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Les agents chimiothérapeutiques et anticancéreux ont la capacité d'induire I'entrée en sénescence des cellules en
croissance mais aussi les cellules cancéreuses. Ces cellules cancéreuses sénescentes présentent des
caractéristiques proches de cellules quiescentes. Plusieurs études ont montré que ces cellules sont capables de
recommencer a proliférer et qu'elles possedent des propriétés d'agressivités plus marquées que les cellules
parentales, pouvant conduire chez les patients a une rechute. Les cellules sénescentes secrétent un ensemble de
molécules appelé SASP, qui favorisent l'inflammation et contribue a long terme a plusieurs maladies liées a I'age.
Par conséquent, I'utilisation d'agents sénolytiques et sénostatiques ciblant les cellules sénescentes peut prévenir
les rechutes du cancer, réduire les effets secondaires a court et a long terme attribués aux agents anticancéreux
et améliorer la qualité de la santé avec I'age et éventuellement la durée de vie. Dans ce travail, nous avons montré
que le peptide 4N1Ks, dérivé du domaine C-terminal de la protéine TSP1, inhibe I'échappement a la sénescence
dans un modeéle de sénescence induite par chimiothérapie des cellules tumorales mammaires MCF7 et colorectales
LS174T. Ce peptide réduit aussi les propriétés du SAPS produit par ces cellules et notamment la capacité migratoire
de cellules tumorales. Nous avons également montré que 4N1Ks réduit I'activité métabolique des cellules
sénescentes. L'ensemble de ces résultats nous a permis de montrer que ce peptide est capable d'induire
I'autophagie de cellules tumorales sénescentes. Nous avons incorporé 4N1Ks a la surface de nanosystemes a base
de sphingomyéline aprés modification chimique avec du PEG-C18 afin de faciliter son association a la surface de
ces nanosystémes. Les nanosystémes préparés par SNs-Ks ont démontré des caractéristiques appropriées en
termes de taille (~ 100 nm), d'efficacité d'association (87,2 + 6,9 %) et de stabilité dans différents milieux
biopertinents. Les SNs-Ks ont montré un profil de toxicité plus élevé par rapport aux peptides modifiés et aux
4N1Ks. De plus, les SNs-Ks possédaient un bon profil d'hémocompatibilité et un taux d'internalisation cellulaire
plus élevé que les nanosystémes vierges. Les SNs-Ks ont amélioré I'activité sénolytique du peptide 4N1Ks et réduit
le nombre de clones émergents dans les expériences d'échappement de la sénescence de cellules MCF7 a une dose
10 fois inférieure a celle du peptide modifié. Ces nanosystémes représentent une approche intéressante pour
réduire le nombre de cellules sénescentes accumulées aprés des traitements anticancéreux.

mots-clés : Sénescence cellulaire, sénescence induite par la chimiothérapie, rechute cancéreuse, protéine TSP1,
peptide 4N1Ks, échappement de la sénescence, autophagie, sénolytiques, nanosystémes a base de sphingomyéline
SN.



Chemotherapeutic and anti-cancer agents have the ability to induce cellular senescence in proliferative and cancer
cells. Cancer cells turning to senescent have similar characteristics to tumour dormancy. Several studies have
indicated that those cells have the capacity to escape senescence state and emerge as a more aggressive form of
cancer leading to cancer relapse. In addition, those accumulated senescent cells with their secretory phenotype
promote local and systemic inflammation and on the long term contribute to several age-related diseases.
Therefore, using senolytic and senostatic agents targeting senescent cells and their SASP can prevent cancer
relapse, reduce the short- and long-term side effects attributed to anti-cancer agents, and improve the health
quality over age and possibly life span. In this work, 4N1Ks peptide derived from the C-terminal domain of TSP1
protein prevented senescence escape in chemotherapy-induced senescence CIS model of MCF7 and LS174t cells.
In addition, it reduced the migratory ability of the SASP and its production as well. Moreover, 4N1Ks treatment
reduced the metabolic activity of senescent cells. Those results were explained by autophagy program induction
triggered by 4N1Ks peptide. Later we incorporated 4N1Ks to the surface of sphingomyelin based nanosystems after
chemical modification with PEG-C18 in order to facilitate its association to the surface of those nanosystems. SNs-
Ks prepared nanosystems demonstrated suitable features in terms of size (~ 100 nm), association efficiency (87.2+
6.9%) and stability in different biorelevant media. SNs-Ks showed higher toxicity profile compared to both modified
peptide and 4N1Ks, proved by colony forming assay on MCF7 cells. In addition, SNs-Ks possessed good
hemocompatibility profile, and had higher cell internalisation rate compared to blank nanosystems. Lastly and most
importantly, SNs-Ks improved the senolytic activity of 4N1Ks peptide and reduced the number of emergent clones
in senescence escape experiments of CIS model of MCF7 cells at a dose 10 times smaller compared to the modified
peptide. These nanosystems represent an interesting approach for reducing the burden of accumulated senescent
cells caused due to anticancer treatments as chemotherapeutics, and therefore make a step forward in the
management of this disease.

keywords: Cellular senescence, Chemotherapy-induced senescence, SASP, cancer relapse, TSP1 protein, 4N1Ks
peptide, senescence escape, autophagy, senolytics, sphingomyelin based nanosystems SNs.
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“If the result confirms the hypothesis, then
you have made a measurement. If the result
Is contrary to the hypothesis, then you have
made a discovery”

Enrico Fermi
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body or clearance by the immune system. The blue box represents the bright side of senescence: Cell cycle
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role in tissue regeneration and embryonic development. An example is accelerated wound healing by attracting immune cells to
the site of injury. The red box represents the dark side of cellular senescence: accumulation of non-proliferative cells (senescent
cells) in the body over time impairs tissue regeneration and tissue homeostasis, leading to ageing and age-related diseases.
Moreover, SASP contains several inflammatory cytokines that result in chronic inflammation. Actually, senescent cells
secretome includes several factors that promote cell proliferation, cell invasion and angiogenesis; such factors are beneficial in a
short term, especially for regeneration and wound healing; however, over a long-term effect, such factors can lead to tumour
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Figure 2: DNA damage response DDR pathways. Depending on the nature of DNA damage (DSB or SSB),
two different pathways initiate to repair DNA damage: ATR or ATM pathway. Each pathway consists of DNA damage sensors,
apical local kinases (ATM/ATR), mediators, downstream kinases, and effectors that lead in the end to cell cycle arrest in order to
give the cell the time to repair the damage. In the case of persistent DDR, the cellular senescence program is activated. However,

if the DNA damage is beyond repair, DDR pathways initiate apOPLOSIS. .........coviiiiiiiiiiii it 7

Figure 3: The bright and dark side of SASP. Senescent cells secretome (SASP) contains several factors, from
inflammatory cytokines and chemokines to growth factors and proteases. Depending on the cell context and the exposure time to
SASP, senescent cell secretome can either have beneficial or deleterious effects. A) SASP pro-tumour effects: the persistent
exposure to SASP over a long period can lead to harmful effects. For example: long-term exposure to several growth factors such
as EGF, basic fibroblast growth factor bFGF, and hepatocyte growth factor HGF leads to tumour progression. Moreover, SASP
improves the tumour vasculature by inducing angiogenesis through VEGF and angiogenin, which can also promote tumour
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superfamily member 6 (FASL), perforin, etc.), which mediate senescent cells clearance. Moreover, reactive oxygen species ROS
releases by activated macrophages and neutrophils promote cell cycle arrest. C) SASP in tissue regeneration: SASP effects on
tissue regenerative potential is also time-dependent. In the case of acute tissue injury, SASP growth factors and immune
modulators mediate tissue repair and remodelling by improving tissue regenerative capacity. On the contrary, the accumulation of
senescent cells in the body due to immune system failure to clear them leads to tissue dysfunction due to the chronic exposure of
surrounded tissue to several SASP factors especially transforming growth factor-p TGFp, which mediate fibroblast expansion
and fibrosis. GMCSF, granulocyte-macrophage colony-stimulating factor; CCL2, C-C motif chemokine 2; p16, p53, cellular

tumour antigen p53; cyclin-dependent Kinase INNIDITOr 2A......... ..o 13

Figure 4: ‘Metabolic reprogramming of senescent cells. IGF-1R signalling activates PI3K leading to
membrane PIP3 enrichment serving as an anchor for 3-phosphatidylinositol-dependent kinase 1 (PDK1) and Akt activation at
position T308. Among its multiple functions, Akt indirectly enables the formation of mMTORC1. mTORC1 positively regulates
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FoxO4 present in senescent cells also supports senescent cell viability. [7] ......ccoooiiiiiiii 19

Figure 5: Escape from Therapy-Induced Senescence. Apoptosis is not the only fate for cancer cells treated
with chemotherapy or radiation as some cells undergo cell cycle arrest and eventually cellular senescence. Several studies have
pointed out the adverse effects of cellular senescence as they provide over time a survival niche through their secretome (SASP),
which promote pro-tumorigenic effects in the surrounding cells. Moreover, it is suggested that those treatments activate an
incomplete cellular senescence in cancer cells, providing them later with the ability of emergence and re-enter cell cycle as a
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Introduction

Cellular senescence had grabbed the attention of biology researchers since it was first
discovered by Leonard Hayflick and Paul Moorhead almost 70 years ago when they found
that normal human fibroblasts have a definite number of divisions in culture, which is
known by the ‘Hayflick limit’. As from then, cellular senescence was extensively explored/
studied; however, there is a lot yet to comprehend, especially regarding the effect of
senescence on overall health, in particular ageing disease and cancer. Based on that, a new
platform of therapeutic agents such as senolytics or senostatics has emerged, which will
be the focus of this introduction.

1. Cellular Senescence:

When the cell is subject to potential damage, there are different scenarios of the cell fate
dependent on the extent of the damage; either the damage can be reversed, and the cell regains
its functional integrity, or it’s beyond repair, and the cell activates death mechanisms. However,
there is another possibility where cells remain their viability but with permanent structural and
functional changes, for instance, cellular senescence. It was first described in 1961 by Leonard
Hayflick and Paul Moorhead when they discovered that normal human fibroblasts have a
definite number of divisions in culture, which is known by (Hayflick limit) [1,2]. In fact, this is
one type of cellular senescence, replicative senescence, that is caused by telomere shortening.
Lately, several internal and external cellular insults have been identified as triggers for
‘premature senescence’, such as oncogenic activation, cytokines, irradiation, oxidative stress,

DNA damage and chemotherapeutic agents [3,4].

Although cellular senescence is mainly characterised by the stable cell cycle arrest of old and
damaged cells, senescent cells undergo phenotypic alterations such as morphology changes,
chromatin remodelling, metabolic reprograming and the most important, the secretion of a vast
array of proinflammatory cytokines, chemokines and growth factors all known as the

senescence-associated secretory phenotype (SASP) [3].

Cellular senescence is a dynamic program that has been linked lately to cancer and age-related
diseases. Here, we review the hallmarks of senescence along with the molecular mechanism
governing cellular senescence with a special focus on the possible treatments/ senolytic drugs

that can interfere with these molecular pathways.
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Figure 1: Positive and negative roles of cellular senescence based on its accumulation in the body or clearance by the
immune system. The blue box represents the bright side of senescence: Cell cycle arrest in senescent cells prevents further
tumour progression. Moreover, cellular senescence with its secretome SASP plays a vital role in tissue regeneration and
embryonic development. An example is accelerated wound healing by attracting immune cells to the site of injury. The red box
represents the dark side of cellular senescence: accumulation of non-proliferative cells (senescent cells) in the body over time
impairs tissue regeneration and tissue homeostasis, leading to ageing and age-related diseases. Moreover, SASP contains
several inflammatory cytokines that result in chronic inflammation. Actually, senescent cells secretome includes several factors
that promote cell proliferation, cell invasion and angiogenesis; such factors are beneficial in a short term, especially for
regeneration and wound healing; however, over a long-term effect, such factors can lead to tumour progression.

Cellular Senescence: ‘Walking a Line between Life and Death’ [5]
1.1. Hallmarks of senescence:

Although cellular senescence has been extensively studied in the last decade, yet there are still
no specific markers that single out senescent cells from other types of cellular programs.
Moreover, molecular pathways that launch/ take up in senescent cells differ depending on the
type of damage/ signal that initiate senescence. Besides the permanent cell cycle arrest,
senescent cells adopt morphological changes such as flat larger cells with an increase of
lysosomal activity, which corresponds mainly to the senescence associated-p-galactosidase
activity, accumulation of mitochondria, nuclear changes such as senescence-associated
heterochromatin foci (SAHF), and most importantly the associated secretory phenotype (SASP)

[6]. All these features are described in detail in this section.

1.1.1. Cell Cycle arrest:
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The main feature of all types of senescent cells is the irreversible cell cycle arrest which takes
place after damaging stimuli or abnormal proliferation. This cell cycle exit is mainly controlled
by two main pathways: p16™NK4/RB and p53/p21°PL. p16™NK42 and p21°P! are cyclin-dependent
kinase inhibitors CDKis (p16*NK“ inhibits CDK4 and CDK6 while p21°*! inhibits CDK2),
which in turn lead to the hypophosphorylation of RB (retinoblastoma proteins), and therefore
inhibition of E2F transcription activity, which is necessary of cell cycle progression [3,6,7].
However, with time, the persistent activation of these pathways and the accumulation of
p16*NK4a and p21°P prevent the possibility to escape the cell cycle arrest even with the
inactivation of RB proteins and p53 [8].

It is essential to note the difference between senescence and other forms of cell cycle arrest, in
particular quiescence and terminally differentiated cells. Cell cycle arrest takes place in
senescent cells in G1 or G2. However, in quiescent cells, the arrest happens in GO and upon
appropriate stimuli renter the cell cycle [9]. In the case of terminally differentiated cells, cell
cycle arrest is mediated by pathways different from the ones in senescence. Moreover,
terminally differentiated cells are the result of a developmental programme turning
undifferentiated cells into specialised functional cells, where cellular senescence is regarded as

a cellular stress response [3,5].

Also, it should be noted that senescent cells under specific circumstances can renter the cell

cycle, especially in tumours [10,11], which will be addressed later extensively.
1.1.2. DNA Damage response DDR.

DNA damage is either triggered by intrinsic injuries (such as telomere shortening, oxidative
stress and hyper proliferation) or by extrinsic insults like (ultraviolet, y-irradiation,
chemotherapeutic drugs), which in result activates DDR and a cascade of several pathways that
lead to cell cycle arrest mentioned earlier. This gives cells the time to repair DNA damage and
re-enter the cell cycle. However, in case the damage is beyond repair and persistent active DDR
takes place, the cell goes either under apoptosis or senescence, depending on the cell type,

nature, length and magnitude of the damage [4,12,13]. Molecular mechanisms governing the

DDR and its outcome in either replicative or oncogene-induced senescence will be discussed

in this section.

In brief, DDR pathways consist mainly of sensors, transduces and effectors. The sensors
recognise the DNA damage and recruit transducers DDR kinases to the site of DNA damage

which in turn phosphorylate and activate several mediators and effectors proteins that are
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important for maintaining the genomic stability by participating in DNA repair, DNA

replication and cell cycle control [14].

DNA damage takes place in two different forms, single-stranded DNA and DNA double-strand
breaks (SSBs & DSBs). Both forms are strong inducers of DDR; where special complexes sense
these two forms of DNA damage and recruit plus activate two types of protein kinases to the
site of DNA damage; ATM (ataxia-telangiectasia mutated) and or ATR (ataxia telangiectasia
and Rad3-related), which belong to phosphatidylinositol-3 kinase (PI3K) family [14,15].
Whereas ATM seems to be activated primarily by DSBs, ATR mainly responds to stalled
replication forks [14]. ATM and ATR signalling pathways are quite distinct, and those
differences will be explained below.

In ATM signalling cascade, DNA damage (DSBs) is sensed by MRN complexes which activate
and recruit ATM to the site of DNA damage [13]. In return, ATM kinase locally phosphorylates
the histone H2AX to its active form, yH2AX, which engage more ATM causing a positive
feedback loop [16]. This leads to the accumulation of ATM and eventually spreading yH2AX
along the chromatin[13]. DDR mediators: MDC1 (mediator of DNA damage checkpointl) and
53BP1 (p-53 binding protein 1) are essential for the mentioned positive feedback loop by
facilitating more ATM complexes to yH2AX [13].

