013), Loo et al. (2017)

Chronic lung disease Respiratory Franceschi et al. (2018), Barnes
et al. (2019), Noureddine et al.
(2011)

Hepatitis and fatty liver Liver Papatheodoridi et al. (2019),
Paradis et al. (2001)

Cirrhosis Liver Wiemann et al. (2002),
Gutierrez-Reyes et al. (2010)

TW-37, an inhibitor of Bcl-2, Bcl-xl and Mcl-1, was less senolytic than ABT-263
(Zhu et al. 2016), suggesting that Bcl-w plays an important role in protecting senes-
cent cells from apoptosis. ABT-263was ineffective against human senescent primary
preadipocytes (Zhu et al. 2016), demonstrating that senolytics act in a tissue specific
manner, a factor that should be taken into account for their use. ABT-737, an inhibitor
of Bcl-xl and Bcl-w, preferentially kills senescent cells induced by DNA damage in
the lung and senescent cells induced by p14ARF expression in the epidermis (Yosef
et al. 2016). Interestingly, the elimination of senescent cells in the epidermis led to
an increase in hair follicle stem cell proliferation (Yosef et al. 2016). Of note, the
anti-Bcl2 family of drugs cause neutropenia and thrombocytopenia (Roberts et al.
2012), side effects that could limit their application in healthy old individuals.

Other inhibitors of the Bcl2 family with senolytic activity include fisetin, a flavone
molecule that induces apoptosis in senescent fibroblasts and endothelial cells but not
in senescent preadipocytes (Zhu et al. 2017). In progeroid Ercc1−/� mice, fisetin
killed senescent cells and reduced senescence biomarkers. In old naturally aged
C57BL/6 mice, a 5-day diet of fisetin was able to significantly reduce the propor-
tion of senescent cells in different tissues and extend median and maximal lifespan
even when the treatment was initiated in old animals (Yousefzadeh et al. 2018).
In cancer cells, fisetin can cause apoptosis by activating both the intrinsic and the
extrinsic pathways and had beneficial effects to treat inflammation and metastasis
(Kashyap et al. 2018). Fisetin is present in many fruits and vegetables, suggesting
that it can be safely used as a senolytic and anti-aging agent in humans (Kashyap
et al. 2018). Epigallocatechin gallate, a phytochemical found in green tea, inhibits
both the anti-apoptotic Bcl-2 family andmTOR. The latter controls the SASP by reg-
ulating the translation of mRNAs coding for inflammatory cytokines (Herranz et al.
2015; Laberge et al. 2015). Epigallocatechin can thus act both as a SASP modulator
by inhibiting mTOR and as a senolytic (Kumar et al. 2019).

Panobinostat is a deacetylase inhibitor used to treat multiple myeloma. Panobi-
nostat is particularly potent against all deacetylases of class I, II and IV (Laubach
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Table 4.2 Diseases improved by senolytics

Disease Models Senolytic used References

In vitro In vivo

Diabetes Mice β cells
Human β

cells

Ink-ATTAC Mice Ink-ATTAC and
ABT-263

Aguayo-Mazzucato
et al. (2019)

Age-related bone
loss

Mice Ink-ATTAC and
D + Q

Farr and Khosla
(2019)

Cancer Mice siRNA against
HSP47,
Ink-ATTAC, Drug
delivery system

Muñoz-Espín et al.
(2018), Yoshimoto
et al. (2013), Baker
et al. (2016)

Human
cervical
cancer

Rapamycin (to
suppress IL-6
from SASP)

Laberge et al.
(2015)

Pulmonary fibrosis Human and
murine lung
cells

Ink-ATTAC mice ABT-263, D + Q Pan et al. (2017,
Muñoz-Espín et al.
(2018), Schafer
et al. (2017)

Human D + Q Justice et al. (2019)

Hepatic steatosis Mice Ink-ATTAC and
D + Q

Cellular
senescence drives
age-dependent
hepatic steatosis.
Nat
Commun.(2017)

Atherosclerosis Mice Ink-ATTAC and
ABT-263

Childs et al. (2016)

Osteoarthritis Mice Ganciclovir with
HSV-TK

Jeon et al. (2017)

Human Fenofibrate Nogueira-Recalde
et al.(2019)

Alzheimer’s
disease

Mice D + Q Zhang et al. (2019)

Tau-mediated
neurodegeneration

Mice Ink-ATTAC,
ABT-263, D + Q

Mendelsohn and
Larrick (2018,
Bussian et al.
(2018)

Osteoporosis Ink-ATTAC Mice Ink-ATTAC, JAKi Farr et al. (2017)

Dysglycemia Mice JAKi Xu et al. (2015)

Cardiovascular
diseases

Mice Ink-ATTAC, D +
Q, ABT-263

Roos et al. (2016,
Walaszczyk et al.
2019)

(continued)
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Table 4.2 (continued)

Disease Models Senolytic used References

In vitro In vivo

Glomerulosclerosis Ink-ATTAC Mice Ink-ATTAC Baker et al. (2016)

Fatty liver disease Mice JAKi, D + Q Papatheodoridi
et al. (2019)

Renal diseases Mice Ink-ATTAC Valentijn et al.
(2018)

Fig. 4.1 Schematic overview of the different strategies pursued to eliminate senescent cells or
alleviate the detrimental effects of the SASP

et al. 2015). In non-small cell lung cancer and head and neck squamous cell carci-
noma, senescent cells have altered H3 acetylation and Bcl-xl expression. Panobino-
stat inhibits Bcl-xl and kill senescent cells induced by chemotherapy (Samaraweera
et al. 2017). However, this drug may cause a few adverse effects, including diarrhea,
asthenia and a lower count of immune blood cells (Van Veggel et al. 2018; Hennika
et al. 2017).

Finally, EF24, a natural compound found in turmeric (Curcuma longa) that is
similar to curcumin, can kill senescent cells by downregulating Bcl-xl (Li et al.
2019). EF24 could be used in synergy with ABT-263 to kill senescent cells more
effectively, and at the same time, prevent ABT-263’s cytotoxic effects (Li et al. 2019).
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4.3.2 Proapoptotic Cocktail Dasatinib + Quercetin

Based on the fact that senescent cells are resistant to apoptosis induced by serum
deprivation and other stresses, Zhu et al. hypothesized that it could be possible to
kill them by inhibiting their antiapoptotic pathways. A screening using molecules
that block these pathways showed that the drugs dasatinib and quercetin were par-
ticularly efficient to kill senescent cells and improves health span in progeroid mice
(Zhu et al. 2015). The synergistic combination proved to be efficient to counteract
the effect of irradiation in vivo, and to extend lifespan in naturally-aged mice (Xu
et al. 2018). Dasatinib is a competitive inhibitor of tyrosine kinases and is currently
used to treat leukemia (Zarbock 2012). The drug strongly suppresses the SASP and
genes related to senescence in human subjects with systemic sclerosis (Martyanov
et al. 2019). Quercetin is a flavonol found in some fruits and vegetables that has
anti-inflammatory properties (Li et al. 2016). The cocktail with both drugs targets
different anti-apoptotic pathways in senescent cells (Kirkland and Tchkonia 2017). It
significantly lowered the number of senescent cells in human adipose tissues without
killing macrophages. This subsequently had a positive impact on inflammation and
frailty (Xu et al. 2018). However, senescent hepatocellular carcinoma cells resist the
effect of the combination dasatinib/quercetin (Kovacovicova et al. 2018) indicating
again the tissue specific mode of action of senolytics.

4.3.3 Senolytics that Activate P53: Nutlin and FOXO4DRI

Most types of stress that trigger senescence also activate the tumor suppressor p53
(Qian and Chen 2010). P53 acts as a transcription factor inducing the expression of
genes such as promyelocytic leukemia (PML) (de Stanchina et al. 2004; Ablain et al.
2014), p21 (Fang et al. 1999), PAI1 (Kortlever et al. 2006) and E2F7 (Aksoy et al.
2012) thatmediate the growth arrest phenotype of senescent cells. P53 can also trigger
cell death but the key molecular switches that control cell fate downstream of p53
activation are notwell understood (Macip et al. 2003).Reactive oxygen species (ROS)
can convert a p53-dependent senescence response into apoptosis but the mechanism
has not been totally elucidated (Macip et al. 2003). It has been proposed that p53
must overcome a concentration threshold to trigger apoptosis (Kracikova et al. 2013).
Another pertinent characteristic of p53 in this regard is its ability to translocate to
mitochondria (Mihara et al. 2003) and inhibit Bcl-2 and Bcl-xl, preventing their anti-
apoptotic activities (Hagn et al. 2010). P53 translocation to mitochondria is inhibited
by the nucleolar protein nucleophosmin (Dhar and StClair 2009) and the E3 ubiquitin
ligase TRAF6 (Zhang et al. 2016).

Nutlin (Nutley inhibitor) was designed by Vassilev and colleagues to prevent the
binding of Mdm2 to p53. The nutlin binding site is situated in a deep hydrophobic
pocket in the Mdm2 protein (Vassilev et al. 2004). Mdm2, an E3 ubiquitin ligase,
inhibits p53 through threemechanisms: (1) degradation of p53 by poly-ubiquitylation
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and targeting it to the proteasome; (2) export of p53 out of the nucleus by mono-
ubiquitylation and (3) direct binding to p53 preventing its activity as a transcription
factor (Wu and Prives 2018). Since p53 is needed to express Mdm2, levels of p53
are autoregulated in a feedback loop (Lessel et al. 2017).

Nutlin is not genotoxic and does not promote p53modifications associated toDNA
damage, it only stabilizes p53 by protecting it fromMdm2. Although senescent cells
activate p53, this activation is limited (Huang and Vassilev 2009) suggesting that
p53 cannot attain the levels needed to trigger apoptosis. It is then quite possible
that nutlin could stabilize latent p53 in senescent cells and trigger apoptosis. This
has been shown in cultures of senescent chondrocytes obtained from patients with
osteoarthrosis or in vivo in a mouse model of osteoarthrosis triggered by transection
of the anterior cruciate ligament (Jeon et al. 2017). However, p53 reactivation could
lead to toxic effects in normal cells, including death by apoptosis (Burgess et al.
2016), or could generate a selective pressure for mutations of p53 (Aziz et al. 2011).
Also, nutlin could potentially bind to other protein pockets with similar shapes and
physicochemical properties, leading to potential toxic effects (Nguyen et al. 2019).

Proteolysis Targeting Chimera (PROTAC) consist of two protein binding frag-
ments, one capable of binding to a target protein and another that binds to an E3
ubiquitin ligase (Bondeson et al. 2018). PROTACs having an Mdm2-binding frag-
ment such as nutlin could have a double effect. First, they can activate p53 by prevent-
ing its inhibition byMdm2. Second, they could target another protein for degradation
by the proteasome by promoting its interaction with Mdm2. Such a PROTAC tar-
geting BRD4 was shown to be very effective against cancer cells with wild type
p53 (Hines et al. 2019) but it could also be modified by coupling nutlin to anti-Bcl2
family compounds such as ABT-273 to better kill senescent cells.

FOXO4 is a member of the Forkhead box O (FOXO) family of transcription
factors which are negatively regulated by insulin or IGF-1 via AKT-dependent phos-
phorylation and cytoplasmic retention (Martins et al. 2016). In the nucleus, FOXO
factors can localize to PML nuclear bodies (Trotman et al. 2006) which are particu-
larly induced in senescent cells (Bourdeau et al. 2009). FOXO factors are involved in
resistance to stress, metabolism, cell cycle arrest and apoptosis (Martins et al. 2016).

In response to acute damage, FOXO4 was shown to favor senescence instead of
apoptosis. During senescence, p53 is phosphorylated byATM(Ataxia-Telangiectasia
Mutated), which would prevent its inhibition by Mdm2 (Mallette et al. 2007). In this
situation, p53 localizes to chromatin having persistentDNAdamage (DNA-SCARS),
next to PML bodies containing FOXO4. FOXO4 would then limit p53’s ability to
promote apoptosis by sequestering p53 in PML bodies (Baar et al. 2017). Based on
this, Baar and colleagues synthesized a FOXO4-derived peptide that would prevent
the binding of FOXO4 to p53 (Baar et al. 2017). This peptide was designed as a
D-retro inverse isoform (DRI) so that it would have a better potency than its natural
L-isoform counterpart. The FOXO4-DRI peptide was effective in relocating p53 to
mitochondria, promoting apoptosis selectively in senescent cells both in vitro and
in vivo. This peptide had potent anti-aging effects both in progeroid and wild-type
mice illustrating once again the causal relationship between senescent cells and
aging (Baar et al. 2017). FOXO4-DRI showed a tenfold selectivity to senescent cells
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compared to normal cells. Although the peptide was safe in rodents upon repeated
administration, long living humans may require even more injections. It would be
preferable to optimize this peptide to achieve a higher degree of selectivity to avoid
potential toxicities in humans (Baar et al. 2018).

4.3.4 Metabolic Inhibitors: Targeting Glycolysis and REDOX
Metabolism

Senescent cells have a dramatic upregulation of glucose utilization in association to
theirmitochondrial dysfunction (Moiseeva et al. 2009). For instance, therapy-induced
senescence (TIS) in lymphoma cells is accompanied by an increase in glucose utiliza-
tion and autophagy that together support the ATP and metabolic demands of senes-
cent cells. A combination of deoxyglucose with the autophagy inhibitor bafilomycin
A1 selectively killed these senescent cells (Dörr et al. 2013). The glucose transport
inhibitors phloretin and cytochalasin B or the lactate dehydrogenase inhibitor oxa-
mate were also selectively toxic for TIS cells (Dörr et al. 2013). This was actually
the first demonstration of a pharmacological approach to kill senescent cells.

The screening of a library of small molecules supposed to target important path-
ways for senescent cells showed that piperlongumine was a promising candidate as
a senolytic (Wang et al. 2016). The drug induced apoptosis selectively in senescent
fibroblasts compared to control cells. A significant synergy between piperlongumine
and ABT-263 could allow for a lower dose of ABT-263. The latter causes thrombo-
cytopenia and neutropenia because of inhibition of Bcl-xl in platelets (Wang et al.
2016). Although piperlongumine’s mode of action is not fully understood, the drug
was shown to bind the protein Oxidation Resistance 1 (OXR1) leading to its degra-
dation by the ubiquitin-proteasome system (Liu et al. 2018). Targeting OXR1 kills
senescent cells by promoting oxidative stress (Yang et al. 2014; Zhang et al. 2018).

Senescent chondrocytes have been linked to osteoarthritis, a disease for which
there is no cure. Nogueira-Recalde and colleagues found fenofibrate, an agonist of
PPARα (peroxisome proliferator-activated receptor alpha) as a senolytic after inter-
rogating the Prestwick chemical library for molecules that kill senescent cells. They
showed that fenofibrate effectively and selectively killed senescent chondrocytes
by promoting apoptosis in vitro. Since this drug was found by screening chemical
compounds it is not yet clear how it selectively kills senescent cells. The authors
correlated the effects of fenofibrate with inhibition of the mTOR effector S6 kinase
(Nogueira-Recalde et al. 2019). Since mTOR is required for protein synthesis, this
strategy may work by inhibiting the expression of anti-apoptotic proteins. In a retro-
spective study, human osteoarthritis patients taking fenofibrate reported a significant
decrease in disability and pain leading to fewer joint surgeries (Nogueira-Recalde
et al. 2019). The use of fenofibrate as a senolytic could be however limited by its
hepatotoxicity (Hedrington and Davis 2018).
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4.3.5 HSP90 Inhibitors

Robbins and colleagues screened a library of autophagic regulators for com-
pounds that killed senescent ercc1 null murine embryonic fibroblasts. They iden-
tified the HSP90 inhibitors geldanamycin, 17-AAG (tenespimycin) and 17-DMAG
(alvespimycin) as potent senolytics that triggered apoptosis in senescent cells
(Fuhrmann-Stroissnigg et al. 2017). The mechanism of senolytic activity of HSP90
inhibitors included the destabilization of phospho-AKT (Fuhrmann-Stroissnigg et al.
2017). Of note, treating progeroid ercc1−/Δ micewith 17-DMAG reduced the expres-
sion of senescence biomarkers in the kidneys and delayed the onset of age-related
phenotypes (Fuhrmann-Stroissnigg et al. 2017).

4.3.6 Sodium/Potassium ATPase Inhibitors

Produced naturally by many plants, cardiac glycosides have been recently found
to be senolytic agents. They prevent cytoplasmic transmembrane Na+/K+ pumps
to maintain the resting potential across the membrane by binding to their alpha
1 subunit (Langford and Boor 1996). Using a high throughput screening method
on compounds found in the Prestwick library, Triana-Martinez et al. identified 9
cardiac glycosides as senolytics. Among them, digoxin had the highest senolytic
index (Triana-Martinez et al. 2019). Cardiac glycosides selectively trigger apopto-
sis of senescent cells by increasing intracellular concentration of Na+ ions. This in
turn would inhibit Na+/Ca2+ and Na+/H+ exchangers, leading to increasing concen-
trations of Ca2+ and H+. Since senescent cells already have a lower cytosolic pH
than normal cells, digoxin could activate both the intrinsic and the extrinsic apop-
tosis pathways in these cells only (Majdi et al. 2016). In a similar fashion, ouabain,
another cardiac glycoside, was also found to have senolytic properties (Guerrero et al.
2019). Interestingly, in this study ouabain was shown to induce the expression of the
proapoptotic protein Noxa, suggesting that changes in gene expression underpin the
senolytic activity of cardiac glycosides.

4.3.7 Immunotherapy

Human senescent fibroblasts express higher levels of the cell surface marker dipep-
tidyl peptidase 4 (DPP4) (Kim et al. 2017). An antibody-dependent cell-mediated
cytotoxicity (ADCC) assay showed that NK cells can recognize and selectively kill
these DPP4 positive senescent fibroblasts (Kim et al. 2017). As senescence can
also occur in immune cells, the immune system can become impaired, leading to
accumulation of senescent cells. Thus, targeting specifically immune senescent cells
could have an indirect senolytic effect on senescent cells from other tissues. In mice,
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removal of senescent hematopoietic stem cells had a rejuvenating effect on aged tis-
sues (Chang et al. 2016). Also, clearance of senescent cells in irradiatedmouse spleen
restored the functions of T cells and macrophages (Palacio et al. 2019). It seems also
possible to engineer immune cells against senescent cells expressing IL-6, and then
promote their death via cell fusion (Qudrat et al. 2017).

4.3.8 Drug Delivery System Targeting Senescent Cells

Another interesting way of killing senescent cells is to encapsulate a cytotoxic com-
pound in a shell that would preferentially target these cells. Since they have a high
level of lysosomal β-galactosidase compared to normal cells, Muñoz-Espín et al.
used nanoparticles covered with galacto-oligosaccharides on a silica scaffold. These
beads are integrated by most cells via endocytosis and then quickly released via
exocytosis. However, in the case of senescent cells, β-galactosidase will digest the
polysaccharide allowing the release of drugs inside the nanoparticles before exocy-
tosis. Fluorophores were used to show that these nanoparticles identified senescent
cells in vivo and when loaded with doxorubicin they selectively killed senescent cells
(Muñoz-Espín et al. 2018).

4.3.9 SASP Modulation

Another way to fight the detrimental effects of senescent cells is to attenuate their
inflammatory secretions. The hundreds of cytokines, chemokines, growth factors
and metalloproteases come mainly from two distinct pathways: NF-κB and C/EBPβ

(Paez-Ribes et al. 2019). Targeting these pathways or their upstream regulators
could help reduce inflammation linked to aging. Rapamycin decreases secretion
of interleukin-6 (IL-6) and other inflammatory cytokines by inhibiting their trans-
lation (Herranz et al. 2015; Laberge et al. 2015). MAPK pathway inhibitors, such
as ginsenosides, were able to suppress the SASP in senescent astrocytes (Hou et al.
2018) or hematopoietic stem cells (Tang et al. 2015). The NF-κB pathway could also
be inhibited by the antidiabetic drug metformin, preventing the expression of several
SASP cytokines (Moiseeva et al. 2013; Oubaha et al. 2016). Resveratrol, a polyphe-
nol, was able to inhibit the SASP through SIRT1/NF-κB pathway on melanoma
cells (Menicacci et al. 2017) or in the gut of the fish N. guentheri (Liu et al. 2018).
Administration of a JAK inhibitor, ruxolitinib, reduced inflammation in aged mice
by down-regulating the C/EBPβ pathway (Xu et al. 2015). Glucocorticoids such
as corticosterone or cortisol were shown to suppress IL-6 as well as several other
SASP components. They inhibit IL-1α signaling upstream of NF-κB, which in turn,
stimulates the expression of IL-1α, in a positive feedback loop (Laberge et al. 2012).
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4.4 Clinical Trials and Future Directions

Since aging is still not recognized as a disease, very few of the aforementioned
senolytics have made their ways to clinical studies. Unity biotechnology is cur-
rently testing the effect of a compound called UBX0101 on osteoarthritis. After a
successful phase I (NCT03513016) they are recruiting patients for a phase II trial
(NCT04129944). UBX0101 is supposed to eliminate senescent cells that accumulate
in joints, which should decrease local inflammation and alleviate the pain. TheMayo
clinic is testing the cocktail D+Q in 2 different clinical trials. One is aimed at chronic
kidney diseases (NCT02848131) and the other one is targeted against Alzheimer’s
disease (NCT04063124). Mayo clinic is also investigating the senolytic effect of
fisetin on frail elderly syndrome (NCT03430037). They are currently recruiting for
phase II on these 3 studies. A preliminary report of the phase I trial with D+ Q in 9
patients with diabetic kidney disease claims a reduction in adipose tissue senescent
cells burden 11 days after completion of a 3-days senolytic treatment (Hickson et al.
2019). If confirmed in a large number of patients, this study suggests that all the
beneficial effects observed in mice treated with senolytics will be also attained in
humans.
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Chapter 5
Senotherapy of Cancer

Pilar Picallos-Rabina, Sabela Da Silva-Álvarez, Lucía Antelo-Iglesias,
Francisco Triana-Martínez, and Manuel Collado

Abstract Cellular senescence is a stress and repair response that protects us from
cancer and contributes to tissue homeostasis by inducing a stable cell cycle arrest
and imposing a secretory phenotype. Senescent cells are held in check to avoid
their aberrant proliferation while at the same time they serve as new signaling
nodes to orchestrate tissue repair and to reestablish homeostasis in damaged tis-
sue. Chemotherapeutic drugs can induce senescence in cancer cells and, although
restricting tumor growth, senescence can also have negative consequences for can-
cer therapy. Senescent cancer cells remaining after chemotherapy might represent a
risk of tumor relapse and secrete a huge number of soluble factors known as SASP
with detrimental activities that can alter the tumor microenvironment. In addition,
induction of senescence in the normal surrounding tissue can produce severe side
effects. In recent years, we have deciphered many aspects of the process of cellular
senescence that can help us apply this response in our benefit. In particular, we have
identified anticancer drugs that can induce a potent senescence response in cancer
cells, we are learning how to modulate the SASP to avoid the negative effects, and
we have found vulnerabilities in senescent cancer cells that allow their specific cell
killing by senolytic compounds. In summary, we are in a position to start considering
the possibility of developing effective senotherapies of cancer.
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5.1 Cellular Senescence in Cancer

Senescence is a cellular state defined by a stable cell cycle arrest and the acquisition of
characteristicmolecular andmorphological features. Senescent cells are enlarged and
flattened, contain numerous lysosomes with increased beta-galactosidase activity,
lack proliferation due to the expression of high levels of cell cycle inhibitors, secrete
huge amounts of soluble factors, and show heterochromatic foci and DNA damage.
It was originally described after prolonged in vitro culture of human normal diploid
cells and considered to represent the exhaustion of the predetermined replicative
potential of cells (Hayflick and Moorhead 1961). As such, senescence was linked
to the process of aging. The accumulation of senescent cells in multiple tissues is
associated with pathological and normal aging (Childs et al. 2017; McHugh and
Gil 2018). Already in the initial description of cellular senescence it was clear that
this process took place in normal non-transformed cells, but not in tumor derived
cancer cells, suggesting that cancer cells were not under the control of senescence.
This differential response of normal and tumor cells suggested that senescence was a
process involved in limiting the indefinite proliferation of cells to avoid the emergence
of cells accumulating unrepaired damage.

5.1.1 Tumor Suppressive Function of Senescence

The observation of a sudden induction of senescence in normal primary cells after
the introduction of an activated HRAS oncogene led to the notion of cellular senes-
cence as a tumor suppressor mechanism (Serrano et al. 1997). The molecular players
involved in this response, p16 and p53, were the same ones described to operate
during the so-called replicative senescence on in vitro serially passaged cells, and
the morphological change undergone by the RAS-expressing cells was identical to
the one experienced after replicative exhaustion. Cells expressing single activated
oncogenes do not show any of the typical features of transformed cells and the com-
bination of two (in the case of mouse cells) or more (in human) oncogenic events
are required to achieve fully transformed cells (Hahn and Weinberg 2002). Cultures
of cells expressing oncogenes tend to show an initial phase of hyperproliferation
followed by massive induction of apoptosis and/or senescence. Overcoming these
cellular protective responses is a requisite of cancer cells to successfully become a
tumor. Indeed, two of the initially recognized hallmarks of cancer in the classical
review by Hanahan and Weinberg are the bypass of apoptosis and the acquisition of
indefinite replicative potential, highlighting the crucial role played by apoptosis and
senescence as barriers against cancer progression (Hanahan and Weinberg 2000).
The identification of the senescence response in vivo on mouse models of oncogenic
activation and in human samples frompreneoplastic tissue, aswell as the tumor prone
phenotype of animals lacking some of the crucial regulators of senescence (e.g. p16
and p53) clearly established cellular senescence as a robust barrier restricting tumor
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development (Braig et al. 2005; Chen et al. 2005; Collado et al. 2005; Lazzerini
Denchi et al. 2005; Michaloglou et al. 2005). Oncogene activation in vivo does not
lead to the immediate growth of a tumor. After an initial phase of hyperprolifera-
tion, oncogenically-damaged cells enter senescence, restricting cancer development.
Premalignant lesions are composed of a mixed population of cells undergoing senes-
cence and/or apoptosis and bypass of these defensive responses is absolutely required
for tumors to advance on their road to full malignant transformation (Collado and
Serrano 2006).

5.1.2 Pro-Tumor Activity of Senescence

Despite being growth arrested, senescent cells are metabolically active and are
characterized by a particular secretory phenotype known as SASP (Senescence-
Associated Secretory Phenotype) (Coppé et al. 2008). Among the differentmolecules
released by senescent cells there are a great number of pro-inflammatory cytokines
and chemokines (e.g. IL6, IL8, CXCL1…),matrix remodeling enzymes (e.g.MMP1,
MMP3, PAI-1…), and growth promoting factors (e.g. HGF, Epiregulin, Amphireg-
ulin…). The putative pro-tumoral nature of these secreted factors seemed perplexing
when considering the known antitumor effect of senescence. Reports from different
laboratories have confirmed this pro-tumorigenic activity of the SASP (Krtolica et al.
2001; Angelini et al. 2013). Already when SASP was first identified, it was shown
that premalignant epithelial cells exposed to SASP factors from genotoxic-induced
senescence experienced an epithelial-mesenchyme transition and enhanced invasive-
ness, both hallmarks of malignant tumor cells (Coppé et al. 2008). Similarly, stromal
senescent cells that accumulate during aging seem to be capable of conditioning the
niche in the bone through secreted factors to promote metastasis development (Luo
et al. 2016). This is in contrast with other reports showing induction of paracrine
senescence in cells exposed to secretions of senescent cells (Acosta et al. 2008).
We should be cautious when considering the putative role of SASP regarding tumor
promotion or prevention; these relative effects could be influenced by cell type,
senescence-inducing stimulus or time scale at which the different SASP factors are
produced (Chan and Narita 2019). As already mentioned, the SASP is a complex and
dynamic phenotype that evolves in composition with time from immunosuppressive
and profibrotic to proinflammatory and fibrolytic activities, affecting surrounding
cells in a beneficial or detrimental fashion according to the nature of these signals
and the state of the recipient cells (Ito et al. 2017).
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5.2 Chemotherapy-Induced Senescence

Even though cancer cells require bypassing the senescence barrier on their road to
malignant transformation to achieve unlimited proliferative potential, the cellular
senescence response can still be engaged if cancer cells receive the appropriate
stimulus. This is evidenced for example using mouse models of inducible oncogenic
activation in which shutting off the oncogene in an already established tumor leads to
the control of tumor progression through induction of senescence (Wu et al. 2007).
Similarly, tumors developed in the absence of crucial tumor suppressor genes such as
p53 are restricted and even disappear after induction of senescence (Xue et al. 2007;
Ventura et al. 2007). Interestingly, this senescence response is triggered only on the
tumor cells and not in normal cells that are also deficient in p53. This potent tumor
restrictive activity of senescence induction on tumor cells led many to consider the
possibility of developing a prosenescence therapy of cancer (Serrano 2007).

5.2.1 Drugs Inducing Senescence Limit Tumor Growth

We now know that senescence can account for the beneficial response of cancer cells
to chemotherapy. Establishing a senescence index by measuring a set of senescence
markers on samples obtained at the time of colorectal cancer diagnosis demon-
strated that the presence of senescence in the tumor lesion, previous to the treat-
ment, correlated with a better therapeutic response (Haugstetter et al. 2010). On the
other hand, the identification of senescence markers in vitro using cellular models
of chemotherapy-induced senescence was further corroborated on samples derived
from tumors from cancer patients that had been subjected to chemotherapy prior to
surgery (te Poele et al. 2002; Roberson et al. 2005). In support of these data, the
reevaluation of the effects on senescence of classic chemotherapeutic agents using
mouse models of cancer revealed that this was a crucial component of the therapeutic
effects of these drugs (Schmitt et al. 2002). This pro-senescence response was not
intended when these anticancer drugs were originally developed because chemother-
apy of cancer has traditionally been designed with the basic idea of killing tumor
cells in the most effective way, and as selective as possible.

However, cytotoxic chemotherapy might be limited by the extend of cancer cell
death achieved with the use of these drugs, the heterogenous state at which cancer
cells are present within the tumor, and many other factors influencing chemother-
apy success. The induction of cancer cell senescence could represent an alternative
approachwith beneficial effects for cancer therapy. For this,wewould need to identify
drugs inducing a potent cellular senescence response or develop new ones selected
for their senescence-inducing potential (Fig. 5.1). Although there are a number of
known chemotherapeutic agents that have been identified as capable of inducing cel-
lular senescence in cancer cells, such as doxorubicin, etoposide, bleomycin, etc. (Liu
et al. 2019), we still lack in depth information regarding the mechanisms involved
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and the clinical relevance of inducing senescence in the context of cancer treatment.
Reevaluating known anticancer drugs for their potential senescence-inducing activ-
ity could also provide clues about their potential use on a prosenescence therapy
of cancer. This is the case, for example, of recently developed CDK4/6i (Palbocli-
clib and Abemaciclib) (Llovet et al. 2016; Torres-Guzmán et al. 2017). These drugs
have been shown to elicit a senescence response in pre-clinical and clinical settings
(Llovet et al. 2016; Gong et al. 2017). A more recent example is provided by poly
(ADP-ribose) polymerase 1 inhibitors (PARPi). These drugs have been developed
and are in clinical use for ovarian and breast cancer and have been recently shown to
induce a strong senescence response in cancer cell lines of these tumor types (Fleury
et al. 2019).

