
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



6 Targeted Senolytic Strategies Based on the Senescent Surfaceome 117

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
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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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