In ATR signalling cascade, a single strand of DNA is exposed, which is sensed and covered by
RPA (the single-stranded DNA- binding replication protein A), which in turn recruit ATR to
the DNA damage site by binding to ATRIP (ATR interacting protein) [17]. In addition, ATR
kinase activity is amplified by the heterotrimeric 9-1-1 complex [18] (which binds at the
junction between double-strand DNA and single-strand DNA and act as a sliding clamp that is
essential for repairing the DNA damage [19]. Also, the topoisomerase-Il-binding protein 1
(TOPBP1) acts as a booster for the ATR kinase signal [17,20].

When ATM and ATR signals exceed a specific threshold, this leads to the phosphorylation of
several substrates, spreading the DDR signal far from the DNA damage site [13]. For instance,
ATM phosphorylates and activates the check point kinase CHK2, which in return diffuse freely
in the nucleoplasm and spread the DDR signal by phosphorylating its substrates [13,14,21].
Similarly, CHK1 is activated by ATR. This leads us to the last part of the DDR cascade, which
is the effectors' proteins; CDC25 phosphatases (cell-division cycle 25) and p53. CDC25
inactivation by ATR/CHKZ1 axis leads to rapid cell cycle arrest as it is crucial for proliferation

[21]. On the contrary, p53 activation by DDR kinases [22] boost its ability to induce the
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transcription of p21 (a cyclin-dependent kinase inhibitor), resulting in a stable and slower cell
cycle arrest [13,23]. Figure 2.

As mentioned before, yH2AX spread along the chromatin [16], creating a molecular ‘velcro’,
as d’Adda di Fagagna described it in his review article [13], which attracts and engage several
DDR factors creating detectable nuclear foci that contain several copies of DDR kinases and
proteins, which is one of the most known markers of senescence [6]. Hence, DNA foci represent
an epicentre of factors and proteins necessary for spreading the DDR signal, DNA repair and
cell cycle arrest. DNA foci range in size from 0.6 to 1.6 pum, which is dependent on the time
[13].

Interestingly, DDR can generate extracellular signals to spread cellular stress to neighbouring
non-affected cells. This can happen through rapid and long responses. Rapid DDR extracellular
signals involve transmitting cellular stress through the tight junctions between the cells; for
instance, reactive oxygen or nitrogen species (ROS/NOS) can pass through those tight junctions
as they are highly produced in damaged cells. Moreover, DDR regulates the expression of some
surface ligands and receptors on the surface of senescent cells in order to communicate with the
surrounding cells; an example is NKG2D ligands that engage near immune cells, while DR5
through receptor-ligand reaction can impact damaged cell survival. On the other hand, the
secretory phenotype of senescent cells is responsible for the late DDR extracellular signals. It
reinforces cellular senescence and spreads stress to the surrounding microenvironment through
an autocrine and paracrine mechanism, reviewed in [24]. That will be explained in detail in the

following section.
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Figure 2: DNA damage response DDR pathways. Depending on the nature of DNA damage (DSB or SSB), two different
pathways initiate to repair DNA damage: ATR or ATM pathway. Each pathway consists of DNA damage sensors, apical local
kinases (ATM/ATR), mediators, downstream kinases, and effectors that lead in the end to cell cycle arrest in order to give the
cell the time to repair the damage. In the case of persistent DDR, the cellular senescence program is activated. However, if the
DNA damage is beyond repair, DDR pathways initiate apoptosis.

1.1.3. Senescence associated secretory phenotype SASP.

SASP term referring to the several factors secreted by senescent cells was first used in 2008
[25]. It is one of the most significant features of senescence, and it is what differentiate
senescent cells from other types of arrested cells. Also, it is the feature that set the connection
between cellular senescence and many other cellular processes such as maintaining senescence,
embryogenesis, and tumorigenesis. Due to its importance, the following section will explain in
detail SASP components, molecular mechanisms governing SASP production and the variant
roles of SASP.

The composition and the strength of SASP vary dependent on the type of the cell, signal
initiating senescence and the duration of the senescence [26,27]. However, there are two types

of classification of SASP factors; the first is dependent on the chemical nature and therefore
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divided into: soluble signalling factors, proteases, insoluble extracellular matrix proteins, and
non-protein components. The second classification is based on the molecular mechanism of
SASP factors and is divided into: factors binding to a receptor, direct-acting factors and
regulatory factors [28,29].

SASP factors binding to a receptor include cytokines, chemokines and growth factors. These
factors achieve their functions by binding to their corresponding receptors, which sets off
several intracellular signalling cascades. Interleukins such as IL-6, IL-8 and IL-1a, are the most
known SASP cytokines; their role in regulating inflammatory networks in cancer and
senescence is well understood [30]. SASP chemokines include GROa, GROp, CCL-2, CCL-
5, CCL-16, CCL-26 and CCL-20; these factors trigger their effect by binding to G protein-
linked transmembrane receptors (which are known by chemokine receptor) [28]. Finally,
increased expression of growth factors such as HGF, FGF, TGFpB, and GM-CSF have been
reported in several types of senescent cells [28]. All these factors have a tremendous effect on
the surrounding cells, creating a proper environment for different pathologies to emerge/ arise

with time.

Direct-acting SASP factors mainly include secreted proteases whose function can be divided
into three primary effects: 1) destroying membrane-associated proteins, 2) remodelling extra
cellular matrix ECM and 3) degradation /cleavage of secreted signalling molecules. With the
help of these factors, senescent cells can remodel and modify the surrounding
microenvironment [28,29,31]. Two main groups of proteases belong to these factors, which are
matrix metalloproteases MMP-1, MMP-10, MMP-3 and serine proteases: the tissue
plasminogen activator (tPA) and urokinase plasminogen activator (UPA) [28,29,32]. Besides
proteases, small non-protein molecules, for instance, reactive oxygen (ROS) and nitrogen
species, also belong to this group of SASP factors [29,32]. These molecules are known for their
ability to modulate cellular phenotype, increase cancer aggressiveness and advance age-related
diseases [31].

SASP regulatory factors consist of tissue inhibitors of metalloproteases TIMP, the
plasminogen activator inhibitor PAI, and insulin-like growth factor binding proteins IGFBP.
These factors do not possess an enzymatic or signalling activity, but they regulate the function
of the first and second group of SASP factors when they bind to them [28,29]. For instance,
TIMPs regulate the activity of MMPs by mainly inhibiting most of the MMPs members [33,34].
PAI-1 also inhibits tPA and uPA proteases activity [35]; some papers also indicated the
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importance of PAI-1 as it acts not only as a marker but also as a mediator for replicative
senescence and ageing [35,36]. IGFBP, as it is clear from its name, behave as a carrier protein
for IGF and also plays a role in mediating the half-life of IGF [31].

Exosomes or extra cellular vesicles have been the target of interest for many researchers lately,
and it has been recently considered one of the components of the SASP. Depending on their
composition, exosomes significantly affect the surrounding microenvironment, which can lead
to maintain or suppress cellular senescence, promoting tumorigenesis or age-related diseases
[37,38].

Cellular senescence is a dynamic process in which its initiation and maintenance take place in
several stages; the same applies to SASP production and regulation which can be divided into
three different stages: 1) the early rapid initiation of SASP, which takes place immediately after
DNA damage and lasts for 36h, 2) the next phase consists of the secretion of the most important
SASP factors in particular IL-1o which lasts for several days, and it is called the early phase of
SASP, it is essential to note that the SASP factors are not secreted at high levels at this stage,
and they work mainly as a self-amplifying signal which leads to the next phase 3) mature phase
of SASP [25,29,39].

Molecular mechanisms governing SASP production: Regulation of SASP production takes
place at the transcriptional and post-transcriptional levels. Also, mentioned before, SASP
production depends strongly on the autocrine and positive paracrine loops as they amplify the
SASP signalling pathways. The most important molecular mechanism that controls the
initiation and maintenance of the SASP are DDR, p38 MAPK, and cGAS/STING. All these
pathways seem to intersect at the activation of NF-kB and CCAAT/enhancer-binding protein-
B (C/EBPB) [3,40].

NF-xB and C/EBPJ are transcriptional factors which are activated and enriched in senescent
cells at the chromatin level leading to the production of the inflammatory factors of the SASP;
such as IL-6 & IL-8, which in turn through SASP autocrine provide a feed-back loop that leads
to the maintenance of activation of NF-kB and C/EBPp, and amplification of SASP signal
[3,39].

SASP is also regulated at a post-transcriptional level where DDR plays an important role. The
exact mechanism by which DDR regulate SASP production is not yet fully understood.
However, several DDR components were proved to have a link in activation of NF-xB; for

example, the inactivated form of NF-«xB is found in the cytoplasm as a complex with IxB
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protein, upon DDR activation, ATM kinase forms a complex with NEMO protein that leads to
its translocation from the nucleus to the cytoplasm, and later binds and activate IKK kinase.
Activation of IKK kinase promotes the disassociation NF-kB complex and, therefore, its
activation [39]. It is also important to note that knocking down DDR components such as ATM,
Chk2, and H2AX decrease the expression and secretion of several SASP factors, especially IL-
6 and IL-8 [41,42].

Other post-transcriptional pathways regulating the SASP include p38 kinase and m-TOR. The
stress kinase p38 is part of the p161NK4a/Rb pathway that initiates cell cycle arrest in senescent
cells [43]. Its role in the regulation of SASP production includes the activation of its targets
MSK1 & MSK2 kinases, which in turn phosphorylate p65 transactivation subunit of NF-xB
[39]. Other studies stated that inhibition of p38 activity leads to a remarkable reduction of
secretion of most SASP components [39,44,45]. Moreover, persistent activation of p38 lead to
the production of SASP even without DDR [44], which indicates the importance of p38 in
SASP regulation.

m-TOR signalling pathway has been recently considered to play an essential role in SASP
regulation [3]. It acts in two different ways, the first one by indirectly monitoring the stability
of SASP mRNAs [3], which mechanism can be explained briefly as follows: senescent cells
have high mTOR activity that mediates the phosphorylation of 4EBP protein, which is known
to regulate the translation of specific SASP mRNAs, among those, is mMRNA of IL-1a [46], and
as we mentioned before, IL-1a is important in the positive feed-back loop that maintains the
activation of NF-xB. Also, mTOR modulates positively the translation of MAPKAPK?2 kinase
(also known as MK?2). High levels of MAPKAPK?2 inhibits the activity of ZFP36L1, which is
an mMRNA binding protein that specifically targets and degrades SASP mRNAs [39,47]. The
second mechanism in which m-TOR regulates SASP involves TOR-autophagy spatial coupling
compartment (TASCC) [39] that magnify SASP production by coordinating protein synthesis
and autophagy in senescent cells [3]. Although, the relation of autophagy with senescence and
SASP is quite complicated since it depends on the extent of the autophagy activity that can

promote or inhibit senescence and SASP production [39,48].

The regulatory mechanisms of the SASP mentioned above are the most important ones. It is
essential to point out that SASP regulator mechanism and components vary dramatically
depending on the type of the cell and the signal initiating senescence; however, the

proinflammatory arm is preserved in most senescent cells types [3].

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

©3283 10



Introduction

Variant roles of SASP: the biological effects of SASP, which state the relation between
senescence and other biological processes, for instance, inflammation, cancer and age-related
diseases etc., will be explained in detail in this section. However, before digging deep, we would
like to state the same question in Borodkina et al. [29] review article; why do senescent cells
need a vast array of secreted factors? By examining the SASP components, it is evident that
SASP act as a signal in vivo to indicate the presence of senescent cells. This can be simply
explained as follows: cytokines and chemokines secreted by senescent cells initiate
inflammation which is needed to attract immune cells to eliminate senescent and damaged cells.
On the other hand, proteins and markers that modulate the ECM; ease the entry of immune cells
to senescence cite, while growth factors promote proliferation of neighbouring cells in order to
replace the eliminated cells [29,49]. This represents the positive side of SASP and senescent
cells in which this mechanism works perfectly in young health organisms but fails to
accomplish with age, leading to the accumulation of senescent cells and prolonging secretion
of SASP, promoting chronic inflammation, which represents the dark side of senescence.
Therefore, the consequences of SASP effects depend mainly on two factors; on how long the
SASP affects the surrounding microenvironment and how fast and effective the immune system

is in eliminating senescent cells [29].

SASP and Age-related diseases, the relation between senescence and ageing will be discussed
in detail later. However, accumulation of senescent cells, chronic inflammation, failure of the
immune system to eliminate senescent cells with time and disruption of the surrounding tissue
set the relation between age-related diseases and senescence. The autocrine and paracrine
activity of senescent cells maintain senescence and promote pre-senescence in neighbouring
cells. The accumulation of senescent cells with age leads to chronic inflammation, also termed
“inflammaging”, due to the persistent secretion of cytokines and chemokines [50,51]. This
chronic inflammation has the ability to suppress the immune system; an example of that is IL-
6, which acts as a proinflammatory factor that recruits the immune cells to senescence cite to
eliminate them; however, in chronic inflammation, IL-6 shifts macrophages to the immune-

suppressing M2 phenotype [52].

Furthermore, chronic inflammation with the prolonged circulation of chemokines and cytokines
leads to chronic stress of the immune system, resulting in immunosenescence, identified by the
functional decline of the immune system along with the reduced ability to recognise new
antigens [50,53]. Other SASP factors such as matrix metalloproteases significantly impact the
surrounding tissue, leading to tissue disruption upon prolonged secretion [54]. All these factors
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contribute to several age-related diseases such as osteoarthritis [55], atherosclerosis and cancer
[51].

Most of these findings were reached by knocking down pathways that regulate the production
of SASP; for example, transgenic IL-10 knock-out mice (an anti-inflammatory cytokine) have
a premature ageing-like phenotype and accumulation of senescent cells and SASP factors in

their tissues. Similar results were also found in Nfkb1 ™~ mouse [52].

SASP and cancer: initially, cellular senescence was considered as a tumour suppressor
mechanism; however, several studies included that cellular senescence could promote
tumorigenesis. The molecular mechanisms included in this will be discussed extensively later,

but the role of SASP in tumour suppression and promotion will be discussed here.

SASP as a tumour suppressor: as mentioned before, several SASP components attract the
immune system, which leads to the elimination of senescent, damaged and premalignant cells,
which is termed by senescence immune surveillance mediated by CD4" T cells. Another
immune cell recruited by SASP are neutral killer NK cells; these cells, along with T cells, can
initiate cytolytic response on senescent and malignant cells [56,57]. Moreover, SASP
components maintain and promote senescence and growth arrest through autocrine and

paracrine activity [56].

SASP as pro-tumorigenic: SASP can promote tumour in the surrounding microenvironment
by several mechanisms. One of them is related to the accumulation of senescent cells overage
as the surrounding microenvironment is subjected to the prolonged secretion of the
inflammatory SASP. Several SASP factors, particularly proteases, promote tissue disruption
and remodelling, which facilitates the immune system cells to reach the senescence site.

However, this can also promote cancer cells invasion and metastasis [56,57].

Also, SASP factors can initiate epithelial-to-mesenchyme transition (EMT) phenotype, which
is an important step for cancer metastasis [56,58,59]. Moreover, SASP can promote
angiogenesis directly by secreting several angiogenic factors [59] or indirectly by recruiting
macrophages and shifting them to pro-angiogenic M2 phenotype [57]. Another mechanism in
which SASP promote tumorigenesis is by suppressing the immune system as explained before
with age-related disease; SASP cytokines engage myeloid-derived suppressor cells, which
inhibit the proliferation of CD8" T cells and their ability to kill tumour cells [57,60].
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SASP and tissue regeneration and development, Senescent cells have an essential role in
accelerating wound healing. It has been acknowledged that senescent epithelial and fibroblasts
are present at the wound site, resulting in acceleration of wound healing by inducing the
differentiation of myofibroblasts through the secretion of platelet-derived growth factor AA, a
SASP factor [61,62]. SASP and cellular senescence have an important role in refining the
development of embryonic structures [29,63], which can be summarised by two points, the first
SASP promote the vasculature structure at the early stage of pregnancy also SASP through the
recruiting of immune cells that mediate cell removal is necessary of the development of

embryonic structure [29,63].

Therefore SASP is a mixed blessing, which can have a beneficial or deleterious effect

depending on the cell context [59,64].