To discover new drugs inducing cancer cell senescence we will need to screen
for compounds with this activity or identify potential targets that can be drugged to
trigger senescence in cancer cells. There are some recent elegant examples of high-
throughput genetic and compound screenings to develop cancer cell senescence-
inducing drugs. Using a CRISPR library targeting enzymes involved in remodeling
of chromatin and in the modulation of epigenetic marks it was possible to show that
suppression of SMARCB1, a component of the SWI/SNF nucleosome remodeling
complex, induces senescence of melanoma cells (Wang et al. 2017). Similarly, a
CRISPR library targeting kinases identified several kinases required for proliferation
of p53-mutant liver cancer cells. Among them, inhibition of CDC7 using a chemical
inhibitor induced cellular senescence specifically in liver cancer cells, suggesting
that this kinase could be used as a potential target to develop a senogenic cancer
therapy (Wang et al. 2019). On the other hand, using compound screening, multiple
aurora kinase inhibitors were shown to possess strong senescence inducing activity
on RAS mutant lung cancer cell lines (Wang et al. 2017).

5.2.2 Senescent Cancer Cells Fuel Malignant Growth

Apart from the proposed non-cell autonomous negative effect of senescence over
premalignant or malignant cells in their vicinity by SASP factors, tumor cells can
also be fueled by the senescence program when they escape from the tight cell cycle
control (Milanovic et al. 2018; Achuthan et al. 2011). Chemotherapy-induced senes-
cence of cancer cells has been shown to induce pathways similar to those that are
typical of a stemness state. When these cells escape the control of senescence, they
manifest an increased malignancy with respect to their parental tumor cells. This
reinforced tumorigenic potential seems to be related with the activation of the Wnt
pathway during chemotherapy-induced senescence and, accordingly, inhibition of
Wnt leads to a reduced tumorigenicity of these “cancer stem cell-like” escapees.
A similar pro-stemness activity of senescence cells has been linked to the SASP.
Senescence induction alters surrounding cells increasing their plasticity and promot-
ing their regenerative potential and cell reprogramming to pluripotency (Rhinn et al.
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2019; Mosteiro et al. 2016). This state can be triggered by chemotherapeutic drugs
but can also result from oncogenic induction (Rhinn et al. 2019; Ferreirós et al. 2019).

5.2.3 Secondary Effects of Cancer Therapy Mediated
by Senescence Induction

Chemotherapy and radiotherapy of cancer is unfortunately associated with devastat-
ing secondary effects due to the unspecific targeting of normal cells. Tissues sub-
jected to the harsh action of anticancer therapies frequently accumulate damaged
cells that have undergone apoptosis or senescence. There is now mounting evidence
that these senescent cells contribute to the adverse effects of chemotherapy and radio-
therapy. The analysis of p16INK4A expression levels, a classical marker of cellular
senescence, in CD3+ lymphocytes in the blood of breast cancer survivors revealed
that adjuvant chemotherapy of breast cancer promotes aging by inducing cellular
senescence (Sanoff et al. 2014). Similarly, irradiation of normal tissues is known to
induce cellular senescence and to cause for example pulmonary fibrosis or loss of
salivary gland function during radiotherapy of lung or head and neck tumors (He
et al. 2019; Marmary et al. 2016). These negative effects are considered to be medi-
ated by the secretion of pro-inflammatory factors present in the SASP that cause a
low level chronic inflammatory environment. Transgenic mice that allow visualiza-
tion of senescent cells revealed the induction of senescence after treatment with the
anthracycline Doxorubicin (Demaria et al. 2017). These animals suffer from sys-
temic inflammation that results in bone marrow suppression, cardiac dysfunction,
fatigue and even cancer recurrence. All these adverse effects derive from senescence
induced by chemotherapy on normal cells and model the response of cancer patients
to treatments (Fig. 5.1).

5.3 Senolytics as Antitumor Adjuvant Therapy

Senescent cells present a particular expression profile, part of which consists on the
secreted factors that form the SASP and on the expression of cell cycle regulators
responsible for the cell cycle arrest. Apart from these typical hallmarks of the process,
cellular senescence is characterized by an increased resistance to apoptosis (Childs
et al. 2014). This seems to rely, at least in some settings, on an upregulated expression
of the BCL-2 family of antiapoptotic proteins (Wang 1995). The use of chemical
inhibitors of these antiapoptotic proteins, for example using ABT-263 or ABT-737,
demonstrated the feasibility of inducing selectively the killing of senescent cells
(Chang et al. 2016; Zhu et al. 2016; Yosef et al. 2016). There are other compounds
with this activity, now collectively known as senolytics. Senolytic compounds such as
Quercetin and Dasatinib are also thought to work by disarming senescent cells (Zhu
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Fig. 5.1 Senotherapy of cancer. Chemotherapy and radiotherapy can induce cellular senescence
as part of their action on tumor cells and this can have positive and negative impacts on cancer
therapy derived from the cell cycle arrest and the SASP. Using senolytics to kill specifically the
tumor and normal senescent cells, and senomorphics to modulate the SASP can contribute to the
success of the therapy while reducing the secondary effects at the same time. TIS: Therapy-Induced
Senescence. SASP: Senescence-Associated Secretory Phenotype

et al. 2015). In contrast, a novel family of broad spectrum senolytic compounds, the
Cardiac Glycosides, seem to induce senescent cell killing by taking advantage of an
acquired vulnerability of senescent cells derived from their membrane depolarization
and disbalanced electrochemical gradient (Guerrero et al. 2019; Triana-Martínez
et al. 2019).

Importantly, in vivo senolytic treatment has proved to provide therapeutic benefit
in a number of age-related diseases and ultimately to lead to improved physical
function and increased lifespan in mice (Brooks et al. 2018; Xu et al. 2018). The
successful reports of in vivo use of senolytic compounds in the context of aging and
age-related diseases open the possibility for a potential use as adjuvant therapy of
cancer. In this sense, it is worth noting that some of these senolytics have been or are
currently used in clinical trials for different neoplastic pathologies: ABT-263 was
originally developed as an anti-cancer drug that failed to advance further due to the
toxicity shown in patients during the early stages of clinical trials; Dasatinib, is a drug
approved for clinical use in Chronic Myeloid Leukemia as an alternative to Imatinib;
Cardiac Glycosides and Quercetin are currently being investigated as anti-cancer
drugs in a number of neoplastic diseases in combinationwith other chemotherapeutic
agents.
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These potential treatments could be further improved by the specific targeting of
senescent cells. Development of functionalized nanocarriers and formulations could
increase the efficacy of the cytotoxic effect of senolyticswhile reducing their potential
secondary effects. A nice example on this direction was provided recently with the
encapsulation of senolytic compounds on mesoporous silica nanoparticles coated
with galactose-based polymers to direct their delivery to senescent cells (Muñoz-
Espín et al. 2018). This strategy also proved useful to label and monitor the fate of
senescent cells in vivo.

5.3.1 A One-Two Punch Strategy Against Cancer

Since current chemotherapy for cancer has been shown to induce a potent senescence
response in tumor cells in many cases, several laboratories reasoned that it should be
possible to induce senolysis of the senescent tumor cells as a strategy to remove these
damaged tumor cells to avoid tumor relapse and to reduce the undesired secondary
effects that could potentially derive from the SASP. This led to the proposal of a
one-two punch therapeutic strategy for cancer based on the use first of a compound
inducing senescence in cancer cells followed by a senolytic drug that would specif-
ically kill these cells (Fig. 5.1). With this idea in mind, several laboratories have
addressed the issue using different systems. Initially, it was shown that treatment of
cancer cells with aurora kinase inhibitors such as Alisertib and Barasertib, previously
identified on genetic and compound screenings as potent senescence inducers, sen-
sitizes the tumor cells in vitro to a BCL-2 family inhibitor and senolytic compound,
ABT-263, leading to their specific killing (Wang et al. 2017). A similar strategy has
been followed more recently after identifying the kinase CDC7 as a potential target
to induce senescence of p53-deficient liver cancer cells using a genetic screening.
The use of XL413, a specific inhibitor of CDC7 (Koltun et al. 2012), proved that tar-
geting this kinase induces senescence in the tumor cells (Wang et al. 2019). However,
this induction of senescence does not sensitize the cancer cells to known senolytics
such as ABT-263 or Dasatinib. Further investigation on the molecular mechanisms
involved in senescence induced byCDC7 inhibition revealed that blocking themTOR
pathway selectively triggered apoptosis in the XL413-treated cancer cells. The com-
bination of the senogenic XL413 with the mTOR inhibitor AZD8055, acting as a
specific senolytic agent, provedmore effective thanmonotherapy in xenograftmodels
of cancer growth as well as in a genetic model of hepatocellular carcinoma, provid-
ing an elegant example of the combined use of genetic and compound screenings to
identify vulnerabilities of specific cancer cells (Wang et al. 2019).

Another good example of the potential use of this one-two punch strategy against
cancer was reported recently, when the reevaluation of the effect caused by PARPi
on ovarian cancer cells revealed that they can induce senescence (Fleury et al. 2019).
Using Olaparib and other PARPi in combination with ABT-263 proved synthetic
lethality in vivo leading to a more effective anticancer treatment. PARPi treatment of
cancer cells however results in an incomplete cellular senescence response. Stopping
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PARPi treatment allows the resumed proliferation of the cancer cells. Interestingly,
this unstable senescent-like state provides a window of opportunity for therapeutic
treatment with senolytics since this transient growth arrest is sufficient to sensitize
the cancer cells to the effect of ABT-263.

Finally, Cardiac Glycosides (CGs) have been reported to have broad-spectrum
senolytic activity causing cytotoxicity on a wide range of tumor cells after exposure
to different senescence-inducing chemotherapeutic agents (Guerrero et al. 2019;
Triana-Martínez et al. 2019). Interestingly, CGs had been previously proposed as
cooperating antitumor compounds in combination with classic chemotherapeutic
agents. It is tempting to speculate that perhaps the repeatedly observed antitumor
activity of CGs could be, at least in part, the result of their senolytic activity.

5.3.2 Alleviation of Secondary Effects by Targeting
Senescence Cells

As already exposed, chemotherapy of cancer can trigger the induction of senescence
not only of the tumor cells but also of the normal surrounding tissue. Accumula-
tion of these senescent cells actively secreting SASP factors could have detrimental
consequences for the correct function of treated tissues (Demaria et al. 2017). The
efficient elimination of these senescent cells could result on less toxic therapies by
removing these damaged cells (Fig. 5.1). This possibility has been elegantly tested
on a recent report in which they eliminated senescent cells produced by chemother-
apy using a transgenic mouse model to target these cells or by treating animals with
the senolytic ABT-263 (Chang et al. 2016; Zhu et al. 2016; Yosef et al. 2016). In
both cases, removing normal senescent cells after treatment considerably decreased
different parameters traditionally linked with secondary effects of chemotherapy,
such as bone marrow suppression, cardiac disfunction, cancer relapse, and physical
activity and strength. Furthermore, examining a senescence marker in T cells from
cancer patients prior to chemotherapy showed that higher levels of the senescence
marker correlated with increased risk of chemotherapy-induced fatigue.

Radiotherapy of cancer can also lead to secondary effects which have also been
attributed to the induction of cellular senescence. For example, radiation-induced
loss of salivary gland function or lung fibrosis after thoracic radiation have been
shown to occur as a result of induction and accumulation of normal cells induced to
senescence by radiation. In the case of the salivary glands it was possible to point to
the SASP as responsible for this detrimental effect since IL6 modulation prevented
the damage (Marmary et al. 2016). In the case of lung fibrosis, treatment of irradiated
mice with ABT-263 after development of fibrosis reduced the number of senescent
cells and reversed the disease (Pan et al. 2017).
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5.4 Modulating the SASP to Improve Senotherapy

The composition and dynamics of the SASP are highly complex. Different molecules
are released from senescent cells depending on the nature of the inducer, the cell
type and the microenvironment (Coppé et al. 2010). Understanding this complexity
is required to tease apart the different activities of SASP factors. The identification
of key regulatory elements in the production of SASP factors could give us clues on
how tomodulate its activity to maximize the positive effects while avoiding the detri-
mental activities. This could lead to develop novel therapeutic compounds, known
as senomorphics, that could be used to obtain therapeutic benefit by controlling the
SASP in the context of cancer therapy (Fuhrmann-Stroissnigg et al. 2017) (Fig. 5.1).

There are now a number of reports showing how it is possible to alter the SASP
without affecting the senescent cell cycle arrest. The first SASP regulator to be
studied was NFkB (Chien et al. 2011). Chromatin proteomics identified p65 (also
known as RelA), a member of the NFkB family, as an abundant protein associated
with chromatin and regulating multiple genes during senescence, and among them,
prominently SASP factors. When p65 is suppressed in vitro, senescent cells escape
from immune recognition by natural killer cells and, when combined with p53 inac-
tivation, senescence is bypassed. In vivo, using a mouse model of lymphoma devel-
opment, inactivation of p65 leads to resistance to chemotherapy-induced senescence
and reduced survival. These results demonstrate that NFkB controls cell intrinsic as
well as cell extrinsic aspects of senescence and at least for some of these activities,
it does so through its control of SASP production.

TheSASP is also controlled by the inflammosome-mediated IL1 signaling (Acosta
et al. 2013). Activation of this pathway during senescence leads to the production
of SASP factors that can trigger senescence in a paracrine manner, extending the
senescence response to neighboring cells, and activates and recruits the immune
system to sites of senescence induction. In this manner, the SASP contributes to
tumor suppression, as demonstrated in vivo using IL-1a inhibitors on a model of
oncogene activation in liver. Blocking the SASP in this context leads to liver tumor
progression in the presence of a defective immune surveillance. In contrast, other
authors have reported that IL-1a inactivation impairs tumor progressionbydecreasing
the SASP without affecting the senescent cell cycle arrest (Lau et al. 2019).

Another crucial regulator of the SASP is mTOR. Inhibition of mTOR or its effec-
tors blocks the SASP in the context of cancer, revealing both its tumor suppressive
and tumor promoting activity (Herranz et al. 2015). In particular, reducing a specific
subset of SASP factors by mTOR inhibition decreases EMT induction and the inva-
sive properties of cancer cells elicited by conditioned media derived from senescent
cells. In vivo, co-injection of tumor cells with senescent cells enhances tumor growth
but this pro-tumorigenic activity is lost when senescent cells express an shRNA tar-
geted against mTOR. In contrast, the paracrine induction of senescence mediated by
SASP factors present in conditioned media is clearly reduced when mTOR signaling
is blocked in senescent cells. At the same time, senescence induction by oncogene
expression in the liver of mice treated with rapamycin, an mTOR inhibitor, shows
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a defective immune surveillance activity that results in decreased tumor suppres-
sive function of senescence. Livers of mice treated with the mTOR inhibitor showed
reduced infiltration of T cells, B cells, NK cells and macrophages, immune cells in
charge of the clearance of senescent cells and contributing to the tumor suppressor
activity of senescence.

Finally, another important player regulating the SASP is the Bromodomain-
containing 4 (BRD4), a member of the BET (bromodomain and extra terminal
domain) family of transcriptional regulators. Inhibition of BRD4 in senescent cells
does not result in bypass of senescence but decreases the SASP resulting in poor
paracrine senescence activity, impaired macrophage polarization, and reduced NK
cytotoxic activity (Tasdemir et al. 2016). As a result, BRD4 inhibition leads to a dis-
ruption in immune surveillance and elimination of senescent cells in vitro and in vivo,
a crucial tumor suppressive activity of senescent cells mediated by the SASP.

5.5 Concluding Remarks and Future Perspectives

The recent development of compounds with specific cell killing activity against
senescent cells, known as senolytics, has provided strong evidence of the possibil-
ity of removing senescent cells with therapeutic consequences. This idea has been
initially applied to aging and age-related diseases. Selectively eliminating senescent
cells improves the healthspan of premature and naturally aged mice while provid-
ing the beneficial tumor suppressive function of senescence (Childs et al. 2017).
This has led many to consider the possibility of using this strategy in the context of
cancer therapy. Chemotherapy-induced senescence of cancer encountered opposi-
tion when the potentially harmful effects of the SASP were first described. Besides,
leaving damaged tumor cells hanging around in cancer patients represent a poten-
tial risk of relapse due to escape of senescent tumor cells from the growth arrest.
Developing strategies to modulate the SASP, through senomorphics, and combining
senescence-inducing drugs with senolytics could represent novel approaches to treat
cancer more effectively. The induction of a senescent phenotype in cancer cells, even
a partial one, might provide a therapeutic window of opportunity. As part of the pro-
cess of senescence, cancer cells might acquire novel vulnerabilities that could make
them susceptible to the cytotoxic activity of senolytics. On top of that, the possibility
of removing non-tumor senescent cells generated by the unspecific targeting of nor-
mal cells by chemotherapy or radiotherapy offers the promise of reduced secondary
effects. There are now a number of known chemotherapeutic drugs that can induce
senescence in tumor cells. We need to identify more and to decipher their mode of
action to potentially use them in the clinic. In addition, we also need to identify more
powerful and specific senolytic compounds and try to understand the molecular basis
of their action.

Understanding the molecular basis of the process that make us grow old could
remarkably provide uswith the key to developmore effective and less toxic treatments
against cancer.
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Chapter 6
Targeted Senolytic Strategies Based
on the Senescent Surfaceome

Akang E. Ekpenyong-Akiba, Marta Poblocka, and Salvador Macip

Abstract The clearance of senescent cells has the potential to become a therapeutic
strategy that could be used in many pathologies, ranging from pulmonary fibrosis
and diabetes to ageing itself. The initial genetic experiments performed in mouse
models are now being recapitulated using chemical compounds that preferentially
kill senescent cells, known as senolytics. Senolytic drugs hold an immense clinical
potential but their lack of specificity could lead to side effects that would limit their
use, especially when treating otherwise healthy aged individuals. Thus, it would be
convenient to developmore targeted approaches to the elimination of senescent cells.
Here, we discuss the ongoing efforts to design targeted senolytics, with special focus
on the utilization of the extracellular epitopes displayed by the senescent surfaceome,
andwe summarize the avenues of research that have shown themost promising results
so far: nanotechnology, cellular therapies and antibody-based drug delivery.

Keywords Senolytics · Senescent cell clearing · Surfaceome · Nanoparticles ·
Antibody-drug conjugates

6.1 The Road to Targeted Senolytics

According to the current theories of ageing, therapeutic clearance of senescent cells
could prevent comorbidities and prolong lifespan in mammals (Naylor et al. 2013;
de Magalhães and Passos 2017; Demaria 2017). This is because the progressive
accumulation of senescent cells in tissues is thought to play an active role in ageing
and in the reduction of healthspan (Deursen 2014; deKeizer 2016). This hypothesis is
supported by the fact that genetic or chemical interventions to remove senescent cells
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have been recently shown to improve organismal health in several models (Kirkland
and Tchkonia 2015; Moreno-Blas et al. 2018).

The hallmark study ofBaker and colleagues (Baker et al. 2011), which used an ele-
gant transgenic mouse model to prevent the build-up of senescent cells, was the first
to demonstrate this possibility in vivo. As shown in this paper, the apoptosis induced
in p16Ink4a-positive cells from muscle, fat and the lens of a BubR1H/H progeroid
mice promoted normal functioning of these tissues, delayed the onset of age-related
diseases, slowed down the progression of already established age-related disorders
and extended animal lifespan. The same group later confirmed that clearance of p16
positive cells from normally aged mice had similar effects (Baker et al. 2016). Other
mouse models followed, including one in which the clearance of p19ARF-expressing
cells from mice was achieved using a toxin receptor-mediated cell knockout system,
which ameliorated age related decline in lung function (Hashimoto et al. 2016). Also,
the elimination of senescent cells by a suicide gene-meditated ablation of p16Ink4a-
expressing senescent cells in the INK-ATTAC mouse model was shown to reduce
overall hepatic steatosis (Ogrodnik et al. 2017). These ground-breaking experiments
started a race to translate these observations made in transgenics into a clinically
applicable strategy based on chemical compounds.

The first preliminary results were provided by a new class of chemicals, which
were named ‘senolytics’ for their selective ability to induce death in senescent cells.
For instance, a pharmacological approach with drugs that inhibit Bcl-2 and activate
caspase 3/7 to partially eliminate senescent cells in vivo, was shown to decrease age-
related phenotypes inwild typeC57BL/6mice and prolonged their lifespan (Zhu et al.
2015, 2016). The senolytic drug ABT263 was found to rejuvenate haematopoietic
and muscle stem cells, and also improve healthspan in mice (Chang et al. 2016).
Additionally, using a suicide gene as well as senolytic compounds, senescent cell
clearance was found to prevent ageing-associated bone loss inmice (Farr et al. 2017).
Senolytics have been shown to clear senescent type II pneumocytes and alveolar
epithelial cells, suggesting and application in the treatment of idiopathic pulmonary
fibrosis (Lehmann et al. 2017; Pan et al. 2017) and have also been proposed to be
useful in Alzheimer’s disease (Zhang et al. 2019) and tau-dependent pathologies
(Bussian et al. 2018).

Many other senolytic compounds are currently being developed and tested
(Fuhrmann-Stroissnigg et al. 2017), including some derived from natural products
(Li et al. 2019), but so far they all share the issue of a lack of specificity. The action of
these drugs are not exclusively limited to senescent cells and the potential side effects
could be significant, although preliminary experiments in mouse models of ageing
seem promising (van Deursen 2019; Xu et al. 2018). Moreover, the first in human
clinical trial of senolytics using dasatinib plus quercetin have already shown positive
results in alleviating physical dysfunction in IPF patients (Justice et al. 2019). In
this context, it would now be convenient to develop more efficient strategies to clear
senescent cells as the field of senolytics moves towards the first clinical applica-
tions (Justice et al. 2019). This is where the concept of targeted senolytics comes to
relevance.
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6.2 Recognizing Senescent Cells

The first step in the design of targeted senolytics approaches, and probably the most
important, would be to devise the best possible system to identify the cells to be
eliminated. Several characteristics that distinguish senescent cells from normal pro-
liferating cells could be used for this purpose. As it was originally observed (Hayflick
and Moorehead 1961), the main feature of these cells is being growth inhibited and
not able to respond to growth factors or mitogens. Moreover, they express unique
characteristic features, including morphological changes, senescence-associated β-
galactosidase (SA β-Gal) positivity, increased expression of certain proteins (such as
p21, p53, p16, p15, p27 and ARF), presence of senescence-associated heterochro-
matin foci (SAHF), enlarged and prominent nucleoli and a senescence-associated
secretory phenotype (SASP) (Naylor et al. 2013; Hayflick 1965; Narita et al. 2003;
Campisi 2011; Rodier and Campisi 2011; Rufini et al. 2013; Munoz-Espin and
Serrano 2014; Pérez-Mancera et al. 2014).

To date, several of these markers have been extensively used to detect senescent
cells in vitro and in vivo, alone or in combination. The fact that none of them is
exclusive to the senescent state (Rodier andCampisi 2011;Munoz-Espin and Serrano
2014; Sikora et al. 2011) highlights the need to search for novel and more reliable
substitutes for clinical applications. A universal senescence marker would need to be
very robust and exclusive to the senescent state (Lawless et al. 2010;Matjusaitis et al.
2016). Also, a suitable biomarker should be able to distinguish between senescent
and non-senescent cells in vitro and in vivo, its expression should be detectable
regardless of sample preparation and it should be minimal in non-senescence states.
Considering the limitations faced so far, it seems unlikely that such a marker will
ever be found, although it would be expected that many that at least fulfil some of
those criteria will be eventually identified.

The senescence program harbours transcriptional heterogeneity with a dynamic
phenotype, which changes at variable intervals (Sharpless and Sherr 2015;
Hernandez-Segura et al. 2017). Thus, the expression of thousands of genes is sig-
nificantly altered in cellular senescence, and this could be the basis of new screens
for markers. However, these changes are largely conserved within individual cell
types and are specific to these cells only (Coppe et al. 2010). Of all the remarkable
changes in gene expression observed during senescence, very few of them are stably
expressed, specific and of great enough magnitude to be considered proper markers
(Sharpless and Sherr 2015; Wang et al. 2009).

The fact that none of the markers has so far been proven to be sufficiently specific,
having many false positives and negatives as well as cell type- and tissue-dependent
expression, would be the main limiting factor when it comes to designing targeted
senolytic strategies. Thus, a single strategy to clear all senescent cells from the body
without noticeable side effects is a goal that may prove to be too ambitious. It will
be more likely that a multi-faceted approach would be the most successful when
translated to clinical use. We will first review some of the most used markers before
discussing the surfaceome as a source of novel clinical opportunities.
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6.2.1 Staining of Senescent Cells

The most used protocol to identify senescent cells ex vivo is the classic senescence
associated β-galactosidase [SA-β-Gal] assay, in which senescent cells are stained
blue at a pH of 6.0 (Dimri et al. 1995). Several human cells express high levels
of the enzyme β-galactosidase upon becoming senescent, which is detectable cyto-
logically or histochemically in freshly fixed cells or tissues at pH 6.0 (Campisi
2011; Munoz-Espin and Serrano 2014; Dimri et al. 1995). SA-β-Gal was originally
observed in senescent fibroblasts and keratinocytes but not in terminally differen-
tiated keratinocytes, quiescent fibroblasts or immortal cells, and an age-dependent
increase was described in dermal fibroblasts and epidermal keratinocytes in human
skin samples of different ages (Dimri et al. 1995).

Although the functional implications are not clear, the increased levels of lysoso-
mal β-galactosidase activity in senescent cells is thought to be as a result of increased
content and mass of the lysosomes (Kurz et al. 2000a). However, it is worthy of note
that almost all cells show endogenous lysosomal β-galactosidase activity at pH 4.0
and certain cell types, such as human epithelial cells and mouse fibroblasts, stain
with some intensity for SA-β-Gal at pH 6.0 (Itahana et al. 2013). Moreover, when
cells are maintained at confluency for long periods, a false positive density-induced
SA-β-Gal activity can be sometimes detected, and serum starvation is also known
to produce false positives (Itahana et al. 2007; Campisi et al. 2009; Evangelou et al.
2017). Despite this, SA-β-gal is still considered to be one of the best senescence
markers available (Kurz et al. 2000b) and it has been used as the basis for the first
nanoparticle-based targeted senolytics (see below).

Senescent cells also stain positive for the histochemical Sudan Black-B (SBB),
which stains the lysosomal aggregate and age-pigment lipofuscin (Terman andBrunk
2004; Georgakopoulou et al. 2013). SBB stains senescent cells in tissues regardless
of sample preparation and can be used on formalin-fixed, paraffin-embedded tissues,
giving it an advantage over SA-β-Gal, which requires the use of fresh cells or tissue
samples (Munoz-Espin and Serrano 2014; Georgakopoulou et al. 2013).

6.2.2 The Senescence-Associated Secretory Phenotype

Senescent cells secrete factors collectively known as the senescence associated secre-
tory phenotype (SASP), which includes inflammatory cytokines, chemokines, matrix
remodelling proteins, damage-associated molecular pattern proteins (DAMPs),
growth factors (such as interleukins 6, 7, and 8), Macrophage Inflammatory
Protein 3α (MIP-3α), Growth Regulated Oncogene alpha (GROα), Monocyte
Chemoattractant Proteins 1 and 2 (MCP-1 and MCP-2), Insulin-like Growth Fac-
tor Binding Protein (IGFBP) and Hepatocyte Growth Factor (HGF), among others
(Kuilman and Peeper 2009; Young et al. 2013; Salama et al. 2014; Laberge et al.
2015; Maciel-Barón et al. 2016; Kirkland and Tchkonia 2017; McHugh and Gil
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2018). It is thought that these molecules are able to disrupt tissue structure and
function, being then responsible in part for chronic age-related diseases and cancer
progression (Cahu 2013).

The mechanisms involved in the generation of the SASP are still being investi-
gated. It has been found that the production of SASP is not tied to characteristics
of senescence such as enlarged cell morphology and SA-β-Gal expression or even
cell cycle arrest (Laberge et al. 2015; Herranz et al. 2015; Wang et al. 2017). Also,
ectopic expression of p16INK4a and p21WAF1/Cip1/Sdi1 can induce senescence without
production of SASP (Coppe et al. 2011). It has been suggested that the SASP is not
an essential feature of senescent cells and can develop independently of p16INK4a

status (Coppe et al. 2011). The SASP may thus be a result of severe DNA damage,
which can activate secretion independently of p53 (Coppe et al. 2008). The SASP is
also regulated by microRNAs, the mTOR, cGAS/STING and JAK/STAT signalling
pathways, the cytokine receptor for interleukin–1 [IL-1] and IL-8 chemokine recep-
tor CXCR2, as well as transcription factors such as NF-kB (Coppe et al. 2011). It
has also recently been reported that NOTCH1 plays a vital role as both a regulator of
the composition SASP and a regulator of juxtacrine signalling within the context of
oncogene-induced senescence (OIS) (Hoare and Narita 2017; Ito et al. 2017; Hoare
et al. 2016).

The SASP elements could be good markers to identify senescent cells, given
the fact that they constitute a protein profile not observed in normal cells. Pro-
inflammatory cytokines such as IL-6 and IL-8 seem to be the most conserved aspects
of the secretome, and they play key roles in the maintenance of the SASP (Lasry
and Ben-Neriah 2015; Kuilman et al. 2008). However, the SASP varies significantly
between tissues and different senescence triggers, and the molecular regulation of
the SASP program is complex and multifaceted in space and time (Wang et al. 2017;
Malaquin et al. 2016). Moreover, it has been shown that mitochondrial dysfunc-
tion can lead to a type of cellular senescence, known as mitochondrial dysfunction
associated senescence (MiDAS) (Wiley et al. 2016; Gallage and Gil 2016; Herranz
and Gil 2016; Wiley and Campisi 2016), which produces a distinct secretory pheno-
type (Wiley et al. 2016). Also, using models of stress induced premature senescence
(SIPS), proteasome inhibition induced premature senescence (PIIPS) and replicative
senescence (RS), it was shown that the SASP due to PIIPS was substantially differ-
ent, with significantly lower amounts of cytokines and chemokines when compared
to the SASP due to RS or SIPS (Maciel-Barón et al. 2016). Thus, markers based on
the SASP are unlikely to be specific enough for targeted senolytics, although a profile
of secreted factors specific to certain type of senescent cells could alternatively be
used in certain situations.

6.2.3 Nuclear Features

Cellular senescence is associatedwith an altered chromatin assembly, forming easy to
visualize heterochromatin regions called senescence associated heterochromatic foci
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(SAHF) (Narita et al. 2003; Cichowski and Hahn 2008). These are highly condensed
regions of chromatin characterised by a build-up of histone H3 that is tri-methylated
at lysine 9 (K9M-H3), as well as heterochromatin proteins, such as high-mobility
groupA (HMGA) proteins,macroH2Aand heterochromatin protein 1 (HP1) (Salama
et al. 2014; Adams 2007; Kuilman et al. 2010). In proliferating and quiescent cells,
the euchromatin markers K9Ac-H3 (histone H3 acetylated on lysine 9) and K4M-
H3 (histone H3 methylated on lysine 4) homogeneously stain the DNA. The SAHF
usually lack lysine 9 acetylated H3 (K9Ac-H3) and lysine 4 methylated H3 (K4M-
H3) but rather are enriched in K9M-H3 (Narita et al. 2003).

p16INK4A, Rb, p53, interleukin-6 and C/EBPβ are thought to be vital for the for-
mation of SAHF, which can be prevented by interfering with the signalling of these
pathways (Narita et al. 2003; Cichowski and Hahn 2008; Kuilman et al. 2010). It is
likely that SAHF contribute to the collective changes in gene expression observed in
senescent cells (Young et al. 2013; Mduff and Turner 2011). The SAHF are mainly
found only in human cells, and even taking this in consideration, they are not consis-
tently expressed in all models (Narita et al. 2003; Swanson et al. 2013), which limits
their use as markers.

Senescent cells also present a senescent-associated distension of satellites
(SADS), a display of constitutive peri/centromeric satellite heterochromatin decon-
densation, which are not exclusive to either the p53–p21 or the p16 INK4A/Rb path-
ways. These SADS occur prior to and independently of SAHF formation (Ogrodnik
et al. 2017; Swanson et al. 2013).

