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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



7 Senolysis and Senostasis Through the Plasma Membrane 137

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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