A. SASP pro-tumorigenic effects B. SASP anti-tumorigenic effects C. SASP in tissue regeneration
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Figure 3: The bright and dark side of SASP. Senescent cells secretome (SASP) contains several factors, from inflammatory
cytokines and chemokines to growth factors and proteases. Depending on the cell context and the exposure time to SASP,
senescent cell secretome can either have beneficial or deleterious effects. A) SASP pro-tumour effects: the persistent exposure
to SASP over a long period can lead to harmful effects. For example: long-term exposure to several growth factors such as
EGF, basic fibroblast growth factor bFGF, and hepatocyte growth factor HGF leads to tumour progression. Moreover, SASP
improves the tumour vasculature by inducing angiogenesis through VEGF and angiogenin, which can also promote tumour
metastasis in combination with the effect of extracellular matrix remodelling proteins. In addition, prolonged exposure of
immune cells to SASP cytokines result in either immunosuppressive phenotype blocking their differentiation. B) SASP anti-
tumour effects: proinflammatory factors of the SASP have the capacity to promote immune response by attracting and
activating immune cells. For example, activated cytotoxic T cells releases several cytotoxins and pro-apoptotic ligands (such
as TNF ligand superfamily member 6 (FASL), perforin, etc.), which mediate senescent cells clearance. Moreover, reactive
oxygen species ROS releases by activated macrophages and neutrophils promote cell cycle arrest. C) SASP in tissue
regeneration: SASP effects on tissue regenerative potential is also time-dependent. In the case of acute tissue injury, SASP
growth factors and immune modulators mediate tissue repair and remodelling by improving tissue regenerative capacity. On
the contrary, the accumulation of senescent cells in the body due to immune system failure to clear them leads to tissue
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dysfunction due to the chronic exposure of surrounded tissue to several SASP factors especially transforming growth factor-p
TGFB, which mediate fibroblast expansion and fibrosis. GMCSF, granulocyte-macrophage colony-stimulating factor; CCL2,
C-C motif chemokine 2; p16, p53, cellular tumour antigen p53; cyclin-dependent kinase inhibitor 2A [65].

1.1.4. Upregulated survival pathways in senescent cells.

One of the characteristic features of cellular senescence is its resistance to apoptosis. This
partially contributes to the survival and accumulation of senescent cells, which eventually affect
the health span [7]. A myriad of molecular pathways are associated with senescent cells
resistance to apoptosis; many have already been mentioned within the cell cycle arrest, DDR,
and SASP sections. This section discusses the roles of these pathways in senescent cell survival
to intrinsic and extrinsic apoptotic signals, and furthermore, the importance of these pro-
survival in forming a platform for developing therapeutic agents that target senescent cells.

Intrinsic apoptotic pathway. BCL-2 protein family consist of pro-apoptotic proteins and anti-
apoptotic proteins that orchestrate the mitochondria-mediated intrinsic pathway of apoptosis.
Pro-apoptotic proteins consist of (PUMA, BIM, tBid, etc.) [66] that facilitate the
permeabilisation of mitochondria through the activation of Bax and Bak, resulting in the release
of cytochrome C. The latter, with the apoptosis protease factor 1 Apafl, forms apoptosome, a
complex protein structure that is important for activating the caspase signalling, which is
responsible for the cleavage of several vital substrates in the cell. On the other hand, anti-
apoptotic proteins (BCL-2, BCL-XL, BCL-W and MCL-1) prevent cell death by binding to the
BH3 domain of pro-apoptotic proteins sequestering them from binding to Bax and Bak and
consequently prevent the release of cytochrome C from mitochondria, reviewed in [7,66]. Thus,
activating the apoptosis cascade relay majorly on the balance between the pro-apoptotic and
anti-apoptotic proteins in the cell [66]. Several studies indicated the upregulation of anti-
apoptotic proteins in senescent cells and associated that with their resistance to apoptosis
[67,68]. Others reported an increase of pro-apoptotic proteins such as PUMA and BIM and in
some types of senescent cells and related their survival to restriction of cell death program [69].
In general, disrupting the balance of the BCL-2 protein family or targeting the mentioned
pathways presents an attractive strategy to eliminate senescent cells. Several studies reported
promising pharmaceutical agents based on targeting intrinsic apoptotic signals described in

detail later with the Senolytics section.

Extrinsic apoptotic signals. Cellular apoptosis mediated by extrinsic signals is based on
activating death receptors expressed on the outer membrane of target cells, this process is
actually quite complicated. To simplify it: death receptors are transmembrane proteins with

intracellular domain (death domain) that, upon activation, can import the death signal to
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intracellular signalling pathways. Death receptors consist of Tumour necrosis factor receptors
TNFR, upon activation with ligand binding, can trimerise and, through their intracellular death
domain, recruit adaptor proteins such as Fas-associated death domain (FADD). As a result,
FADD engages pro-caspase 8 and forms a Death-inducing signalling complex (DISC). The
latter generates by self-cleavage mature caspase 8 molecules that activate caspase 3 and,
therefore, intracellular apoptotic pathways. On a side note, the negative regulator c-Flip, an
upstream of caspase 8, oppose the extrinsic apoptotic signals by racing with pro-caspase 8 in
binding to FADD and therefore forbidding DISC formation. In senescent cells, c-Flip has been
reported to be downregulated through the activation of DDR and NF-kB. Moreover, the
overexpression of decoy receptors (DcRs) in senescent cells, similar to death receptors but lack
the intracellular death domain, provides an extra example of how these cells oppose extrinsic
apoptotic signals. Actually, those receptors were proposed as a marker for senescent cells,

reviewed in [7].

p21 important role in DDR and cell cycle arrest has already been described. A recent study
linked senescent cells survival to p21, as knocking down p21 in those cells resulted in the
accumulation of DNA lesions, which in turn activates ATM and NF-xB. Consequently, NF-xB
induces TNF-a secretion, which leads to JNK activation, which in the end mediate senescent
cell death in caspase and JNK-dependent manner [70]; this was effective in DNA damage-
induced senescence but not in the case of oncogene-induced senescence. Moreover, in vivo
studies on knocking p21 in mice showed efficient elimination of liver senescent stellate cells
and, at the same time, improved the production of liver fibrosis and collagen [70]. Thus,
targeting p21 seems to be an exciting strategy to target senescent cells and alleviate the
senescent cells accumulation burden. Compatibly, in another interesting study, they showed
p21 to have two opposing roles as oncosuppressive and oncopromoting, calling p21 a ‘two-
faced genome guardian’. p21 role is defined mainly by the cell type, p53 status, and the type
and level of genotoxic stress. For example, in case of p53 deficiency and p21 consistent
expression, sub-group of cells can escape the senescence state providing a more aggressive

phenotype of cancer that is chemotherapy-drug resistant with increased genome instability [23].

SASP components and SASP monitoring pathways. We explained before the components of
SASP and their roles in detail. However, this section will explain how some of the SASP factors
can promote senescent cells survival. For instance, SASP includes several growth factors such
as IGF-1, PDGF and VEGF; these factors stimulate tissue repair and regeneration of
neighbouring cells. Their effect might be deleterious in case of cancer cells presence in the
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surrounding tissue or the persistent activation of adjacent cells due to senescent cells
accumulation, reviewed in [7]. These factors can also mediate senescent cell survival as
follows: IGF-1 acute signalling through its receptor IGFR (a tyrosine kinase receptor TRK)
promotes cell growth and proliferation through upregulation of PI3K/AKT pathway; however,
prolonged signalling results in premature senescence [71]. Also, IGF-1 is upregulated in a p53-
dependent manner as a response to chemotherapy, cell ionisation, and genome instability,
providing survival of those cells in a p53-AKT-DDR manner [72]. Another proof of IGF-1 role
in senescence survival is that its inhibition leads to apoptosis in senescent fibroblasts, but it
delays senescence in proliferating cells [72], reviewed in [7]. Another type of TRK is the ephrin
dependent receptors; dependent receptors are a specific type of receptors that, upon binding
to its ligand, activate cellular pathways that promote cell survival, and on the contrary, facilitate
caspase-dependent apoptotic pathways in case of ligand absence, reviewed in [73]. Ephrin
dependent signalling has been reported to be upregulated in senescent cells and provide an

attractive target for therapeutic approaches in eliminating senescent cells [68].

Another example of how some SASP components facilitate senescent cell survival: NF-xB
essential role in SASP production and regulation has already been described. NF-xB can be
activated by the autocrine of several inflammatory SASP factors such as IL-1, IL-6, IL-8 and
TNF-o. This activation can promote senescent cell survival by initiating the transcription of

anti-apoptotic BCL-2 family proteins [reviewed in [7]].

Another important regulator of SASP, mTOR signalling, is essential for establishing the
senescence phenotype. As inhibiting mTOR by rapamycin drug, suppress the production of
inflammatory cytokines from senescent cells [46] while prevent/delay senescence in treated
cells [47,74].

UPR and autophagy. Cellular senescence is an adaptive response to stress/ different stress
signals. It is characterised by an expanded endoplasmic reticulum ER to match the increased
need to produce the various components of the SASP, which is usually accompanied by ER
stress and proteomic toxicity due to the accumulation of misfolded and unfolded proteins in the
cell [75]. In order to solve this, unfolded protein response UPR and autophagy are usually
activated in senescent cells to restore the proteomic homeostatic of the cell [75]. UPR is an
intracellular defence mechanism that induces several transcription and translation factors that
regulates the ER-associated protein degradation system and autophagy machinery, reviewed in

[7]. These two mechanisms have been linked lately in several studies to cellular senescence
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establishment and maintenance. Interestingly, UPR has been found to attribute to several
cellular senescence hallmarks, namely, cell cycle arrest, DNA repair capacity, morphological
changes, metabolic changes, and the secretory pathway, reviewed in [76]. Treating cells with
ER stress inducing drug; thapsigargin, resulted in premature senescence. Mild ER stress is
necessary for senescent cells to cope with the extra need for protein synthesis specially for
SASP factors production. However, persistent and unresolved ER stress promote cell death,

reviewed in [75].

Moreover, senescent cells tend to accumulate damaged/ oxidised lipids, proteins, and nucleic
acids due to oxidative stress and the increased levels of ROS (reactive oxygen species) [77];
this results in extra ER stress and activation of autophagy as a survival mechanism [78].
Autophagy plays a double-edged sword in senescence since it is necessary for the degradation
and elimination of irreversibly oxidised biomolecules in the cell, relieving excessive oxidative
stress from activating cell death, reviewed in [7]. On the other hand, high levels of dysregulated
autophagy can result in crucial cellular organelle destruction leading to cell death, the case of
keratinocytes senescent cells [79]. Therefore, it is necessary to achieve a balanced level of
autophagy in senescent cells. This can be accomplished by upregulation of key regulators of
autophagy such as BCL-2 and homolog proteins. We already explained the role of BCL-2 anti-
apoptotic proteins in activating intrinsic apoptosis pathways. However, BCL-2 can regulate
autophagy by interacting and inhibiting the evolutionarily conserved autophagy protein,
Beclinl, from forming the autophagosome, keeping the autophagy at a level suitable for cell
survival [80]. Another critical regulator of autophagy is the mTOR pathway. mTOR regulates
several important metabolic programs in the cell, including protein biosynthesis, autophagy,
and glucose/ lipid homoeostasis [81]. Its activity is governed by the nutritional status of the cell,
growth factors and stress signals, reviewed in [81]. In the case of freely available nutrients,
mTOR through its complexes block autophagy and promote protein synthesis as follows:
mMTOR complex 1 (MTORC1) block autophagy by inhibiting ULK 1/2 (unc-51-like autophagy
activating kinase 1/2) and stimulate protein synthesis through activation of S6 kinase (S6K).
On the contrary, nutrient starvation leads to mTOR complexes inactivation and degradation of
several cytosolic components by autophagy machinery to overcome the nutrient shortage,
reviewed in [81,82]. In conclusion, mTOR is essential for SASP production and autophagy

regulation, promoting senescent cell survival.

In summary, UPR and autophagy signalling pathways are essential for senescent cell survival.

In the case that the UPR pathway is not sufficient to resolve the ER stress, autophagy machinery
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is activated. Also, UPR activates the transcription of several components of the autophagy
signalling pathway. However, the exact mechanism in how UPR activation promotes autophagy
induction, which would lead to cellular senescence establishment or maintenance, is not yet
discovered, reviewed in [75]. Thus, both signalling pathways provide a promising platform for
targeting senescent cells therapeutically.

Metabolic reprogramming. Even though senescent cells do not proliferate, they maintain high
metabolic activity. This is to cope with the high demand for nutrients and energy accompanied
with their highly active secretory phenotype. We already mentioned how autophagy and UPR
signalling pathways play an important role in that. Moreover, most senescent cells tend to attain
a more glycolytic state and produce more ATP by boosting oxidative phosphorylation in
mitochondria in order to enhance the energy production required for several cellular

mechanisms.

Higher mitochondrial biogenesis and mitochondrial dysfunction have been considered one of
the senescence's hallmarks [83]. Mitochondrial dysfunction provides a high amount of
mitochondrial ROS in senescent cells, which results in oxidative stress that is important for
establishing and maintaining cellular senescence through a positive DDR-dependent feedback
loop, [84] reviewed in [85]. This process occurs as follows: high ROS levels induce DNA
damage in the cell, which in turn lead to the activation of DDR cascade, activation of ATM
results in phosphorylation of AKT, which in turn activates mTORC1 complex formation,
therefore promoting several mitochondrial protein syntheses through phosphorylation of S6K
kinase and upregulation of transcription coactivator PGC-1p; a regulator of mitochondrial
biogenesis [84,86]. Additionally, the anticancer drug Tamoxifen, which targets the
mitochondria, killed cancer cells without inducing senescence in vitro or in vivo [87]. It also
effectively eliminated senescent cells accumulated in ageing organs and also premature
senescent cells [87]. Paradoxically, depletion of mitochondria did not result in cell death but
led to the loss of several features of cellular senescence while ATP production was retrieved by

increased glycolysis [84].

Besides the importance of the high metabolic activity to provide energy and nutrients for several
essential cellular activities in senescent cells, the availability of nutrients is vital for cell survival
as several studies pointed out how caloric restriction results in life extension and better
healthspan due to delay in cellular senescence [88,89]. A very enlightening example was

mentioned in the review article [7]: high glucose uptake leads to insulin production, similar to
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IGF-1, has an affinity to the IGF-1R and is able to initiate a downstream signal by binding to
the receptor. Active IGF-1R enlists phosphatidylinositol-3 kinase PI13K to the cell membrane,
which in turn phosphorylates phosphatidylinositol-biphosphate PIP2 to phosphatidylinositol-
triphosphate PIP3. The high amount of PIP3 at the cell membrane results in PDK1 recruitment,
and the latter activates Akt by phosphorylation. Consequently, Akt activates the mTORCL1
complex, which pro-survival mechanism has been already explained. Additionally, the other
MTOR complex mTORC2 can be activated directly by IGF-1R through PI3K dependent
mechanism. mTORC2 phosphorylates Akt resulting in an increase of its kinase activity by 10-
fold and therefore plays an essential role in cell survival as Akt inhibits the activity of pro-
apoptotic protein Bad, plus it inhibits the transcriptional activity of pro-apoptotic FOXO factors
family (1/3), preventing apoptosis. On the other hand, the anti-apoptotic FOX0O4 was found to
be upregulated in senescent cells serving their survival [90] [reviewed in [7]], Figure (4).

Metabolic Reprogramming
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Figure 4: ‘Metabolic reprogramming of senescent cells. IGF-1R signalling activates PI3K leading to membrane PIP3
enrichment serving as an anchor for 3-phosphatidylinositol-dependent kinase 1 (PDK1) and Akt activation at position T308.
Among its multiple functions, Akt indirectly enables the formation of mMTORC1. mTORC1 positively regulates protein
translation through S6K, which exerts negative feedback inhibition at the level of IGF-1R. PI3K also activates mTORC2, which
further activates Akt, increasing its kinase activity. Fully activated Akt can then efficiently inhibit pro-apoptotic Bad. Akt may
also inhibit pro-apoptotic FoxO transcription factors FoxO1/3, thereby preventing apoptosis. In contrast, antiapoptotic FoxO4
present in senescent cells also supports senescent cell viability. [7]

Immune-mediated clearance. The signalling pathways implemented in how senescent cells
escape immune-mediated clearance is quite complicated. We already mentioned how SASP
factors play an important role in regulating the immune system and evade clearance of senescent

cells. We will only focus on the upregulation of ‘do not eat me’ signal on senescent cells, as |

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

SS9 19



Introduction

will explain the rest within the section of targeting senescent cells therapeutically later. CD47
receptor expression is found to be upregulated on the surface of senescent cells as one of ‘do
not eat me’ signals, as it inhibits immune clearance by binding to the inhibitory receptor signal

regulatory protein alpha (SIRPa) on macrophages, reviewed in [91].
1.2. Cellular senescence in Cancer, suppressive or promoting mechanism?