6.2.4 Molecular Markers

Although it has been over half a century since it was first described (Hayflick and
Moorhead 1961), the molecular pathways involved in senescence are yet to be fully
understood. Senescence can be signalled through various routes, many of which
activate p53 and/or Rb and the cyclin dependent kinase [CDK] inhibitors p16INK4A,
p15INK4B, p21WAF1/Cip1/Sdi1 and p27 (Munoz-Espin and Serrano 2014; Campisi 2005).
Upregulation of these and other genes has been used as markers of senescence,
although none of them is specific of the senescent phenotype. Nevertheless, p16
is currently the most widely used genetic marker of senescence and many in vivo
experiments have equated p16-expresing cells to senescent cells (Baker et al. 2011;
Baker et al. 2016; Palmer et al. 2019).

The changes in gene expression patterns of senescent cells also affect cell cycle
regulatory genes, extra-cellular matrix remodelling genes, as well as genes involved
in cytokine signalling and inflammation (Mduff and Turner 2011). These various
senescence-associated gene expression changes are specific to and conserved within
individual cell types (Coppe et al. 2010). It has also been observed that mTOR acti-
vation is necessary for cellular senescence to take place, as mTOR enables transition
from cell cycle arrest and quiescence to senescence (Blagosklonny 2014; Leontieva
and Blagosklonny 2017). Rapamycin, an inhibitor of the mTOR pathway, was found
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to slow down cellular senescence and prevent the accompanying irreversible loss of
proliferative capacity (Demidenko et al. 2010; Xu et al. 2014).

It is also interesting to consider that ontologic and gene expression analysis of skin
from Caucasian females between the ages of 20 years and 70 years revealed changes
in the expression of thousands of genes with age (Kimball et al. 2018). Studies have
shown that the expression of cellular damage related genes such as inflammatory
or stress response genes increase with age while biosynthetic and metabolic genes
expression decrease with age (Kimball et al. 2018; Edwards et al. 2007).

In order to facilitate research on the mechanisms of gene regulation in cellular
senescence, a database of senescence associated genes is greatly needed. To this
end, Dong and colleagues have established the Human Cellular Senescence Gene
Database (HCSGD), using a combination of data from published literature sources,
gene expression profiling as well as protein-protein interaction networks (Dong et al.
2017). Profiles of gene expression taken from databases such as HCSGD could
provide useful alternatives to single-gene markers, which are the ones mostly used
now and heavily rely on the p16/Rb and the p53/p21 pathways.

6.2.5 The P16/Rb Axis

Rb is an important gatekeeper during cell cycle progression through the G1 phase
and its activity is tightly controlled by several post-translational modifications, such
as phosphorylation, acetylation and ubiquitination (Campisi 2005; Takahashi et al.
2007). p21Cip1/Waf1/Sdi1 and p16INK4A inhibit the kinases that phosphorylate Rb, lead-
ing to the accumulation of its active, hypo-phosphorylated form (Xu et al. 2014; Her-
big et al. 2004; di Fagagna and Campisi 2007). The two products of the INK4a/ARF
locus, p16Ink4a and p19Arf [p14ARF in humans], are key tumour suppressors which
regulate the activities of p53 and Rb and are expressed from partly overlapping
nucleotide sequences read in alternative reading frames (Lowe and Sherr 2003).
p14ARF increases the growth inhibitory functions of p53 by sequestering its negative
regulator, Mdm2. Both p16INK4a and p19ARF could be used as markers, since they
have been found to accumulate in many senescent cells and their overexpression also
promotes senescence (Lundberg et al. 2000). Mutations affecting INK4a or ARF can
compromise senescence on various levels depending on the cell type and species
(Narita et al. 2003; Lowe and Sherr 2003; Park and Sin 2014).

As previously mentioned, p16INK4A is considered a leading marker for indicating
the presence of senescent cells, as most senescent cells express it (Campisi 2011;
Taniguchi et al. 1999; Simboeck and Di Croce 2013). The levels of p16INK4A have
even been used as a biomarker of ageing in humans as it is seen to increase with
ageing—up to 7 fold in some human tissues and up to 30 fold in mouse tissues (Wang
et al. 2009; Krishnamurthy et al. 2004; Collado et al. 2007; Romagosa et al. 2011;
Sherr 2012). However, p16 does not seem to be a key regulator of development, as it
is not expressed during embryogenesis, even though senescence is known to play an
important role during these stages (Guney and Sedivy 2006). Instead, this is usually
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mediated by p21 in a p53-independent manner (Storer et al. 2013;Munoz-Espin et al.
2013).

Immunostaining of benign tumours show a positive p16INK4A expression and a
negative or very lowKi67 index (a marker of proliferation), while malignant tumours
often stain positive forKi67 but negative for p16INK4A (Romagosa et al. 2011;Collado
et al. 2005). However, in high grade malignant tumours, where there are alterations
in the p16INK4A/Rb pathway, a high p16INK4A as well as a high Ki67 immunostaining
has been observed. In human tumours, the overexpression of p16 could either be
a result of OIS, as seen in benign or pre-malignant lesions, or a result of an Rb
pathway failure, as seen in some malignant lesions. Hence, p16INK4A is often used
as a prognostic marker for several cancers in order to grade or distinguish between
benign and malignant lesions (Romagosa et al. 2011). Staining for p16 in vivo has
been quite challenging and requires robust positive and negative controls.

6.2.6 The P53/P21 Axis

p53 is a cell cycle regulator and guardian of the genome, and an important tumour-
suppressor protein involved in senescence (Munoz-Espin and Serrano 2014). p53
induction after genotoxic stress and DNA damage can lead to either DNA repair,
transient cell cycle arrest, senescence or apoptosis, depending on various factors
(Sionov and Haupt 1999; Macip et al. 2002; Bieging et al. 2014). The activity of
p53 as well as levels of its downstream effector p21 increase during late passage of
cells, leading to a slowdown in proliferation (Murray-Zmijewski et al. 2008; Kastan
et al. 1991; Lane 1992; Levine 1997). It has been proposed that p53 and p21 are
not required for the maintenance of senescence, even though they are important in
inducing the senescence-like proliferation arrest (Chang et al. 1999). Linked to this,
p16 expression has been proposed to be a second barrier to cell proliferation during
senescence to ensure irreversibility of the arrest (Macip et al. 2002; Beausejour et al.
2003).

p21Waf1/Cip1/Sdi1 is a well characterised transcriptional target of p53 and links the
p53 and Rb pathways to enhance tumour suppression (Takahashi et al. 2007). p21 is
a dual inhibitor of proliferating cell nuclear antigen (PCNA) and cyclin dependent
kinases, both crucial in the cell cycle, and is significantly overexpressed during cellu-
lar senescence (El-Deiry et al. 1993;Waldman et al. 1995; Brugarolas et al. 1995). In
late passage human diploid fibroblasts, an increase in p21Waf1/Cip1/Sdi1 expression was
observed, and targeting the deregulation of p21Waf1/Cip1/Sdi1 in these cells increased
their lifespan. In p21-null mice, p53 is unable to cause G1 cell cycle arrest upon
DNA damage (Shiohara et al. 1994; Abbas and Dutta 2009; Romanov and Rudolph
2016). Expression of p21 can also induce apoptosis and this is thought to be medi-
ated by reactive oxygen species (Masgras et al. 2012). Genomic and phenotypic
analyses using p21-inducible, p53-null, malignant as well as near-normal cellular
models has shown that a subpopulation of proliferating cells emerged after an ini-
tial senescence-like phase, which expressed p21 and exhibited increased genomic
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instability, aggressiveness and resistance to chemotherapeutic agents (Galanos et al.
2016; Georgakilas et al. 2017).

The Bruton’s tyrosine kinase (BTK) is a dual-specificity non-receptor tyrosine
kinase belonging to the Tec family that is vital for B cell maturation (Mohamed et al.
2009) and it has recently been reported to be a part of the p53 senescent pathway,
phosphorylating p53 and modulating its responses (Althubiti et al. 2016). BTK was
found to be expressed in response to damage and induces phosphorylation of p53
at serine 15 at the N-terminus, increasing its protein levels and activity. In addition,
it was found that BTK binds to and phosphorylates MDM2, facilitating its loss of
ubiquitination activity and further stabilising p53 and also plays a role in the p73
pathway (Rada et al. 2017, 2018). Inhibition of BTK reduced the expression of p53
and interfered with the upregulation of p53 target genes, leading to an impairment
in the induction of p53-mediated senescence. Thus, BTK has been proposed to be
useful as a novel marker of p53-induced senescence (Rada et al. 2018).

6.3 The Senescent Surfaceome

In the search for better markers of senescence, the profile of proteins present on the
surface of these cells, known as the senescent surfaceome, has emerged as a poten-
tially interesting alternative (Table 6.1). In general, the surfaceome could be defined
as the panel of all plasma membrane proteins of a given cell type that exhibit at

Table 6.1 Main validated
members of the senescent
surfaceome

Surfaceome protein References

CD264 Collado et al. (2005), Madsen et al.
(2017)

NOTCH1 Hoare et al. (2016)

NOTCH3 Cui et al. (2013), Althubiti et al. (2014)

DEP1 Althubiti et al. (2014)

NTAL Althubiti et al. (2014)

EBP50 Althubiti et al. (2014)

STX4 Althubiti et al. (2014)

VAMP3 Althubiti et al. (2014)

ARMCX3 Althubiti et al. (2014)

B2M Althubiti et al. (2014)

LANCL1 Althubiti et al. (2014)

VPS26A Althubiti et al. (2014)

PLD3 Althubiti et al. (2014)

DPP4 Kim et al. (2017)

SCAMP4 Kim et al. (2018)
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least one amino acid residue at the extracellular space. The majority of the human
surfaceome consist of all types of transmembrane proteins, single and or polytopic
A-helical or β-sheet transmembrane proteins (Bausch-Fluck et al. 2018). Like other
senescent markers, those in the surfaceome are expressed varyingly but consistently
across different tissues and conditions and are unlikely to be universal. One of the
most interesting features of the novel markers of senescence present in the senes-
cent surfaceome are their extracellular epitopes, which could be used for targeted
therapies, as discussed below.

The cell surface is a hub that coordinates information transmission to and from
the outside environment. The proteins present at the cell surface are crucial factors
connecting cellular signaling networks and determining the cell’s interaction and
communication with its neighbourhood. Thus, the surfaceome consists of a broad
range of receptors, transporters, channels and enzymes, and each of them could be a
valuable diagnostic marker of cellular senescence, as well as a potential therapeutic
target.

6.3.1 Current Known Members of the Senescent Surfaceome

CD264 (also known as TRAIL-R4, DcR2, TRUNDD and TNFRSF10D) was one
of the first proteins preferentially expressed on the surface of senescent cells identi-
fied, and was accordingly proposed as a biomarker of cellular aging (Madsen et al.
2017). CD264 is a decoy receptor for tumour necrosis factor-related apoptosis- induc-
ing ligand (TRAIL) (Falschlehner et al. 2007). Due to the presence of a truncated
intercellular death domain, CD264 competes for TRAIL binding and prevents the
formation of a death-inducing signalling complex (Pan et al. 1998; Lee et al. 2005).
CD264 upregulation was observed in senescent premalignant tumours induced by
ras, whereby there was downregulation of CD264 in the malignant ras-induced
tumours that had escaped senescence (Collado et al. 2005). CD264 was also further
detected in stress-induced senescence of non-malignant smooth muscle cells (Zhu
et al. 2011) and, in contrast, showed to be not upregulated in replicative senescence
(Collado et al. 2005).

NOTCH1 was one of the first membrane-associated proteins shown to play a
role in senescence, specifically as a key determinant of SASP expression (Hoare
et al. 2016). NOTCH3, a member of the Notch family receptors, which also reported
to have tumour suppressor functions and is overexpressed in senescent fibroblasts
(Cui et al. 2013; Althubiti et al. 2014), is another classic member of the senescent
surfaceome that has been known for a while.

Amass spectrometry screening of the membrane fraction of senescent cell lysates
revealed a new subset of proteins thatwere preferentially expressed in themembranes
of senescent cells over their proliferative counterparts (Althubiti et al. 2014), in what,
to the best of our knowledge, was the first systematic screening of the senescent
surfaceome. Later, gene expression profiling analysis of G protein-coupled recep-
tor kinase (GRK) 4-induced senescent HEK293 cells showed a further differential
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expression of a new set of 17 senescence-related genes compared to control cells
(Xiao et al. 2017). Also, a more comprehensive screen of membrane-associated pro-
teins, this time focusing on oncogene-induced senescence, was later published as
part as the characterization of the involvement of Notch signalling in SASP (Hoare
et al. 2016). In this study, 521 proteins were identified on the surface, 32 increasing
in senescence and 135 being downregulated instead. Most of these candidates were
not found in the first screen described above, but some were present in both (such as
NTAL). This confirms that different cell types and methods of induction will lead to
completely different surfaceomes, although some elements may still be common in
more than one model.

It has to be taken in consideration that the plasma membrane proteome is only a
subset of all membrane proteins within the cells. Thus, in any proteomic screen of the
senescent surfaceome, it would be challenging to distinguish between intercellular
membrane proteins (i.e. endoplasmic reticulum, Golgi), the ones bound to the intra-
cellular part of the plasma membrane (such as BTK (Althubiti et al. 2016)) and the
ones present in the plasma membrane that actually cross over the cell surface. Thus,
a biochemical validation and characterization of the individual hits of the proteomic
screen would always be necessary.

One of the approaches to identifying proteins uniquely expressed on the surface
of senescent cells mentioned above was done in our lab and focused on previously
described genetic models of senescence (Althubiti et al. 2014). EJp16 and EJp21
are derivatives of a bladder carcinoma cell line (EJ) with a tetracycline regulatable
expression system for p16 and p21, respectively, that entered senescence after 3–
4 days of induction (Macip et al. 2002; Chang et al. 1999). EJ-based models allow
for the establishment of a genetically induced senescent state due to the prolonged
expression of core genes from the main pathways responsible for the induction and
maintenance of the phenotype, without any additional effects caused by the trigger
of senescence itself, as seen in more physiological models. Thus, the proposed panel
of surfaceome proteins presented in this study can be linked to the activation of either
the p53/p21 or the pRb/p16 pathways and could help determine which markers are
activated preferentially in response to each of them. In this regard, 107 proteins were
reported to be exclusively present on the plasma membrane in EJp21 senescent cells
and 132 in EJp16 were identified.

Ten proteins that had not been previously linked with cellular senescence were
validated using immunofluorescence microscopy and Western blots: DEP1, NTAL,
EBP50, STX4, VAMP3, ARMCX3, B2M, LANCL1, VPS26A and PLD3. The bio-
logical role of the proposed markers is heterogeneous. Some, like DEP1 or EBP50,
have been identified as important players in the regulation of cancer progression
(Liu et al. 2018; Iuliano et al. 2010). Others, including VPS26A and PLD3, have
been found to be involved in Alzheimer’s disease, providing a direct link to an age-
associate disorder (Tan et al. 2019; Choi et al. 2018). Some of them, like VPS26A,
VAMP3, PLD3 and STX4, may have a role in vesicle trafficking and therefore could
potentially contribute to some aspect of the SASP (Veale et al. 2011; Caceres et al.
2016; Bugarcic et al. 2011). All of them showed a tissue- and pathway-specific
profile. For instance, in tissue sections collected from a V600EBRAF lung adenoma
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mousemodel, previously showed to have a high percentage of senescent cells (Mercer
et al. 2005; Carragher et al. 2010), DEP1, STX4, B2M and NTAL were preferen-
tially detected. Analysis of human naevi also revealed positive staining for the same
markers.

An alternative approach to these three screens described, focused only on replica-
tive senescence, using proliferating passages of WI-38 human diploid fibroblasts
[population doubling level (PDL)= 23) compared with their senescent counterparts,
in which senescence was induced by extensive cell culture (PDL = 59) (Kim et al.
2017). Following the fractionation of membrane-associated proteins, the samples
were analysed using mass-spectrometry as well. The results revealed 2 groups of
proteins: those abundant in intracellular membranes [i.e. endoplasmic reticulum,
mitochondria] and those in the cell surface. There were 118 proteins at the overlap
of these two groups and this list was narrowed down to 15. Out of these, the leading
candidate marker to be further studied was DPP4 (CD26). DPP4 is responsible for
deactivation of the glucose-dependent insulinotropic peptide (GIP) and glucagon-
like peptide-1 (GLP-1) (Zhong et al. 2013). GIP and GLP-1 hormones are beneficial
in diabetes as they induce the pancreatic β cells to release insulin after a meal, which
results with the suppression of the glucose level in the blood (Wu et al. 2016). How-
ever, the role of the elevation of DPP4 in senescent cells remains unclear and further
tests will need to be done to confirm its impact on biological ageing.

The expression of DPP4 in the membrane fraction of senescent but not proliferat-
ing cells was further validated byWestern blot and RT-qPCR. Validation experiments
included also different cell models (WI-38, IMR-90, HUVEC, HAEC) subjected
to ionizing radiation (IR). The expression of DPP4 was confirmed in IR models,
although with more modest effects than in replicative senescence. The expression
level of DPP4 was next validated with other triggers of stress-induced senescence,
including doxorubicin and OIS in MEFs expressing the oncogene HRASG12V. DPP4
was upregulated in all of them, demonstrating that is a widely expressed marker.

Besides DPP4, SCAMP4 has also been proposed by the same group to be pref-
erentially expressed on the surface of senescent cells (Kim et al. 2018). They con-
firmed its membrane localization and its abundancy in different senescent models
(Lee et al. 2005; Kim et al. 2018). Western blot analysis revealed increased level of
SCAMP4 in replicative senescence, together with the upregulation of other family
proteins (SCAMP1-3). The SCAMP4 upregulation was also successfully determined
in models of SIPS, including doxorubicin-induced and oncogene-induced senes-
cence or HAECs and HUVECs cells subjected to IR. However, SCAMP4 mRNA
levels remained unchanged in all the tested models, suggesting a post-translational
effect. Testing its half-life in WI-38 fibroblasts after treatment with the translational
inhibitor cycloheximide showed a SCAMP4 decline in proliferating cells, without
the changes in the protein stability in senescent cells. After proteasome inhibition,
SCAMP4 protein was found to accumulate in proliferating but not in senescent cells.
In turn, autophagy inhibition revealed SCAMP4 accumulation in both proliferat-
ing and senescent cells, suggesting proteasome but not autophagy involvement in
the control of protein levels. This was further supported by previous findings on
SCAMP4 ubiquitination in Lys4 and Lys185 in lung cancer (Wu et al. 2015).
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It is worth mentioning that the level of SASP also increased after proteasome inhi-
bition and that SCAMP4 protein stabilization occurred before the induction of SASP.
On the other hand, the secretion of many SASP factors decreased after SCAMP4
silencing (IL6, IL8, GDF-15, IL1B, MIF and CCL2), together with the reduced level
of core senescencemarkers (p53, p21 andSA-β-gal activity). Thesefindingswere fur-
ther confirmed by short-term and stable overexpression of SCAMP4 in proliferating
cells, in which there was increased mRNA and protein level of several senescent and
SASP markers (p16, IL1A, IL1B, IL6, and IL8). SCAMP4 overexpression resulted
also in increased SA-β-gal activity and reduced [3H]-thymidine incorporation.

6.3.2 Clinical Relevance

Thepotential clinical implications for the senescence surfaceomehave already started
to be discussed in the literature. For instance, CD264 has been proposed to be spe-
cific for the detection of senescent mesenchymal stem cells (MSC) population. The
regenerative capacity and therapeutic applications of MSC are well documented
(Barrilleaux et al. 2006; Caplan 2007). However, the main limiting aspect that
impedes the standardization and optimization of MSC therapies for clinical use is
their cellular heterogeneity, which is considered the main cause of strong variability
in treatment outcomes. The immunolabelling of surface antigens can be an effective
approach for standardization of MSC composition, for instance before transplanta-
tion. The identification of aging cells among theMSC population would facilitate the
enrichment of multipotent progenitors by negative selection, slowing cellular aging
during MSC expansion by the improvement of culture conditions, and allowing for
selective elimination of aging MSC. The proliferation potential of MSC cultures has
been shown to be inversely related to the CD264 cellular content. The expression of
CD264 was also tested in replicative senescence by serial passage of MSCs, and the
number of CD264+ cells increased from 30% at the passage 3–7 to 90% by passage
14.

After these initial studies, more detail on the senescent surfaceome will no doubt
appear in the future. As the profiles of extracellular epitopes of different types of
senescent cells become clearer, new markers will emerge, which could be used for
diagnostic and therapeutic purposes. Apart from that, the surfaceomewill also gener-
ate information on novel effectors andmodulators of senescence, like the first reports
have shown. Thus, the proteomic screen of the membrane of senescent cells will not
only provide a list of extracellular epitopes that could be used for detection and tar-
geting of the cells, but will likely uncover new important members of the senescent
pathways.
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6.4 Targeted Senolytics as a New Anti-senescence Approach

Targeted therapies have been developed for the management of various cancers and
they have proven over the years to be more specific and more effective than the tra-
ditional approaches. Unlike classic antineoplastic drugs, which are highly cytotoxic,
targeted therapies can inhibit specific molecular targets of interests without acting
in a non-specific cytotoxic manner. Although not without adverse effects, targeted
therapies are often better tolerated and generally more efficient (Walter and Ahmed
2017; Ke 2017). This principle can be applied to other diseases as well (Florence and
Lee 2011; Daste et al. 2016; Pauliah et al. 2018). Indeed, targeted therapies tailored
to individual patients, with new approaches towards disease assessment and dosing,
is likely to be the choice for most treatments in the near future, provided that the
technical and financial hurdles are resolved.

Senescence-related conditions, including ageing, could benefit from targeted
drugs aswell. In this instance, the goal would be to eliminate senescent cells in amore
specific way than the current available senolytics, which could be compared to blunt
treatments, such as classic chemotherapy for cancer. Several avenues for these novel
targeted senolytics are currently being developed, some of them based on epitopes
present on the senescent surfaceome, some against intracellular targets (Fig. 6.1).
The three main categories of potential targeted therapies for clearance of senescent
cells that have beenmost investigated are based on nanoparticles, the immune system
and monoclonal antibodies.

Fig. 6.1 Strategies for targeted senolysis using the senescent surfaceome. Schematic represen-
tation of the type of proteins present in the plasma membrane of senescent cells, together with the
different approaches to targeted senolysis described in this chapter
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6.4.1 Nanoparticles

Unlike cancer, senescence lacks the concept of an oncogene-like abnormal protein
that triggers the phenotype. It is, instead, the result of the interaction of different
networks of physiological signals that respond to damage. Thus, it is unlikely that
drugs that inhibit a single protein to induce apoptosis only in senescent cells will ever
be identified. One alternative approach for targeted senolytics could be to design a
specific mechanism of toxic drug delivery that would preferentially reach senescent
cells. As we will discuss below, this kind of tools have been successfully used in
cancer. Nanotechnology has already provided proof of principle examples that this
could also be a relevant avenue for senescence.

The first published report of nanoparticles applied to targeting senescent cells used
a galactosidase-encapsulated drug (Munoz-Espin et al. 2018). Sugar-coated beads
of ~100 nm diameter produced using MCM-41, a silica porous scaffold, had been
previously shown to be internalized by endocytosis and digested in the lysosomes.
This approach was modified using a 6-mer galacto-oligosaccharide to coat the silica
scaffold and containing in their core drugs such as the cytotoxic doxorubicin or the
senolytic navitoclax. Due to their high levels of lysosomal β-galactosidase, these
nanoparticles only released the drug in senescent cells, which were able to lyse the
galactosidase coat, while the cargo was protected in other cells. The same principle
wasmodified to detect senescent cells, using a fluorescent cargo for the nanoparticles
instead of drugs.

Importantly, it was shown that this drug delivery system worked in vivo. Toxic
or senolytic drugs were specifically released in xenografts of cancer cells after
senescence-inducing treatments, which importantly reduced the size of the tumours
formed in the mice. Also, a mouse model of bleomyicin-induced pulmonary fibrosis
responded to the nanoparticles with a severe decrease of the associated respiratory
symptomatology and a reduction of damage in the tissues, consistent with the clear-
ance of the senescent cells known to aggravate this disease (Munoz-Espin andSerrano
2014).

β-galactosidase was also used as a senolytic target by a later study that showed
that enzyme-instructed peptide self-assembly (EISA) can lead to the formation of
nanofibers and hydrogels specifically in senescent cells (Xu et al. 2019). These
nanofibers inhibit the expression of senescence-driving proteins [p53, p21 and p16]
and eventually cause death by apoptosis. This is the first example of the use of
peptide-based supramolecular nanomaterials directed by the high levels of an enzyme
(β-galactosidase in this case) to eliminate senescent cells.

Other delivery systems used porous calcium carbonate nanoparticles (CaCO3)
loaded with the mTOR inhibitor rapamycin, which then blocked SASP (Thapa et al.
2017). Similarly to the previous examples, these nanoparticles were coated with
a conjugate of lactose to increase specificity based on β-galactosidase enzymatic
activity. On top of that, another layer of specificity was added by tagging them to
a monoclonal antibody against CD9, which some senescent cells express. These
nanoparticles were shown to be senolytic in human fibroblasts.
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Another alternative to these senolytic strategies that bypass the need for an anti-
body would be the use Molecularly Imprinted NanoPolymers (nanoMIPs), which
are synthetic antibody-like nanoparticles with high stability, cost effectiveness,
ease of preparation and adaptation (Sellergren and Allender 2005; Piletsky et al.
2006; Vasapollo et al. 2011; Canfarotta et al. 2016a, b) to deliver drugs only to cells
that express a certain surface marker. NanoMIPs are synthesized from methacrylic
or acrylic monomers polymerized by creating a matrix around a template target
molecule, which is later removed, leaving behind cavities complementary to its shape
and functional groups. The produced nanoMIPs are thereafter able to selectively re-
bind to their target molecule (Canfarotta et al. 2016a; Poma A, Turner APF, Piletsky
SA. Advances in the manufacture of MIP nanoparticles 2010).

The advantage of this approach is that it relies on high affinity and specificity of the
final product toward their targets, and the binding site affinities exhibit homogenous
distribution (Canfarotta et al. 2016c). These “plastic antibodies” have recently found
application in the detection of different cancers (Sengupta and Sasisekharan 2007;
Voigt et al. 2014; Tyagi et al. 2016; Cecchini et al. 2017), in sustained drug release and
drug delivery systems using small molecules (Sellergren andAllender 2005; Cunliffe
et al. 2005; Puoci et al. 2011; Tieppo et al. 2012; Kempe et al. 2015; Luliński 2017),
and also for transport across an in vitro model of the blood-brain barrier (Dadparvar
et al. 2011). This suggests that nanoMIPs could be used as a system to deliver drugs to
senescent cells, providing an extracellular marker as an epitope for the nanoparticles
to bind.

NanoMIPs were created in our lab to specifically recognize one of the previ-
ously identified members of the senescent surfaceome, β2-Microglobulin (B2M)
(Ekpenyong-Akiba et al. 2019). These MIPs, fluorescently-tagged, were tested
in vitro and the selective detection of senescent cells using FACS was confirmed.
Furthermore, it was observed that the nanoMIPs preferentially accumulated on the
membrane surface of these cells, consistent with their selective detection of the extra-
cellular epitope. The internalization of nanoMIPs was observed after binding to the
marker, together with its accumulation in the cytosol forming perinuclear aggregates.

In order to analyse their potential for the detection of senescent cells in vivo,
the B2M nanoMIPs were conjugated with a DyLight 800 NHS ester and injected
intravenously into mice. A strong fluorescent signal was detectable in old animals,
suggesting that the nanoMIPswere selectively binding to senescent cells, specifically
in the gastrointestinal tract. These proof-of-principle experiments demonstrate that
B2M nanoMIPs accumulate in certain senescent cells in vitro and in vivo and sup-
ports the hypothesis that nanoMIPs could be a promising approach for targeted drug
delivery into senescent cells. To test this, B2M nanoMIPs were loaded with different
drugs, including dasatinib, to minimize the off-target toxicity and impact on other
cells. The dasatinib-containing nanoMIPs significantly reduced the senescent cells
viability comparing to the proliferating cells and the effect was significantly stronger
than the activity of dasatinib as a drug alone. Of note, nanoMIPs had no cytotoxic
effects on their own, as the long-term exposure of the B2M targeted nanoparticles
did not affect the viability and survival of senescent and control cells. This had been
previously shown for other nanoMIPs (Canfarotta et al. 2016b; Hoshino et al. 2010).
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Also, the administration of B2M targeted nanoMIPs to mice did not significantly
affect the health of the animals during 14-days follow-up after treatment despite the
route of injection (oral gavage, intraperitoneally and intravenously).

These experiments show that nanoparticles, in different formats, are a stable and
inexpensive tool for the detection and targeting of senescent cells. The senolytic
nanoparticles tested so far have been shown to be biocompatible, non-toxic to cells
in the long-term and non-toxic to animals in the short-term. However, not much
is currently known about the bio-distribution and clearance of nanoparticles from
the body when applied in vivo. For instance it has been proposed that nanoMIPs are
cleared from the animal’s bloodby the liver’smononuclear phagocytes (Hoshino et al.
2010). Moreover, technical and economic limitations may occur when nanoparticle
production needs to be scaled for clinical use. Further studies to study these and
other parameters related to biosafety will be needed before nanoparticles could be
used in humans, but these tools can already provide useful pre-clinical information
on potential targets for targeted clearance of senescent cells.

6.4.2 Antibody-Drug Conjugates

Amore readily translatable approach to the same principle would be to use antibodies
instead on the nanoparticles for drug delivery. Antibody-drug conjugates (ADCs) are
monoclonal antibodies to which cytotoxic drugs are bound through a chemical linker
to reduce systemic toxicity and increase the therapeutic benefit for patients (Strohl
and Strohl 2012; Casi and Neri 2012; Perez et al. 2014; Gébleux and Casi 2016;
Kumar et al. 2017). The concept of ADCs was first introduced over a century ago
by Paul Ehrlich, a German physician who proposed the use of a targeting agent to
selectively deliver a cytotoxic drug to a tumour (Perez et al. 2014; Ehrlich 1906).
From the introduction of the idea by Ehrlich to date, advances have been made in
the development of ADCs for cancer therapy (Trail et al. 1993; Sievers and Senter
2013; Sau et al. 2017; Donnell et al. 2017). So far, they have only been used to kill
cancer cells, but their therapeutic potential could be exploited for other targets, such
as senescent cells.

Several ADCs have entered clinical trials that have been developed to target breast
cancer (Trail et al. 1993;Kolodych et al. 2017; Trail et al. 2018), ovarian cancer (Jiang
et al. 2016), lung and colon cancers (Trail et al. 1993) and hematologic malignancies
(Sievers and Senter 2013), among others (Birrer et al. 2019). The US Food and Drug
Administration (FDA) has so far approved three ADCs:Mylotarg® andAdcetris® for
the treatment of haematological cancers, and Kadcyla® for the treatment of HER2
positive breast cancer. Of note, Mylotarg® was withdrawn from the market a decade
after its approval due to poor overall survival of patients (Perez et al. 2014; Gébleux
and Casi 2016; Sau et al. 2017).

An ADC typically consists of three parts namely, an antibody, a linker and a
cytotoxic drug or “payload” (Kumar et al. 2017; Thomas et al. 2016). In the design
of ADCs, the antibody’s specificity, stability of the linker, potency of the payload,
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the drug to antibody ratio (DAR) as well as rate of internalization are important
determinants of efficacy (Perez et al. 2014;Gébleux andCasi 2016; Sievers andSenter
2013; Kolodych et al. 2017; Trail et al. 2018). ADCs are eventually cleared from
circulation either via the renal or hepatobiliary route and studies have been carried
out to evaluate the toxicity, higher-than-normal tissue exposure and to improve the
localization and clearance of ADCs from the body (Casi and Neri 2012; Sievers and
Senter 2013).

An anti-senescent ADC would have to be targeted against an epitope on the
surfaceome and based on a monoclonal antibody that was easily internalized after
binding. Several drugs could be chosen as payloads, from the most non-specific
(we have observed that senescent cells are sensitive to different concentrations of
doxorubicin and duocarmycin, for instance) to actual senolytics (likewe used in some
of the mentioned nanoparticles). The linker should be degraded once the antibody
has been internalized, in order to free the payload. Also, the DAR should be high
enough to elicit a strong effect. Preliminary data from our laboratory shows that an
ADC against B2M with an average DAR of 2 (in line with currently used ADCs
(Birrer et al. 2019)), generated using a commercially available monoclonal antibody
linked to duocarmycin, can selectively kill senescent cells in culture, as seen with the
targeted nanoMIPs. This suggests that ADCs could be used in humans to specifically
clear senescent cells. However, further in vitro and in vivo tests would be necessary to
understand the action of these treatments and evaluate their safety. More importantly,
it has to be taken in consideration that the choice of the right surface marker would
determine their specific biological effect.

6.4.3 Cellular Therapies

Antibodies can also be used to elicit cytotoxic effects independently of drug delivery.
New approaches have already been developed for other diseases, such as antibody-
dependent cell-mediated cytotoxicity (ADCC),which guides natural killer (NK) cells
to selectively destroy a target (Lo Nigro et al. 2019). This has already been tested
in senescence using a protein from the surfaceome. In this previously mentioned
study (Kim et al. 2017), an anti-DPP4 antibody was added to both proliferating
and senescent WI-38 cells. NK cells were isolated from human peripheral blood
mononuclear cells and added to the conditioned media of WI-38 previously treated
with a specific anti-DPP4 antibody. Results showed up to 40% reduction in cell
viability relative to proliferating cells, proving that the antibody attracted the NK
cells to the DPP4-expressing senescent targets. One variant of these immune-based
therapies that does not require the use of antibodies would be to engineer NK cells
to be attracted to SASP molecules such as IL-6 (Qudrat et al. 2017).
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6.5 Conclusions: The Road Ahead

Targeted senolytics represent an attractive mode of therapy that could help speed up
the translational applications of senescent cell clearance. The increased effectivity
and, more importantly, reduced side effects could allow a widespread use of senolyt-
ics in senescence-related pathologies, including ageing. However, this is an area of
research still in its infancy and many issues will have to be resolved before the first
clinical trials can be designed. Given that the cellular events and molecular pathways
that lead to senescence vary, it would be necessary to define clearly the pharmacody-
namics of each potential anti-senescence therapeutic candidate not only to minimise
off-target effects, ensure sensitivity and specificity, but to also identify potential syn-
ergistic effects or even contraindications when they are used in combination with
other medications.

Identifying specific targets is key to the selectivity of these targeted therapies,
since all studies so far seem to point to the fact that each tissue and model will
have a particular set of senescent markers preferentially expressed. Thus, knowing
the profile of senescent proteins present in each particular condition will allow the
development of the right drug. In this context, the senescent surfaceome has the
potential to provide several novel candidates, with the added value of determining
extracellular epitopes for nanoparticle- and antibody-based strategies.Many proteins
overexpressed on the surface of senescent cells have already been described in several
labs, and more are likely to be published in the near future. However, like all known
senescent markers, their expression is not universal, showing both tissue and disease
specificity.

Since none of the current markers of senescence is exclusively specific to the
senescent state, there is still the need for more reliable alternatives. One could be
to use a combination of markers to increase specificity. Following the examples
described above, a cytotoxic mechanism split in two portions (such as those used in
certain mouse models (Baker et al. 2011)) could be delivered into senescent cells by
separate ADCs or nanoparticles, thus killing only the cells that express both markers
simultaneously. This and other approaches could help solve the issue of lacking a
distinct and unique marker of senescence.

In parallel, better and more exhaustive screens would need to be developed. Mass
spectrometry is still the best option for an unbiased approached. However, it would
be interesting to compare the results of different pathways of induction of senescence
(OIS, RS, MiDAS, radiotherapy, etc.) on the same cellular model in the same exper-
iments, in order to provide a more balanced comparison of the surfaceomes. Manual
validation of the main targets will still be essential. Therefore, high throughput tech-
niques will need to be implemented to confirm the hits of the proteomic screens,
which it has not been done in the published studies so far.

In light of recent findings (Zhang et al. 2019; van Deursen 2019; Xu et al. 2018;
Roos et al. 2016), there is no doubt that senolytics are going to become a new class
of drugs that will be intensively studied for their wide range of clinical applica-
tions. Their potential impact in the healthcare of an ever-growing aged population



122 A. E. Ekpenyong-Akiba et al.

is immense. Targeted senolytics could be the most useful form of these drugs and
efforts should be made to propose options that could be tested in specific diseases
as soon as possible. In order to do this, better markers of senescence need to be
identified, while the first generation of targeted senolytics are generated against the
ones that are currently available. In following years, important advances are likely to
be made in these areas and is to be expected that senolytics and targeted senolytics
will routinely reach the patients.
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Chapter 7
Senolysis and Senostasis Through
the Plasma Membrane

Kyoung Mi Kim, Ji Heon Noh, and Myriam Gorospe

Abstract With increasing evidence that senescent cells are detrimental towards a
range of age-associated diseases and physiologic declines, there is rising urgency to
develop interventions to suppress their adverse effects. Most senolytic approaches
aim to eliminate senescent cells by rendering them vulnerable to apoptosis, while
senostatic (senomorphic) approaches do not destroy the cell and instead suppress a
specific senescent trait. In both senolysis and senostasis, the major goals include
reducing the senescence-associated secretory phenotype (SASP) and to enhance
the immunogenicity of the senescent compartment. These therapeutic aims are best
elicited from the plasma membrane, although efforts to identify plasma membrane
targets are only now beginning. We discuss several plasma membrane proteins
expressed preferentially in senescent cells and their roles in neutralizing senescent
cells by immune-mediated senolysis (as reported for DPP4, VIM, and NKFB2 lig-
ands) and by suppressing the SASP (as reported for SCAMP4andCD36).We identify
the advantages and challenges of developing therapeutic approaches directed at the
plasma membrane of senescent cells.
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7.1 Introduction

7.1.1 Cellular Senescence in Physiology and Disease

Cellular senescence is a specific response to cell damage that leads to long-term,
generally irreversible growth arrest. Senescence can be triggered by stresses such as
telomere attrition, DNA damage, oncogene activation, oxidative injury, and inflam-
mation (von Zglinicki 2002; Guerra et al. 2003; Herbig et al. 2004; van Deursen
2014; Gorgoulis et al. 2019). In young persons, senescence is considered to be
tumor-suppressive as it prevents the propagation of potentially transformed cells
(Lowe et al. 2004; Collado and Serrano 2010; Muñoz-Espín and Serrano 2014; Chen
et al. 2005; Kirkland and Tchkonia 2017). However, in older organisms, an exces-
sive accumulation of senescent cells can become detrimental to tissues and organs,
leading to organ dysfunction and promoting pathologies such as neurodegeneration,
cardiovascular disease, diabetes, cancer, arthritis, liver disease, and sarcopenia (van
Deursen 2014; Campisi 2005). Accordingly, in young persons, cellular senescence
is recognized as a homeostatic response to sublethal damage, but in older persons it
promotes aging-associated decline and disease (López-Otín et al. 2013). Addition-
ally, senescence improves tissue repair by promoting wound healing (Demaria et al.
2014; Krizhanovsky et al. 2008).

Senescent cells display distinct features. Comparedwith proliferating cells, senes-
cent cells are larger, contain cytoplasmic vacuoles, exhibit increased senescence-
associated β-galactosidase (SA-βGal) activity, and have higher levels of reactive
oxygen species (ROS) (Gorgoulis et al. 2019; Ben-Porath and Weinberg 2004). In
addition, senescent cells express different subsets of RNAs, including noncoding
transcripts such as PURPL, and proteins such as cyclin-dependent kinase (CDK)
inhibitors p21 (CDKN1A) and p16 (CDKN2A) (Alcorta et al. 1996; Casella et al.
2019;Wiley et al. 2017). They also exhibit a trait known as the senescence-associated
secretory phenotype (SASP), whereby they display increased secretion of distinct
subsets of cytokines, growth factors, andmatrix remodeling proteins, including inter-
leukin (IL)6 and IL8, vascular endothelial growth factor (VEGF), tumor necrosis
factor (TNF), and matrix metalloproteinase 9 (MMP9) (Coppe et al. 2008; Parrinello
et al. 2003; Dimri et al. 1995; Narita et al. 2003).

Among the differentially expressed proteins, the suppressor of growth and tumori-
genesis p16 [an activator of the protein retinoblastoma (RB)], has been considered
one of the most promising triggers and biomarkers of senescence in tissues and
organs, as well as in cultured cells (Alcorta et al. 1996; Krishnamurthy et al. 2004;
Benanti and Galloway 2004; Zindy et al. 1997). Supporting this notion, prolonged
p16 expression promoted cellular senescence and decreased regenerative capacity
in aging tissues, including the hematopoietic, pancreatic, and neural stem cell com-
partments (Kim and Sharpless 2006). Recent studies also showed that the numbers
of p16-positive cells correlate with biological (but not chronological) aging in dif-
ferent tissues (Liu et al. 2009; Baker et al. 2011; Waaijer et al. 2012) and served
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as a surrogate marker to evaluate clinical outcomes following therapeutic interven-
tions (Nelson et al. 2012). However, p16 appears not to be a universal biomarker of
senescence (reviewed in Hernandez-Segura et al. 2018) and its low abundance and
intracellular location pose further limitations on its usefulness as a marker. Thus,
efforts have intensified in recent years to identify senescent markers that (1) improve
the detection of senescent cells including live cells, (2) identify all senescent cells
universally or subsets of senescent cells, and (3) provide a means to isolate senescent
cells for elimination or for further analysis. Such markers are particularly valuable
in therapeutic efforts aimed at protecting or destroying senescent cells.

7.2 Senolytics

7.2.1 Strategies to Reduce the Burden of Senescent Cells
During Age

‘Senolysis’, or the elimination of senescent cells, is a strategy that has been actively
pursued in recent years. A key landmark in this effort was a report by Baker and col-
leagues of a genetic mouse model (INK-ATTAC) in which activation of caspase 8 in
p16-expressing cells eliminated senescent cells and ameliorated age-related losses
in strength, adiposity, and vision (Baker et al. 2011). Recapitulating this genetic
approach and similar mouse models (Demaria et al. 2014), a handful of chemical
compounds named ‘senolytics’ have been identified that selectively eliminate senes-
cent cells (Hernandez-Segura et al. 2018). Typically, senolytic drugs potently block
pathways that protect senescent cells, thereby enabling their destruction (Ovadya
and Krizhanovsky 2018). For example, various studies suggested that antiapoptotic
protein members of the BCL2 family are significantly increased during senescence;
accordingly, inhibition of those proteins in senescent cells activates programmed
cell death (Yosef et al. 2016). Following similar strategies, approaches to augment
apoptotic signals have been effective in achieving senolysis. Inhibitors of PI3K (phos-
photidyl inositol 3 kinase) such as quercetin, inhibitors of tyrosine kinases including
EPHA2 (the ephryn receptor A2) such as dasatinib, inhibitors of glucose homeosta-
sis, such as 2-deoxyglucose (2-DG), as well as the aforementioned BCL2 inhibitors
(ABT263, ABT737) were found to remove senescent cells selectively from hetero-
geneous cell populations (Czabotar et al. 2014; Zhu et al. 2016; Chang et al. 2016;
Tse et al. 2008).

Given the detrimental impact of senescent cells in many aspects of aging patho-
physiology, as mentioned above, efforts to identify specific and effective senolytics
have intensified in aging research (López-Otín et al. 2013; Childs et al. 2014; New-
gard and Sharpless 2013). However, although senolytics show promise in cultured
cells and in some animal models, their broad application in age-related patholo-
gies faces important obstacles. Top among them is the fact that since most senolytic
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compounds are strong inducers of apoptosis, they are often toxic also for prolifer-
ating healthy cells and can delay wound healing (Demaria et al. 2014; Cang et al.
2015; Zhu et al. 2017). Thus, it is critical that advanced approaches be developed
in which senescent cells are targeted more specifically. An earlier study suggested
alternative drug therapies targeting multiple cellular pathways simultaneously (Zhu
et al. 2015). Along these lines, combination therapies such as administration of dasa-
tinib + quercetin (D + Q) have shown synergistic cytotoxicity on senescent cells in
different age-related pathologic conditions (Farr et al. 2017; Lehmann et al. 2017;
Roos et al. 2016; Ogrodnik et al. 2017). However, senolytic combinations do not
appear sufficient to solve the problem of specificity, and the mechanisms of action of
senolytics remain poorly understood at present. A number of alternative approaches
are being explored to thwart the damage of senescent cells.

‘Senostasis’ (or ‘senomorphism’) refers to the suppression of a senescent trait to
reduce the detrimental impact of senescent cells, as proposed in the case of lung senes-
cence by Birch et al. (Birch et al. 2018). Initiatives to identify senostatic approaches
focused on two properties of senescent cells have emerged in recent times. First,
as mentioned above, senescent cells secrete high amounts of proinflammatory fac-
tors (the SASP, as mentioned above) and extracellular matrix proteases (Coppe et al.
2008; Kuilman and Peeper 2009). Given that SASP factors are capable of remodeling
tissue and promoting a pro-inflammatory phenotype, they can exacerbate age-related
pathology (Coppé et al. 2010). In a paracrine fashion, SASP factors enhance senes-
cence in neighboring cells. Therefore, neutralizing SASP factors or preventing their
expression has been proposed as a possible strategy to reduce the levels and dele-
terious actions of senescent cells in culture and in vivo (Moiseeva et al. 2013). In
this regard, mTOR inhibition decreased the secretion of IL1-dependent cytokines,
including IL6 (Laberge et al. 2015; Herranz et al. 2015; Noh et al. 2019), and the
use of neutralizing antibodies against the IL1 receptor (IL1R) and soluble protein
ILlA was sufficient to reduce the downstream activity of transcription factor NF-kB,
thereby abolishing the transcription of SASP factors (Orjalo et al. 2009). Second,
senescent cells are inherently immunogenic and are therefore targets of immunologi-
cal surveillance (Sagiv and Krizhanovsky 2013; Sagiv et al. 2016; Biran et al. 2015),
pointing to possible immune-associated interventions in senostatic therapy.

Importantly, the above-mentioned features of senescent cells are centered on the
plasma membrane. In the following section, we review several membrane proteins
that were identified as distinguishing senescent from non-senescent cells and we
address the advantages of alternative senolytic and senostatic strategies aiming at cell
surface proteins. We discuss their impact as well as future challenges to transform
proof-of-concept evidence into successful therapies.
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7.3 Targeting the Membrane of Senescent Cells

7.3.1 Biomarkers on the Plasma Membrane of Senescent
Cells

Efforts are increasing to find novel senescence biomarkers associatedwith the outside
of the plasma membrane because intracellular (nuclear or cytoplasmic) markers are
believed to be less useful candidates for therapeutic interventions, particularly those
directed at live cells. Plasmamembranemarkers are especially desirable for strategies
aimed at removing senescent cells through the immune system (Krizhanovsky et al.
2008; Xue et al. 2007).

A number of proteins were found to be elevated on the plasmamembrane of senes-
cent cells, including DCR2, ICAM1, and NOTCH3 (Collado et al. 2005; Gorgoulis
et al. 2005; Cui et al. 2013) (Table 7.1). Althubiti and coworkers (Althubiti et al.
2014) subsequently identified a number of plasma membrane-associated proteins
including DEP1 and B2MG as potential biomarkers of senescence in cell culture
and tissues. In a recent screen for senescent biomarkers using mice immunized with

Table 7.1 Reported protein markers on the plasma membrane of senescent cells

Surface protein Function reported Comments References

DCR2 Biomarker Collado et al. (2005)

ICAM1 Biomarker Gorgoulis et al. (2005)

NOTCH3 Biomarker Cui et al. (2013)

DEP1 Biomarker Althubiti et al. ( 2014)

B2MG Biomarker Althubiti et al. (2014)

VIM (modified) Biomarker Frescas et al. (2017)

MICA/B NKG2D ligands Implicated in
immunosurveillance

Sagiv et al. (2016),
Spear et al. (2013),
Muñoz et al. (2019)

ULBP2 NKG2D ligands Implicated in
immunosurveillance

Sagiv et al. (2016),
Spear et al. (2013),
Muñoz et al. (2019)

DPP4 Immune target
Peptidase

Implicated in glucose
metabolism, prostate
cancer
Membrane-bound and
secreted
Inhibited by gliptins

Kim et al. (2017)

SCAMP4 Cytokine secretion Implicated in SASP Kim et al. (2018)

CD36 Signaling
Transcription by
NF-κB

Implicated in SASP
Inhibited by
Sulfo-N-succinimidyl
oleate (SSO)

Chong et al. (2018)
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senescent lung fibroblasts, Frescas et al. (2017) found antibodies that recognized
senescence-associated cell surface antigens. Among them, IgM clone 9H4 specifi-
cally detected a posttranslationally modified form of the protein vimentin, present in
high levels on the plasma membrane of senescent cells (Frescas et al. 2017). The fact
that the modified vimentin was also detectable in the plasma of aged mice (SAMP8,
senescence-accelerated mouse prone 8) compared to wild-type (C57BL6) suggested
that this protein could both accumulate on the cell surface and be secreted into the
extracellular space (Frescas et al. 2017).

7.3.2 Cell Surface Proteins Enhancing Immune Surveillance

Besides the studiesmentioned above, there have been other recent attempts to identify
and remove senescent cells by targeting cell surface proteins specifically expressed
in senescent cells. Sagiv et al. (2016) discovered that the expression of two ligands of
NKG2D,MICA and ULBP2, increased greatly in cells rendered senescent following
DNA damage, expression of oncogenes, or replicative exhaustion. It was already
known that the two NKG2D ligands were more highly expressed in response to
cellular stresses (Spear et al. 2013), and their accumulation on the surface of senescent
fibroblasts facilitatedNKcell-mediated cytotoxicity through amechanismpreviously
described (Sagiv et al. 2016; Soriani et al. 2009; Iannello et al. 2013; Schmiedel and
Mandelboim 2018). The introduction of antibodies directed at MICA or ULBP2 as
well as the ablation of Nkg2d genes in mice suppressed the elimination of senescent
cells by NK cells, demonstrating that cell surface antigens can drive the removal
of senescent cells by the immune system (Sagiv et al. 2016). In a follow-up study,
shedding of NKG2D ligands from the cell surface was found to enable severely
damaged senescent cells to escape immunosurveillance (Muñoz et al. 2019).

Kim et al. (2017) reported evidence that senescent cells could be selectively elimi-
nated by exploiting the presence of another plasma membrane protein, DPP4 (dipep-
tidyl peptidase 4, also known as CD26). A screen of cell surface markers uncovered
> 100 proteins more highly expressed on the plasma membrane of senescent fibrob-
lasts than proliferating fibroblasts; among them, DPP4 was most highly increased in
several senescent cells and was studied as a potential biomarker (Kim et al. 2017).
DPP4 had been studied extensively in the context of glucose metabolism and type 2
diabetes (T2D) (Mentlein and Dipeptidyl-peptidase 1999; Röhrborn et al. 2015), as
DPP4 cleaves and thereby inactivates glucagon-like peptide-1 (GLP-1), a protein that
stimulates insulin production and helps to remove intestinal glucose. Members of the
gliptin family of DPP4 inhibitors (e.g., sitagliptin, saxagliptin, and vildagliptin) have
been used in combination with insulin for T2D therapy (Gomez-Peralta et al. 2018).
Although they are effective for T2D therapy and are generally safe (Scheen 2018),
their impact on senescence has not been examined at present. However, as DPP4 was
highly abundant on the plasma membrane of senescent cells but not proliferating
cells, antibody-dependent cell-mediated cytotoxicity (ADCC) was used to eliminate
senescent cells selectively. A humanized anti-DPP4 antibody was employed to tag
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senescent (DPP4-positive) fibroblasts, and these were subsequently eliminated by
using NK cells, while proliferating cells (DPP4-negative) were preserved (Kim et al.
2017).

7.3.3 Membrane-Associated Proteins Modulating the SASP

Among the unique features of senescence, the rise inSASP is particularly detrimental,
as the ensuing proinflammatory phenotype and debilitated extracellular matrix com-
promise tissue and organ function and exacerbate age-related pathology (Hernandez-
Segura et al. 2018; Campisi 2011). Thus, the SASP trait itself represents an attractive
therapeutic target, as suppressing SASP can ameliorate the harmful impact of senes-
cent cells. Along these lines, compounds such as rapamycin, metformin, or inhibitors
of NFKB1 (NF-κB) or p38 have been developed to suppress SASP in senescent
cells (Xie et al. 2016; Nacarelli and Sell 2017). However, as mentioned earlier, the
long-term use of chemical compounds has inherent side effects.

Studies highlighting the role of plasmamembrane proteins in promoting the SASP
are beginning to emerge. The levels of the plasma membrane protein CD36 were
found to increase strongly in response to different senescent stimuli in a range of cell
types (Chong et al. 2018). The interaction of several ligands, including Aβ42 and
oxidized low-density lipoprotein (oxLDL), with CD36 triggered signaling through
SRC and p38 that culminated with the transcription of NF-κB-driven SASP factors.
In this manner, CD36 was found to promote the SASP trait and to foment senescence
(Chong et al. 2018).

An earlier report showed that IL1A (IL-1α) accumulated on the senescent cell
surface and that the levels of major proinflammatory factors IL6 and IL8 decreased
when IL1Awas blocked by the IL1 receptor antagonist (Orjalo et al. 2009). This study
suggested that IL1 was a major upstream regulator of the SASP program, and further
indicated that regulation was elicited from the cell membrane (or the extracellular
region). In agreement with this form of regulation, a surfaceome analysis of proteins
on the plasma membrane by Kim et al. (2018) led the authors to propose a novel
function for the membrane-associated protein SCAMP4 (secreted carrier membrane
protein 4) in the SASP. As reported earlier for the related member SCAMP5, which
promotes the calcium-regulated exocytosis of signal peptide-containing cytokines
such as CCL5 in carcinoma cells and monocytes (Han et al. 2009), SCAMP4 was
also found to be capable of enhancing the secretion of SASP factors in senescent
cells (Kim et al. 2018), although the specific mechanism was not elucidated. At the
molecular level, SCAMP4protein accumulatedon the surface of senescent fibroblasts
due to the greater stability of SCAMP4 in senescent cells, opening a window for
possible therapeutic actions. The authors concluded that SCAMP4 promotes the
secretionofSASP factors including IL6, IL8,CCL2,CXCL1andMIF,with apossible
autocrine influence on spreading and further strengthening the senescent phenotype
(Kim et al. 2018).
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7.4 Future Directions

7.4.1 Future Directions in Senolysis and Senostasis Focused
on the Plasma Membrane

The initial examples presented here provide proof of concept that plasma membrane
proteins are suitable targets of senolytic interventions, aimed at killing senescent
cells (as with DPP4, modified VIM, and NKG2D ligands) as well as senostatic inter-
ventions, aimed at preventing a detrimental senescent phenotype (as with SCAMP4
and CD36) (Fig. 7.1).

Universal markers of senescent on the plasma membrane appear particularly
attractive for both senolytic and senostatic interventions. Many of the membrane
markers listed in Table 7.1 were found elevated primarily in fibroblasts and endothe-
lial cells that were rendered senescent via different mechanisms. However, other
senescent cells residing in liver, muscle, pancreas, lung, epithelial tissues, immune
system, etc., should also be investigated in order to identify truly ubiquitous plasma
membrane targets. At the same time, plasma membrane markers of senescence that
are specific to given cell types or to specific senescence programs may also be desir-
able for interventions aimed at select senescent cell populations. Whether univer-
sal or specific, more comprehensive knowledge of the plasma membrane proteome

Fig. 7.1 Proteins present on the surface of senescent cells present opportunities for the elimination
of senescent cells (senolysis) or the inhibition of senescent cell function (senostasis). Proof-of-
principle examples include several plasma membrane proteins recently shown to be drastically
elevated in senescent cells. DPP4, NFKB2 ligands, and modified VIM were found to serve as anti-
gens that triggered strong immunosurveillance, while suppression of SCAMP4 and CD36 potently
reduced the senescence-associated secretory trait
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in a wide range of senescent cell types and senescence inducers is needed. More-
over, in principle other plasma membrane-associated molecules (e.g., lipids, car-
bohydrates, and nucleic acids) may also be suitable targets of universal or specific
senescence-modulatory interventions.

Additional attention should be paid to develop improved approaches (molecu-
lar, biochemical, pharmacological, etc.) for senolysis and senostasis. An immediate
advance over ADCC is the technology known as antibody-drug conjugate (ADC),
through which specific cell surface markers can be identified by an antibody linked
to a highly cytotoxic drug (Sievers and Senter 2013). Developed for cancer therapy,
ADC antibodies have been shown capability to deliver drugs that cause cell death,
generally by eliciting DNA damage, but could be repurposed to deliver senolytic or
senostatic agents.

In specific cases in which the plasma membrane markers of senescence are
enzymes, select drugs capable of modulating their function could be exploited. The
peptidase DPP4 is a putative example of this approach, as numerous safe and effec-
tive inhibitors of DPP4 are already in the market for T2D and warrant direct atten-
tion.With increasedknowledgeof senescence-associated plasmamembranemarkers,
other proteins may also emerge that can be modulated pharmacologically.

In addition, superior models in which to test the therapeutic benefit of senostatic
and senolytic interventions are needed. Mouse models have provided helpful infor-
mation thus far, but improved human models, e.g., organoids and tissue grafts, will
help to establish the experimental specifics of efficacy of such approaches.

Finally, methods to deliver therapeutic agents directed at factors on the plasma
membrane of senescent cells, whether broad-spectrum of selective, represent an
ongoing challenge. Senescent cells directly accessible via the circulatory system
(immune cells, endothelial cells, etc.) may be readily targeted. However, strategies
to reach senescent cells located deeper in organs are necessary in order to gain full
benefit from interventions to modulate the senescent cell compartment and achieve
favorable outcomes.
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Chapter 8
In Situ Detection of miRNAs in Senescent
Cells in Archival Material
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Abstract The detection of senescent cells has been challenging. We have recently
developed a novel hybrid histo-/immunohisto-chemical method that can bypass sev-
eral constraints of detection of senescent cells. It is based on the development of a
novel reagent called GL13 (SenTraGorTM) that binds lipofuscin, a non-degradable
metabolic by-product that is known as a hallmark of senescence. This chapter pro-
vides a unique approach to detect formalin fixed paraffin embedded tissues miRNAs
in senescent GL13-reactive cells in routine. Given the significant role of miRNAs in
senescent programs, this approach enables for the first time to monitor miRNAs in
the context of senescence in situ in archival material. Notably, this assay improves
our capacity to detect in vivo senescent cells which favors rationalization of senother-
apeutic drugs. Although these agents are in early clinical trials, their introduction
in routine practice will transform healthcare as we know it, bringing to the fore the
necessity for precise detection of senescent cells in tissues.
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8.1 Introduction

Hayflick and Moorhead in 1961 introduced the term cellular senescence by stating
that “A consideration of the cause of the eventual degeneration of these strains leads
to the hypothesis that non-cumulative external factors are excluded and that the phe-
nomenon is attributable to intrinsic factors which are expressed as senescence at the
cellular level” in order to describe the limited in vitro lifetime of diploid fibroblasts
(Hayflick and Moorhead 1961). The latter was later linked to telomere attrition and
this type of senescence was termed replicative senescence (Levy et al. 1992; Allsopp
et al. 1995; Campisi 1997). Over the years it has been recognized that other forms of
senescence exist that are independent of telomere shortening. They are collectively
known as stress-induced premature senescence (SIPS) and can be induced by vari-
ous stressogenic stimuli (Debacq-Chainiaux et al. 2016; Gorgoulis and Halazonetis
2010; Gorgoulis et al. 2019; Myrianthopoulos et al. 2019). Hence senescence can be
considered as a stress response mechanism that preserves homeostasis. It has been
linked with tumor suppression, although it seems that it is an imperfect anti-tumor
barrier (Gorgoulis and Halazonetis 2010; Childs et al. 2014).

One of the major challenges to study cellular senescence is the accurate detection
of senescent cells in clinical material. Precise recognition of senescent cells in vivo is
essential not only to understand the role of senescence, but also tomonitor the effect of
ongoing therapeuticmodalities in various clinical settings. Currently available assays
exhibit several disadvantages for in vivo detection of senescent cells (Muñoz-Espín
and Serrano 2014). To overcome this issue, we recently synthesized a lipophilic,
biotin-linked Sudan Black-B (SBB) analogue called GL13 (SenTraGorTM) suitable
for the detection of senescent cells in archival formalin-fixed paraffin-embedded
tissues (FFPE) (Evangelou et al. 2017). FFPE tissues are the most common resource
for the study of different biomarkers in pathological laboratories.

Here we demonstrate a novel approach that allows the detection of miRNAs in
senescent cells in routinely processed material employing the new commercially
available GL13 (SenTraGorTM) compound. Given that numerous microRNAs are
involved in senescent pathways, this approach enables for the first time the in situ
detection of miRNAs in senescent cells in FFPE (Abdelmohsen and Gorospe 2015;
Bischof and Martínez-Zamudio 2015). As a miR target we selected miR34c, since it
is involved in senescence in various settings (He et al. 2007; Disayabutr et al. 2016;
Komseli et al. 2018). Specifically, for in situ co-detection we proceed as follows: (a)
visualization ofmiR34c employing theChromogenic 3, 3’-Diaminobenzidine (DAB)
system (brown), (b) hematoxylin counterstain (blue), (c) visualization of senescent
cells utilizing Emerald chromogen (bluish-green) (Fig. 8.1). For ISH we utilized the
Locked Nucleic Acid (LNA) technology that allows superior hybridization prop-
erties (Vester and Wengel 2004). To improve detection sensitivity we employed
double-digoxigenin (DIG) labeled (at both 5′ and 3′ ends) probes as previously
described (Komseli et al. 2018) (Table 8.1). Double-DIG labeled U6 small nuclear
RNA (snRNA) and Scramble-miR served as positive and negative control of the
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Step Process Time Comments

1 Deparaffinization - Rehydration 70 min

2

In situ Hybridization

Proteinase K treatment 10 min

Pre-hybridization 15 min optional

Preparation of Hybridization mixtures - Denaturation of probes 4 min

Hybridization 60 min

Post-hybridization washes 30 min

3 Blocking 30 min

4 Incubation with anti-DIG-POD 60 min

5 Visualization of miR34c positivity with DAB chromogen 1-5 min miR34c positive cells stain with brown color

6

GL13 (SenTraGorTM) staining

Permeabilization 3-7 min

Dehydration with Ethanol 10 min

Incubation with GL13 (SenTraGorTM) 10 min

Post-GL13 staining washes 1-3 min

7 Blocking 45 min

8 Incubation with mouse anti-biotin overnight

9 Incubation with mouse HRP polymer 15 min

10 Hematoxylin counterstaining 5-10 sec Nuclei stain blue 

11

Visualization of GL13 (SenTraGorTM) positivity with emerald chromogen

Treatment with Emerald chromogen 5-10 min GL13 (SenTraGorTM)  positive cells stain with bluish-green 
color

Air dry 2 min

12 Dehydration - Mounting 2 min

Fig. 8.1 Workflow of the protocol employed to detect micro-RNA in senescent cells in routinely
processed FFPE tissues. Washing steps with PBS1x or PBS-T or tap water are not included in the
overview

method. Notably, this assay can be employed in conjuction with the detection of
proteins, enabling the co-detection of coding and non-coding RNAs on senescent
cells.