Cellular senescence has been considered, for a long time, as a protection mechanism against
cancer and any stress that threatens the cells' genomic stability. This is true but in a time-
dependent manner. As when senescent cells accumulate overage, and the immune system fails
to eliminate them, senescent cells affect the neighbouring cells and promote tumour progression
and cell migration. In addition, several studies have pointed out the possibility of senescent
cells to escape their state, emerging as a potent form of cancer, which will be the focus of this

section.

Escape from Therapy-Induced Senescence: Senescence induced-therapy represents the small
portion of cells that survived the exposure to chemotherapy and radiotherapy, turning to a state
of prolonged cell cycle arrest or ‘tumour dormancy’ where these cells maintain the ability to
re-enter the cell cycle as a more invasive and aggressive type of tumour cells which lead to
relapse after months or years from treatment [11], Figure 5. Actually, the accumulation of
senescent cells associated with chemotherapy has been linked to poor outcome in cancer
patients [92].
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Figure 5: Escape from Therapy-Induced Senescence. Apoptosis is not the only fate for cancer cells treated with
chemotherapy or radiation as some cells undergo cell cycle arrest and eventually cellular senescence. Several studies have
pointed out the adverse effects of cellular senescence as they provide over time a survival niche through their secretome (SASP),
which promote pro-tumorigenic effects in the surrounding cells [59]. Moreover, it is suggested that those treatments activate
an incomplete cellular senescence in cancer cells, providing them later with the ability of emergence and re-enter cell cycle as
a more potent form of cancer that is highly drug-resistant [93,94]. Therefore, it is essential to find therapeutic strategies that
eliminate those cells and prevent possible tumour relapse or other malignancies related to senescent cells accumulation [95].

Among the early studies that described this ‘biological phenomena’; EImore and his colleagues

worked on (p53 wt, p16'"N%% null) MCF7 breast cancer cells, where they found that a small
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portion of senescent cells induced by treatment with doxorubicin (Adriamycin) have the ability
to escape cell cycle arrest. They described it as a way for cancer cells to resist chemotherapeutic
treatment [96]. In a similar study, senescent cells from H1299 lung cancer cells (also deficient
of p16'NK4a and p53 null) after treatment with camptothecin also have the capacity to evade
senescence and resume proliferation [97]. In both cases, they linked the ability of senescent
cells induced by treatment to escape growth arrest to the overexpression of cyclin-dependent
kinase cdc2. Moreover, using cdc2 inhibitors or knocking down the expression of cdc2 by small
interfering RNA hindered the senescence escape [97]. Additionally, in the same study, they
found that the frequency of senescent cells to escape is 1 to 10% which indicate that this

biological phenomenon is quite rare.

As it has been known for ages, ‘change is hard,” especially in the case of scientific beliefs; it
takes a lot of research and time for a new scientific discovery to take place. Therefore,
researchers were hesitant about the senescence escape since it has been well known to be an
irreversible growth arrest and a tumour suppressive mechanism, and conservative researchers
used the terminology ‘senescence-like’, ‘pseudo senescence’ [11] or ‘accelerated
senescence’[97] to describe these cells. Moreover, it was hard to prove that the emergent cells
were originated from senescent cells treated with chemotherapy or that the tumour relapse could
be related to SASP and not to emergent cells. Saleh and his colleagues gave the ultimate proof
by isolating senescent cells induced by chemotherapy from different cancer cells, using single-
cell flow cytometry-based sorting, based on their size and senescence-associated [-
galactosidase (SA-B-gal) activity. These cells were able to recover proliferating capacity and

form tumours when implanted in vivo in mouse models [98].

Senescence emerged cells from cancer therapy are associated with many features, such as
polyploidy, stemness, and aggressiveness [11]. Polyploidy in senescent cells has been linked
to the ability of those cells to resume cell division [99,100]. In addition, Wu and his colleagues
found out that almost 40% of the polyploid senescent cells were able to take the EdU dye after
several days of senescence induction, indicating that these cells maintained the ability of DNA
replication [100]. Additionally, Wu and his colleagues reported in their studies that the
overexpression of Cdc2/Cdkl kinase and their downstream effector survivin are strongly
correlated with survival and senescence escape as well the formation of polyploid in senescent
cells during cancer therapy [100,101]. Interestingly, Rajaraman and colleagues suggested

neosis as the mechanism of self-renewal in tumour cells and the possible mechanism of
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senescence escape [102,103]. According to them, neosis is a novel form of cell division where

cells are generated from senescing polyploid mother cell by budding [102,103].

Stemness and aggressiveness: Important signalling factors in senescence, such as p53/p21 and
p16/Rb, also regulates stem-cell function (also known as stemness) [104]. Milanovic and his
colleagues in the Schmitt group studied the link in signalling pathways between senescence and
stemness. They came up with SAS ‘senescence-associated stemness’ as a new feature in
senescent cells initiated from chemotherapy. In their study, a single treatment with Adriamycin
on Ep-Myc-Bcl2-overexpressing lymphoma resulted in senescent cells with elevated
expression of stem cell-related genes. These cells have the ability to escape cell cycle arrest and
form cells with cancer stem cells properties, i.e., tumour initiating cells. The latter cells have a
more aggressive nature as they form colonies in vitro and more malignant tumours after

implanting them in mouse models (immunosuppressant models) [10] [reviewed in [11,105]].

Interestingly, in another study, cells escaped from oncogene-induced senescence OIS after a
long period of cell cycle arrest due to epigenetic changes. This senescence escape was
facilitated by the derepression of hTERT gene expression, an enzyme that provides cellular
mortality. Furthermore, cells that escaped senescence displayed high oncogene expression
levels and retained functional DNA damage responses, making them targetable for DNA

damage agents [106].

Senescence induced therapy is a type of Tumour dormancy? There is a scientific debate on
whether to consider senescent cells initiated from cancer therapy as a tumour dormant cell or
not. Saleh et al. review article [11] stated the similarities between senescence and tumour
dormancy in comparison to quiescence. It argued that these cells would go through
morphological and genetic changes plus the escaped cells are more aggressive than the cells

they originated from.

In summary, therapy-induced senescence is potentially reversible through the inactivation of
p53, p16(INK4A) and/or Rb, over-expression of Cdc2/cdkl and survivin, the development of
polyploidy, the survival of cancer stem cells and restoration of the nuclear landscape. This shed
light on the importance of finding new cancer therapies and possible treatments that target

senescent cells. Cellular senescence relation to cancer is a two-edged sword.

1.2.1. Our lab findings regarding Senescence associated with chemotherapy.
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The main interest of our lab is to understand the cellular signalling pathway in senescent cells
and its relation to cancer as a suppressive or promoting mechanism. We focused mainly on
cellular senescence escape after chemotherapy treatment and how it can promote cancer
recurrence and relapse. In our research on colorectal cells treated with irinotecan (a first-line
treatment used in colorectal cancer that induced senescence), we noticed a subpopulation that
was able to escape the cellular senescence state and emerge as a more aggressive cancer cells,
as these cells were able to form tumour after injecting them in mice. They can also grow in low
adhesion conditions. Their survival is dependent on MCL-1 signalling and, to a lesser extent,
BCL-XL [107]. Inhibition of MCL-1 blocked emergence and improved treatment results with
irinotecan [107]. In continuation with the previous study, we found that Akt is activated in
senescent cells within the first 24 h after treatment with irinotecan. Akt pro-survival signalling
pathways are well understood. Upon inhibiting Akt in treated colorectal cancer cells with
irinotecan, it resulted in treatment enhancement and prevented cellular senescence emergence
both in vitro and in vivo. This was linked to the downregulation of p21"2" and inhibition of
MCL-1 by Noxa upregulation. We also established that the p53-p21 signalling pathway in
senescent cells promote cell emergence as its downregulation resulted in treatment
improvement due to apoptosis induction [108]. In addition, we were also interested in TSP-1/
CDA47 signalling pathway important role in cellular senescence and emergence in both

colorectal and breast cancer cells, which will be explained in detail in the following section.
1.2.1.1.The role of the TSP1- CD47 pathway in senescence escape.

TSP1 is a homotrimeric glycoprotein. Each TSP1 subunit comprises of N- and C-terminal
globular domains and a thin connecting strand, Figure 6. TSP1 has several diverse functions
depending on the interactions between its structural domains and multiple cell surface
molecules. TSP1 acts as an angiogenesis inhibitor by stimulating endothelial cell apoptosis,
inhibiting endothelial cell migration and proliferation, and regulating vascular endothelial
growth factor bioavailability and activity. In addition to angiogenesis modulation, TSP1 also
affects tumour cell adhesion, invasion, migration, proliferation, apoptosis and tumour immunity
[109,110].
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Figure 6: Thrombospondin 1 structural domains and their functions: TSP1 monomer consist of N and G domain connected
with a thin strand. Each domain’s receptors and ligands and the activities resulted from their interaction are listed above
[109,111].

The G domain, also called the cell-binding domain (CBD), is the domain that binds to the CD47
receptor [112]. CDA47 is a signalling receptor for the secreted matricellular protein
thrombospondin-1 and the counterreceptor for signal-regulatory protein-o (SIRPa), which on
phagocytic cells recognises CD47 engagement as a marker of self [113]. Several studies
indicate two opposing roles for CD47 in cell survival. Mice lacking CD47 or TSP1 are resistant
to tissue stress associated with ischemia, ischemia/reperfusion, and high dose irradiation. The
survival advantage of ischemic CD47- and thrombospondin-1-null tissues is mediated in part
by increased nitric oxide/cGMP signalling [114]. Radio resistance associated with CD47
blockade is cell-autonomous and independent of NO signalling, indicating that additional pro-

survival signalling pathways are controlled by CD47 [115].

Engaging CD47 in some cell types triggers programmed cell death [116]. BCL2/adenovirus
E1B 19 kDa protein-interacting protein 3 (BNIP3) is a pro-apoptotic BH3 domain protein that
interacts with the cytoplasmic tail of CD47 and is implicated in CD47-dependent cell death.
Furthermore, CD47 ligation alters localisation of the dynamin-related protein Drpl, which
controls mitochondria-dependent death pathways [115], and some tissues in CD47-null and
thrombospondin-1-null mice show increased mitochondrial numbers and function. Actually,
mitochondrial-dependent cell death pathways involving Bcl-2 are limited by the autophagy

regulator beclin-1, and it was found recently that CD47 signalling limits the induction of beclin-
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1 and other autophagy-related proteins in irradiated cells. Therefore, blocking CD47 increases

the protective autophagy response, which explains the radioprotective effect of CD47 blockade.

In contrast, elevated expression of CD47 confers to an indirect survival advantage in vivo. As
when CDA47 link to SIRPa on macrophages, it prevents phagocytic clearance [113], which

explains the elevated expression of CD47 on several types of cancer cells and stem cells [117].

Therefore, our lab was interested in studying the TSP1-CD47 pathway and its effect on
senescence escape. In a previous study using SWATH quantitative proteomic analysis, we
found that TSP1 can be detected in the serum of patients suffering from triple-negative breast
cancer and that its low expression was associated with treatment failure [118]. Moreover, in
another study on breast and colorectal cancer cells, we found that TSP1 blocked senescence
escape in LS174T cells after treatment with Sn38; however, this was not the case among using
antibody B6H12 that blocks the CD47-TSP1 binding, this proves that TSP1 is necessary for
preventing senescence escape. Also, in the same study, we found that the emergent cells have
low CD47 expression and was explained by the lesser expression of p21lwafl in these cells
compared to the arrested one. The low expression of p2lwafl is correlated with the
upregulation of Myc, which in turn repress CD47 expression generating CD47"" population
[119], promoting their survival. As a reminder to evade confusion, we already explained how
p21 has two opposing roles: oncosuppressive and oncopromoting, depending on its interaction
with p53.

In conclusion, TSP1/CD47 signalling pathway represents a promising way for targeting

senescent cells.
2. Senescent cells to clear or not to clear?

As discussed extensively in this introduction, cellular senescence is a physiological
phenomenon that can be beneficial (tumour suppression, wound healing and embryogenesis) or
deleterious (tumour progression and age-related diseases) depending on the onset nature and
the accumulation of these cells with time. This led to the invention of two types of therapies,
pro-senescence and anti-senescence therapies. Anti-senescence therapies grabbed the attention
of several researchers investigating different strategies to target senescent cells, such as
eliminating senescent cells, opposing the SASP effects and enhancing the efficiency of the
immune system in eliminating senescent cells. Researchers debate that the outcome of these
therapies is far more beneficial than the possible side effects. However, it is important to find

therapies that solely target/ eliminate senescent cells, and this can be achieved by grasping the
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molecular pathways that govern cellular senescence and find possible molecules that work on
senescent cells only. Also, there is the possibility to combine these therapies with other
technologies like drug delivery, for instance, using nanomedicine to achieve better results and
reduce the side effects. All of this will be discussed in detail in the next point.

3. Therapeutic approaches regarding/targeting senescent cells.

There is a growing interest in targeting cellular senescence therapeutically in order to prevent
age-related diseases accompanied by senescent cells accumulation and improve the health
quality with age and possibly increase the life span. Indeed, this is still a growing research
where there is still much to comprehend. The first to report the beneficial outcome from
preventing senescent cells accumulation were Krishnamurthy and his colleagues [120] in 2004
where they found that slowing the accumulation of senescent cells in specific models of mice
(Calorically restricted mice and Ames dwarf mice with pituitary hormone deficiencies) due to
reduction in Ink4a/Arf expression, increased their healthspan and lifespan [reviewed in [121]].
Since then (2004/2005), much effort has been invested in finding new pharmaceutical drugs
that eliminate and target senescent cells. These drugs are based on the biological pathways that
are unique to senescent cells and therefore were divided into three categories: 1) senolytics that
eliminate senescent cells, 2) immune modulators that enhance the immune system efficiency
in targeting and eliminating senescent cells, 3) and lastly SASP modulators or senostatic that
prevent the inflammation effect of SASP components. The discovery history of these
therapeutic molecules with their therapeutic potential and the possible side effects will be

discussed extensively in the upcoming points.
3.1. Senolytics/ Senolytic drugs

Several approaches were studied to eliminate senescent cells; the early ones suggested the
concept of preventing the formation of cellular senescence by inhibiting/ inactivation the
cellular pathways that lead to senescence; however, this could be disastrous as the inactivation
of some of these pathways can promote cancer formation which is the case of inhibition of
p16'NK4e Rb and p53 [122,123] [reviewed in [64]]. Others worked on finding therapeutic
methods for eliminating already formed senescent cells that would reduce the burden these cells
cause by accumulation upon time, leading to cancer and other age-related diseases. Baker and
his colleagues used BubR1"" mice with a significantly shortened life span and several age-
related diseases as an in vivo model for their study where they introduced these mice with a

novel transgene INK-ATTAC, these mice different tissue contain a high amount of senescent
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cells with high p16™K42 expression. Upon treating these mice with AP20187, it killed only
senescent cells while normal ones were not affected, and that is due to the activation of ‘suicide’
protein ATTAC, which was only expressed in senescent cells expressing p16'NK4a [124].
Treated mice showed a better healthspan.

Dr. Kirkland lab followed another therapeutic approach led by the ‘hypothesis-derived
discovery paradigm’[121] by answering the following question: how senescent cells can resist
apoptotic signals although living in a harsh proapoptotic surroundings caused by SASP?
[121] And by mapping and comparing normal and senescent cells pathways, they found that
their survival is due to the upregulation of pro-survival pathways, and they hypothesised that
by finding small molecules that can block/ interfere with these pathways, they can eliminate
senescent cells. Therefore they came up with the ‘senolytics’ [68] idiom in 2015 to describe
these therapeutic molecules. In their study, they used small interference RNA ‘Senolytic
siRNA’ in order to check which pro-survival pathways that upon interfering would Kkill
senescent cells; among the 39 transcripts to knockdown, 17 were able to affect the viability of
senescent cells and 6 out of those were induced senescent cell death [68]. Pro-survival pathways
in senescent cells that have been identified as suitable targets for senolytics are: BCL-2 protein
family, the p53/p21 axis, PISBK/AKT, receptor tyrosine kinases, and the HIF-1a and HSP90
proteins [68,125].