8.2 Translational Aspect and Future Perspectives

The establishment of co-detection approaches that render feasible the analysis of
multiple parameters at the same time in senescent context in archival material,
opens a new exciting field. GL13 (SenTraGorTM) provides a unique opportunity
of co-visualization with additional markers, which has the following advantages: (a)
improve the detection accuracy of senescent cells, (b) address how various biolog-
ical markers are altered in different senescent settings, (c) reveal the existence of
senescent cells subpopulations. Within this frame this assay allows for the first time
monitoring of the spatiotemporal status of miRNAs involved in p53/p21WAF1/CIP1,
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Table 8.1 Troubleshooting tips

Assay Problem Possible cause Solution—suggestion

ISH Absent or low
signal

Suboptimal treatment
with Proteinase K

Increase duration of
Proteinase K
treatment

Probe or target
degradation

Avoid contamination
by RNases

Absence of target
miRNA

Include a positive
control along with
LNA U6 snRNA
probe

Hybridization
temperature higher than
the proper one

Decrease the
hybridization
temperature (Tm)

Increased
post-hybridization
washes

Optimize the
post-hybridization
washes by adjusting
the following
parameters: (a)
temperature of
incubation, (b)
concentration of SCC
buffer, (c) duration of
incubation with SCC
buffer

High background
staining

Hybridization
temperature lower than
the proper one

Increase the
hybridization
temperature (Tm)

Increased concentration
of probe applied

Reduce the
concentration of the
probe

Insufficient post
hybridization washes

Optimize the
post-hybridization
washes by adjusting
the following
parameters: (a)
temperature of
incubation, (b)
concentration of SCC
buffer, (c) duration of
incubation with SCC
buffer

Insufficient incubation
with blocking solution

Increase the duration
of treatment with the
blocking solution

(continued)
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Table 8.1 (continued)

Assay Problem Possible cause Solution—suggestion

Increased concentration
of the anti-DIG-POD

Decrease the
concentration of the
anti-DIG-POD

Dry out of sections Ensure that all
treatments are
employed in
humidifying
chambers

GL13 (SenTraGorTM)
staining

Absent or low
signal

Insufficient penetration
into cells

Increase duration of
treatment with Triton
X-100 0.5%

Low duration of GL13
(SenTraGorTM)
incubation

Increase the duration
of incubation with
GL13
(SenTraGorTM)

Increased post—GL13
(SenTraGorTM) staining
washes

Decrease the
duration of washing
with Ethanol 50%
and/or Triton X-100
0.5%. Monitor
washing under light
microscope

Reduced
mouse-anti-biotin
incubation

Increase the duration
of incubation with
mouse anti-biotin

Absence of lipofuscin Choose a positive
control

High background
staining

High duration of GL13
(SenTraGorTM)
incubation

Reduce GL13
(SenTraGorTM)
incubation in a
step-wise manner

Decreased post—GL13
(SenTraGorTM) staining
washes

Increase the duration
of washing with
Ethanol 50% and/or
Triton X-100 0.5%.
Monitor washing
under light
microscope

p16INK4A/pRb senescent signaling pathways and Senescence Associated Secretory
Phenotype (SASP) in archival material (Munk et al. 2018).

Additionally taking into consideration that several single in situ assays already
drive modern oncological therapies (Cooks et al. 2019), precise detection of senes-
cent cells in vivo will further encourage the precision medical approach. Within this
context it has been shown that during aging senescent cells accumulate in humans
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(Campisi et al. 2019). Besides, accumulating evidence support that senescent cells are
implicated in numerous age-related pathologies including cancer (Myrianthopoulos
et al. 2019; Campisi et al. 2019).We recently identified in vivo senescent cells in clas-
sical Hodgkin lymphoma (cHL) and Langerhans cell Histiocytosis (Myrianthopou-
los et al. 2019). Notably, cHL cases with increased number of senescent Hodgkin
Reed-Sternberg cells are associated with unresponsiveness to first-line and salvage
treatment, revealing that GL13 positivity can be a biomarker with prognostic utility
in a common hematological malignancy. Additionally, we detected senescent cells
in archival material from cancer patients receiving radiotherapy (Myrianthopoulos
et al. 2019). The effect of these cells on disease prognosis remains to be clarified.

Along this line senotherapeutic agents that specifically target and eliminate senes-
cent cells by triggering apoptosis or suppress SASP have developed in recent years.
Although, the safety and efficacy of these drugs in humans is tested, the introduc-
tion of effective agents that could target selectively senescent cells will transform
clinical practice as we know it (Kirkland et al. 2017). However, the introduction
of senotherapeutics renders necessary the accurate detection of senescent cells in
archival material. Cumulatively from a translational angle the in situ co-detection of
GL13 (SenTraGorTM) andmiRNAs in archivalmaterial could help us: (i) to determine
the senescent burden from biopsies in age-related disorders prior and after senothera-
peutic treatment, monitoring the efficacy of the therapeutic intervention, (ii) to know
the “biological age” or “functional status” of different tissues during ageing (i.e.
using the status of senescent cells as a biomarker of ageing), (iii) to determine the
senescent burden in premalignant lesions or after treatment with common therapeu-
tic modalities (i.e. chemotherapy and radiotherapy) with potential prognostic value.
Overall, the method presented in this chapter first of all improves our ability to mon-
itor senescent cells in different settings which in turn facilitates the rationalization
of senotherapeutic approaches.

8.3 Materials

(1) Equipment

Coplin staining jars
Coverslips
Forceps
Glass trough
Gloves
Humidifying chamber
Hybridizer
Laboratory bench centrifuge
Laboratory oven
Light microscope
Microcentrifuge
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Micropipettes
PCR cycler
Pipettes
Positively Charged Glass Slides
Soft paper
Staining/Slide racks
Sterile 1.5 and 0.5 ml micro-tubes (e.g., Sarstedt, Cat. no. 72.695.500)
Sterile pipette tips (e.g. Greiner bio-one, Cat. no.: 739290)
Surgical blade
Surgical blade handle
SyringesQ-MaxSyringeFilters (Frisenette 13mmfilter,membrane 0.22µm,
Cat. no. 13CA022-100)

(2) Reagents

(2a) In Situ Hybridization

Xylene
Ethanol (EtOH)
RNase removal solution
Hydrogen peroxide 30% (Scharlau, Cat no: HI01351000)
Tween 20 (Sigma, Cat. no. P9416)
Triton X-100 (Sigma, Cat. no. T8787)
miRCURY LNA miRNA ISH Buffer Set (FFPE) (Qiagen, Cat. no
339450)
Proteinase K (Qiagen, Cat. no. 339450 or Macherey-Nagel, Cat. no.
740506)
PBS tablets (Gibco by life technologies, Cat. no.: 18912-014)
UltraPure 20X SSC Buffer (Invitrogen, Cat. no.: 15557-044)
Sheep serum (Jackson Immunoresearch, Cat. no. 013-000-121)
BSA (Serva, Cat. no. 11930)
Liquid Blocker Super Pan Pen or alternatively DAKO Pen

Antibody:
Anti-Digoxigenin-POD Fab fragments (Merck, Cat. no.
11207733910)

Probes:
hsa-miR-34c-3p (Exiqon, Cat. no.: 611870-360, now comple-
mented by Qiagen)
Scramble-miR (Exiqon, Cat. no.: 699004-360, now complemented
by Qiagen)
U6, hsammurno (Exiqon,Cat. no.: 699002-360, nowcomplemented
by Qiagen)

Detection Assay:
DAB Chromogen and DAB Substrate (included in the IHC Kit
provided by Abcam, Cat. no. ab183286)
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(2b) GL13 staining

GL13 (SenTraGorTM) (Lab Supplies). Reconstitute it following man-
ufacturer’s instructions.
Sodium Chloride (NaCl).
Tris HCl.

Counterstaining:
Hematoxylin

Antibodies:
Anti-biotin antibody (Abcam, Hyb-8, ab201341)

Detection Assay:
Emerald chromogen (included in the IHC Kit provided by Abcam,
Cat. no. ab183286)

Mounting:
Non-aqueous mounting medium (included in the IHC Kit provided
by Abcam, Cat. no. ab183286)

(3) Setup of Solutions
Ethanol (EtOH) 50%, Ethanol (EtOH) 70%: dissolve Ethanol (EtOH) 100%
with dH2O to the appropriate final concentration.

Proteinase K buffer (Qiagen, Cat no 339450): to prepare 20 mg/ml, add to
lyophilized proteinase K, 900 ml RNase-free water, 5 ml of 1 M Tris-HCl (pH
7.4), 2 ml of 0.5 M EDTA and 0.2 ml of 5 M NaCl. Adjust final volume to
1000 ml. [based on the Instruction manual miRCURY® LNA® miRNA ISH
Optimization Kits (FFPE) Handbook (provided by Qiagen, page 19)]. Alter-
natively, Proteinase K buffer (Macherey-Nagel, Cat no. 740506): to prepare
20mg/ml, add to lyophilized proteinaseK the appropriate quantity of stabilizing
solution following the manufacturer’s instructions.

Triton X-100 0.5% in PBS 1x: Dilute Triton X-100 30 to 0.5% with PBS 1x.
(Sterilize).

Hydrogen peroxide (H2O2) 3% solution: Dilute Hydrogen peroxide 30 to
3% with dH2O.

PBS 1X buffer: Dilute 1 PBS tablet with 500 mL dH2O (sterilize).
PBS-T (0.1%) buffer: To 1L of PBS 1x add 1 ml Tween 20.
TBS-T:Dilute 50 nMTris HCl and 150 nMNaCl alongwith Tween 20 0.05%

in ddH2O. Adjust pH to 7.6.
1X miRCURY LNA miRNA ISH Buffer Set (FFPE): Dilute 2X miRCURY

LNA miRNA ISH Buffer Set (FFPE, Qiagen) with equal amount of ddH2O
based on the Instructionmanual miRCURY®LNA®miRNA ISHOptimization
Kits (FFPE) Handbook (provided by Qiagen, page 20).

5x SSC; 1x SSC; 0.2x SSC: Dilute 20x SSC buffer to 5x, 1x and 0.2x
accordingly with ddH2O.

Blocking and Dilutant reagent: the preparation of both reagents is strictly
based on the Instructionmanual miRCURY®LNA®miRNA ISHOptimization
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Kits (FFPE) Handbook (provided by Qiagen, page 20). Below is provided the
corresponding procedure:

(a) To 15mLPBS-T (0.1%), add 300µLSheep serum (2%final concentration)
and label this tube “Blocking solution”.

(b) Transfer 5 ml from the tube labeled “Blocking solution” to a new tube and
label the second tube “Dilutant solution”.

(c) To the tube labeled “Blocking solution”, add 300 µl 30% BSA (final
concentration 1%). The Blocking solution is ready to use.

(d) To the tube labeled “Dilutant solution”, add 5 ml PBS (final concentra-
tion 0.05% Tween and 1% sheep serum) and 330 µl 30% BSA (final
concentration 1%). The Dilutant solution is ready to use.

Ethanol 50%, EtOH70%: dissolve EtOH100%with dH2O to the appropriate
final concentration.

30% BSA: Add 30 g of BSA to 100 ml PBS1x.
1% BSA: Add 1 g of BSA to 100 ml PBS1x.
DAB working solution: Add 1 drop of DAB Chromogen to 1 ml DAB Sub-

strate and mix well. Avoid unnecessary exposure to light. The preparation of
this solution is strictly based on the protocol provided in the Instructions for use
of TripleStain IHC kit by Abcam (ab183286, page 9).

Antibody Blocker: dilute 1 part of Antibody Blocker with 39 parts of ddH2O.
To dissolve it, employ water bath or hot plate to heat to 80 °C. The preparation
of this solution is strictly based on the protocol provided in the Instructions for
use of TripleStain IHC kit by Abcam (ab183286, page 10).

Blocker A, Blocker B (included in the IHC Kit provided by Abcam, Cat no.
ab183286).

8.4 Methods

Formalin fixed and paraffin embedded (FFPE) tissues are placed on positively
charged slides in order to reduce the detachment of processed tissues. The sections
should be 5–7 µm thick.

Caution: the procedure is carried at room temperature (RT) unless otherwise
specified.

1. Tissue preparation
Place slides in staining/slide rack and proceed with deparaffinization by melt-
ing paraffin and dissolving it in xylene that is followed by rehydration in
decreasing concentrations of ethanol solutions.

– Incubation in lab oven at 60 °C for 30 min.
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– Wash inXylene for 10min.Move sections to a new glass trough and incubate
for another 10 min in fresh xylene.

– Incubate in 99.9% Ethanol for 10 min.
– Incubate in 95% Ethanol for 5 min.
– Incubate in 80% Ethanol for 5 min.
– Incubate in 70% Ethanol for 5 min.
– Incubate in 50% Ethanol for 5 min.
– Wash in TBS 1x for 5 min.

Caution: from this point on sections should not be dried out.
2. In situ hybridization (ISH) (Note 1)

2a. Treatment with Proteinase K: incubate slides with proteinase K buffer
(final concentration: 20 mg/ml) for 10 min at 37 °C (Note 2).

2b. Wash in PBS 1x for 5 min.
2c. Pre-hybridization (optional): treat the slides with the hybridization buffer

(i.e. 1X miRCURY LNA miRNA ISH Buffer Set (FFPE), without
including the probe for 15 min at the hybridization temperature (Tm).

2d. Preparation of the hybridization mixtures—Denaturation of the
probes: Place the probes onto separate RNase-free tubes and proceed to
denaturation at 90 °C for 4min employing a PCR cycler. Afterwards, place
the denatured probes into a microcentrifuge and spin down. Immediately
add the hybridization buffer [i.e. 1X miRCURY LNA miRNA ISH Buffer
Set (FFPE)] to each tube and place the hybridization mixture on each
section (an alternative procedure is provided in Note 3). It is necessary to
prepare separately along with the hybridization mix including the probe(s)
of interest, one hybridization mix including U6 snRNA probe and another
one having the scramble-miR probe which are employed as positive and
negative control respectively.

2e. Hybridization: Treat the sections with the hybridization mix for 1 h at the
appropriate Tm in a hybridizer (Note 4).

After hybridization step, RNase-free context is no longer required.
2f. Post-hybridization washes: Wash sections in prewarmed SSC buffer

series (Note 5). Quickly remove excess probe by rinsing slides in
pre-warmed 5x SSC buffer. Then proceed as follows:

– Wash two times with pre-warmed 5x SSC for 5 min at the hybridization
temperature (Tm),

– Wash two times with pre-warmed 1x SSC for 5 min at the hybridization
temperature (Tm),

– Wash two times with pre-warmed 0.2x SSC for 5 min at the hybridiza-
tion temperature (Tm),

2g. Wash two times with PBS-T; the first one rapidly and the second one for
5 min.
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3. Blocking. Place the sections in a humidifying chamber.

3a. Treatment with Hydrogen peroxide (H2O2): Block endogenous peroxidase
activity with 3% H2O2 for 15 min at RT (incubation is performed in the
dark). This step should be performed before incubating with anti-DIG-
POD.

3b. Wash two times with PBS-T; the first one rapidly and the second one for
5 min.

3c. Incubate with the blocking solution for 15 min at RT.

4. Incubation with sheep anti-DIG POD

4a. Treat sections with sheep anti-DIG-POD for 1 h at RT in a humidifying
chamber: dilute sheep anti-DIG-POD at 1:800 in Dilutant buffer.

4b. Wash with PBS-T, three times; the first one rapidly and the rest one for
3 min. each at RT.

5. Visualization with DAB Chromogen

5a. Incubate sections with DABworking solution for 1 min at RT (Note 6). To
block the reaction, transfer the sections to a Coplin staining jar filled with
tap water, and rinse gently with running tap water. Treatment with DAB
working solution generates brown color. To visualize the staining employ
light microscope.

Caution: Use appropriate care handling since DAB is potential carcinogenic.
Avoid unnecessary light exposure.

6. GL13 (SenTraGorTM) staining

6a. Permeabilization with Triton X-100 0.5% for 3–5 min at RT.
6b. Wash with PBS-T for 5 min.
6c. Dehydration with Ethanol:

Apply 50% Ethanol on the slides for 5 min at RT.
Apply 70% Ethanol on the slides for 5 min at RT.

6d. Incubation with GL13 (SenTraGorTM): Apply GL13 and incubate for
8 min at 37 °C in a humidifying chamber (Note 7).

6e. Post-GL13 (SenTraGorTM) staining washes (Note 8).

– After incubation with GL13 reagent, remove the coverslip gently with
a tip or a surgical blade (that is attached to a handle) or a thin edged
forceps and wipe with the help of a soft paper extra GL13 stain from
all sites. Then immediately rinse with 50% Ethanol for 1–3 min.

– Wash with PBS 1x for 3 min.
– Rinse with Triton X-100 0.5% for 1–2 min at RT.

7. Blocking

7a. Treatment with Antibody Blocker (pre-heated at 80 °C, according to the
setup of the solution) for 10 min in a humidifying chamber at 80 °C.
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7b. Remove sections and cool for 5–10 s.
7c. Wash with PBS-T, three times; the first one rapidly and the rest for 3 min

each at RT.
7d. Treatment with Blocker A for 30 min in a humidifying chamber at RT.

Make sure to cover the sections completely.
7e. Wash with PBS-T, three times; the first one rapidly and the rest for 3 min

each at RT.
7f. Treatment with Blocker B for 5min in a humidifying chamber at RT.Make

sure to cover the sections completely.
7g. Wash with PBS-T, three times; the first one rapidly and the rest for 3 min

each at RT.

8. Incubate with mouse anti-biotin (Note 9)

8a. Treat sections with mouse anti-biotin (diluted 1:300 in PBS 1x) overnight
at 4 °C. To avoid drying out, place the sections in a humidifying chamber.

8b. Wash with PBS-T, three times; the first one rapidly and the rest for 3 min
each at RT.

9. Incubate with mouse HRP polymer (Note 10)

9a. Treat sections with mouse HRP polymer for 15 min at RT in a humidifying
chamber.

9b. Wash with PBS-T, three times; the first one rapidly and the rest for 3 min
each at RT.

10. Hematoxylin counterstaining

10a. Immerse biological samples in a glass trough with diluted filtered hema-
toxylin (in distilled water). 5–10 s of incubation with hematoxylin is
enough to stain nuclei blue. To visualize the staining employ light
microscope.

10b. Immediately rinse sections with running tap water for 1 min. In case the
desired color contrast is not reached, repeat step 10a (Note 11).

10c. Wash with PBS-T, three times; the first one rapidly and the rest for 3 min
each at RT.

11. Visualization of GL13 (SenTraGorTM) positivity with emerald chromogen
(Note 12)

11a. Treat samples with Emerald chromogen for 5–10 min in a humidi-
fying chamber. For optimal staining monitor the reaction under light
microscope. Emerald staining gives a bluish-green color.

11b. Wash with tap water for 1 min. Wipe off with the help of a soft paper the
excessive water from all sites and air dry slides for 2 min.
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miR34c / GL13 (SenTraGorTM)

Scramble

a

U6 snRNA
b

Fig. 8.2 a. In situ hybridization (ISH) targetingmiR34c followed byGL13 (SenTraGorTM) staining
in FFPE human sample with head and neck squamous cell carcinoma after radiotherapy. Arrowhead
denotes miR34c positive staining (with brown color); arrow demonstrates GL13 (SenTraGorTM)
positive staining (with bluish green color); double arrow depicts miR34c/GL13 double positive
staining. Scale bar: 50µm(25µm).b. For the optimization of ISHU6 snRNAand scramble-miRNA
probes serve as positive and negative control respectively. Scale bar: 50 µm

12. Dehydration—Mounting

12a. Place slides in staining/slide rack and proceed with dehydration in
increasing concentrations of ethanol solutions followed by incubation
in xylene.

– Incubate in 80% Ethanol for 20 s.
– Incubate in 95% Ethanol for 20 s.
– Incubate in 99.9% Ethanol for 1 min.
– Incubate in Xylene for 20 s.

12b. Mount sections by applying 1 drop of non-aqueous mounting medium.
Then cover the section with coverslip, by avoiding air bubble traping.
Prior visualizing leave the mounting medium at RT for 10–15 min. For
optimal visualization of GL13 staining the light microscope should be
equipped with high magnification lenses (magnification 400x; 630x)
(Fig. 8.2).

A troubleshooting guide is provided in the end of the chapter
(Table 8.1).
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Notes

1. In every step of the miRNA ISH process specific handling is required to prevent
RNase contamination both of the reagents and the tissue samples. Wear gloves
during the entire process, clean all surfaces with RNase removal solutions, use
RNase-free tubes and tips and make sure that all solutions are prepared with
RNase-free water.

2. Incubation time and concentration for Proteinase K should be optimized. Sub-
optimal treatment leads to faint or absence of staining, whereas if the sections
are over-treated tissue morphology will be deteriorated. To optimize the pro-
teinase K treatment you may start by employing U6 snRNA probes at various
concentrations.

3. For the probe denaturation an alternative process can be followed. Specifically,
first of all prepare the hybridizationmixture by diluting the specific probes in 1X
miRCURY LNAmiRNA ISH Buffer Set (FFPE). Then denature the hybridiza-
tion mixture at 90 °C for 4 min, followed by spin down. Then immediately
apply the hybridization mix on the sections.

4. Hybridization temperature (Tm) is optimized according to each probe. A useful
rule of thumb is to start 30 °C below the RNA Tmwhen detecting RNA targets.
The Tm for miR34c is 56 °C and the final concentration ranges between 50 to
80 nM (dilution factor: 1:500–1:312.5).

5. The stringency of post-hybridization washing depends on the Tm, the concen-
tration of thewashing buffer and the duration perwash. Properwashing removes
non-specific hybrids and unbound probes.

6. Duration of treatment with DAB solution should be optimized. Therefore,
optimal staining should be verified by real-time observation under the light
microscope.

7. Given that GL13 is dissolved in Ethanol, to avoid evaporation of Ethanol, cover
the biological sample (i.e. sections) during the incubation with a coverslip as
previously described (Evangelou and Gorgoulis 2017). Importantly, we receive
the GL13 reagent by employing a syringe that carries a 2 mm filter (to avoid
receiving aggregates). Incubation with GL13 is optimized; duration usually
ranges from4–14min at 37 °C. For 14min incubation at 37 °C, youmay initially
incubate for 7 min, remove the coverslip, add fresh GL13, place a new coverslip
on the section and incubate additionally 7 min. Real-time observation under the
light microscope is necessary in order to determine the optimal duration.

8. Optimize the washing step with Ethanol 50% and Triton X-100 0.5% by mon-
itoring this step under the light microscope. Avoid increased incubation time,
since this may lead to reduced staining intensity.

9. For tissues having high endogenous biotin (like liver), an additional step is
required prior incubation with mouse anti-biotin in order to block endogenous
biotin. For this purpose you may employ the Streptavidin/Biotin blocking kit
(SP 2002, from Vector).
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10. Prior incubation with HRP Polymer an additional step with hydrogen peroxide
treatment for 10 min can be included. Additionally, when employing alkaline
phosphatase TBS-T is recommended instead of PBS-T as the wash buffer, since
phosphate in the PBS may interfere with the activity of alkaline phosphatase.

11. Avoid overstaining with hematoxylin since this will cover the brown staining.
12. Emerald is water soluble, and therefore hematoxylin counterstaining should be

performed prior Emerald staining.
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Chapter 9
Novel Probes and Carriers to Target
Senescent Cells

Beatriz Lozano-Torres, Juan F. Blandez, Félix Sancenón,
and Ramón Martínez-Máñez

Abstract Detecting senescent cells has become a task of increasing importance in
recent years. The implication of cellular senescence in a variety of physiological
processes as well as in various diseases is the main reason why potential diagnostic
tools for senescent cells are sought. This chapter clearly and concisely addresses
the discussion of the published tools (molecular based probes and nanocarriers) to
carry out the diagnosis of senescent cells both in vitro and in vivo and in tissues.
The comprehensive reading of this chapter will allow the reader to overview the
advances in the area of the detection of cellular senescence using probes and carriers
as diagnostic methods.

Keywords Cellular senescence · Ageing · Detection · Probes · Nanocarriers

9.1 The Importance of Targeting Senescent Cells

Overcoming the gradual ageing of the world population remains a formidable chal-
lenge for health professionals. As life expectancy increases, the vulnerability to suffer
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from some type of chronic disease or pathology increases exponentially. Indeed, dis-
eases such as atheroesclerosis, osteoarthritis, cataracts, cardiac hypertrophy, renal
dysfunction, lipodystrophy, sarcopenia and neurodegenerative diseases are usually
related with ageing (Niedernhofer and Robbins 2018). In recent years, the scientific
community has made a great effort to understand the molecular mechanisms that
lead to ageing. A pioneering work, in which the mice were genetically modified to
produce high levels of p53 (a tumor suppressor protein), revealed that the mice had
almost non-existent cancer rates, but their half-life was significantly shorter and had
aging symptoms at an early age (Tyner et al. 2002). In contrast, “super p53” mice
(carrying p53-tg alleles in addition to the two endogenous alleles) presented the same
rate of cancer resistance but normal lifespan, probably because p53 is normally reg-
ulated in this model (García-Cao et al. 2002). It was concluded that there is a strong
relationship between cellular senescence and ageing.

The main biological role of cellular senescence is to prevent the proliferation of
damaged or stressed cells (Munoz-Espin and Serrano 2014). In addition, tissue dam-
age and cellular senescence provide critical signals for cellular reprogramming and
it has been reported to be beneficial in various tissue repair settings (Mosteiro et al.
2018; Ritschka et al. 2017). However, upon persistent damage or during ageing, the
process of tissue repair becomes inefficient and senescent cells tend to accumulate in
tissues promoting local inflammation, tissue ageing, dysfunction and destruction, and
potentially, tumorigenesis and metastasis (Munoz-Espin and Serrano 2014;McHugh
and Gil 2018). Besides, it has been demonstrated that the selective elimination of
senescent cells in genetic models amends a variety of ageing-associated symptons,
ameliorate long-term degenerative processes and extends both healthspan and lifes-
pan (Baker et al. 2016; Baker et al. 2011). In fact, senotherapy (i.e. the selective
elimination of senescent cells by using pharmacologically active compounds) has
been shown to ameliorate and even revert certain diseases in mouse models (Soto-
Gamez and Demaria 2017; Zhu et al. 2015; Paez-Ribes et al. 2019; Childs et al.
2017). A number of these pharmacologically active small compounds or senolytics
have been reported to have remarkable therapeutic effects on multiple diseases in
mice in association with the elimination of senescent cells (Paez-Ribes et al. 2019).
In fact, the elimination of senescent cells is considered today as a promising strategy
to treat ageing-related diseases and delay ageing (Paez-Ribes et al. 2019; Xu et al.
2018).

A related key issue in the senescence field is the design of methods to easily iden-
tify cellular senescence (Lozano-Torres et al. 2019). A first tool to detect senescent
cells came from the discovery that senescent cells show high levels of lysosomal
β-galactosidase (β-Gal) activity (Dimri et al. 1995; Biran et al. 2017). This is known
as senescence-associated β-galactosidase (SA-β-Gal) and it has served as the basis
for the design of a number of chromo-fluorogenic probes (vide infra) (Lozano-Torres
et al. 2019). Some othermarkers for senescence, related to the expression of cell cycle
inhibitors and/or tumour suppressors, have been reported. For instance, a key tool
for the identification of cellular senescence in the context of ageing and age-related
diseases was the discovery of p16INK4A, a cyclin-dependent kinase inhibitor that acts
as a regulator of cell cycle arrest in senescent cells (Serrano et al. 1993; Serrano et al.
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1997). Anothermarkers of senescent cells are p19ARF, a positive regulator of the tran-
scription factor p53, and intracellular lipofuscin accumulation (Sharpless and Sherr
2015; Hernandez-Segura et al. 2018). However, most of thesemarkers cannot be used
for the assessment of senescence in vivo (de Jesus and Blasco 2012). In this scenario,
advances in the area of detection of cell senescence are necessary, especially as tools
for assessment of treatment response of senotherapeuthics in senescence in vivo
models and clinical trials (Lozano-Torres et al. 2019).

9.2 Chemical Probes for the Detection of Senescent Cells

9.2.1 SA-β-Gal-Dependent Chromo-Fluorogenic Probes

Proliferating cells express β-Gal encoded by the GLB1 gene that shows normal
activity at pH 4. Since in 1995Dimri and collaborators reported the overexpression of
β-Gal enzyme activity at suboptimal pH (pH6), due to the expansion of the lysosomal
compartment of senescent cells (Lee et al. 2006), this enzymatic activity, known
as senescence-associated β-galactosidase (SA-β-Gal), is one of the most commonly
usedmarkers for the detection of cellular senescence (Dimri et al. 1995). This marker
is easy to detect and reliable both in vivo and in vitro (de Jesus and Blasco 2012; Lee
et al. 2014; Zhang et al. 2017). SA-β-Gal activity is conveniently measured using
chromogenic or fluorogenic probes taking advantage of the fact that the enzyme
hydrolyses galactosidic bonds (Agostini et al. 2012). In this context, most reported
molecular probes able to detect SA-β-Gal are composed by two subunits, i.e. (i) a
β-galactose residue as reactive fragment and (ii) a chromophore or fluorophore as a
signalling moiety. In most cases both subunits are linked through a O-glycosidic or
N-glycosidic covalent bonds or through self-immolative fragments containing one
glycosidic linkage (Lozano-Torres et al. 2017). In these probes the emission of the
fluorophore at a certain wavelength is drastically reduced or shifted when galactose
is linked to the selected signalling unit. However, in the presence of SA-β-Gal,
the glycosidic bond is hydrolysed and the fluorophore or chromophore is released,
restoring its emission wavelength or its colour (Lozano-Torres et al. 2019).

The first chromogenic probe for β-Gal, an ortho-nitrophenyl-β-galactoside
(ONPG, Fig. 9.1), was reported by Aizawa (1939). This compound is colourless;
however, in presence of β-Gal, the O-glycosidic bond is hydrolysed yielding galac-
tose and ortho-nitrophenol, which is yellow. A further colorimetric probe for β-Gal
detection was synthesized by Horwitz and collaborators in 1964, named X-Gal. It
consisted of a galactose linked to a substituted indole and it is a well-known col-
orimetric probe for the detection of β-Gal (Horwitz et al. 1964). In presence of the
enzyme, the galactosyl moiety in X-Gal is removed giving a 5-bromo-4-chloro-3-
indolyl residue, which dimerizes spontaneously and is oxidized into the insoluble
intensely blue product 5,5′-dibromo-4,4′-dichloro-indigo following the mechanism
showed in Fig. 9.1. After X-Gal was reported, many variants have been synthesized
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with slight modifications giving final compounds that display different colours in the
presence of β-Gal (see Fig. 9.1). All these derivatives are usually commercialized as
β-Gal activity and senescence detection kits. It is important to remark that ONPG
and X-Gal are not permeable to the cell membrane and they can only be used in
lysed cells.

In a pioneeringwork, Rotman et al. described in 1961 the first fluorescent probe for
measuring β-Gal activity, (fluorescein-di-(β-D-galactopyranoside)) (Rotman 1961;
Rotman et al. 1963), FDG in Fig. 9.1. In this study the authors reported that PBS
solutions (pH 7.2) of FDG were non-emissive (λexc = 400 nm) but a remarkable
emission band at 490 nm was developed in the presence of β-Gal, due to the hydrol-
ysis of glycosidic bonds and the subsequent release of fluorescein. These optical
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changes were also used to detect β-Gal activity in droplets of silicone oil containing
FDG and the enzyme. Following a similar approach Hirchsmann and co-workers
prepared in 1962 a compound named MUG (Woods and Sapp 1962) for the detec-
tion of β-Gal activity (see Fig. 9.1). Glycine buffer solutions of MUG (pH 7) did not
show any emission (λexc = 365 nm) whereas in presence of the enzyme, the galac-
toside residue was removed yielding the highly fluorescent 4-methylumbelliferone
fluorophore (λem = 455 nm), resulting in an overall OFF-ON response. Unfortu-
nately, MUG is also impermeable to the cell membrane. A great number of other
coumarin-based fluorophores for β-Gal activity detection were later described (Gee
et al. 1999; Chilvers et al. 2001).