BCL-2 protein family are well studied at the molecular level. They consist of pro-apoptotic
proteins and anti-apoptotic proteins. When the balance shift between these proteins, it can lead
to survival or apoptosis. Anti-apoptotic proteins (BCL-2, BCL-XL, BCL-W) have been
reported to be upregulated in several types of cancer and the reason behind chemotherapy
resistance for some types of cancer [126]. Moreover, other studies also proved that anti-
apoptotic proteins are also upregulated in senescent cells leading to their survival and resistance
to apoptotic signals. Therefore, they represent an attractive target as blocking or silencing those
proteins will initiate programmed cell death in senescent cells. Since BCL-2 proteins are well
studied in cancer, there are already several pharmaceutical candidates that some of them have
reached clinical studies. The most famous one is ABT-737, a small molecule that has BH3
mimetic domain with a high affinity to the anti-apoptotic proteins BCL-2, BCL-XL and BCL-
W, inhibiting them from binding to pro-apoptotic proteins that have BH3 domain resulting in
initiating apoptotic signal [127,128]. Yosef and his colleagues stated in their studies on mice
models that ABT-737 efficiently eliminates two types of senescent cells; DNA damage-induced
senescent cells in lungs due to irradiation and senescent cells accumulated in the epidermis by
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p53 activation through transgenic p14”~F [129]. They also indicated that the treatment increased
hair-follicle stem cell proliferation resulting in regrowth of hair. Important to note that in their
in vitro studies, ABT-737 eliminates senescent cells in an efficient way comparable to sSiRNAs
that silence both BCL-XL and BCL-W [129]. Navitoclax or ABT-263 is another well-studied
inhibitor for the antiapoptotic proteins (specifically BCL-2 and BCL-XL); it is an analogue of
ABT-737 and can be taken orally [130]. Similar to ABT-737, navitoclax effectively induced
apoptosis in senescent bone marrow hematopoietic stem cells and senescent muscle stem cells
accumulated in irradiated mice and naturally aged mice [131]. This resulted in the rejuvenation
of those aged stem cells tissue leading to an increase in healthspan. In another study, several
other types of senescent cells were effectively depleted by ABT-263, particularly human
umbilical vein epithelial cells, IMR90 human lung fibroblasts, and murine embryonic
fibroblasts but it was not the case for human primary preadipocytes [132]. Childs and his
colleagues found that atherosclerosis lesion are rich with senescent foamy macrophages, and
upon treating atherosclerosis prone mice with ABT-263 for 9 days, it reduced the onset of the
diseases [133]. Although the mentioned BCL-2 inhibitors showed promising results in several
types of senescent cell models in vitro and in vivo, they are not universal senolytics as they do
not work on all types of senescent cells. Moreover, clinical studies reported that these two drugs
have several side effects and some toxicity, including neutropenia and thrombocytopenia
related to their effect on neutrophil and platelet viability [134,135]. Consequently, those clinical
studies were impeded from going further, and there was a persistent need to find other specific
inhibitors of BCL-2 anti-apoptotic proteins that can be better pharmaceutical candidates.
A1331852 and A1155463 were developed as specific inhibitors for BCL-XL, they showed
senolytic activity in human umbilical vein endothelial cells, IMR90 cells, but not preadipocytes,
and it is expected to be less toxic [136]. In another study, genetically modified mice as a model
of biliary liver fibrosis were treated with A1331852, which resulted in an 80% reduction of
senescent cholangiocytes and therefore reduced liver fibrosis and liver injury [137]. In spite of
that, platelets viability is dependent on BCL-XL, so these inhibitors are expected to cause
thrombocytopenia, too [125]. Also, they most probably are less effective in eliminating
senescent cells, whose survival is more dependent on BCL-2 and BCL-W [125,129]. It is also
worth mentioning another inhibitor of the BCL-2 family, ABT-199, an orally available specific
inhibitor of BCL-2, therefore not inducing thrombocytopenia [138]. ABT-199 is effective in
cancer models dependent on BCL-2. However, it was not the case for the senescent cells as
alone was not successfully efficient in eliminating senescent cells. Better results were achieved
only upon combining ABT-199 with other inhibitors of BCL-XL or BCL-W [67]. Altogether,
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these antiapoptotic inhibitors showed promising results as senolytics; however, their toxicity
hinders the clinical trials from going any further. There are several other attempts to overcome
the toxicity; one of them is to administrate those inhibitors locally to their site of action instead
of systemically, which would reduce their side effects. An example, intra-articular injection of
UBXO0101, a BCL-2 inhibitor, resulted in eliminating senescent cells and consequently impaired
the development of osteoarthritis, reducing pain and improving cartilage development in the
aged mice model [139]. Also, drug delivery approaches might be handful in reducing the side
effects of these inhibitors.

p53/p21 axis is essential in cell cycle arrest, senescence, and apoptosis. We explained before
its role in cellular senescence, whether in DDR or SASP. Although it was proposed as an
attractive target for senolytic candidates, there are only two molecules up to now (FOXO4
peptide and USP7 inhibitors) that interfere and target the p53/p21 axis and possess senolytic
activity [69,140]. A modified FOXO4 peptide interferes in the interaction between p53 and
FOXO4, leading to p53 release from the nucleus, which results in initiating cell-intrinsic
apoptosis in senescent cells [69]. Additionally, in in vivo studies, FOXO4 peptide neutralised
doxorubicin-induced chemotoxicity under conditions where the treatment was well tolerated.
Furthermore, treatment with FOXO4 peptide extended the health span of fast aged and naturally
aged mice as it restored their fitness, fur density, and renal function [69]. A recent study
proposed USP7 as a novel target for senolytic drugs, as inhibition of USP7 result in
ubiquitination of MDM2 and its degradation by the ubiquitin-proteasome system. Sequentially,
p53 level increase inducing pro-apoptotic proteins (PUMA, NOXA, and FAS) and selectively
killing senescent cells [140], Figure 7. Both USP7 inhibitors, P5091 and P22077, promoted
apoptosis in senescent cells while there was no significant effect on the viability of non-
senescent cells. Furthermore, in vivo studies on mice treated with doxorubicin to induce cellular
senescence were later treated with P5091, resulting in vast elimination of senescent cells and
also downregulation of several SASP components. All that while no significant effect on the
body weight of the treated mice, white and red blood cells, platelets and haemoglobin [140].
As it is clear, both senolytics mentioned do not work directly on p53/p21, and actually, up until
now, there are no specific senolytics that target directly p53/p21 axis. Therefore, there is much

space to improve and develop novel senolytics that impact that pathway.
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Figure 7: USP7, MDM2 and p53 axis and the role of USP7 in regulating p53 activity. In cancer cells, senescent cells or in
case of genomic stress, USP7 leads to deubiquitination of MDMZ2, preventing its degradation by the ubiquitination proteosome
system, which in return results in p53 degradation [141]. Therefore, inhibiting USP7 by small molecules such as P5091 or
knocking it down using siRNA improve p53 activity and stability, which induce pro-apoptotic proteins expression such as
PUMA and NOXA, and prevents the interaction between anti-apoptotic BCL- family proteins which result in the end in
apoptosis program induction in those cells [140].

HSP90 is a chaperone protein, which is essential for the stabilisation and degradation of other
proteins [142]. Recent studies proposed HSP90 as a novel target for developing senolytics
[143], the senolytic activity will be associated with disruption of the PI3BK/AKT pathway as
follows: as we mentioned before, PISBK/AKT is one of the upregulated pathways in senescent
cells that serves senescent cell survival and resistance to apoptosis. AKT kinase activity is
essential to suppress apoptosis by impacting mTOR, NF-kB, FOXO3A, and other signalling
pathways [7]. HSP90 is important for the stabilisation of AKT factor, and therefore HSP90
inhibitors will lead to destabilisation of AKT and eventually increase apoptosis [143,144]. 17-
DMAG, an inhibitor of HSP90, was studied for cancer treatment, and when tested on senescent
cells in vitro and in vivo of progeroid mice, it resulted in vast elimination of senescent cells,
delayed the onset of several age-related symptoms, and increased health span of treated mice
[143]. Although 17-DMAG has promising results however in this study, they recommended
combining HSP90 inhibitors with other types of senolytics that affect other pathways to have

even far better results [143].

Senolytic combinations Quercetin and Dasatinib Q+D. Senescent cells depend on several
pathways for their survival. Therefore, a combination of senolytic drugs targeting different
survival pathways might be more effective at lower doses and, consequently, with fewer
possible side effects. The effect of combining quercetin and dasatinib was first published by
[68]; dasatinib (D) is a tyrosine kinases inhibitor that is FDA approved for treating Leukaemia,

it has been effective in eliminating senescent human preadipocytes, but it was not the case for
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senescent human umbilical vein cells HUVECs. On the other hand, quercetin is a flavonoid
available naturally that works through targeting BCL-2 family members, HIF-1a, PI3K, and
p21-related anti-apoptotic pathways [145] and has been more effective in eliminating senescent
human umbilical vein cells HUVECs. Combining Q+D selectively killed both types of
senescent cells while it did not affect the proliferating capacity of non-senescent cells [68]. In
vivo results of treating geriatric mice and other models of ageing (radiation-exposed and
progeroid Ercc1’?) with and Q+D revealed a decrease of the senescent cells burden in these
models; moreover, it improved the cardiac function and exercise capacity in those models. Also,
treating progeroid Erccl”™ mice with several doses resulted in delaying several ageing
symptoms such as osteoporosis leading to extended health span [68]. Q+D combination had
several promising results in vitro and in vivo; it is now being tested in several clinical studies

for ageing diseases that will be mentioned later.

Another reported combination of senolytic drugs was dasatinib and A1331852 [145]. However,
up to date, this combination was tested for anticancer effect only and not yet for a possible
senolytic activity. Therefore, it would be interesting to study this combination in eliminating

senescent cells with higher efficacy.

Natural compounds with senolytic activity. Other than quercetin, fisetin is a naturally
available flavonoid that has been studied for its senolytic activity since it is similar in its
composition to quercetin. Fisetin as a flavonoid is a potent antioxidant [146] and has been
reported to have several other biological activities, for instance, antihyperglycemic, anti-
inflammatory, and anti-carcinogenic effects [136,147]. Similar to quercetin, fisetin was
effective in eliminating HUVECs senescent cells but not senescent human preadipocytes [136];
its senolytic activity is linked to its interaction with several cellular pathways such as
PI3K/Akt/mTOR, PARP1 and NF-«xB [reviewed in [148]]. Piperlongumine is another natural
compound with senolytic activity. It has first been studied for its anticancer effects since it
induces apoptosis in cancer cells by promoting ROS formation [reviewed in [148]]. However,
another study revealed that its apoptotic activity is more related to its interaction with the NF-
kB pathway [149]. Whether its senolytic activity is dependent on ROS formation or interfering
with NF-«B is not yet fully understood [reviewed in [148]].

Metabolic targeting, we explained extensively in section 1.1.4 the unique metabolically
activity of senescent cells and how they depend on UPR and autophagy for survival and

maintaining homeostasis. Therefore, these cellular pathways represent an exciting approach for
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targeting and eliminating senescent cells. For example, inhibition of glucose transporters by
phloretin or cytochalasin B, or inhibition glycolysis by 2-deoxy-D-glucose 2DG, resulted in
reduced viability of therapy-induced senescence TIS lymphomas [150]. Similar results were
also obtained upon suppressing fatty acid oxidation by etomoxir or ATP depletion by
antimycin, leading to TIS selective toxicity [150]. Moreover, targeting autophagy by using
lysosomal V-ATPases selective inhibitors, particularly bafilomycin Al or concanamycin A,
eliminated TIS cells efficiently, which was comparable to the results obtained with knocking
down p62/SQSTML (a protein that monitors the autophagy process) [150].
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Figure 8: An example of survival pathways in senescent cells and possible senolytics that target them.
3.2. Immune modulators and immune-mediated interventions.

Senescent cells supposed to be cleared naturally by the immune system, which is called immune
surveillance. We already explained (in section) how the secretory phenotype plays an important
role in that, as the secreted cytokines and chemokines attract the immune cells. However, when
senescent cells accumulate and become persistent, they can affect the immune system through
the SASP as well and evade the clearance by the immune system. Moreover, with ageing, the
immune system efficiency decline in clearing and eliminating senescent, stressed, or tumour
cells, which is known by the immune senescence. So, this section is dedicated to therapeutic
molecules that enhance the immune system efficiency in clearing senescent cells instead of

targeting senescent cells directly.
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NKG2D ligands (MICA & ULBP2). Before diving into therapeutic approaches of immune
modulators, we will explain first some critical aspects in immune surveillance regarding
senescence. Senescent cells upregulate specific ligands (MICA and ULBP2 proteins) on their
surface, which are recognised by the NKG2D receptor on Natural Killer (NK) cells. This
interaction facilitates the elimination of senescent cells by NK-mediated cytotoxicity through
granule exocytosis and not through death receptors as they are suppressed by the expression of
decoy receptors on senescent cells [151,152]. These ligands are upregulated on the cellular
surface of senescent cells induced by several stimuli such as (replicative senescence, oncogene-
induced senescence, and DNA damage-induced senescence). The upregulation of NKG2D
ligands is initiated by the DDR and maintained by the ERK signalling pathway. It is important
to note that those ligands are not present in normal and quiescent cells [151]. Additionally,
NKG2D receptors expression on NK cells does not change with age, but the efficiency
decreases. Therefore, one therapeutic approach was to boost the immune system by using
immune stimulator polyinosinic-polycytidylic acid (polyl:C) that induce interferon-y and
improve NK efficiency in eliminating senescent fibrotic cells in the liver, and reducing liver
fibrosis in treated mice [153]. However, using such a potent immune stimulator in the aged

immune system might add an extra burden since it is chronically activated [125].

Senescent cells can also activate an adaptive immune system for elimination. For instance,
senescent hepatocytes induced in the liver by hepatic expression of Nras®'?V undergo immune-

mediated clearance by CD4+ T cells with the help of monocytes/ macrophages as well [154].

Chimeric antigen receptor T-cells CAR-T cells. The knowledge gained in immune therapies
adopted in treating cancer can be applied as well for senescent cells. For example, the approach
of engineering immune cells that target specific ligands on cancer [155] cells might also be
effective in the case of senescent cells. In a recently published study, chimeric antigen T-cells
CAR-T cells were engineered to target plasminogen activator receptor (UPAR), a cell-surface
protein that is upregulated during senescence. These cells were called ‘Senolytic CAR-T Cells’
as they were capable of eliminating senescent cells in vitro and in vivo [156]. These cells were
able to alleviate some senescence-associated pathologies in treated mice; for example, mice
with lung adenocarcinoma treated with a senescence-inducing combination of drugs, treatment
with uPAR-specific CAR-T cells eliminated senescent cells in lungs and extended survival of
treated mice. It also reduced liver fibrosis in treated mice as well [156]. In addition, a review
article about cellular senescence immunotherapy [157] suggested engineering NKG2D specific
CAR-T cells as a promising possible treatment.
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Antibody approach. Another mechanism that boosts the immune system is by selectively
blocking immune checkpoints, such as programmed death PD-1 on T-cells. These checkpoints
are responsible for regulating the immune system and maintaining its haemostasis [158]. PD-1
has an inhibitory effect on T-cells, and its ligand PD-L1 has been reported to be upregulated in
tumour and senescent cells as well; therefore, blocking PD-1 with a selective antibody has been
effective in cancer immunotherapy. It also reduced pathologies and improved memory in mice
models of Alzheimer’s disease [159]. These effects are mediated by induction of interferon
(IFN)-y—dependent systemic immune response, leading to monocytes-derived macrophages
recruitment [159]. In addition, downregulation or inhibiting of PD-L1 on the surface of
senescent cells would prevent their inhibition to the immune system and improve immune

system surveillance [reviewed in [157]].

Similarly, other upregulated ligands on senescent cells can be targeted using specific antibodies
to facilitate immune-mediated clearance. For instance, dipeptidyl peptidase 4 DPP4 was found
to be selectively expressed on the surface of senescent fibroblast but not proliferating human
diploid fibroblasts. This is beneficial for senescent cells elimination by NK-cells through an
antibody-dependent cell-mediated cytotoxicity (ADCC) assay [160]. In a recent study, an
oxidized form of membrane-bound vimentin (MDA-vimentin) has been identified as a novel
biomarker for senescent fibroblasts [161], which provides a promising target for senescence

immune therapy.

Although the antibody approach was not that promising in cancer treatment as it is necessary
to eliminate all malignant cells. However, this is not necessarily the case in cellular senescence
[64], as a decrease in 30% of senescent cells in the body were able to alleviate age-related
pathologies and extended health span in progeroid and normal chronologically aged mice
[reviewed in [162]].

Decoy death receptors as a possible therapeutic target. In the extrinsic apoptotic pathways
section, we already mentioned how senescent cells express decoy death receptors as a
mechanism to oppose apoptosis. These receptors compete with death receptors in binding to
their ligands, inhibiting downstream signalling pathways initiated by the death receptors

(DR4/5). Therefore, it presents an attractive target immune therapy [reviewed in [125]].

Vaccines against senescent cells & virotherapy. In a very recent study, vaccination against
specific surface markers that appears on senescent T cells has been reported as a novel

mechanism to eliminate those accumulated cells from fat tissue in an obese model of mice.
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Senescent T cells accumulated in fat tissue with age produce proinflammatory cytokines,
resulting in metabolic disorders and cardiovascular diseases. Obese mice model treated with
CD153 vaccine showed improved glucose tolerance and insulin resistance [163]. Virotherapy
is another therapeutic approach that has been well studied in cancer, and some candidates even
reached clinical study; therefore, such application can be adapted for cellular senescence as
well. For instance, oncolytic measles vaccine viruses have been used to eliminate therapy-

induced senescence TIS [164].

Immune senescence. Immune cells are also subject to senescence, known by the immune
senescence, and it is responsible for the immune system impairment and senescent cells
accumulation in the body. Therefore, one of the approaches to eliminating senescent cells is
targeting immune senescence and retrieving its efficiency. One of those approaches is using
senolytics drugs already mentioned against the senescent immune cells. Others suggested
reversing the senescence state in immune cells by rejuvenating them [reviewed in [157]]. For
example, blocking p38 MAPK signalling in CD8+ T senescent cells results in reversing the
senescent state, and the cells resume proliferating with an increase in telomerase activity,
mitochondrial biogenesis, and fitness [165]. Another study reported that novel small molecules
based on resveratrol could alter mRNA splicing, which leads to reversal of cellular senescence
in human primary fibroblasts [166]; such mechanism might be applicable to the senescent
immune system as well [reviewed in [157]]. Another mechanism to restore the immune system
efficiency was by using specific antibodies linked to magnetic beads or nanoparticles that will
identify senescent immune cells and facilitate filtering them from the blood by specific devices
[167,168].

Collectively, the mentioned immunotherapies seem promising; however, it is still juvenile
research regarding cellular senescence, and there is much space for improvement and a lot to

comprehend.
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Figure 9: Some of the several approaches of immunotherapies targeted against cellular senescence.

3.3. SASP modulators / senostatics (small molecules that prevent developing the SASP or

ameliorate its effect)

Senostatics or senomorphics represent drugs that suppress senescence by either blocking the
development and secretion of SASP detrimental components or damping its effect. This
provides an alternative therapeutic approach where eliminating senescent cells might be more
harmful than beneficial, such as in the case of wound healing and tissue regeneration. Section
1.1.3 contains all necessary information about the beneficial and deleterious roles of the SASP
and all the pathways that govern its development. In summary, SASP regulators, mTOR
pathway, p38 MAPK signalling pathway, PI3K pathway, and GATA4/p62-mediated autophagy
activate the transcription factors NF-xB and C/EBP at several levels and therefore control the
induction of the SASP. Luckily, those pathways have been studied and understood well, and
there are already several drug candidates that the FDA already approves. In a recently published
review article [169], they divided therapeutic strategies targeting SASP into NF-kB dependent

and NF-xB independent, which we will follow as well.

NF-kB dependent therapeutic strategies. Anti-inflammatory drugs such as glucocorticoids
were suggested as a possible therapeutic approach to modulate the SASP inflammatory effect.
Persistent inflammation is one of the main deleterious effects of the SASP that occurs due to
the accumulation of senescent cells and has been tightly linked to many senescence-induced

pathologies. Glucocorticoids are steroid hormones with potent anti-inflammatory effects and
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have been FDA approved for treating several pathologies such as autoimmune diseases and
asthma [170]. Regarding the SASP, glucocorticoids were found to have the ability to suppress
the SASP by downregulation of the transcriptional activity of NF-kB [171], leading to reduced
secretion of several SASP components [172]. The only problem is that to sustain this effect;

glucocorticoids need to be taken on a long term, which is accompanied by severe side effects.

Metformin is another FDA approved drug that has been studied for its possibility to dampen
the SASP. Metformin is mainly used to treat diabetes; however, in a post-trial follow up on
diabetic patients who received metformin treatment, these patients had a risk reduction for
microvascular diseases and myocardial infarction [173]. Moreover, cancer and mortality
reduction has also been linked to metformin treatment in diabetic patients [174]. It was recently
found that Metformin inhibits the transcriptional activity of NF-xB by blocking its translocation
to the nucleus [175], which the previously mentioned therapeutic effect might be linked to.
Since NF-kB is the master regulator of inflammatory gene expression, Moiseeva et al. took the
initiative and proved that Metformin reduced the inflammatory phenotype of the SASP by
inhibiting the production of several proinflammatory cytokines in senescent cells [176].
Interestingly, in the same study, they found that metformin treatment did not reduce the
expression of anticancer cytokines such as interferon, suggesting that it only modulates the
SASP inflammatory phenotype without affecting its possible anticancer effect [176]. Another
study addressed Metformin as a senostatic drug reprogramming the SASP profile by inhibiting
the mTOR/stat3 pathway [177]. Other studies have pointed out that combining metformin with
chemotherapies resulted in prolonging tumour recurrence in mouse cancer models [178,179].
All these studies set the base for metformin clinical studies regarding its possible effect on
improving health and life span in humans (NCT02432287), reviewed in [169].

IxB is a master regulator of NF-kB transcriptional activity®. Several natural compounds, for
instance, resveratrol [180] and flavonoids (kaempferol, apigenin and wogonin), were found to
attenuate the SASP, which can be attributed to their interaction with IxB kinases [181].

As we repeatedly explained before, mMTOR has an important role in establishing the cellular
senescence and its secretory phenotype through its interaction with several essential pathways
in senescent cells, such as DDR and autophagy. Regarding SASP, mTOR regulates the
expression of IL-1«, which through its receptor establish a positive feedback loop that

empowers the NF-kB transcriptional activity [182]. Consequently, mTOR inhibitors, in

B already explained the role of IkB in SASP section.
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particular rapamycin and its analogues (rapalogs), abolish the SASP by downregulation of the
IL-1 o expression, interrupting the IL-1 o positive feedback loop [182]. Moreover, rapamycin
blocks MAPKAPK2/MK2 translation, which results in the degradation of several SASP

components? [47].

Another important SASP transcriptional regulator is the p38 MAPK kinase. Downregulation or
inhibition of this kinase or one of its downstream effectors significantly impacts SASP
production [44]. SB203580, UR-13756 and BIRB 796 are some examples of p38 inhibitors that
have been studied and showed promising results in suppressing SASP expression [45].
Actually, BIRB 769 has already reached phase Il in clinical trials [45]. MK2 inhibitor PF-
3644022 (MK2 is a downstream effector of p38 MAPK) has also been proven to be able to
suppress the SASP [45].

NF-kB independent therapeutic strategies/ (JAK/STAT) pathway inhibitors. C/EBPJ is
another critical transcription factor that is activated in senescent cells and facilitates the
expression of several SASP inflammation cytokines such as IL-6 and IL-8. Through their
feedback loop, those cytokines maintain the activation of the transcription factors to maintain
SASP production. JAK/STAT (Janus kinase/signal transducer and activator of transcription)
pathway is an important part of this mechanism, as it mediates the activation of C/EBPJ when
IL-6 binds to its receptor [183], Fig (10). JAK/STAT pathway has been found to be highly
activated in senescent cells [184], and its activation is not bound to IL-6 only, but other factors
such as vascular endothelial growth factor (VEGF), type /11 interferons and MCP-1 were found
to be activators of this pathway [169]. Therefore, inhibiting this pathway was suggested as a
possible method to modulate the SASP. Several JAK inhibitors have been already tested for
cancer and age-related diseases treatment. Promising results were found in both cases; for
example, in age-related diseases, inhibiting the JAK/STAT pathway resulted in enhanced
muscle stem cell function, muscle regeneration, improved physical function and metabolic
capacity, and also reduced inflammation [185], reviewed in [169,184]. While in cancer, it
improved chemotherapy treatment [186]. Some of those inhibitors are already FDA approved,
in particular Ruxolitinib (JAK 1/2 inhibitor) and Tofacitinib (JAK 1/3 inhibitor), while others
reached clinical studies, for instance, NVP-BSK805 a selective JAK2 inhibitor [187,188].

2 The mechanism in which mTOR regulates MK2/MAPKAPK?2 translation and its role in SASP regulation is already explained in SASP
section in page 4.
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Epigenetic regulators inhibitors. Senescent cells remodel their chromatin landscape in order
to activate some genes while repressing others to set their senescence program [125,189].
Epigenetic regulators are the main mediators of this remodelling, the ones that are responsible
for SASP expression are: mixed-lineage leukaemia protein 1 (MLL1), bromodomain-
containing protein 4 (BRD4), and high-mobility group box 2 (HMGB2) [189-192]. Therefore,
another treatment approach to modulate the SASP is by inhibiting specific epigenetic
regulators, resulting in a permanent effect that can be preferred more than the already mentioned
treatment since they needed to be taken periodically and results in several side effects.
Moreover, inhibiting those epigenetic regulators ‘chromatin modifiers’[125] diminishes the
senescent cells' inflammatory effect without affecting their cell cycle arrest [125,190]. All of
the mentioned information is based on knocking down those epigenetic regulators using
shRNA; however, small molecules such as JQ1 have been identified as a selective inhibitor for
BET bromodomains (BRD4) and has been used for cancer treatment [193], but it can as well
be a great candidate for SASP modulation [125].

Targeting specific components of the SASP. Instead of targeting molecular mechanisms
responsible for SASP production, targeting SASP components as an alternative treatment
method has been suggested in the review articles [125,169]. This method is based on using
neutralizing antibodies against specific SASP components such as matrix-remodelling
proteases, VEGF, or inflammatory cytokines like IL-6 and IL-8. Such antibodies are already
commercially available, for instance, siltuximab, an IL-6 antibody [194], tocilizumab for
inhibiting IL-6 receptor [195], and Bevacizumab monoclonal antibody developed against
VEGF [196]. However, the effects of these antibodies were not investigated in senescence or

SASP yet and represent interesting possible research.

One drawback of targeting the SASP production or dampen its deleterious effect is that
senescent cells are not cleared, and therefore the senostatics, senomorphics should be taken on
a more regular basis to maintain their effect, which might be accompanied by possible side
effects [162].
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Figure 10: Possible therapeutic interventions for modulating the SASP.
3.4. Bypass/ reverse of cellular senescence.

Bypass senescence or reactivating the proliferation programme in senescence is a therapeutic
method that was suggested for tissue repair and regenerative medicine. Replicative senescence
in aged tissue can affect stem cells resulting in impaired or declined in their renewal capacity.
This would lead to a decrease in the regenerative capacity in those tissues, which in the end
results in loss of organ function. Cellular senescence is described by the irreversible cell cycle
arrest; however, reactivation of the proliferation programme in senescent cells is possible in
vitro using different techniques as follows [reviewed in [169,197]]: imposing the telomerase
activity and reversing the telomere abrasion lead to a bypass of senescence [198]. Also, CBX8
(chromodomain-containing protein 8) ectopic overexpression leads to bypass of senescence as
this protein regulates the expression of several genes that are important for proliferation and
cell growth, an example: CBX8 limits the expression of INK4A-ARF locus by direct interaction
[199]. In oncogene-induced senescence, IL-6 and IL-8 play an essential role in maintaining the
growth arrest; therefore, inhibiting chemokine receptor CXCR2 that recognize IL-8 is one
method to bypass senescence [200]. The same applies to IL-6 or its receptor IL-6R; inhibiting
one of them can lead to a bypass of senescence [30]. In addition, due to the positive feedback
loop between C/EBPf and IL-6 & IL-8, inhibiting C/EBPJ could be another possible way to
bypass senescence [30]. Interestingly, in vivo reactivation of the proliferation programme in

aged tissue was achieved by Abad et al. by induction of Oct4, Sox2, KIf4 and c-Myc
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transcription factors in mice, resulting in pluripotent generation stem cells in situ, opening new
therapeutic opportunities in regenerative medicine [201]. Several genes and transcription
factors have been identified as regulators for the bypass of senescence, particularly p16INK4a,
p21Cipl/Wafl, p53, pRB, and PPP1CA. However, those genes and transcription factors were
found to be modified in tumour cells [201]. This brings us to the next point that bypass of
senescence should be pursued with caution as it can lead to the spreading of cancer cells and
tumours, which has been already reported [201]. Moreover, bypassing growth arrest in cells
with severely damaged DNA or oncogene-induced can result in their transition to a more
aggressive form of cancer cells [169].

Lastly, it is important to note that senescent cells rely on multiple regulation levels to achieve
apoptosis resistance. The traditional idea of one-drug/one-target/one-disease [121] might not
be optimal in the case of pursuing treatments for senescence. Therefore, combining senolytic
drugs that have different targets might be more effective and can also reduce side effects by the
possibility of reducing the dose. It is even more interesting to combine senolytic drugs with

SASP modulators and Immune modulators and, therefore, might achieve much better results.
3.5. Nanomedicine and drug delivery approaches.

The Nanomedicine and drug delivery systems approach has been researched extensively for
treating numerous diseases. It improves the efficacy of drugs/ therapeutic molecules loaded or
attached to those systems and decreases the possible side effects. However, only nine [202—
210] research papers have investigated using nanomedicine to treat or diagnose cellular
senescence up until now /this introduction has been written. The advantages of nanomedicine
and combining it with therapeutic approaches for senescence will be extensively explained in

the following points.
4. Nanomedicine.

So, what is nanomedicine? It is the result of the fusion between the nanotechnology field with
biomedical and pharmaceutical sciences [211,212]. The term "nanomedicine” refers to all
therapeutic and diagnostic products intended for innovated healthcare [212,213]. Moreover,
nanomedicine represents drug delivery systems in nanometre size range (typically from 1 to
100 nm as defined by the UPAC) that possess novel characteristics in order to provide medical
and pharmaceutical benefits [213,214].
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There are presently more than 50 nanomedicine products in the market, and even more than
400 nanomedicine formulations are being tested in clinical trials [215-219]. Most of the
nanoformulation approved for clinical use are intended for cancer treatment, iron deficiency
anaemia, vaccines and imaging [216,219]. The latest additions were Patisiran /Onpattro, and
COVID-19 vaccines developed by Modena and Pfizer-BioNTech [215,219]. Onpattro was
approved in 2018 for the treatment of the rare disease, transthyretin amyloidosis [220]. Onpattro
was the first lipid-based nanoparticles encapsulating nucleic acid (siRNA) [215,220]. Both
Modena and Pfizer-BioNTech COVID-19 vaccines are lipid-based nanoformulation
encapsulating mRNA [219]. In addition, both were granted an Emergency Use Authorization
by the FDA in 2020 due to the urgent need for a prophylactic approach against COVID-19
disease [219,221-224]. All of this reflects the potential, and the extent of advances
nanotechnology has reached in drug delivery.

Developing drugs at the nanoscale provides numerous advantages. For instance, working on
the nanoscale permits the possibility of modifying the essential properties of drug carriers, such
as release rate, solubility, diffusivity, biodistribution, and reduction of the dose of medication
needed to achieve the therapeutic effect and immunogenicity [225]. Moreover, nanoparticles
can be formulated in a way that ensures longer circulation half-lives, superior bioavailability,
and lower toxicity. An example encapsulating doxorubicin in liposomes reduced significantly

its cardiac and peripheral organ toxicity [225,226].

Nanoparticles represent the solution for administration problems that small therapeutic
molecules, peptides, and proteins have which compromise their therapeutic efficacy. As most
of the small organic molecules manifest low aqueous solubility and more than 40% of all
therapeutic molecules failure are due to insufficient drug delivery [227]. On the other hand,
therapeutic peptides and proteins can induce an immune response, are subject to enzymatic
degradation rendering them with a short half-life, and lastly, they have poor permeability

through biological membranes [228].