A recent commercially available probe was developed by Urano and co-workers,
who described a fluorogenic hemicyanin probe for labelling living senescent cells
in culture and in living tissues. The prepared probe, (E)-2-[2-(6-hydroxy-2,3-
dihydro-1H-xanthen-4-yl)vinyl]-3,3-dimethyl-1-propyl-3H-indole-1-ium, is com-
monly known as Spider-Gal (Fig. 9.1) (Doura et al. 2016). PBS (pH 7.4) solutions
of Spider-Gal present an absorption band at 525 nm and are almost non-emissive.
However, addition of β-Gal enzyme induces the appearance of a highly fluorescent
band centred at 560 nm (excitation at 525 nm). The observed emission enhancement
was ascribed to the β-Gal-induced hydrolysis of Spider-Gal that yielded the quinone
methide derivative shown inFig. 9.1. In the original research, the response of Spider-
Gal was tested in HEK cells transfected or not with LacZ gene and the probe was
able to distinguish between different levels of β-Gal by confocal microscopy, flow
cytometry and ex vivo fixed tissues. In the last years, Spider-Gal has become in a
widely used tool by researchers in the field of cellular senescence due to its high
sensitivity and its high retentivity inside cells.

Although only a few probes based on the hydrolysis ofO-glycosidic,N-glycosidic
covalent bonds by SA-β-Gal enzyme activity are marketed; many probes based on
this same idea of binding a monosaccharide to a fluorophore have been described
(Lozano-Torres et al. 2019). Some of these probes for SA-β-Gal detection have been
validated in lacZ transfection models which are not exactly realistic senescence
models. In fact, in lacZ transfection models the transfected cells highly overexpress
lacZ (with excessively high concomitant activity of β-Gal), and the bacterial enzyme
is cytosolic and not localized in lysosomes (the usual subcellular location of SA-β-
Gal activity) which could lead to failures in the detection of senescence (Lozano-
Torres et al. 2017, 2019). Moreover, many probes have been validated in vivo-lacZ
models according to two approaches: (i) transfecting tumour cells with the pCMV-
lacZ plasmid and injected them in the animal, or (ii) labelling tumours overexpressing
with avidin-β-Gal (Kamiya et al. 2007; Gu et al. 2016). A more realistic approach
to validate SA-β-Gal probes used cell lines with high lysosomal β-Gal activity per
se, such as cells from congenital dyskeratosis patients, SHIN3, SKOV3, OVK18,
OVCAR3, OVCAR4, OVCAR5, OVCAR8 or HUVEC (Agostini et al. 2012; Imai
et al. 1990; Hung et al. 1992; Hamilton et al. 1983; Yuan et al. 1997).

Certain probes have also been tested to detect replicative senescence; senescence
induced by reactive oxygen species or chemically induced senescence. Kim et al.
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reported the ratiometric two-photon fluorescent probe (SG1) composed of the fluo-
rophore 6-(benzo[d]thiazol-2′-yl)-2-(methylamino)-naphthalene, a self immolative
carbamate as linker, a polyether as solubilizing group and galactose as hydrolytic
moiety (Fig. 9.2) (Lee et al. 2014). The authors found that the maximum of the
emission spectra of SG1 changed from 461 to 540 nm in the presence of β-Gal.
β-Gal enzyme induced the hydrolysis of galactose in the anomeric carbon with
the subsequent rupture of the self immolative linker that released the polyether-
functionalized 6-(benzo[d]thiazol-2′-yl)-2-(methylamino)-naphthalene fluorophore.
Probe SG1 was tested in human diploid fibroblasts (HDF) in a replicative model
of senescence. By treating the cells with SG1, the authors observed that the ratio
Fyellow/Fblue increased from 0.30 to 1.13 when cells accumulated passages and were
excited at a wavelength of 750 nm. Finally, the authors used the probe for stain-
ing 7-month-old and 26-month-old Sprague-Dawley rat skin tissues, showing an
enhancement of the Fyellow/Fblue ratio.

A new senescence-specific fluorescent probe based in a rhodol core linked to
galactose (SRP) was studied in vascular endothelial HUVEC cells, where senes-
cence was induced with H2O2 (Fig. 9.2). The SRP probe showed a high chemose-
lectivity in the presence of β-Gal versus other enzymes. Senescent cultured HUVEC
cells exhibited high fluorescent signal after treatment with the probe, in sharp
contrast with non-senescent HUVEC cells (Kim et al. 2018). Recently, Zhang
and co-workers, prepared a near-infrared fluorescent probe based on hemicyanine
skeleton ((E)-2-(2-(6-hydroxy-2,3-dihydro-1H-xanthen-4-yl)vinyl)-3,3-dimethyl-1-
propyl-3H-indol-1-ium) conjugated with a D-galactosemoiety (Gal-Pro in Fig. 9.2).
The absorption spectra of Gal-Pro in PBS presented an intense band at 596 nm and
two weaker absorptions at 560 and 643 nm. Moreover, the emission spectra of the
probe showed a weak band at 665 nm. In the presence of β-Gal, a new emission
band at 703 nm appeared (12.8-fold enhancement). The authors tested the probe
response in a premature senescence model of HDF cells induced by H2O2. Control
and senescent cells were treated with the Gal-Pro (Zhang et al. 2017). No signal
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was observed for control cells, whereas in senescent cells clear turn-on NIR fluo-
rescent images were captured. This molecule, also named NIR-BG (Fig. 9.2) was
tested in cells with knocked-in LacZ and HeLa and MCF7 senescent cells where
senescence was induced with camptothecin (CTP) or radiation therapy. The probe
was validated in vivo in mice bearing LacZ(+) tumour and CTP drug treated HeLa
xenograft models in order to corroborate the applicability of NIR-BG in genetically
or drug-induced expressed β-Gal (Wang et al. 2019).

As it is apparent from the literature, only very few reports exist in which
senescence probes have been validated in accurate in vivo models of senescence.
An example is the probe AHGa (anhydride–histidine–galactose), which contains
an N-glyosidic bond (Fig. 9.2) (Lozano-Torres et al. 2017). AHGa probe was
tested in SK-MEL-103 xenografted mice in which senescence was induced by oral
administration of palbociclib. The tumours in palbociclib-treated mice intravenously
injected with the probe showed strong fluorescence relative to non-senescent
tumours. Moreover, confocal microscopy images of fresh sections obtained from
different organs (such as the liver, spleen, kidneys, lungs and heart) showed
non-significant changes in fluorescence.

9.2.2 Other Hydrolases Probes

Apart from β-Gal, the overexpression of other lysosomal hydrolases (Knaś et al.
2012) such as α-L-fucosidase (α-Fuc), has been also employed for the detection
of cellular senescence (Hildebrand et al. 2013). The overexpression of α-Fuc was
deduced from measurements of the activity of hydrolases in various cell lines using
different senescence models. From these studies it was apparent that α-Fuc activ-
ity was higher or, at least, comparable with SA-β-Gal in senescent cells. Based
on the above, molecular probes containing selected chromophores or fluorophores
linked with α-fucose have been developed (X-Fuc (Esterly et al. 1967) and MUF
(Rushton and Dawson 1975) in Fig. 9.3) and used to measure α-fucosidase activ-
ity. Other enzymes, such as β-glucuronidase (Grabowska et al. 2019), acid phos-
phatase, β-hexosaminidase (Urbanell et al. 2014), α-mannosidase (Knaś et al. 2012)
and N-acetyl-β-glucosaminidase (Agirbasli et al. 1996), have also been reported to
be overexpressed in senescent cells, but in lower levels than those found for β-Gal
and α-Fuc. In this context, p-nitrophenyl-α-D-mannopyranoside, 4-nitrophenyl N-
acetyl-ß-D-glucosaminide and 4-nitrophenyl-ß-D-glucuronide (Fig. 9.3) have been
employed for activity measurement of α-mannosidase, N-acetyl-β-glucosaminidase
and β-glucuronidase, respectively, in lysed cells (Knaś et al. 2012). Detection of
these enzymes using chromo-fluorogenic probes could be an alternative for effective
senescence detection.
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9.2.3 Lipofuscin Detection

Another proposedmarker of senescence is lipofuscin. Lipofuscin is a non-degradable
aggregate of oxidized proteins, lipids and oligosaccharides that accumulates progres-
sively mostly in aged post mitotic cells (Jung et al. 2007). Intracellular lipofuscin
accumulation appears to be a universal correlate of animal senescence (Katz et al.
1984). Lipofuscin is an emissive aggregate that can be visualized using fluorescent
microscopy. Moreover, histochemical methods, such as staining with Sudan Black
B (SBB), are commonly used for lipofuscin detection. Lipofuscin stained with SBB
is applicable for in vitro measurements (Gatenby and Moussa 1949; Rasmussen
1961; Jung et al. 2010). Studies demonstrated that SBB-stained lipofuscin is present
in cells that expressed SA-β-Gal activity and is absent in SA-β-Gal-negative cells
(Georgakopoulou et al. 2012). In a modification of this basic procedure, Gorgoulis,
Bartek and co-workers recently developed a two-step staining procedure based on
a biotin-antibiotin antibody-peroxidase-conjugated reaction, in order to improve the
in vitro and ex vivo lipofuscin detection achieved with commercially available SBB
staining (Fig. 9.4). Therefore, the authors used SBB-biotin conjugate to target lipo-
fuscin (Evangelou et al. 2017). After binding of lipofuscin with SBB-biotin the
staining of senescent cells is carried out upon addition of an antibiotin antibody
functionalized with a peroxidase-conjugated polymeric backbone. Finally, addition
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of 3,3′-diaminobenzidine (DAB) induced the appearance of a dark blue-black colour
(due to the peroxidase-catalysed oxidation of DAB) which indicated the presence of
lipofuscin (Georgakopoulou et al. 2012).

9.2.4 Other Approaches for the Detection of Senescent Cells
Using Chemical Probes

Based on the facts cited above, it seems clear that most of the described methods
for the detection of cellular senescence are based on chromo-fluorogenic probes that
evaluate SA-β-Gal activity. In spite of this fact, in recent years, other innovative
methods for the detection of senescent cells have been proposed which do not rely
on the presence of lysosomal β-Gal or do not display a final chromo-fluorogenic
signal.

CyBC9 probe has been recently developed based on a Cy7 skeleton (Fig. 9.5) that
was used for the detection of senescence using proliferative (young) and senescent
(old) cells (Ang et al. 2019). The probe is a nontoxic membrane-permeable fluo-
rescent molecule. The probe was tested in human early mesenchymal stromal cells
(heMSCs) (young and old) from different tissues, such as bone marrow (BM)Whar-
ton’s Jelly (UC) and adipose tissue (AD). The authors demonstrated that CyBC9
probe is accumulated in the mitochondria of senescent cells. The selectivity of the
probe is based in the membrane potential of mitochondria. In senescence cells, there
is an increase in ROS species that induced the depolarization of the mitochondria
membrane allowing the accumulation of the probe CyBC9.
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Lumba et al. reported a probe for lysosomal β-Gal activity capable of detecting
cellular senescence in cultured cells by mass cytometry (Lumba et al. 2017). Mass
cytometry is a similar technique to flow cytometry but equipped with an inductively
coupled plasma mass spectrometry (ICP-MS) detector. The tellurophene probe
contains a tellurenemoiety as a reporter groupwhich generates a quinone alkidewhen
hydrolysed (Fig. 9.5). The quinone alkide is a reactive alkylating agent that forms
covalent tellurophene-bearing conjugates with protein nucleophiles, allowing the
quantification of lysosomal β-Gal activity in individual cells by mass cytometry. The
authors used a retinal pigment epithelial (Rpe) cell line known to undergo senescence
upon H2O2 treatment. Upon addition of tellurophene probe, they observed a higher
labelling (ca. 1.75–fold) in senescent Rpe cells compared to control cells by mass
cytometry analysis.

Another technique recently used in the detection of senescent cells is
positron-emission tomography (PET), for which a radioactive molecule linked to
β-galactoside is used (PET-tracer in Fig. 9.5) (Schwenck et al. 2019). PET-tracer
was tested in two different in vitro models: (i) HCT-116 cells with doxorubicin-
induced senescence and (ii) HRas driven liver progenitor cells with a doxycycline
regulatable p53-specific shRNA. For this purpose both control and senescent cells of
each cell line were treated with the PET-tracer, washed and measured in a gamma
counter. Senescent cells from both lines incorporated more PET-tracer than control
ones (ca. 3-fold higher accumulation). Besides, in vivo experiments showed higher
uptake for senescentHCT-116 tumours (1.54-fold) compared to control oneswhereas
the observed value for HRas driven liver progenitor cells was 1.66-fold higher.
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9.3 Nanodevices Targeting Senescent Cells

Additionally to molecular-based sensors, the use of smart nanodevices is an active
field of research and several interesting examples has been published in the last
years applied to the detection of certain cells (Aznar et al. 2016). These nanode-
vices are mainly constituted by inorganic or organic nanoparticles carrying a certain
cargo and sometimes functionalized with (bio)molecules acting as targeting ligands
(Lozano-Torres et al. 2017). These complex nanoarchitectures are finding promis-
ing biomedical applications. Taking this into account, it is not surprising that sev-
eral functional nanoparticles targeting senescent cells have been described recently
(Muñoz-Espín 2019). These nanodevices are based on mesoporous silica nanopar-
ticles, carbon quantum dots (CQDs), porous CaCO3 nanoparticles and molecularly
imprinted polymer nanoparticles (nanoMIPs).

Martínez-Máñez et al. developed a nanodevice able to selectively release its cargo
in senescent cells. The nanodevice consisted of mesoporous silica nanoparticles,
loaded with rhodamine B (Rh B), functionalised with 3-aminopropyltrialcoxisilane
(APTES) and capped with a galacto-oligosaccharide (Agostini et al. 2012). A
similar system capped with lactose was previously reported by the same authors
in 2009 (Bernardos et al. 2009). The release profile of the gated nanoparticles
revealed a poor cargo delivery, whereas a remarkable amount of rhodamine B
was released after 24 h in presence of β-Gal enzyme (Fig. 9.6a). Cargo release
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in the presence of β-Gal was ascribed to the enzymatic hydrolysis of the capping
galacto-oligosaccharide. Besides, the nanoparticles were tested in the cells lines
DC1787, X-DC 1774 and X-DC4646 from patients suffering congenital dyskerato-
sis, in which lysosomal β-Gal is overexpressed. High emission signals were found
in DC1787, X-DC 1774 and X-DC4646 cells lines, whereas poor cargo delivery
was found in H460 control cells where endogenous β-Gal is not overexpressed.
In a similar work, Martínez-Máñez and Serrano developed mesoporous silica
nanoparticles loaded with Rh B or Indocyanine Green (ICG) and capped with a
β-1,4-galactose hexamer (GalNP) (Muñoz-Espín et al. 2018). In the presence of the
β-Gal enzyme, the capping oligosaccharide was hydrolysed and cargo was released.
These nanoparticles were tested in a mouse model of pulmonary fibrosis and in a
cancer mouse model of senescence induced by chemotherapy. The authors observed
that the combination of palbociclib treatment with GalNP loaded with Rh B or
ICG presented a more efficiently release of the fluorophore in senescent tumours,
observing an enhancement of fluorescence. Moreover, the induction of pulmonary
fibrosis by treating mice with bleomycin followed by intravenous injection with
the fluorophore-loaded GalNP led to an increased fluorescent signal with respect to
mice not treated with bleomycin, which did not present cellular senescence in lungs.
Finally, drug-loaded nanoparticles with doxorubicin (GalNP(Dox)) or navitoclax
(GalNP(Nav)) facilitated tumour regression in xenografted mice concomitantly
treated with palbociclib and also the recovery in the pulmonary capacity in mice
subjected to bleomycin-induced lung fibrosis. Besides, the authors found that the
encapsulation of doxorubicin and navitoclax reduced their toxicity.

A sensing method using nanoparticles was developed by Feng and co-workers,
who used β-cyclodextrin-functionalized carbon quantum dots (β-CD-CQDs) for
β-Gal activity evaluation in vitro (Fig. 9.6b) (Tang et al. 2017). PBS solutions
of β-CD-CQDs showed a marked emission band at 445 nm upon excitation at
365 nm. The authors observed that this emission was quenched upon addition
of gradual amounts of p-nitrophenol due to the formation of an inclusion com-
plex with the β-CDs grafted onto the external surface of the CQDs. Taking this
into account, the authors monitored β-Gal activity using a mixture of β-CD-CQDs
and 4-nitrophenyl-β-D-galactopyranoside. β-Gal is able to hydrolyse the glyco-
sidic bond in 4-nitrophenyl-β-D-galactopyranoside releasing p-nitrophenol which
formed supramolecular inclusion complexes with the grafted β-CD. As a conse-
quence, the emission of β-CD-CQDs was quenched (Fig. 9.6b). β-Gal enzyme was
detected in a 1.9–70 U L−1 range of concentrations and with a limit of detection as
low as 0.6 U L−1. MTT viability assays showed that β-CD-CQDs were non-toxic
for OVCAR-3, a cell line presenting high lysosomal β-Gal activity per se and that
is typically used to validate β-Gal probes. OVCAR-3 cells incubated with β-CD-
CQDs showed a marked fluorescence but when exposed to both β-CD-CQDs and
the galactose derivative 4-nitrophenyl-β-D-galactopyranoside a marked emission
quenching was observed.

Detection and elimination of senescent cells has also been achieved with porous
calcium carbonate nanoparticles loaded with a fluorophore (coumarin-6) or a drug
(rapamycin) (Thapa et al. 2017). The authors reacted lactose with a poly(ethylene
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glycol) derivative containing amine and carboxylate moieties in opposite sides and
the poly(ethylene glycol) derivative was adsorbed onto the external surface of the
loaded nanoparticles. Finally, an anti-CD-9 antibody (CD-9 receptor is overexpressed
in senescent cells) was grafted onto the external surface of the nanoparticles using an
EDC/NHS mediated esterification reaction (Fig. 9.6c). Aqueous suspensions of the
coumarin-6-loaded nanoparticles at pH 7.4 showed a poor cargo release after 48 h.
However, in the presence of β-Gal, a marked cargo release was observed due to lac-
tose hydrolysis and subsequent detachment of the PEG chain from the surface of the
nanoparticles. Confocal microscopy studies carried out with the coumarin-loaded-
material showed that nanoparticles were preferentially internalized by old/senescent
human dermal fibroblasts (HDF) when compared to the same young cells due to
the overexpression of CD-9 membrane receptors, resulting in the subsequent release
of coumarin-6 by β-Gal activity. The same nanoparticles loaded with rapamycin,
an mTOR inhibitor that prevents senescence by affecting the p53/p21 pathway, dis-
played a senomorphic effect due to the rapamycin release, inducing marked reduc-
tions in β-Gal levels, p53/p21, CD-9 expression and also decreased senescence-
associated secretory phenotypes (IL-6, IL-1 β) together with reduced senescent cells
population numbers and prevention of cell cycle arrest.

More recently, anothermethod for the detection of senescent cells based onmolec-
ularly imprinted nanoparticles (nanoMIPs) capable of recognizing a membrane pro-
tein associated with senescence was proposed (Ekpenyong-Akiba et al. 2019). It
has been reported that senescent EJ bladder cancer cells (EJ), fibrosarcoma cells
(HT1080) and human diploid fibroblasts (HDF) overexpressed the B2MG mem-
brane protein (Althubiti et al. 2014). Bearing this idea in mind, the authors devel-
oped nanoMIPs recognising an extracellular epitope of B2MG. For nanoMIPs syn-
thesis, in a first step, the epitope (amino acids 101-115) of β2 microglobulin (used
as template) was covalently grafted onto the external surface of thiol-functionalised
glass beads as a solid support by using succinimidyl-iodo acetate as linker. Then,
in a second step, this hybrid material was suspended in a mixture of fluorescein-
based acrylic monomers solution in order to obtain a polymer around the tem-
plate (Fig. 9.6d). Finally, nanoMIPs were separated from the solid support wash-
ing with water at 65 °C. The affinity of nanoMIPs for B2MG protein was tested
in EJ bladder cancer cells after genetically-induced senescence by overexpressing
p16 with a tetracycline(tet)-regulatable system. Flow cytometry assays and fluores-
cence microscopy images revealed the preferential accumulation of nanoMIPs in the
external membrane of senescent cells. Moreover, the senolytic activity of dasatinib-
loaded nanoMIPs was demonstrated in EJp16 cells. Finally, in vivo studies revealed
that nanoMIPs tagged with the dye DyLight 800 NHS Ester were able to distin-
guish between young (2 months) and old (11 months) C57/BL6J mice observing a
preferential signal in the intestine, specifically in the jejunum.
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9.4 Conclusions and Future Perspectives

The development of strategies to detect and eliminate senescent cells is an emerging
research field that has received increasing attention in the last years. In this chapter,
selected chromo-fluorogenic molecular probes and nanodevices targeting senescent
cells are described. Most of the chromo-fluorogenic probes described for the detec-
tion of cellular senescence are based in the SA-β-Gal enzymatic activity. Normally
these probes are composed by a fluorophore or a chromophore covalently linked to
a galactopyranoside residue. In the presence of the enzyme, the glycosidic bond is
hydrolysed inducing an easily chromogenic or fluorogenic observable and measur-
able change. Commercially available probes such asX-Gal,C12FDG or Spider-Gal
are well known in the field of cellular senescence, but some of these probes still have
a number of drawbacks. For this reason, researchers are still striving to find probes
capable detecting senescent cells in different conditions and environments. More-
over, some recent probes based on the detection of the activity of other hydrolase
enzymes, also overexpressed in senescent cells, such as β-glucuronidase, acid phos-
phatase, β-hexosaminidase, α-mannosidase and N-acetyl-β-glucosaminidase have
been described. Also, several recently described probes detect cellular senescence
through techniques such as mass cytometry or PET. On the other hand, the use of
nanodevices for the detection of senescent cells has also been described. This is
in fact a promising strategy that allows preparing nanoparticles not only for sig-
nalling but also for delivering senolytic drugs in senescent cells paving the way for
the design theranostics systems to target senescent cells. In this field, examples of
nanoparticles based in the use of mesoporous silica nanoparticles, CQDs, CaCO3

and nanoMIPs have been described. Probes described above or others that will be
synthesized in the next years are expected to be a fundamental instrument to detect
senescent cells in aged or damaged tissues, and to become suitable tools to monitor
the action of senolytics in multiple age-related disorders and longitudinally assess
treatment response.
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Chapter 10
Potential Applications of Aptamers
for Targeting Senescent Cells

Antonio Leonardi, Francesco Pacifico, and Elvira Crescenzi

Abstract Cellular senescence is a stress response characterized by a permanent
loss of proliferative ability. Different types of senescence reflect different forms of
stress. Although cellular senescence plays a key role in maintaining tissue home-
ostasis and in suppressing tumorigenesis, it is widely appreciated that accumulation
of senescent cells in tissue contributes to development of age-related dysfunctions
and limits the efficacy of chemo- and radiotherapy. Consequently, novel therapeutic
strategies targeting senescent cells, or their pro-inflammatory secretome, have been
recently developed. The application of these novel therapeutic approaches requires
biomarkers for in vivo detection of senescent cells for ageing and age-associated
diseases, as well as for therapy-induced senescence in cancer patients. Aptamers
are short oligonucleotide or peptide sequences able to bind with high affinity and
specificity a wide range of cellular targets, including cell surface epitopes, thanks to
their unique three-dimensional folding. Oligonucleotide aptamers have been widely
applied for the discovery of biomarkers, since the early 1990s, and Affimers have
recently emerged as valuable tools for biomarker discovery. In this chapter we briefly
introduce applications of aptamer technologies for recognition of cell surface anti-
gens and suggest that aptamers provide the perfect technology to identify novel
senescence-specific biomarkers.
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10.1 Cellular Senescence and the Growing Field
of Senotherapy

Cellular senescence is a stress response characterized by a permanent loss of pro-
liferative ability that can be activated by different damaging stimuli. As such, cellu-
lar senescence represents an evolutionarily conserved mechanism that prevents the
proliferation of damaged and potentially tumorigenic cells. Senescence also partici-
pates in mammalian embryonic development and critically contributes to embryonic
remodeling and patterning (Muñoz-Espín et al. 2013; Storer et al. 2013). The acti-
vation of p16INK4a-pRb and p53-p21CIP1 signaling pathways sustain the senescence
cell cycle arrest. Cellular senescence is frequently associated with irreparable DNA
damage and a persistent DNA damage response (DDR) (Hewitt et al. 2012; Fuma-
galli et al. 2012; Sedelnikova et al. 2004), which is triggered as a result of telomere
shortening during replicative senescence (d’Adda di Fagagna et al. 2003), oncogene
activation in oncogene-induced senescence (OIS) (Bartkova et al. 2006; Di Micco
et al. 2006; Hills and Diffley 2014), and radiotherapy or chemotherapy in therapy-
induced senescence (TIS) (te Poele et al. 2002; Mirzayans et al. 2005). However,
senescence may also be induced in the absence of DNA damage. For instance, PTEN
inactivation induces senescence in the absence of DDR activation: PTEN-loss acti-
vates mTORwhich enhances p53 translation and p21 expression, thus leading to per-
manent cell cycle arrest (Alimonti et al. 2010). Induction of cellular senescence with
drugs that modify chromatin structure, such as histone deacetylase inhibitors, occurs
in the absence of DNA damage (Pazolli et al. 2012). Sodium butyrate induces p21
expression and causes cellular senescence. Interestingly, sodium butyrate induced-
senescent cells display activation of DDR proteins, such as gamma-H2AX foci, with-
out detectable DNA damage (Pospelova et al. 2009). Curcumin treatment induces
senescence in vascular smooth muscle cells in a DNA damage-independent manner,
although activation of ATM is observed (Grabowska et al. 2015). Finally, develop-
mental senescence is not associated with DNA damage (Muñoz-Espín et al. 2013;
Storer et al. 2013).

Cellular organelles undergo senescence-specific alterations and critically con-
tribute to the development of the senescent phenotype. Enlargement of the lysoso-
mal compartment likely explain the increased activity of a well-established marker
of senescence, the so-called Senescence-Associated beta-galactosidase (SA-β-gal)
(Kurz et al. 2000). TheDDRpromotes PGC-1b-dependentmitochondrial biogenesis,
thereby increasing mitochondrial content in senescent cells. Mitochondria critically
contribute to cellular senescent-associated changes (Correia-Melo et al. 2016).

Senescent cells are transcriptionally and metabolically active, and develop a dis-
tinctive phenotype characterized by a flat and enlarged morphology. In addition,
senescent cells acquire an enhanced secretory ability, called senescence-associated
secretory phenotype (SASP) or senescencemessaging secretome (SMS) (Coppé et al.
2008; Kuilman and Peeper 2009). The release of proinflammatory SASP factors is
critical for reinforcing the growth arrest, for triggering immune-mediated removal of
senescent cells and for activating wound healing (Salama et al. 2014; Serrano 2014).
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Main transcriptional regulators of the SASP include NF-κB and C/EBPβ that coop-
eratively induce SASP expression (Acosta et al. 2008; Kuilman et al. 2008; Chien
et al. 2011; Crescenzi et al. 2011). For instance, Acosta and colleagues demonstrated
that NF-κB and C/EBPβ cooperatively induce the expression of CXCR2 ligands
IL-8 and GROα in fibroblasts undergoing OIS (Acosta et al. 2008). Similarly, IL6
expression is induced by the transcription factor C/EBPβ upon exposure of cells to
oncogenic stress (Kuilman et al. 2008). Both IL-8 and IL-6 play an important role in
OIS reinforcing the senescence growth arrest. A critical role of RelA/p65 as a major
transcription factor that accumulates on chromatin of senescent cells was demon-
strated by Chien et al. (2011). Interestingly, suppression of RelA/p65 function not
only abrogates the induction of proinflammatory cytokines IL-6, IL-8, CXCL1, but
also reduces expression of intercellular adhesion molecules, such as ICAM-1, and
several matrix metalloproteinases (Chien et al. 2011). RelA/p65 induces the expres-
sion of TNF-α and IFN-γ in drug-induced tumor senescent cells thereby sensitizing
cells to Fas-mediated apoptosis (Crescenzi et al. 2011).

Activation of NF-κB during senescence depends on the cGAS-STING cytosolic
DNA sensor pathway, in which cGAS detects endogenous senescence-specific cyto-
plasmic chromatin fragments (reviewed in Glück and Ablasser 2019). More recent
data demonstrate that during OIS cGAS-STING controls the induction of TLR2
which acts as critical upstream mediator for the initiation of the SASP. TLR2 is acti-
vated by senescence-associated Damage-Associated Molecular Patterns (identified
as acute-phase serum amyloids A1 and A2) and signals, downstream of STING,
through NF-κB and p38MAPK to regulate the SASP and to reinforce the senescence
growth arrest (Hari et al. 2019). Finally, a role for the JAK/STAT pathway in modula-
tion of proinflammatory SASP components has been demonstrated (Novakova et al.
2010; Xu et al. 2015).

The SASP develops over several days in culture. Hence, expression of several
SASP factors, notably the proinflammatory cytokines IL-6 and IL-8, requires up to
20d after DDR initiation before reachingmaximal level (Coppé et al. 2008; Crescenzi
et al. 2011). Furthermore, secretome composition is temporally modulated, changing
with time from a TGF-β-driven to a C/EBPβ-driven profile (Hoare et al. 2016).

Interestingly, emerging evidences show that senescent cells manage to commu-
nicate with their neighbors not only through the SASP, but also through the release
of small extracellular vesicles (EVs), namely exosomes and microvesicles (Takasugi
2018).Accordingly, various stresses known to induce cellular senescence increase the
secretion of EVs (Takasugi 2018). EVs produced by senescent cells play a double
role by removing harmful senescence-related cytoplasmic DNA fragments (Taka-
hashi et al. 2017) and by delivering cargos of cell type-specific bioactive molecules
(Takasugi et al. 2017; Sagini et al. 2018). Both normal and neoplastic senescent
cells have been shown to modulate local tissue microenvironment through EVs. For
instance, EVs secreted from senescent chondrocytes, isolated from osteoarthritis
patients, induce paracrine senescence in nearby cells, thereby inhibiting cartilage
extracellular matrix deposition. These effects are mediated by osteoarthritis-specific
microRNA (miRNA) packaged in the EVs (Jeon et al. 2019). Similarly, primary
human foreskin fibroblasts undergoing Ras-mediated senescence secrete exosomes
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which mediate paracrine senescence. The interferon-induced transmembrane pro-
tein 3 (IFITM3), specifically accumulated within EVs, is responsible for transmit-
ting senescence to normal neighboring cells (Borghesan et al. 2019). Interestingly,
while EVs secreted from senescent cells elicit paracrine senescence, EVs isolated
from human induced pluripotent stem cells reduce reactive oxygen species levels
in senescent mesenchymal stem cells in culture, thereby reversing the senescent
phenotype. Stem cells derived EVs also alleviate senescence in a progerin-induced
premature aging cell model. High levels of EVs antioxidant enzymes are responsible
for the anti-aging effects (Liu et al. 2019). In line with this, are the results of Zhang
and colleagues that demonstrate that EVs isolated from hypothalamic neural stem
cells ameliorate age-related cognitive declines in mice. Exosomal miRNA mediate
these anti-aging effects (Zhang et al. 2017). Notably, senescent EVs can also pro-
mote protumorigenic effects: EVs enriched in EphA2 receptor bind to ephrin-A1
ligand expressed on cancer cells and promote their proliferation through reverse sig-
naling (Takasugi et al. 2017). Notably, increased expression of EphA2 was detected
in the stroma of human breast and ovarian cancer (Takasugi et al. 2017). Finally, there
is also evidence that EVs deliver membrane-derived bioactive lipids that impact on
immune system functions (Sagini et al. 2018).