Nanoparticles can be classified based on their composition into polymer-based, lipid-based,
protein-based, inorganic nanoparticles, viral vectors and drug conjugates. Therapeutic
molecules can be either loaded in the nanosystems or attached to the surface as a conjugate
[227].

Without further ado, we will move to the next section, discussing the impact of nanomedicine

on anti-cellular senescence therapies.
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4.1. Senescence-directed nanoparticles.

There is tremendous research for therapies targeted toward cellular senescence; however, there
are only nine research papers until now that combined this knowledge with the nanomedicine
approach [202—210]. Therefore, this is still juvenile research where there are many innovative
treatment approaches to work on and investigate. Moreover, a lot of nanomedicine research
targeted towards treating cancer that is loaded with therapeutic molecules/ drugs that have been
found effective in eliminating senescent cells as well [229-231], represents an interesting point
to be investigated towards eliminating senescent cells or age-related diseases.

There are two approaches in nanomedicine development towards cellular senescence. The first
one is developing nanoparticles loaded with therapeutic molecules targeted to eliminating
senescent cells. The other approach is developing nanoparticles loaded with specific probes for
tracking senescent cells in vitro or in vivo (diagnostic nanoparticles), allowing direct monitoring
of senescent cells accumulated after chemotherapy treatments, or in aged tissue and senescence-

related disorders, Figure 11.

4.1.1. Therapeutic & diagnostic senescence-directed nanoparticles.

The first senescence-directed nanoparticles were developed by Agostini et al. in 2012, and
their drug delivery system was based on functionalized mesoporous nanoparticles MSN [202].
Those MSN (around 100 nm in size) are coated with galacto-oligosaccharides (GOS) of
different length in order to prevent the release of encapsulated rhodamine (a fluorophore) in the
silica matrix, Figure 11. The idea behind developing those nanoparticles NPs is based on the
high pB-galactosidase activity of senescent cells as follows: after the uptake of those
nanoparticles via endocytosis and the fusion with lysosomal vehicles, B-galactosidase will
dissolve the coated layer facilitating the release of encapsulated rhodamine. Therefore, those
NPs will only release their cargo in cells with high lysosomal activity (overexpressing p-gal)
such as senescent cells. In vitro results of their research showed preferred release of rhodamine

in SAPgal-positive human senescent fibroblasts compared to the proliferative control [202].

In another study based on the same concept of targeting senescent cells using their B-gal
activity, Mufioz-Espin and his colleagues developed an improved version of those nanoparticles
by coating them with a homogeneous layer of 6-mer galacto-oligosaccharide referring to them
by GalNP [203]. Those GalNP were uploaded with rhodamine B, doxorubicin or navitoclax.
First, they tested the efficacy of those GalNP in in vitro model of chemotherapy-induced
senescence, where they found a preferred release of the loaded fluorophore in senescent cells
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compared to control cells. Next, they developed an in vivo model of chemotherapy-induced
senescence by first generating tumour using subcutaneous xenografts of melanoma cells and
lung squamous carcinoma cells, then the mice carrying those xenografts were treated with
Palbociclib (a selective CDK4/CDKG6 inhibitor used for treating metastatic breast cancer [232])
for 7 days which resulted in intertumoral senescence. Fluorescence was highly detected in
Palbociclib treated tumours after 6 h of intravenous injection of GalNP loaded with rhodamine
B, while no fluorescence was detected in vital organs such as liver or spleen. The efficiency of
GalNP in releasing their cargo in senescent cells was also tested in in vivo model of pulmonary
fibrosis since it is known to be rich with senescent cells [233]. Similarly, the release of
rhodamine from GalNP took place more favourably in fibrotic lungs compared to healthy lungs.
Then they tested the possible therapeutic effect of GalNP loaded with senolytic compounds
such as doxorubicin and navitoclax in in vivo model of chemotherapy-induced senescence.
Besides the efficiency of releasing the cytotoxic drugs in senescent cells only, which resulted
in tumour regression, encapsulating these cytotoxic drugs in GalNP reduced several serious
side effects like cardiotoxicity associated with doxorubicin and thrombocytopenia with
navitoclax [203]. Moreover, administrating GalNP loaded with doxorubicin in the pulmonary
fibrosis model resulted in a remarkable reduction of collagen amount present, facilitating the
recovery of respiratory function. In the end, this new version of GalNP proved to be versatile
as their efficiency to deliver their cargo was validated in models of damage-induced and

chemotherapy-induced senescence.

In another study, quercetin surface-functionalized magnetic nanoparticles (FesOs NP) MNPQ
were developed, and their senolytic activity was tested on oxidative-stress induced senescence
in human fibroblast in vitro. MNPQ proved to have senolytic and senostatic effects as they
induced non-apoptotic cell death promoted by increased AMPK activity (senolytic) and also
reduced the secretion of several inflammatory cytokines such as IL-8 and IFN-f (senostatic)
[204].

Ke et al. developed molybdenum disulfide nanoparticles MoS, NPs and studied their possible
therapeutic effect on oxidative stress-induced cellular senescence as it is the primary cause of
the ageing process in endothelial cells [205]. Pretreatment of human aortic endothelial cells
with MoS> NPs hindered hydrogen peroxide H2O2-induced senescence and improved
endothelial cells functionality. This antisenescence effect of MoS; NP is the conclusion/ result
of autophagy activation and the reduction of cellular mitochondrial ROS levels (antioxidant
activity) [205].
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Thapa and his colleagues developed their nanosystems based on the idea of utilization of f-
galactosidase activity in senescent cells mentioned earlier, Figure 11. However, they wanted to
improve this concept by specific targeting of senescent cells [206]. They achieved that by
developing porous calcium carbonate nanoparticles (CaCO3 NP) (around 130 nm in size)
loaded with rapamycin (mTOR inhibitor), and CD9 monoclonal antibody conjugated to the
surface of those NP for specific targeting based on the overexpression of CD9 receptor in
senescence, and lastly a layer of lactose-polyethene glycol (Lac-PEG) conjugate which serves
several purposes like stabilization of NP in the blood circulation, prevention of opsonization,
and targeted release of loaded drug resolved by B-galactosidase activity. B-galactosidase will
degrade the lactose layer facilitating the release of the loaded drug. Upon testing those
nanosystems on young and old human dermal fibroblast HDF, they proved the concept of
senescence specific targeting, besides these NP loaded with rapamycin possessed anti-
senescence effect proved by decreased B-galactosidase activity and p53/p21/CD9/cyclin D1
expression, improved cell proliferation and migration, and inhibited cell cycle arrest in old
HDF. Moreover, treatment with those NP resulted in remarkable decrease in SASP cytokines,
especially IL-6 and IL-1B [206]. Similar results were also found in the chemotherapy-induced

senescence model after treatment with those NP.

Another exciting study used the novel technique of molecularly imprinted nanoparticles
(nanoMIPs) for detecting senescent cells and for therapeutic purposes also [207], Figure 11.
The molecular imprinting technique is based on creating receptor-like binding sites in synthetic
polymers [234]. In this study, they developed their nanoMIPs based on the B2 microglobulin
B2M as it has been recently detected as an extracellular epitope marker in senescent cells [235]
and was also suggested to be used as a tool to detect senescent cells [236]. Using Fluorescent
microscopy proved that fluorescein tagged B2M nanoMIPs applied on senescent EJ bladder
cancer cells specifically bind to their membrane and are preferentially accumulated in senescent
cells. Then they tested the therapeutic potential of B2M-nanoMIPs by loading them with
dasatinib on the same cellular senescence model, which resulted in a significant reduction of
cellular viability of senescent EJpl6 cells compared to proliferating control. Moreover,
fluorescein tagged B2M nanoMIPs were able to recognize and accumulate in senescent cells in
the in vivo model of old mice without showing any evident toxicity, which presents them as

possible markers for future clinical studies [207].

In another very recent study, Dihydrolipoic acid-coated gold nanoclusters (DHLA-Au NCs)

was developed for the protection against cellular senescence and inflammation induction in
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vitro and in vivo [209]. Pretreatment with those nanosystems impaired JNK/c-Jun
phosphorylation cascade upon treatment with lipopolysaccharide (LPS). LPS induce cellular
senescence by the activation of the stress signal INK [237]. Moreover, they found that DHLA-
Au NCs interacts with mitochondria and scavenges the extra mitochondria-derived reactive
oxygen species ROS, decreasing oxidative stress and provide anti-senescence effect [209].

In Pham et. al recent study [210], they developed an interesting anti-senescence nanosystems
for targeting atherosclerosis as they are enriched with senescent cells. They are based on
mesoporous nanoparticles loaded with the anti-senescence drug rosuvastatin and modified with
CD9 antibody that were covalently bonded to the surface of those nanoparticles. CD9 antibody
were chosen for the specific targeting of senescent cells and atherosclerosis lesions as they
overexpress CD9 glycoprotein [238]. These NP were coated with hyaluronic acid which
provides a protective coat that prevents drug leakage, in addition atherosclerosis plaques are
rich with hyaluronidase enzyme which would allow a specific release in the atherosclerosis
lesions. Treatment with those NP led to attenuation of senescent cells and improved the cell
viability. Moreover, in vivo studies on ApoE~~ mice showed that treatment with those NP

reduced the progression of atherosclerosis.

Lastly, in a very interesting study by Belcastro et al. [208], they developed theragnostic
nanocarriers NC (nanoemulsions) decorated with VCAM-1 antibodies (NC-VCAM-1).
VCAM-1 proteins are overexpressed on the surface of senescent endothelial cells. They first
loaded those nanocarriers with fluorescent lipophilic dye to detect senescent endothelial cells
after Ang Il treatment. Moreover, encapsulating omega 3 polyunsaturated fatty acid in those
nanocarriers improved their anti-senescence efficacy as they prevented p53 upregulation, and

SA-B-galactosidase activity in coronary artery segments [208].

In conclusion, nanomedicine provides a novel strategy for targeting senescent cells in vitro and
in vivo for either diagnostic, therapeutic or even theragnostic (diagnostic and therapeutic)
purposes. Besides the specific targeting or specific release of cargo in senescent cells, reducing
possible side effects and masking the toxicities of loaded drugs is another advantage of
nanomedicine. Finally, it is important to note that there are many studies in nanomedicine
intended for aged-related diseases such as Alzheimer; however, cellular senescence was not
taken into consideration while developing these therapies. In the end, nanomedicine targeting

cellular senescence is still juvenile research, and with the vast knowledge gained in molecular
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biology in senescence and nanotechnologies, there are endless possibilities for research in this
field.
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Figure 11: Therapeutic & diagnostic senescence-directed nanoparticles with their concept of either specific cargo
release in senescent cells or the specific targeting of senescent cells.

5. Diagnostic probes for detecting senescent cells in vitro and in vivo.

Developing diagnostic probes that detect senescent cells in vitro or in vivo is quite essential for
investigating cellular senescence in different biological conditions. Besides, it has great clinical
implications, such as detecting the cellular senescence burden in the body before and after
treatment [239]. Up until now, most probes that detect senescent cells are developed based on
the high lysosomal (B-galactosidase) activity of these cells. Unfortunately, many of these probes

efficacy were not tested in actual senescent cells but on a model of human cells transfected with
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a plasmid resulting in overexpression of bacterial -galactosidase in the cytoplasm [197].

Therefore, we will only mention diagnostic probes that their efficacy has been approved in

senescent cells/ tissue, Table (1).

SG1, a naphthalene-based fluorescent probe, is the first reported for detecting senescent cells
in vitro depending on their B-gal activity [240]. It is a ratiometric two-photon fluorescent probe
that consists of S-D-galactopyranoside-derived benzyl carbamate at the B-gal hydrolytic site
and a solubilizing group. Upon its reaction with -gal, it produces a blue to yellow emission,
and it is characterised by insensitivity to pH and reactive oxygen species (ROS), high
photostability, and low cytotoxicity. Its efficacy has been validated in human dermal fibroblast
HDFs undergoing replicative senescence and also in skin aged tissue [240].

Gal-pro is another recently developed fluorescent probe that severs as a substrate for [-
galactosidase activity in senescent cells. It consists of a hemicyanine skeleton, which is
conjugated with a D-galactose residue via a glycosidic bond. It was validated in an in vitro
model of oxidative stress-induced senescence of HDFs. Gal-pro has a near-infrared emission
with a rapid and sensitive fluorescent response upon its reaction with -gal in living cells. In

addition, it is characterised by high photostability and low background fluorescence [241].

Both mentioned probes are validated in vitro. However, developing a fluorescent probe that can
selectively detect senescent cells in vivo with good and stable fluorescence emission is still
challenging. Lozano-Torres and her colleagues developed a novel two-photon probe AHGa that
can detect cellular senescence in vivo [242]. It is composed of a naphthalimide core, an L-
histidine methyl ester linker, and an acetylated galactose bonded to one of the aromatic nitrogen
atoms of the L-histidine through a hydrolysable N-glycosidic bond. Upon its reaction with -
gal, it transforms to the fluorescent AH in an OFF-ON manner/ mechanism. AHGa was first
validated in human melanoma SK-MEL-103 cells treated with Palbociclib, where AHGa
proved to be nontoxic for both control and treated cells. Then its efficacy was approved in vivo;
in mice bearing tumour xenografts treated with senescence-inducing chemotherapy, in which a
solid fluorescent signal only appeared in tumours treated with Palbociclib. AHGa, with its
selectivity, sensitivity, and straightforward synthesis, provide a very attractive OFF-ON two-

photon fluorescent probe for efficient detection of cellular senescence in vitro and in vivo [242].

NIR-BG is the first successful near-infrared probe intended for detecting cellular senescence in
vivo, with a far-red excitation that provides better deep tissue imaging [239]. NIR-BG is

synthesized by glycosylation of a hemicyanine dye and a protected galactosyl bromide, which
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provides a near-infrared emission and high turn-on ratio upon SABgal activation. Its efficacy
has been tested in several human cancer lines (MCF7 & Hela) undergoing treatment/ radiation-
induced senescence. In addition, it was validated in mice with HelLa xenografted tumours

undergoing chemotherapy-induced senescence [239].

In fact, several probes have been developed for detecting cells expressing p-gal naturally in
vivo, particularly for ovarian cancer cells. However, they have never been tested in senescent
cells and therefore provide an interesting approach [reviewed in [197]]. An example is the
HMRef-bGal membrane-permeable fluorescent probe with strong fluorescent emission upon
activation by B-gal [243]. Its high sensitivity characterises it as it can detect metastases in vivo
as small as <1lmm. HMRef-bGal development is based on a spirocyclization strategy that uses
a hydroxymethyl rhodol derivative bearing a f-gal moiety [243]. Other similar probes are listed
in Table 1, [reviewed in [197]].

CyBC9 is the first fluorescent probe to detect and live stain senescent mesenchymal stromal
cells MSCs independently of their B-gal activity [244]. It is characterised by rapid process time
(2h), nontoxicity, and high sensitivity in detecting senescent MSCs at early and late stages.
CyBC9 mechanism is based on its accumulation in the mitochondria of senescent MSCs, most

probably due to the loss of membrane potential [244].

Other mechanisms that detect senescent cells independently of their B-gal activity are based on
targeting novel extracellular markers of senescence, that has been recently detected, using
fluorescent antibodies [235,236], which is similar to B2M-nanoMIPs mentioned earlier. DEP1,
NTAL, EBP50, STX4, VAMP3, ARMX3, B2MG, LANCL1, VPS26A and PLD3 represent the
validated extracellular markers of senescent cells [235]. DEP1 and B2MG were used for cell
sorting using flow cytometry, which is fast and provides quantification [235,236]. The
researchers suggest targeting several markers at once to increase specificity [236]. This
mechanism has a higher specificity and is faster than B-gal staining, which has many false
positives [235].

Although there is a vast improvement in the mechanisms detecting senescent cells in vivo, they
are still limited by their poor tissue penetration ~ 1cm, which is applicable to some tissues such
as skin [197]. Therefore, the review article [197] suggested that the next generation of probes
should include agents for MRI detection or PET detection for better tissue penetration. For

example, Galacto-conjugation of PET radionuclides might be an interesting approach [197].
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Table 1: A list of some of the diagnostic probes that detect cellular senescence or other cells (ovarian cancer
cells) depending on their B-gal activity,[197].