An additional form of cell communication described in senescent cells is a direct
intercellular protein transfer through cytoplasmic bridges. Although the functional
consequences of direct intercellular transfer are not completely understood, is inter-
esting to note that this kind of communication facilitates the clearance of senescent
cells by NK cells (Biran et al. 2015).

It is nowwidely accepted that a prolonged permanence of senescent cells in tissue
and their sustained secretory activity, result in chronic inflammation and critically
contributes to both age-related dysfunctions and to a protumoral microenvironment
(Sun et al. 2018;Wei and Ji 2018; Jackson et al. 2012). In the context of TIS, concerns
have been raised regarding the ability of cancer cells to escape the senescence arrest,
to resume proliferation and to drive tumor recurrence after radio- and chemotherapy
(Roberson et al. 2005; Karimi-Busheri et al. 2010). Cancer cells that evade senescent
growth arrest are endowed with stem cell properties, are more malignant, and resis-
tant to drug therapies (Yang et al. 2017), representing a likely risk for tumor relapse.
Notably, the SASP promotes cell plasticity and stemness also through paracrine
actions (Mosteiro et al. 2016; Ritschka et al. 2017). In line with these observations,
in vivo studies support the idea that accumulation of senescent cells results in detri-
mental tissue remodelling, both in normal and in neoplastic tissues. For instance,
selective elimination of senescent cells by genetic approaches delays the onset and
attenuates progression of age-related disorders, and extends lifespan (Jeon et al. 2017;
Bussian et al. 2018; Baker et al. 2016; Baker et al. 2011). Similarly, specific abla-
tion of TIS cells in the tumor microenvironment reduces both tumor relapse and the
adverse effects of chemotherapy (Demaria et al. 2017). Notably, TIS induction was
shown to be associated with adverse treatment outcome and decreased overall sur-
vival in cancer patients (Wu et al. 2012; Supiot et al. 2008; Sidi et al. 2011; Kim et al.
2016). Hence, available data suggest that senescent cells and the SASP contribute to
organismal ageing and limit the efficacy of chemo- and radiotherapy (Muñoz-Espín
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and Serrano 2014). Consequently, removal of senescent cells or the neutralization of
their secretome, have become attractive therapeutic strategies to prevent senescence-
associated dysfunctions, thus opening the new field of senotherapy research. Drugs
that suppress or modulate the SASP without interfering with senescent growth arrest
and senolytic agents that selectively induce apoptosis in senescent cells have been
studied and are under development.

The possibility to pharmacologically reprogram the SASP towards an anti-
tumorigenic rather than pro-tumorigenic profile was first highlighted by Toso and
colleagues in the context of docetaxel-induced senescence in PTEN-null tumors,
where pharmacological inhibition of the Jak2/Stat3 pathway resulted in activation
of an antitumor immune response and enhanced chemotherapy efficacy (Toso et al.
2014). The neutralization of detrimental SASP components in the tumor microen-
vironment (TME), where senescent stromal cells promote proliferation and survival
of nearby neoplastic cells, has also been studied focusing on senescent fibroblasts.
In this setting, inhibition of p38MAPK was found to inhibit SASP-mediated tumor
growth driven by senescent fibroblasts (Alspach et al. 2014). Pharmacological inhi-
bition of the chromatin regulator MLL1 in fibroblasts also abrogated the SASP pre-
venting its pro-carcinogenic effects. Furthermore, similar results were obtained in
etoposide-induced senescent MCF7 breast cancer cells, mimicking the clinical sce-
nario of TIS in tumor cells (Capell et al. 2016). Simvastatin, an HMG-coA reduc-
tase inhibitor, decreased the SASP of senescent human fibroblasts, thereby reducing
endocrine resistance in breast cancer (Liu et al. 2015). Similarly, the flavonoid api-
genin suppressed the SASP and reduced detrimental paracrine effects of fibroblasts
on breast cancer cells (Perrott et al. 2017). Rapamycin selectively suppressed the
mTOR and NF-κB-dependent secretion of proinflammatory cytokines in senescent
fibroblasts, thereby suppressing prostate tumor growth in mice (Laberge et al. 2015).
Trabectedin, a DNA minor-groove binding anticancer drug, which causes a gene-
and promoter-dependent modulation of transcription (Larsen et al. 2016), markedly
decreased the expression of proinflammatory SASP cytokines in tumor cells and lim-
ited their pro-tumoral activities in vitro (Camorani et al. 2018). Importantly, Georgilis
and colleagues identified 50 druggable, potential targets for therapeutic intervention,
whose knockdown suppressed pro-tumorigenic effects of the senescent fibroblasts
secretome on tumor growth (Georgilis et al. 2018).

However, expression profiles of different senescent cells are not uniform and the
SASP appears to be stimulus-, time- and cell type-dependent (Hernandez-Segura
et al. 2017; Wiley et al. 2017; Maciel-Barón et al. 2016) which makes the modula-
tion of the SASP a complex task. Furthermore, in the context of TIS, the SASP has
both tumor-suppressive and tumor-promoting effects: SASP cytokines are known to
induce immune-mediated clearance of senescent tumor cells (Iannello et al. 2013;
Tasdemir et al. 2016; Eggert et al. 2016) and interfering with these immunostimu-
latory signals might result in detrimental effects. For instance, in a murine model
of lymphoma, the reduction of SASP proteins through NF-κB inhibition hampered
immunosurveillance following TIS and led to drug resistance, early relapse and
reduced survival (Chien et al. 2011). Together, these observations suggest that acti-
vation of cell-, time- and stimulus-specific senescence signaling pathways in tumor
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cells results in different and even functionally-opposite SASPs (Burgess 2011;Llanos
and Serrano 2016). Hence, therapeutic interference with key SASP regulators might
require individual molecular profiles and monitoring of SASP signatures in cancer
patients post-treatment.

As an alternative therapeutic strategy to prevent senescence-associated dysfunc-
tions, senolysis, i.e. the selective removal of senescent cells, has been approached.
Senolytic agents have been tested in pre-clinical models and have proved to be effec-
tive in alleviating age-related diseases and symptoms of progeria (Xu et al. 2018;
Yousefzadeh et al. 2018; Farr et al. 2017; Roos et al. 2016). These studies sup-
port the clinical potential of senolysis for promoting healthy ageing. Comprehensive
reviews have recently been published on this subject (Kirkland and Tchkonia 2017;
Myrianthopoulos et al. 2019). In contrast, the effects of senolytic agents in TIS
appear to be more multifaceted. For instance, the senolytic agent panobinostat effec-
tively removed chemotherapy-induced senescent non-small cell lung cancer and head
and neck squamous cell carcinoma cells, and proved more efficacious than multiple
cycles of chemotherapy (Samaraweera et al. 2017). In contrast, the senolytic cocktail
dasatinib plus quercetin, which effectively eliminated senescent fibroblasts (Schafer
et al. 2017), not only showed no efficacy on TIS liver cancer cells but also displayed
pro-tumorigenic effects in the absence of chemotherapy (Kovacovicova et al. 2018).
These data again underline the complexity of senescent cancer cells and emphasize
the need for further in vivo investigation of their features and their role(s) in the
tumor microenvironment.

Future steps in senotherapy research would include the study of combination
therapy with radiotherapy-chemotherapy plus senotherapy for cancer treatment, and
advancing senotherapeutics from preclinical studies into the clinic for age-related
diseases. Several clinical trials are ongoing for age-related diseases, aimed at
evaluate the feasibility of senotherapy. For instance, a two-center, open-label study
(ClinicalTrials.gov Identifier: NCT02874989) of senolytic treatment with Dasatinib
and Quercetin was conducted in patients with idiopathic pulmonary fibrosis, sup-
porting safety of the treatment and providing initial evidence of senolytic efficacy
(Justice et al. 2019). In an open label Phase 1 pilot study (ClinicalTrials.gov Identi-
fier: NCT02848131), the combination of Dasatinib plus Quercetin, administered to
subjects with diabetic kidney disease, significantly decreased senescent cell burden
(Hickson et al. 2019). A phase 1 clinical trial testing the safety and tolerability
of a senolytic small molecule (UBX0101) for osteoarthritis treatment is ongoing
(ClinicalTrials.gov Identifier: NCT03513016).

Application of senotherapies to cancer and age-related diseases will require spe-
cific and sensitive biomarkers for the detection of normal and neoplastic senescent
cells in patients. In particular, assessment of senescence biomarkers in biological
samples of cancer patients following neoadjuvant chemo-radiotherapy could help
predict treatment responses and contribute to designing personalized therapies.

http://clinicaltrials.gov/
https://clinicaltrials.gov/show/NCT02874989
http://clinicaltrials.gov/
https://clinicaltrials.gov/show/NCT02848131
http://clinicaltrials.gov/
https://clinicaltrials.gov/show/NCT03513016
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10.2 Markers for Senescence

The lack of specific markers for the in vivo detection of senescent cells hampers both
themolecular characterization of cellular senescence in ageing, in ageing-related dis-
eases and in cancer patients, and the development of senescence-specific molecular
tools and probes for diagnostic, prognostic and therapeutic purposes. Assessment of
SA-β-gal activity (Kurz et al. 2000) still represents the most commonly used method
for identificationof senescent cells, although thismarker lacks appropriate specificity,
being constantly expressed by senescent cells but also in several other conditions such
as in confluent cells in culture (Severino et al. 2000; Yang and Hu 2005). Also, the
use of fresh tissue, required for the detection of enzymatic activity of SA-β-gal,
is incompatible with routine formalin-fixation and paraffin-embedding of clinical
specimens. However, the high lysosomal β-galactosidase activity of senescent cells
was successfully exploited for the delivery of galacto-oligosaccharide-encapsulated
cytotoxic drugs to live senescent cells in vitro and in vivo, given that release of encap-
sulated material depended on digestion of the sugar-coat by the senescent-associated
lysosomal β-galactosidase (Muñoz-Espín et al. 2018).

Combinations ofmarkers indicative of cell cycle arrest, activeDDRanddistinctive
morphological changes have been sometimes employed to detect senescent cells.
For instance, co-staining of either SA-β-gal activity or histone H3K9 tri-methylation
(H3K9me3, a repressive heterochromatin mark denoting cell cycle arrest) together
with lowKi67 expression has allowed for detection of senescence in therapy-exposed
cancer cells (Reimann et al. 2010). An irregular morphology and enlargement of
nuclei is frequently observed in senescent cells, which has been related to alterations
in components of the nuclear envelope and in specific downregulation of lamin
B1 (Freund et al. 2012). Accordingly, the combination of SA-β-gal positivity and
double Ki67-Lamin B1 negativity was used to detect senescent cells within untreated
human invasive breast carcinomas (Cotarelo et al. 2016). However, although panels
of biomarkersmight improve our ability to identify senescent cells, there are technical
challenges for the practical use of such panels in the clinic and in research.

While senescent cells differ from proliferating and quiescent cells in several
aspects (Rodier and Campisi 2011), alterations in cell surface proteins are of greatest
interest since surface proteins can be used both as senescence-specific biomarkers
and as potential druggable targets. In addition, cell surfacemarkers are easily detected
using conventional methods on fresh samples and on fixed specimens. A screening
for plasma membrane-associated proteins preferentially expressed in senescent cells
led to the identification of DEP1, STX4 and B2MG proteins, whose co-expression
marked senescent cells in culture and in tissue samples (Althubiti et al. 2014),
although it was noted that STX4 was a better marker of p21CIP1-induced senescence,
whereas DEP1 was more specific for p16INK4a-induced senescence. The combina-
tion of DEP1 and B2MG also allowed for flow cytometric identification of senescent
cells. Mass spectrometry analysis of membrane- and cell surface-associated pro-
teins from replicative senescent human diploid fibroblasts identified DPP4 (CD26)
as a senescence surface marker. Interestingly, anti-DPP4 antibodies induced efficient
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antibody-dependent cellular cytotoxicity against senescent fibroblasts, thus enabling
their preferential elimination by natural killer cells (Kim et al. 2017). More recently,
the plasma membrane-localized fatty acid translocase CD36 was found upregulated
in various cell types during replicative senescence, OIS, and TIS (Chong et al. 2018).

Proteomic approaches unveiled not only specific quantitative changes but also
qualitative modification of surface plasma membrane-associated proteins in senes-
cent cells, such as protein glycation (or glycoxidation), carbonylation, and carbamy-
lation (Itakura et al. 2016; Vanhooren et al. 2015). Indeed, specific non-enzymatic
post-translational modifications of proteins and lipids have been proposed as hall-
marks of ageing (Friguet 2002). For instance, the products of non-enzymatic glyca-
tion and oxidation (glycoxidation) of proteins and lipids, called advanced glycation
end-products (AGEs), are known to accumulate in organisms in an age-dependent
manner. It is also well known that reactive oxygen species induce progressive accu-
mulation of oxidized and carbonylated proteins during aging (Baraibar et al. 2013).
This age-related accumulation of oxidized proteins likely depends on a decreased
efficacy of repair systems and/or failure of removalmechanisms (Chondrogianni et al.
2014). Among oxidized products, a non-degradablematerial referred to as lipofuscin,
accumulates in the lysosomal compartment in aged tissues, and has been used as a
senescencemarker (von Zglinicki et al. 1995; Georgakopoulou et al. 2013). Recently,
a novel sensitive technique for the detection of lipofuscin has been developed and
applied for the detection of senescent cells in fresh, frozen and formalin-fixed bio-
logical specimens (Evangelou et al. 2017). Carbamylation, the spontaneous bind-
ing of isocyanic acid to proteins, also occurs continuously throughout life (Gorisse
et al. 2016), and is easily detected on long-lifespan proteins such as extracellular
matrix structural proteins. In order to characterize novel aging biomarkers, the key
next step is to identify specific cell surface proteins targeted by these modifications
in senescent cells. In line with this are the results of Frescas and colleagues that
recently described the identification of a senescence-specific oxidative modification
of vimentin (malondialdehyde (MDA)-modified vimentin), which is exposed on the
surface of senescent fibroblasts and is secreted into the blood of senescence-prone
SAMP8 mice (Frescas et al. 2017).

It is important to note that the acquisition of a senescent phenotype is associated
to cell type- and stimulus-dependent variations in gene expression. For instance, by
using differential display and DNA arrays, Toussaint and coworkers (Pascal et al.
2005) showed that, despite displaying a wide variety of common biomarkers of
senescence at the morphological level, WI-38 foetal lung human diploid fibrob-
lasts acquired different expression profiles when induced to undergo senescence by
replicative exhaustion or by treatment with tert-butylhydroperoxide or ethanol. Sim-
ilarly, using RNA-seq, Purcell compared expression profiles of replicative senes-
cence with that of various types of stress-induced senescence in fibroblasts, and
highlighted both similarities and differences in expression between different pro-
senescence stimuli (Purcell et al. 2014). Interestingly, comparative bioinformatic
analyses of high-throughput microarray data from nerve and muscle biopsies from
young and aged healthy donors showed a limited number of common differentially
expressed genes among the skeletal muscle and nervous tissues, thus confirming
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the great heterogeneity that characterizes cellular senescence in vitro and in vivo
(Voutetakis et al. 2015). Using numerous whole-transcriptome profiles of different
fibroblast strains, Hernandez-Segura not only confirmed the stress- and cell-specific
transcriptional response to senescence-inducing stimuli, but also showed that the
gene expression profiles are temporally modulated (Hernandez-Segura et al. 2017).
Recently, transcriptional heterogeneity of replicative senescent or stress-induced pre-
mature senescent fibroblasts was confirmed at single cell level using droplet-based
single-cell mRNA sequencing (Tang et al. 2019). In this context, it is worth noting
that gene expression analyses showed dramatically different profiles between senes-
cent fibroblasts and senescent epithelial cells (Zhang et al. 2003). This observation,
togetherwith the stimulus-specific regulation of cellular senescence, suggests that the
search for biomarkers of senescence for ageing and age-associated diseases, as well
as for TIS in cancer patients, might require a large sampling effort, or that different
biomarkers would eventually be used to identify different senescent phenotypes.

10.3 Potential Applications of Aptamers for Senescent Cells
Biomarker Discovery and Targeting

The term aptamer (derived from the Latin aptus= to fit) was coined by Ellington and
Szostak (http://ellingtonlab.org/blog/2014/12/1/on-aptamers) to describe molecules
(oligonucleotides and, later, peptides) that bind to specific targets with high affin-
ity and specificity, through structural recognition, thanks to their particular three-
dimensional conformation, in the samewayan antibodybinds to an antigen (Ellington
and Szostak 1990; Tuerk and Gold 1990; Ellington and Szostak 1992). Non-covalent
interactions such as hydrophobic interactions, electrostatic interactions and van der
Waals bonds mediate the binding of aptamers to their target molecules. Nucleic acid
aptamers, usually ranging from 20 to 100 nt, are isolated from pools of random
oligonucleotide sequences through an iterative process of selection and amplifica-
tion, called SELEX (systemic evolution of ligands by exponential enrichment) (Tuerk
and Gold 1990). Both RNA and single-strand DNA aptamers have been successfully
selected using SELEX that can bind similar targets with similar affinity (McKeague
and Derosa 2012; Lin and Patel 1997). However DNA aptamers are more stable than
RNA aptamers (White et al. 2000), and the latter are usually chemically modified in
order to enhance their stability (Kratschmer and Levy 2017; Germer et al. 2013).

Compared to antibodies, nucleic acid aptamers have a number of advantages.
First, aptamers are chemically synthesized in the lab so their production does not
require animals, is relatively easy and cheap, with low variability between batches.
Aptamers can also be raised against non-immunogenic targets, such as small inor-
ganic and organicmolecules (https://www.aptagen.com/aptamer-index). Due to their
small size, aptamers are minimally immunogenic (for instance, Zheng et al. 2017).
Their small size also results in enhanced tissue penetration and reduced circula-
tion time (Kaur et al. 2018; Keefe et al. 2010). Aptamers are amenable to chemical

http://ellingtonlab.org/blog/2014/12/1/on-aptamers
https://www.aptagen.com/aptamer-index
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modification in the sugar, base or phosphate backbone, which can improve both
their resistance to nuclease degradation and their affinity for targets (Ni et al. 2017).
Finally, aptamers can be easily coupled to different probes, nanoparticles or other
biomolecules.

Focusing on the potential application of nucleic acid aptamer technology for the
discovery of senescent cells biomarkers, it is important to note that SELEX can be
carried out using as targets both purified proteins or complex targets, such as whole
cells (cell-SELEX) and plasma (Zhuo et al. 2017; Shamah et al. 2008; Fitter and
James 2005). Hence, SELEX could be employed to generate aptamers that specifi-
cally recognize (and possiblymodulate the function(s)) of already known senescence
biomarkers, such as DEP1 (Althubiti et al. 2014), DPP4 (Kim et al. 2017) and CD36
(Chong et al. 2018). On the other hand, cell-SELEX is a powerful strategy for dis-
covery of unknown biomarkers and the cell-SELEXmethod could be used to identify
aptamers that show high affinity for still unidentified membrane molecules on the
surface of senescent cells (Berezovski et al. 2008; Sefah et al. 2010). The inclu-
sion of a counter-selection step, with proliferating and/or quiescent cells as negative
controls, would allow for enrichment of senescence-specific aptamers. It is impor-
tant to note that aptamers generated through cell-SELEX recognize various kinds of
biological molecules, for instance proteins, lipids and carbohydrates, in their native
conformation (Li 2007). Aptamers are able to distinguish between closely related
molecules. For instance, Chen and colleagues isolated anRNAaptamer able to distin-
guish the single amino acid mutant protein p53R175H from the wild type p53 protein
(Chen et al. 2015). Furthermore, aptamers are able to distinguish post-translational
modifications (PTM) of target proteins (Díaz-Fernández et al. 2018; Gilbert et al.
1997). For instance, aptamers were produced that could recognize the hydrophobic
farnesyl moiety in K-Ras (Gilbert et al. 1997). Highly specific DNA aptamers that
specifically bound to histone H4 acetylated at lysine 16 (H4-K16Ac) were identi-
fied by Williams et al. (2009). DNA aptamers able to distinguish between peptides
differing by a single glycosylation were developed, using N-glycosylated vascular
endothelial growth factor (VEGF) (Rose et al. 2010). Notably, these aptamers were
not specific for the sugar moiety itself, but rather the combination of the peptide
sequence and the glycosylation. Since many types of PTM present in mammalian
proteins are absent or different in bacteria (for instance ubiquitination and acetyla-
tion), it is important that recombinant proteins used as targets for SELEX are puri-
fied from mammalian cells if the aptamers are supposed to be used in mammalian
cell systems, as demonstrated with the anti-cyclophilin B aptamer M9-5 (Ray et al.
2013). By binding to their target proteins, aptamers canmodulate their functions, and
aptamers working as both antagonists or agonists have been isolated. For example, an
antagonistic DNA aptamer targeting PD-L1 efficiently blocked the binding between
human PD-1 and PD-L1, thus restoring T cell functions and enhancing anti-tumor
immune responses (Lai et al. 2016). An agonistic DNA aptamer, which bound to
and stimulated the immune inhibitory receptor CD200R1, was shown to suppress
inflammatory responses in vivo (Prodeus et al. 2018). Interestingly, this aptamer was
capable of agonizing both murine and human CD200R1 (Prodeus et al. 2018).
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Since their development in early 1990s nucleic acid aptamers have become impor-
tant tools in a wide range of both clinical and research applications, such as ELISA
and pull-down assays, flow cytometry, immunohistochemistry, drug delivery, func-
tionalization of nanoparticles, and bioimaging (Zhu et al. 2015; Vandghanooni et al.
2018; He et al. 2018; Zhou and Rossi 2017). These observations strongly support
the use of aptamers in the growing field of senotherapy. Although only one aptamer,
Pegaptanib sodium, (Macugen; Eyetech Pharmaceuticals/Pfizer), an RNA aptamer
directed against vascular endothelial growth factor (VEGF)-165, has been approved
for therapeutic use in humans (Ng et al. 2006), other nucleic acid aptamers are at
advanced stages of clinical trials (Kaur et al. 2018; Maier and Levy 2016).

Peptide aptamers were first described by Brent and coworkers (Colas et al. 1996),
who based their approach on the concept that short peptides anchored at both amino
and carboxy termini (i.e. conformationally constrained) are capable of high-affinity
and specific interactions with other molecules. By using Escherichia coli Thiore-
doxin A protein as a rigid scaffold to display 20-residue random peptides, Brent and
coworkers were able to select peptide aptamers that specifically bound human Cdk2,
and, notably, inhibited its kinase activity. Since then, many other non-antibody pro-
tein scaffolds have been designed, which constrain variable peptide sequences for
display, reviewed in Yu et al. 2017 and Simeon and Chen 2018. Here, we will focus
on a recently developed, promising peptide aptamer technology known as Adhiron
or Affimer system (Tiede et al. 2014, Tiede et al. 2017), developed by the BioScreen-
ing Technology Group (BSTG), from University of Leeds (UK) and their industrial
partner Avacta (https://www.avacta.com/). Two different scaffolds were developed
in this system: the first derived from human protease inhibitor Stefin A, the other
derived from Cystatin A, a plant cysteine protease inhibitor. Each scaffold is capable
of displaying one or two peptide variable regions of varying lengths (Tiede et al.
2014). Peptide aptamers derived from either of these two scaffolds are collectively
called Affimers. Compared to antibodies, Affimers have a number of advantages.
First, Affimers are easily expressed in Escherichia coli as well as in mammalian
cells, and their production requires no animals (Dos Remedios and Peckham 2017).
Both scaffolds are monomeric, highly stable (to both pH and temperature, with melt-
ing temperature between 70 and 100 °C) and small (~100 amino acids, 11 kDa, 3 nm
in diameter). Their small size allows for better penetration into cellular and subcel-
lular structures and tissue. Finally, the Affimer scaffolds show low immunogenic-
ity (https://www.avacta.com/blogs/no-immunogenicity-issues-Affimer-technology),
and can be subjected to chemical modification and conjugation.

Affimers recognizing specific targets are selected using a phage display strategy:
a library of phage display Affimer reagents is screened against either purified target
molecules or complex targets, such as whole cells, and a step of counter-screening
may be used to increase specificity of isolated Affimers (Tang et al. 2017). Affimer
libraries have been successfully screened against more than 500 target proteins
and used as reagents in diagnostics, imaging and biomedical applications (recently
reviewed in Kyle 2018).

Similar to nucleic acid aptamers,Affimers specifically recognize proteinswith dif-
ferent types of post-translation modifications and are able to inhibit protein function

https://www.avacta.com/
https://www.avacta.com/blogs/no-immunogenicity-issues-Affimer-technology
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and/or protein-protein interactions by binding to their specific targets. For instance,
Affimers directed against VEGFR2 inhibited VEGF-stimulated receptor phospho-
rylation and downstream signaling in HUVEC cells, eventually reducing VEGF-
induced HUVEC tubulogenesis (Tiede et al. 2017). Affimers that specifically bound
SUMO-1 or SUMO-2, or both, inhibited SUMO-mediated protein-protein interac-
tions (Hughes et al. 2017). Inhibition of protein-protein interaction by Affimers was
also described by Robinson and colleagues, who generated Affimers against the
immunoglobulin receptor FcγRIIIa. These Affimers were able to selectively block
IgG immune complex binding to FcγRIIIa (but not to FcγRIIa or FcγRIIIb), and
abrogated FcγRIIIa-dependent effector functions in macrophage (Robinson et al.
2018). Affimers were also developed for in vivo imaging of tumor markers. For
instance, high affinity Affimers recognizing Tenascin C, an extracellular matrix gly-
coprotein that is highly expressed in the tumor stroma ofmost epithelialmalignancies
(Yoshida et al. 2015), were isolated by Tiede et al. (2017). This Affimer, conjugated
with biotin, allowed for the detection of Tenascin C in human colorectal cancer and
glioblastoma xenograft tissue sections, with a specificity similar to antibodies. In
addition, Rhodamine Red-labelled Affimer accumulated in Tenascin C expressing
tumour in vivo. Interestingly, Affimers were quickly cleared from the circulatory
system, compared to antibodies, allowing for rapid imaging of tumor (Tiede et al.
2017).

On the whole, these studies highlight the potentiality of Affimers as tools for the
identification of novel senescence-specific cell surface biomarkers.

10.4 Conclusions

In this chapter we have highlighted the need for novel senescence biomarkers and
the development of diagnostic, prognostic and therapeutic interventions for aging
and cancer-related TIS. A wealth of data from high-throughput transcriptomics and
proteomics studies indicate that the acquisition of a senescent phenotype, in normal
as well as neoplastic cells, is associated with alterations of cell surface proteins
and/or their modifications. These studies support the possibility of utilizing these
quantitative and qualitative differences for developing senescence-specific markers.

Since the first reports in the 1990s, nucleic acid aptamers and the SELEX technol-
ogy have been widely applied for the discovery of biomarkers, useful in research and
in the clinic. More recently, the peptide aptamer (Affimers) technology has emerged
as valuable tools for biomarker discovery. We propose that aptamers represent a
promising strategy to succeed in identifying new senescence-specific markers.
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Chapter 11
Mitochondria: Potential Targets
for Interventions to Counteract
Senescence

Anthony Lagnado, Stella Victorelli, and João F. Passos

Abstract Cellular senescence, an irreversible cell-cycle arrest, has been shown to
occur in a variety of physiological contexts and play multiple functions. Importantly,
recent data indicates that senescence is not only associated with aging and age-
related diseases, but also plays a causal role in these processes. Senescence is thought
to contribute to tissue dysfunction mostly through the generation of a senescence
associated secretory phenotype (SASP) which can induce chronic inflammation,
changes in tissue architecture, stem cell depletion and spread senescence in otherwise
young healthy cells. An important feature of cellular senescence is mitochondrial
dysfunction, which has been shown not only to contribute to the cell-cycle arrest
but also to tightly regulate the SASP. In this book chapter, we review some of the
most up-to-date literature on the role of mitochondria during cellular senescence.
Finally, we propose that by targeting mitochondria we may be able to counteract the
detrimental effects of cellular senescence during aging and associated diseases.

Keywords Cellular senescence · Aging · Mitochondria · Telomeres · SASP

11.1 Introduction

11.1.1 What Is Cellular Senescence?

Cellular senescence was discovered in the 1960s by Hayflick and Moorhead. They
observed that cells did not grow indefinitely and ceased proliferating after undergoing
a certain number of cell doublings in vitro, a process they called cellular senescence
(Hayflick andMoorhead 1961;Hayflick 1965;Lagouge andLarsson 2013).Although
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senescent cells can no longer divide, they remain viable and metabolically active for
a long period of time (Wang et al. 1994).

This breakthrough discovery opened a new field of research which aimed to
investigate the mechanisms underlying this process as well as its role in vivo. Sci-
entists have since deciphered many of the complex pathways that drive senescence.
It has been shown that senescence can be trigged not only by replicative exhaustion,
a process thought to be mostly driven by telomere shortening (Levy et al. 1992) but
also in response to various stresses (Passos et al. 2007; Kirkwood and Cremer 1982).
Early on, it was suggested that one of the main functions of cellular senescence is
to act as an anti-tumor mechanism. Consistently, senescence can be triggered in
response to aberrant activation of mutated oncogenes, which halts uncontrolled cell
division (Serrano et al. 1997). Two main pathways are thought to be involved in
senescence, which depend on the activation of cyclin-dependent kinase inhibitors
(CDKi). The p53-p21 pathway relies on the activation of the “master gene” TP53
that will induce the expression p21, which prevents phosphorylation and inactivation
of the anti-tumor protein pRb. Hypophosphorylated pRb remains bound to E2F
transcription factor, preventing it from regulating expression of genes required
for the cell cycle, consequently leading to a G1 arrest (Ohtani et al. 1995; Geng
et al. 1996; Brugarolas et al. 1995; el-Deiry et al. 1994). Additionally, the p16-pRb
pathway is believed to act as a second barrier to stop the cell-cycle. The CDKi p16
inhibits Cdk4/6/cyclin D, causing pRb to remain in its hypophosphorylated state
(Serrano et al. 1993). It is thought that p16 acts as a point of no return ensuring the
irreversibility of the arrest (Beauséjour et al. 2003; Mirzayans et al. 2010).

Apart from the cell-cycle arrest, senescent cells undergo multiple phenotypic
changes in all cellular compartments; these include an increase in cytoplasmic and
nuclear size, changes in lipid metabolism and deposition, increased lysosomal and
mitochondrial content, amongst many others (Cristofalo et al. 1989; Cristofalo and
Pignolo 1993). Importantly, senescent cells have been shown to produce and secrete
a number of pro-inflammatory cytokines, chemokines, growth factors, as well as
proteins responsible for degrading the extracellular matrix, collectively known as
the Senescence-associated secretory phenotype (Coppé et al. 2008). Although the
SASP has been shown to have beneficial effects in some biological processes such
as wound healing (Demaria et al. 2014) and mammalian development (Munoz-
Espin et al. 2013), chronic exposure to these factors can induce senescence in
neighboring cells, contribute to tissue dysfunction, and even promote tumorigenesis
(Demaria et al. 2014; Munoz-Espin et al. 2013; Storer et al. 2013; Nelson et al.
2012; Acosta et al. 2013; Krtolica et al. 2001; Gasser et al. 2005; Xue et al. 2007;
Krizhanovsky et al. 2008; Watanabe et al. 2017).

Senescent cells have also been shown to be resistant to apoptosis in conditions
of genotoxic stress and serum starvation. This characteristic has been shown to be
connected with the specific expression of pro-survival pathways, which protect them
against apoptosis (Wang et al. 2005; Seluanov et al. 2001).
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11.1.2 Why Is Senescence Important?

As mentioned above, senescence has been implicated in several processes and has
been shown to have beneficial as well as detrimental effects depending on the phys-
iological context. Senescence has been shown to play beneficial roles during devel-
opment, tumor suppression, wound healing and tissue repair (Demaria et al. 2014;
Munoz-Espin et al. 2013). In contrast, studies have consistently shown that senes-
cent cells accumulate in various tissues with age, as well as in several age-related
diseases (Birch et al. 2015; Birch et al. 2016; Ogrodnik et al. 2017; Schafer et al.
2017). More recently, mouse models were developed which allowed the genetic
clearance of p16ink4a positive senescent cells (Baker et al. 2011). Since then, senes-
cence has been demonstrated to play a causal role in a variety of age-related diseases
such as osteoarthritis (Jeon et al. 2017; Xu et al. 2017), osteoporosis (Farr et al.
2017), neurodegeneration (Bussian et al. 2018; Chinta et al. 2018; Musi et al. 2018),
atherosclerosis (Childs et al. 2016; Roos et al. 2016), fatty liver disease (Ogrod-
nik et al. 2017), myocardial infarction (Walaszczyk et al. 2019) heart failure with
preserved ejection fraction (HFpEF) (Anderson et al. 2019); diabetes (Palmer et al.
2019), pulmonaryfibrosis (Schafer et al. 2017), neuropsychiatric disorders (Ogrodnik
et al. 2019) amongst others.

Senescent cells are thought to contribute to tissue dysfunction by inducing senes-
cence in neighboring cells (Nelson et al. 2012; Acosta et al. 2013), by disrupting
the extracellular matrix and inducing fibrosis (Schafer et al. 2017; Anderson et al.
2019), by recruiting and activating immune cells exacerbating inflammation (Jurk
et al. 2014) and by interfering with stem cell and progenitor cells (Ogrodnik et al.
2019; Yosef et al. 2016). Transplanting relatively small numbers of senescent cells
into young mice has been shown to accelerate physical dysfunction potentially by
spreading senescence to host tissues (Xu et al. 2018).

Collectively, these studies ultimately led to the development of “senolytic” drugs,
which are drugs capable of inducing apoptosis specifically in senescent but not young
cells. Currently, several drugs with senolytic properties have been discovered (Zhu
et al. 2015; Yousefzadeh et al. 2018) and shown to have beneficial effects in the
context of aging and age-related diseases in mice (Chapman et al. 2019). The first
results from a small human clinical trial in patientswith idiopathic pulmonary fibrosis
(IPF) using senolytic drug cocktail dasatinib and quercetin were published this year
(Justice et al. 2019).

Another way to target senescence is by alleviating the SASP without impacting
on the cell-cycle machinery, which is essential for the tumor suppressive capabilities
of senescent cells (de Magalhaes and Passos 2018). So far, a number of drugs, which
seem to have these properties, have been identified. These are termed “senostatic”
and will be discussed in more detail later on.
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11.2 Mitochondrial Dysfunction Is a Hallmark of Cellular
Senescence

11.2.1 Concerning Mitochondria

Mitochondria are organelles of prokaryotic origin and it is believed that the eukary-
otic cell originated from endosymbiosis between a host cell and ingested bacteria.
As a result, mitochondria share common features with their ancestors; they con-
tain a distinct circular genome organized in nucleoids in the matrix and their own
mitochondrial DNA (mtDNA) maintenance machinery. Mammalian mitochondria
contain over 1500 proteins, but mtDNA encodes only 11 mRNAs for 13 subunits of
the oxidative phosphorylation system, 22 transfer RNAs (tRNAs) and two ribosomal
RNAs (rRNAs) which are essential for mitochondrial translation. Therefore, mito-
chondria have to rely on nuclear DNA for the production of the rest of their proteins.
Consequently, mitochondria and the nucleus are tightly connected regarding produc-
tion and import of mitochondrial proteins (Gaston et al. 2009; Mootha et al. 2003;
Pagliarini et al. 2008; Sickmann et al. 2003; Neupert and Herrmann 2007; Schmidt
et al. 2010).

Mitochondria are also structurally similar to bacteria in that they contain two
membranes (the inner and the outer membranes) which separate the matrix and the
inter-membrane compartment. The outer membrane is responsible for molecular
exchanges with the cytosol and contains various integrated proteins at the surface
such as the GTPases mitofusin (1 and 2) involved in mitochondrial fusion (Chen
et al. 2003).

Generally, mitochondria are well known for their role in the production of energy
(ATP) via oxidative phosphorylation (OXPHOS). The electron transport chain (ETC)
and ATP synthase are located on the inner membrane which is highly folded into
cristae (McBride et al. 2006). TheOXPHOSsystem is composed of fivemulti-subunit
enzymatic complexes: NADH-ubiquinone oxidoreductase (complex I), succinate-
ubiquinone oxidoreductase (complex II), ubiquinone-cytochrome c oxidoreductase
(complex III), cytochrome c oxidase (complex IV) and the ATP synthase (complex
V) (Signes and Fernandez-Vizarra 2018).

Electrons from reduced substrates pass from complex I up to complex IV and
ultimately react with oxygen, formingwater as a byproduct and causing protons to be
pumped across the mitochondrial inner membrane. The proton pumping force drives
protons to complex V in the inner membrane forming ATP fromADP and phosphate.
The total driving force driving protons (�p) to mitochondria is a combination of
the mitochondrial membrane potential (�ψm) and the mitochondria pH gradient
(�pHm) which typically ranges between 180 and 220 mV (Mitchell and Moyle
1969; Nicholls 1974; Zorova et al. 2018). However, during this process, electrons
may inadvertently leak and react with oxygen to form superoxide anion, which
can lead to damage in several macromolecules including DNA, proteins and lipids.
Superoxide anions can additionally react with other free radicals species such as
nitric oxide or with transition metals to form highly reactive secondary ROS such as
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hydroxyl radical (Murphy 2009). Nevertheless, cells possess mechanisms capable
of counteracting ROS. Superoxide anions can be converted to hydrogen peroxide by
antioxidant enzymes superoxide dismutase (Mn-SOD, present in the mitochondrial
matrix and Cu/Zn-SOD in the cytosol) and then further broken down by enzymes
catalase or glutathione peroxidase to oxygen andwater. It has been proposed thatROS
generated during this process damagesmtDNAand othermitochondrial components,
which in turn leads to respiratory chain dysfunction.

Denham Harman was the first to hypothesize that mitochondrial dysfunction and
consequent generation of ROS could be a driver of the aging process (Harman 1972).
It has been argued that mtDNAmay bemore sensitive to oxidativemodifications than
the nuclear genome, due to its close proximity to the ETC and to ROS. mtDNA has
been shown to have a mutation rate 2–3 fold greater than nuclear DNA (Yakes and
VanHouten 1997; Brandon et al. 2006; Cline 2012). Products frommtDNAoxidation
include 8-oxo-2′-deoxyguanosine (8-oxo-dG), and thimine glycol (TG), the former
is a highly mutagenic lesion leading to misrepair and tranversion of G:C → A:T.
Increased base modifications have been reported in human cells and this increases
with age (Grollman and Moriya 1993; Michikawa et al. 1999; Ames 2009).

Apart from energy production, mitochondria are also involved in other essential
cellular processes such as several metabolic reactions, cell-death, autophagy, cell-
cycle control and intracellular signaling (Ryan and Hoogenraad 2007; Daiber 2010;
Nunnari and Suomalainen 2012). All of these processes play important roles in
cellular senescence as we will discuss below.

11.2.2 Senescent Cells Contain Dysfunctional Mitochondria

During senescence,mitochondria have been shown to experience a variety of changes
in terms of their structure, dynamics and function (Chapman et al. 2019).

Mitochondria from senescent cells exhibit an increased proton leak, decreased
mitochondrial membrane potential and increased generation of ROS (Passos et al.
2010; Passos et al. 2007). Additionally, senescent cells have been shown to experi-
ence an increase in mitochondrial mass and in the abundance of tricarboxylic acid
(TCA) cycle metabolites (Kaplon et al. 2013), however, this may be cell-type spe-
cific. For instance, while mitochondrial mass increase during senescence has been
shown in fibroblasts (Passos et al. 2007, 2010; Moiseeva et al. 2009), hepatocytes
(Correia-Melo et al. 2016) and pancreatic β-cells (Helman et al. 2016), the opposite
seems to happen in a subset of CD8+ T-cells, which show several features of cellu-
lar senescence (Henson et al. 2014). Furthermore, senescent cells show differences
in the organization of their mitochondrial networks. Studies have shown that mito-
chondria in senescent cells exist in a hyper-fused state, which may be a consequence
of decreased expression of proteins involved in mitochondrial fission such as Fis1
(mitochondrial fission protein1) and Drp1 (dynamin related protein 1) (Mai et al.
2010). Additionally, live-cell imaging of mitochondria from senescent cells revealed
that they have significantly reduced fission and fusion rates (Dalle Pezze et al. 2014).
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Senescent cells have also been shown to activate a retrograde response (Passos
et al. 2007). The mitochondrial retrograde response is a way of communication
between the mitochondria and the nucleus which allow the activation of adaptive
processes to counteract mitochondrial dysfunction (Butow and Avadhani 2004). It
is characterized by a major reprogramming of nuclear gene expression and has been
shown to trigger Ca2+ dependent signaling, modulation of mitochondrial biogenesis
and metabolic and anti-apoptotic changes (Butow and Avadhani 2004; Miceli and
Jazwinski 2005).

The observation thatmitochondria becomedysfunctional during senescence raises
several important questions: (i) do mitochondria contribute to the senescent pheno-
type and if so, in what way?; (ii) what factors contribute to the loss of mitochondrial
function during senescence?; (iii) can we target mitochondrial dysfunction as an
anti-senescence therapy? In the remainder of this book chapter we will endeavor to
answer some of these questions.

11.2.3 Mitochondrial-Derived ROS Is a Driver
of Telomere-Dependent Senescence

Mitochondrial ROS have been shown to drive telomere-dependent cellular senes-
cence by different mechanisms. Mild oxidative stress has been shown to accelerate
the rate of telomere shortening contributing to premature senescence (von Zglinicki
2002; von Zglinicki et al. 1995). Telomeric DNA, which is rich in guanine triplets,
is thought to be particularly sensitive to oxidative modifications when compared to
the rest of the genome, resulting in the accumulation of single-stranded breaks at
telomeres (Petersen et al. 1998). These single-stranded breaks are thought to con-
tribute to accelerated telomere shortening upon cell division (von Zglinicki 2002).
Consistently, interventions which increase mitochondrial ROS have been shown to
accelerate the rate of telomere shortening (von Zglinicki 2001). In contrast, interven-
tions that decrease oxidative stress such as low oxygen, antioxidants, overexpression
of antioxidant enzymes, nicotinamide and mild mitochondrial uncoupling have been
shown to slow down the rate of telomere shortening and extend replicative lifespan
in vitro (Passos et al. 2007; Forsyth et al. 2003; Richter and Zglinicki 2007; von
Zglinicki et al. 2000; Serra et al. 2003; Kang et al. 2006).

Acute exposure to pro-oxidant agents can also result in premature senescence.
This process was thought originally to occur independently of telomeres since no
telomere shortening was observed (deMagalhães et al. 2002). More recently, studies
have shown that exposure to hydrogen peroxide, high doses of X-ray irradiation or
genotoxic agents result in an enrichment of DNA damage response (DDR) proteins
at telomeric regions, independently from telomere length (Fumagalli et al. 2012;
Hewitt et al. 2012). Contrary to non-telomeric DNA damage, which is rapidly
repaired, telomeric DNA damage has been shown to elicit a persistent DDR which
is likely to contribute to the stability of the senescence arrest (Anderson et al. 2019;
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Victorelli and Passos 2017). Mechanistically, it has been shown that proteins that
bind to telomeres (called collectively the shelterin complex), such as TRF2, can
inhibit non-homologous end joining, thereby inhibiting telomere repair (Fumagalli
et al. 2012). Oxidative stress can also affect telomeres in different ways. For
instance, ROS has been shown to affect the binding of the shelterin proteins TRF1
and TRF2 to telomeres, leading to telomere uncapping and subsequent activation
of a DDR (Opresko et al. 2005). Recently, it was shown that specific induction of
8-oxoguanine exclusively at telomere regions contributes to shorter telomeres and
impaired cell growth (Fouquerel et al. 2019).

While most of the aforementioned studies have been performed in vitro, only
recently studies have investigated the relationship betweenoxidative stress and telom-
ere damage in vivo. Aged catalase−/−, MnSOD+/− and Polg mutator mice (which
contain a high frequency of mtDNA mutations) have been shown to experience an
age-dependent increase in cells containing dysfunctional telomeres (Anderson et al.
2019). Furthermore, cardiac specific overexpression of pro-oxidant monoamine oxi-
dase has been shown to accelerate telomere dysfunction, which can be prevented
by administration of antioxidant N-acetyl-cysteine (NAC) (Anderson et al. 2019).
Finally, mice with chronic inflammation due to enhanced NF-κB signaling have also
been shown to experience age-dependent increase in telomere damage as well as
increased ROS, which could be prevented by treatment with antioxidant BHA (Jurk
et al. 2014).

Altogether, there is evidence to suggest that mitochondrial ROS is a key
player in telomere-induced senescence, however, the relationship between ROS and
senescence is considerablymore complex aswewill examine in the following section.

11.2.4 Mitochondrial ROS Act as Signaling Molecules
During Senescence

While ROS can accelerate telomere damage inducing senescence, several studies
have shown that ROS can also act as important signaling molecules during senes-
cence, a process which occurs downstream of the activation of the cell-cycle arrest
(Correia-Melo and Passos 2015). For example, it has been reported that induction of
senescence via genotoxic stress or telomere uncapping resulted in an increased mito-
chondrial ROS generation, a process which occurs 2–3 days following the original
insult (Passos et al. 2010). Other studies have shown that over-expression of p53,
p21 and p16 resulted in increased ROS production, presumably of mitochondrial
origin (Macip et al. 2003; Macip et al. 2002; Takahashi et al. 2006). Moreover, stud-
ies on oncogene-induced senescent cells have reported increased ROS generation in
response to RAS and BRAFV600E over-expression, and this was dependent on p53
and pRb (Kaplon et al. 2013; Moiseeva et al. 2009; Lee et al. 1999). In the major-
ity of the aforementioned studies, the cell cycle arrest was prevented by treatment
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with antioxidants, suggesting that ROS plays an important role in maintaining the
senescence arrest.

It is still unclear how ROS impacts on the cell-cycle arrest. However, studies have
shown that mitochondrial ROS can actively contribute to the replenishment of DDR
foci via a positive feed-back loop (Passos et al. 2010; Correia-Melo et al. 2016).
Live-cell imaging experiments using reporter systems which allow the visualiza-
tion of the dynamics of DDR foci have shown that short-lived DDR foci present in
senescent cells are ROS-dependent (Correia-Melo et al. 2016). Activation of senes-
cence through the p16/Rb pathway has been shown to irreversibly block cytokinesis
through a positive feedback loop involving ROS-dependent activation of protein
kinase C delta (PKCdelta) (Takahashi et al. 2006).

Altogether, these studies indicate that the major signaling pathways driving
senescence rely on ROS as signaling molecules to induce the senescence program.

11.2.5 The Role of Mitochondrial-Derived Metabolites
in Senescence

The mitochondrial ETC produces various metabolites and essential cofactors which
are necessary for normal cellular physiology. In this section, we will review some of
the information regarding the impact of certain mitochondrial-derived metabolites
in the control of cellular senescence, NAD+ plays an important role in a variety of
pathways such as the tricarboxylic acid (TCA) cycle, protein acetylation and DNA
repair. It plays a role in OXPHOS by accepting electrons generated along the ETC,
becoming reduced to NADH. Low NAD+/NADH ratios have been shown to be a
feature of cellular senescence and mitochondrial dysfunction (Lee et al. 2012; Wiley
et al. 2016). It has been shown that the enzyme nicotinamide phosphoribosyltrans-
ferase (NAMPT) the rate-limiting enzyme for NAD+ salvage from nicotinamide is
decreased in senescent cells. Consistent with a causal role for NAMPT in senescence,
decreased NAMPT activity led to premature senescence whereas its overexpression
extended replicative lifespan (van der Veer et al. 2007). Additionally, decreased
NAD+/NADH ratio, induced by depletion of the cytosolic malate dehydrogenase
(MDH1) a key component of the malate aspartate shuttle, has been shown to activate
AMPK and lead to senescence (Lee et al. 2012). Low NAD+/NADH levels have
also been associated with the regulation of the SASP. It was shown that induction of
mitochondrial dysfunction resulted in an atypical SASP, which lacked the interleukin
1 regulated arm (Wiley et al. 2016). NAD+ also plays a role in other intracellular
processes which have been implicated in senescence. NAD+ is required for PARP
(poly-ADP ribose polymerase) mediated DNAdamage repair, which has been shown
to be involved in cellular senescence (Efimova et al. 2010). NAD+ also acts as a
co-factor in the sirtuin family of proteins. Sirtuins are regulated by NAD+/NADH
ratios and have been suggested to serve as sensors of the metabolic state of cells,
and implicated in aging and longevity (Lin et al. 2000; Longo and Kennedy 2006).
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In the context of cellular senescence, sirtuins have been implicated in various pro-
cesses such as DNA repair, metabolism and inflammation (Grabowska et al. 2017).
For example, Sirtuin1 (Sirt1), a histone deacetylase that regulates p53 function and
silences expression of NF-κB (a major regulator of the SASP), has been shown to
decline during aging and senescence (Sasaki et al. 2006; Imai and Guarente 2014).

Recent evidence suggests that other pathways are involved in the relationship
between senescence and NAD metabolism. It was recently shown that the SASP
could induce increased expression of NADase CD38 (cluster of differentiation 38)
in non-senescent cells, such as bone marrow derived macrophages or endothelial
cells (Chini et al. 2019). This led to the hypothesis that during the aging process,
accumulation of senescent cells and the SASP could contribute to a decline in NAD+

levels via up-regulation of CD38 (Hogan et al. 2019). Consistently, pharmacologi-
cal inhibition of CD38 was shown to prevent the decline in NAD+ levels observed
during murine aging and importantly reduce telomere-associated DNA damage, a
major driver of senescence, in muscle and liver (Tarrago et al. 2018). Mechanis-
tically, this process may involve NAD regulation of Sirtuins. Accordingly, a more
recent study has demonstrated that the administration of NAD+ precursor nicoti-
namide mononucleotide prevented telomere dysfunction in mice, a process which
was partially dependent on Sirt1 (Amano et al. 2019).

Mitochondrial dysfunction can also reduce ATP synthesis. It has been suggested
that inhibition of ATP synthesis induces senescence with upregulation of p21 and
p16 pathways (Stockl et al. 2006). Other studies have shown that depletion of ATP
levels, which results in the elevation of AMP toATP ratio, or addition of extracellular
AMP promotes growth arrest and senescence (Stockl et al. 2006; Wang et al. 2003;
Zwerschke et al. 2003). Increase of ADP (or AMP) to ATP ratio activates AMP-
activated protein kinase (AMPK), which is an energy sensor and a central mediator
of cell metabolism (Mihaylova and Shaw 2011). Activation of AMPK has been
shown to trigger a cell cycle arrest in a variety of cell types from different species
including human, mouse and fly (Jones et al. 2005; Rattan et al. 2005; Owusu-
Ansah et al. 2008; Humbert et al. 2010; Mandal et al. 2010; Li et al. 2011; Peyton
et al. 2012). Constant activation of AMPK has been shown to increase (Peyton et al.
2012) and to induce senescence in a p53 dependent manner (Jones et al. 2005; Jiang
et al. 2013). In addition, AMPK activation has been shown to down-regulate genes
involved in proliferation such as cyclin A, cyclin B1 and cyclin E (Wang et al. 2002,
2003; Mandal et al. 2010; Peyton et al. 2012). Furthermore, AMPK has also been
implicated in the increase of p16 through the inhibition of the RNA stabilizing factor
human antigen R (HuR). By blocking its translocation to the cytoplasm from the
nucleus, the expression of target mRNAs involved in the cell cycle arrest is enhanced
(Wang et al. 2003). In addition, since AMPK can directly phosphorylate pRb at
Ser804, a decrease in AMPK activity is involved in the reduction of pRB, leading
to a decrease in proliferation and senescence (Wang et al. 2003; Peyton et al. 2012;
Wang et al. 2002; Dasgupta andMilbrandt 2009). Moreover, AMPK has been shown
to be increased in oncogene-induced senescence, and its inactivation has been show
to promote transformation of cells and cancer, supporting the role of AMPK in the
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establishment of a cell cycle arrest (Moiseeva et al. 2009; Bardeesy et al. 2002;
Huang et al. 2008; Shackelford and Shaw 2009; Zhou et al. 2009).

11.2.6 Mitochondria Are Key Regulators of the SASP

As discussed in the previous sections, senescent cells are characterized by mito-
chondrial dysfunction. Additionally, mitochondrial-derived metabolites, including
ROS, have been shown to play key roles in the induction of the senescence arrest.
However, given the complexity of the pathways involved, the multitude of functions
regulated by mitochondria and its close interaction with the nucleus it is challeng-
ing to investigate experimentally which specific aspects of mitochondrial biology
contribute to senescence. For that reason, our group designed a proof-of-principle
experiment aiming to investigate the role of mitochondria in the development of the
senescent phenotype.We utilized the property of PINK1/Parkin to inducewidespread
mitophagy in order to generate human cells without mitochondria (Correia-Melo
et al. 2017). Using this method, we demonstrated that senescent cells where mito-
chondria had been eliminated via widespread mitophagy, could not induce a SASP
but still underwent an irreversible cell-cycle arrest (Correia-Melo et al. 2016). This
work supported the concept that mitochondria are key regulators of the SASP. Con-
sequently, a better understanding of the pathways involved in this process, could lead
to potential pharmacological interventions to suppress the pro-inflammatory pheno-
type of senescent cells while keeping the cells in permanent cell cycle arrest (tumor
suppressive capacity) (Birch and Passos 2017).

11.2.7 Possible Mechanisms by Which Mitochondria
Regulate the SASP

Thus far, not much is known about the possible mechanisms by which mitochondria
regulate the SASP (Fig. 11.1). ROS generated by mitochondria could be a poten-
tial contributor as some studies indicate. It has been suggested that the persistent
DDR signaling observed during senescence, which is partially due to mitochondrial
ROS, could contribute to the SASP (Passos et al. 2010). This could act directly, as
studies indicate that ROS can activate NF-κB (Morgan and Liu 2011) or indirectly
via ROS-dependent induction of DNA damage and a DDR (Rodier et al. 2009).
Consistently, inhibition of a main initiator of the DDR, the serine/threonine pro-
tein kinase ATM has been shown to reduce the SASP by suppressing the activation
of the pathway NEMO, IKK complex and nuclear translocation of NF-κB (a key
transcription factor of a plethora of SASP factors) (Rodier et al. 2009; McCool and
Miyamoto 2012). Additionally, increased mitochondrial biogenesis during senes-
cence, a process regulated by mTORC1 has been implicated in the development
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Fig. 11.1 Mitochondria regulate cellular senescence. Cumulative evidence suggests that mitochon-
dria from senescent cells have an impaired electron transport chain (ETC) which results in increased
Reactive Oxygen Species (ROS), decreased NAD+/NADH ratios and increased AMP/ATP ratios.
Furthermore, mitochondria in senescent cells have decreased fusion and fission rates and increased
mitochondrial biogenesis which has been shown to contribute to mitochondrial dysfunction and
ROS generation. Finally, evidence suggests that mitochondrial derived metabolites can contribute
to both the cell-cycle arrest as well as the Senescence-associated secretory phenotype (SASP)

of the senescent phenotype (Correia-Melo et al. 2016). mTOR is a serine threo-
nine kinase which has been suggested to be important in the aging process since its
inhibition has been shown to extend lifespan and healthspan in several model organ-
isms (Wilkinson et al. 2012; Harrison et al. 2009). During senescence, it has been
shown that the DDR can directly activate mTOR via AKT, subsequently leading to
PGC1-β-dependent mitochondrial biogenesis, ROS generation and the development
of the SASP. Consistently, mTORC1 inhibitor rapamycin reduced mitochondrial
biogenesis, ROS and the SASP both in vitro and in vivo (Correia-Melo et al. 2016,
2019). However, mTOR can also impact on the SASP via alternative mechanisms.
It has been suggested that mTOR inhibition results in decreased translation of the
membrane-bound cytokine IL-1A (Laberge et al. 2015) or MAPKAPK2 (Herranz
et al. 2015), both of which control this SASP. Furthermore, mTOR inhibition has
also been shown to enhance Parkin-mediated mitophagy, reducing mitochondrial
dysfunction and senescence (Manzella et al. 2018).
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Mitochondrial dysfunction induced by inhibitors of the ETC, depletion of mito-
chondrial Sirtuins or depletion of mtDNA, has also been shown to display a distinct
SASP lacking the IL-1 dependent inflammatory pathway, a process which is thought
to occur via AMPK-mediated p53 activation (Wiley et al. 2016).

Other pathways regulated by mitochondria also play a role in the SASP. For
instance, decreased NAD+/NADH ratio, which is a consequence of mitochondrial
dysfunction, has been suggested to regulate SASP pathways. For example, NAD+
is hydrolyzed by PARP, which is a major regulator in DNA repair, and also by the
sirtuins which are important modulators of NF-κB function (Haigis and Sinclair
2010). Several studies have reported that SIRT1 can interact and deacetylate FOXO
proteins, which are involved in insulin signaling and stress pathways, suppressing
NF-κB signaling (Brunet et al. 2004; Motta et al. 2004). Moreover, new ideas are
emerging from studies regarding the potential connection between mitochondria and
the SASP, which involve interactions between mitochondria and the innate immune
system. Mitochondria have been shown to be a source of damage associated molec-
ular patterns (DAMPs). mtDNA has a prokaryote origin and contains unmethylated
CpG islands similar to bacterial DNA (Fang et al. 2016). Extracellular bacterial
DNA and RNA, DNA viruses and others pathological signals are detected by the
cells through innate immune receptors or pattern recognition receptors (PRRs). For
instance, mtDNA is considered one of the main DAMPs when is detected outside
the mitochondrial matrix (Fang et al. 2016). Therefore, cells have developed several
signaling pathways which sense foreign DNA, including the NLRP3 inflammasome,
which eventually activates NF-κB activity (Groslambert and Py 2018). The cGAS-
STING pathway has also been described to trigger an antiviral immune response and
expression of type I interferon genes (Xu et al. 2000;West et al. 2015). cGAS-STING
pathway has been shown to identify fragments of nuclear DNA commonly referred
to as cytoplasmic chromatin fragments (CCFs) (Ivanov et al. 2013). Recognition of
CCFs by cGAS has been shown to drive the SASP (Dou et al. 2017; Gluck et al.
2017). Why CCFs arise in senescent cells is still not completely understood. One
study suggests that disruption of the nuclear envelope which occurs during senes-
cencemay contribute to their formation (Dou et al. 2017). cGAS/STINGpathway has
also been shown to interact with cytosolic mtDNA and induce inflammation (Riley
et al. 2018), however, it is still unknown if this contribute to senescence or the SASP.

Recent studies have also shown additional links between mitochondrial metabo-
lites and the regulation of the SASP. Cardiolipin, which is a glycerophospholipid
present in the innermitochondrialmembrane and acts as aDAMP, has been shownnot
only to increase in senescence but also to induce senescence (Arivazhagan et al. 2004;
Wan et al. 2014). Furthermore, it was shown that mitochondrial derived peptides
humanin andMOTS-cwere increased in senescent cells, and that their administration
to senescent cells resulted in higher mitochondrial respiration and an enhancement
of certain components of the SASP (Kim et al. 2018).

Altogether, published data shows that mitochondrial may regulate the SASP via
different mechanisms; however, additional studies are needed to further understand
the complex pathways involved.
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11.3 Targeting Mitochondria—A New Senotherapy?

As previously mentioned, mitochondria have been shown to be play a role in the
cell cycle arrest and the gradual development of the SASP. Consequently, they are
an essential regulator of the senescence response. Additionally, mitochondria are
involved in the apoptosis resistance characteristic of senescent cells. For example,
the B-cell lymphoma 2 (Bcl-2) Homology 3 (BH3) mimetics drugs, such as ABT-
263 (navitoclax), which act as senolytics, target the anti-apoptotic BCL-2 protein
family (Zhu et al. 2015, 2016; Chang et al. 2016; Thompson et al. 2019). BCL2
anti-apoptotic proteins are key regulators of apoptosis; they protect the mitochon-
drial outer membrane integrity by binding to the pro-apoptotic Bcl-2 family mem-
bers, Bax (BCL-2-associated x protein) and Bak (BCL-2 homologous antagonist
killer). Upon oligomerization, Bax and Bak form homodimers that permeabilize the
outer membrane of mitochondria by forming large macro-pores allowing the release
of cytochrome c, caspase activation and programmed cell death.

A recent study has demonstrated that a mitochondria-targeted tamoxifen (Mito-
Tam) compound induced apoptosis in senescent cells. The mechanism of action was
found to be associated with a low level of expression of adenine nucleotide translo-
case (ANT2) in senescent cells when compared to young cells. Moreover, MitoTam
was shown to decrease the expression of senescent markers p16 and p19 in the lungs
and kidneys of 19 month old mice (Hubackova et al. 2019).

Although targeting anti-apoptotic proteinsmostly located atmitochondria appears
to be an effective strategy to eliminate senescent cells, some studies indicate that some
of these drugs may also have detrimental side effects. For instance, a recent study
has shown that treatment with the BH3 mimetic drug, ABT737, induced minority
mitochondrial outer membrane permeabilization (miMOMP) in young cells (Ichim
et al. 2015). This response was not sufficient to trigger apoptosis but led to the
activation of caspases (such as pro-caspase-3) which resulted in DNA damage and
genomic instability (Ichim et al. 2015). Therefore, the long-term consequences of
treatment with some of the senolytic drugs currently being tested on young, non-
senescent cells should be further investigated.

Another senotherapy that is currently being investigated involves inhibiting the
SASP, without inducing apoptosis or restoring proliferation of senescent cells. These
drugs are commonly known as senostatic.As previouslymentioned, themitochondria
are key regulators of the SASP during senescence, making them an ideal candidate
to target the pro-inflammatory signature of senescent cells (Correia-Melo et al. 2016;
Correia-Melo and Passos 2015). Indeed, a few pre-clinical studies have shown that
drugs which have senostatic properties also impact on mitochondrial function. For
example, rapamycin which is an mTOR inhibitor, has been shown to reduce mito-
chondrial ROS, and decrease the SASP in vitro and in vivo while maintaining the
cell cycle arrest characteristic of senescent cells. Treatment with rapamycin has been
shown to extend lifespan and improve the heathspan of aging mice (Correia-Melo
et al. 2016, 2019; Harrison et al. 2009).
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In addition, metformin which is an inhibitor of mitochondrial complex I and
widely used in treatment of type 2 diabetes has been shown to have an effect on
mitochondrial oxidative phosphorylation, attenuate ROS production and DNA dam-
age in oncogene induced senescence (OIS), while maintaining the cell cycle arrest
(Owen et al. 2000; Algire et al. 2012). Moreover, metformin has been shown to
reduce the SASP by preventing the translocation of the transcription factor NF-κB
and inhibiting the phosphorylation of IκB and IKKα/β, kinase (Deschênes-Simard
et al. 2013).

In conclusion, mitochondria are key regulators of senescence and they are impor-
tant targets for both senolytic and senostatic therapies. We predict that by further
investigating the mechanisms by which mitochondria drive senescence will help us
identify novel therapies to counteract senescence.
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