Probe Emission nature B-gal expression In vitro/ in vivo Ref.

SGL. Two-photon

Naphthalene conjugated with Endogenous (senescence) in vitro [240]
(A ex =750 nm)

galactose

Gal-Pro. Single photon near-

Hemicyanine skeleton infrared Endogenous (senescence) in vitro [241]

conjugated with D-galactose (A ex =620 nm)

p-CD-CQD. )

B-cyclodextrin functionalized SIS Endogenous in vitro [245]
(A ex =365 nm)

carbon quantum dots.

TPE-Gal. Single photon

Tetra-phenylethylene 7 Endogenous in vitro [246]

. - (A ex =405 nm)

conjugated with D-galactose.

Syclometalated ridium (1) | Singlephoion | Endogenaus invitr 247
Single photon

Fc pgal. (A ex =488 nm) -

Nagﬁthalimide based Two-photon Endogenous In vitro [248]
(A ex =750 nm)

AHGa.

Naphtalimide based, Two-photon Chemotherapy induced . .

conjugated with acetylated (A ex =750 nm) senescence In vitro & in vivo [242]

galactose

NIR-BG. Single-photon near- | Chemotherapy- and

Hemycianine dye, conjugated infrared radiation-induced in vitro & in vivo [239]

with galactosyl bromide (A ex =680 nm) senescence

HMRef-pGal. Single photon N .

Hydroxy[:nethyl rhodol based A ei =p498 nm) Endogenous In vitro & in vivo [243]

6. Clinical studies and the future of Senolytic drugs

The first-in-human, single-arm, open-label clinical trial of senolytics was published in 2019,
where Dasatinib plus Quercetin were tested in individuals idiopathic pulmonary fibrosis (IPF)
[249], which resulted in statistically significant improvements in physical function in 14
subjects with this relentlessly progressive, debilitating, and ultimately fatal cellular senescence
driven disease. Since then, several clinical studies established with D+Q [250] and other
therapies intended against cellular senescence such as metformin and rapamycin etc., which are
listed in table (2).

However, clinical trial strategies should be set for testing senolytics, senostatics and other
senotherapeutic agents. Outcomes like extending life span is not feasible in humans. Therefore,

possible clinical trials scenarios include the following [251].

1. Simultaneous alleviation of multiple co-morbidities.

2. Alleviation of potentially fatal diseases
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3. Treatment of conditions with localized senescent cell accumulation.
4. Treatment of accelerated ageing-like states.

5. Augmenting physiological resilience. Resilience, or capacity to recover after stress such as
surgery, chemotherapy, radiation, pneumonia, or myocardial infarction, declines with

ageing.

6. Alleviation of frailty. Targeting senescent cells, even in late life in rodents, appears to
reduce immobility, weakness, fat tissue loss, and other parameters associated with frailty.

Table 2: List of therapeutics in clinical studies against cellular senescence [197].

Therapeutic agent Disease Clinical trial phase Trial identification n.
Dasatln_l 9 Chronic kidney disease Phase 2 NCT02848131
guercetin
Dasatinib + IPF Phase 1 NCT02874989
guercetin
inib +
Dasatln_l s Hematopoietic stem cell transplant N/A NCT02652052
guercetin
N Activated PI3K Delta Syndrome NCT02435173
Leniolisib (APDS) Phase 2/3 NCT02859727
Solid tumours Phase 1 NCT00891605
NCT02143401
NCTO00887757
NCT00888108
Phase 1/2 NCT00878449
Navitoclax + NCT01009073
cancer therapies NCT02079740
NCT01989585
NCT02520778
NCT02143401
NCTO00887757
Advanced EGFR-positive NSCLC Phase 1b NCT00888108
Phase 2 NCT02325245
Phase 3 NCT02570672
Metformin Old adults with increased frailty NCT03309007
NCT03451006
Phase 4 NCT02432287
Rapamycin . Phase 1 NCT01649960
(sirolimus) Old patients (>70) Phase 2 NCT02874924
Plasma . Old patients Phase 1/2 NCT03353597
transfusions

7. Future perspectives and important questions.

Strategies to prevent, replace, or remove senescent cells have become of interest. Several
studies have proved that eliminating senescent cells improve health span and heal or protect

from age-related diseases, especially cancer.

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

L83 51



Introduction

However, a therapeutic molecule that might prevent cellular senescence induction is not
preferable since cellular senescence is essential for regeneration and wound healing and
embryogenesis. Therefore, therapeutic molecules targeting senescent cells should have a
temporary effect and should be taken periodically. Consequently, those therapeutic molecules
should not have serious side effects. In this case, nanomedicine can provide valuable advantages
such as maximizing efficacy while minimizing side effects by specific targeting and reducing
the loaded dose.

Cellular senescence is a very dynamic biological phenomenon. There is still a lot to accomplish
regarding therapeutic and diagnostic approaches. The best approach would be targeting
senescent cells with a cocktail of agents such as senolytics and senostatics that can target several
markers in cellular senescence for better therapeutic outcome. Nanomedicine can also serve
this purpose by the possibility of loading several therapeutic molecules and/or diagnostic

probes.

Some of the outstanding questions that have been addressed in the review article Pignolo et al.
and yet need to be answered are listed below [162]. We found them essential to be included in

this introduction as a closing point.

1. Do senescent cells serve any beneficial functions, such as providing an inflammatory

milieu during tissue healing?

2. What are the tissue-specific thresholds for senescent cell burden that, once exceeded,

promote tissue dysfunction and systemic deleterious bystander effects?

3. Does the clearance of senescent cells reduce the influence of other primary ageing

processes?
4. How infrequently can senolytic agents be given to minimize senescent cell burden?

5. How can combinations of senotherapeutic agents be devised to optimize senescent cell

clearance?

6. Can immune system modulation synergize with senotherapeutic agents to promote

senescent cell clearance?

7. Will senolytics synergize with disease-specific treatments to yield a more than additive

beneficial effect, for example, in cardiac disease?
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8. Are paracrine and other bystander effects the primary mechanism for the pathophysiological

consequences of senescent cell accumulation?

9. Do immune clearance mechanisms have the same accessibility to different senescent cell

niches (e.g., fat versus bone versus nevi)?
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Background.

Cellular senescence is a dynamic biological phenomenon that impacts several physiological and
pathological processes ranging from tissue regeneration and development, wound healing, age-
related diseases, and cancer [1]. Plenty of research is guided towards understanding the
molecular biological aspects governing cellular senescence in order to find the best therapeutic
approaches and strategies targeted towards eliminating senescent cells and the side effects/
pathologies caused by their accumulation. This thesis work is divided into two chapters and is
based on the following backgrounds:

Chapter 1: “TSPI C-terminal Derived Peptides and their Effect on Cancer and senescent
cells through CD47 Receptor”.

The main feature of cellular senescence is the irreversible cell cycle arrest [2,3].
Controversially, recently published papers indicated that when cancer cells are treated with
chemotherapy or radiotherapy, a small portion of the cell enters the senescence state and
maintains the possibility to re-enter the cell cycle, which is called senescence escape /emergence
[4-16]. The emerged cells express higher tumour-initiation capacity compared to the cancer
cells that have not entered cellular senescence [1] and thought to be the reason behind cancer

relapse after months or years from treatment [12].

Our lab is mainly interested in molecular biological aspects that govern cellular senescence;
especially molecular pathways responsible for emergence from chemotherapy-induced
senescence CIS. Our lab recently investigated the role of TSP-1 and CD47 receptor in the

emergence from CIS, and they found the following:

» TSP1 can be detected in the serum of patients suffering from triple-negative breast cancer

and that its low expression was associated with treatment failure [7].

» TSP1 blocked senescence escape in LS174T cells after treatment with Sn38; however, this
was not the case among using antibody B6H12 that blocks the CD47-TSP1 binding, this

proves that TSP1 is necessary for preventing senescence escape [8].
» emergent cells have low CD47 expression [8].

TSP1 is a homotrimeric glycoprotein, has several functions depending on the cell surface
molecules it interacts with [17]. 4N1Ks and 7N3 are small peptides derived from the C-terminal
domain of TSP1 that binds to CD47 receptor [18][19]. These peptides have been used in
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research instead of TSP1 due to their small size and possible higher selectivity towards CD47

receptor.

Chapter 2: “Senolytic/ Senostatic Sphingomyelin based Nanosystems targeting MCF7
senescent cells”. Sphingomyelin based nanosystem SNs is a novel drug delivery system
developed in Nano-oncology research Group of Dr. Maria De la Fuente. SNs are characterized
by their biodegradability, biocompatibility, and the versatility for association and encapsulation
of variety of therapeutic molecules [20-22]. It has been the base for formulating several
nanosystems loaded or associated with peptides, antibodies, therapeutic RNAs, and small

molecules.

Hypothesis.

H1. Peptides derived from the C-terminal domain of the TSP1, might be more selective in the
interaction with CD47 since TSP1 interacts with several cell surface receptors. Moreover, 4AN1K
peptide is found to induce apoptosis in different cancer cell lines [23,24] and it will be

interesting to check its effect on senescent cells.

H2. SNs nanosystems loaded/ associated with TSP-1 derived peptides, or senolytic senostatic
molecules might improve their efficacy, decrease the effective dose, protect them from possible

enzymatic degradation and overall provide therapeutics with improved properties.

Objectives.

O1. Investigate the effect of several TSP-1 derived peptides on the emergence from

chemotherapy-induced senescence model of MCF7 and LS174T cells.

0O2. Associate the most promising peptide to SNs to improve its efficacy and deliver innovative
nano-pharmaceuticals to control senescence escape from a chemotherapy-induced senescence

model.

0O3. Develop additional nano-pharmaceuticals to target senescence by loading SNs with other
senolytic, senostatic molecules, and check their effect on chemotherapy-induced senescence

model.
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Chapter 1

1. Abstract.

Cellular senescence is mainly identified by its irreversible cell cycle arrest as a result to
mitogenic signals or cytotoxic agents such as chemotherapy. However, recent investigations
indicated the possibility of those cells to escape cell cycle arrest into a more persistent form of
cancer. These cells are thought to be the reason behind tumour relapse and chemotherapeutic
failure. Our lab has recently showed that Thrombospondin 1 protein prevents senescence
escape, and its low serum level is associated with tumour relapse. In this study, we
investigated the effect of 4N1Ks peptide, a 10 amino acids peptide derived from the C-
terminal domain of TSP1 on a chemotherapy-induced senescence model of MCF7 and LS174t
cancer cells. We found that 4N1Ks prevented senescence escape at concentration 50uM. It
also has antiproliferative effects proved by MTT and colony forming assays. Moreover, we
found that 4N1Ks induces autophagy by downregulating each of pS6, LC3B and p62 in both
treated cancer and senescent cells, which can explain previous results. In addition, we proved
through Boyden chamber assay that 4N1Ks reduce the migratory ability of senescent cells
secretome (SASP). All these results indicate that 4AN1Ks possess senolytic & senostatic effects
and can be used for future investigations as a possible senotherapeutic agent specially for

patients received chemotherapy to improve their health and life span.
1. Introduction.

In the general introduction we have already covered all the molecular pathways that govern
the cellular senescence and possible inducers. In this chapter, our main focus is the relation

between cellular senescence and cancer.

Cellular senescence is concluded as tumour suppressive [1] mechanism besides that it has
other beneficial roles such as in wound healing, tissue regeneration and tissue development
(embryogenesis) [1,2] when it happens in transient mode [3]. However, when senescent cells
accumulate in the body as immune system fails to eliminate them, this leads to detrimental
consequences caused by the chronic effects of the SASP on the surrounding tissue resulting in
chronic inflammation, disrupting tissue homeostasis and eventually promoting age-related
disorders as well as tumour progression [3]. Additionally, in a recent paper published by
Milanovic et al. they reported that senescent cells induced by chemotherapy treatment can
escape cell cycle arrest and acquire stem cell features resulting in a more aggressive form of
cancer with enhanced growth potential where relapsed tumours are enriched with [4]. In

consonance with these findings, our lab has also developed and studied models of senescence
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escape in response to oncogene inducers [5,6] and chemotherapy [7-10], where we found
subpopulation of senescent cells re-enter cell cycle and emerge as a more persistent and
transformed form of cells. Several papers have reported similar observations [11,12] which
provides additional evidence that cellular senescence induction in tumour cells in response to
chemotherapy/ radiation is incomplete and represents more of an adaptive mechanism. This
shed the light on the importance to find new therapies for cancer and possible treatments that
target senescent cells and reduce their burden.

In this work, we wanted to find a therapeutic biological compound that can interfere in one of
the important pathways in senescent cells, and therefore preventing them from cell cycle
arrest escape. In a recent study, our lab investigated the role of TSP1 on cellular senescence
and emergence [13], and found the following observations: 1) Thrombospondin-1 is
overexpressed in the emergent population and suppresses proliferation, 1) TSP1 prevents
senescence escape and a low serum level is associated with tumour relapse [13]. In fact, TSP1
protein plays an essential role in various cellular processes/functions such as proliferation,
apoptosis, inflammation, and angiogenesis [14-16]. However, TSP1 interacts with several cell
surface molecules [17,18]. Therefore, we wanted to investigate the effect of 4N1K peptide; a
10 amino acid peptide derived from the C-terminal domain of TSP1 and study its effect on
chemotherapy-induced senescence and senescence emergence. This will provide a better
understanding of TSP1 role in cellular senescence. The effect of 4N1K peptide has already
been investigated in several cancer cells and epithelial cells [19-22]. To our knowledge up
until now its effect on senescent cells has not been identified yet. A scramble peptide 4ANGG

with 10 amino acids too is used as a control.
2. Materials and Methods.
2.1. Cell lines, senescence induction, and generation of emergent cells.

All cells were obtained from the American Type Culture Collection. Cell lines were
authenticated by STR profiling and were regularly tested to exclude mycoplasma
contamination. To induce senescence, all cells were treated for 96 h with sn38 (5 ng/ml,
LS174T) or doxorubicin (25 ng/ml for, MCF7). Senescence was validated by expression of
cell cycle inhibitors and -galactosidase staining. For generation of emergent cells, LS174T &
MCF7 cells were treated for 4 days with sn38 (5 ng/ml) and doxorubicin (25 ng/ml for MCF7)
in 3% FBS, washed with PBS, and then restimulated with fresh 10% FBS for 7 days.
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Sn38 (Tocris Bioscience 2684), the active metabolite of irinotecan which is a hemisynthetic
analogue of camptothecin. Doxorubicin (Tocris Bioscience 2252), a biosynthetic analogue of
daunorubicin. As topoisomerase | and Il inhibitors, respectively, these drugs prevent the DNA
religation and are responsible for DNA single- or double-strand breaks. These DNA damages

lead to senescence in our conditions.
2.2. Migration assay (Boyden chamber assay)

Cells were harvested and resuspended in serum-free culture medium. Cell suspension of
200,000 cells/ml was prepared, of which 200 uL were deposited in each insert. Below the
inserts, 800 puL of (RPMI or SASP) supplemented with 3% FBS were placed, and cells were
incubated for 72 h. Then, cells were fixed, washed with PBS, and stained with crystal violet.
Cells in the inner compartment were removed and cells on the outside were counted with

ImageJ software.
2.3. Western blotting.

Following cell lysis with FASP Buffer (0.1 M Tris-HCL, 4% SDS, pH=7.6) containing a
cocktail of inhibitors (10 pg/ml aprotinin, 10 pg/ml leupeptin, 10 pg/ml pepstatin, 1 mM
Na3Vv04, 50 mM NaF), lysates were sonicated and then boiled for 10 minutes. Proteins were
separated on a SDS polyacrylamide gel and transferred to a PVDF membrane. Following one-
hour incubation in 5% milk, Tris-buffered saline (TBS), and 0.1% Tween 20, the membranes
were incubated overnight at 4°C with the following primary antibodies: p21Wafl (Cell
Signaling, 2947S), p-p53serl5 (Cell Signaling, 9211), p-S6 ribosomal (S235/236), Bip (Cell
Signaling, 3177), IRE1-a (Cell Signaling, 3294), LC3B (Cell Signaling, 2775), TBP (Cell
Signaling, 44059), and hsc-70 (Santa Cruz, sc-7298).

Membranes were then washed three times with TBS with 0.1% Tween 20 and incubated for
45 minutes with the secondary antibodies listed below (1/3,000): anti-rabbit 1gG, HRP-linked
antibody (Cell Signaling, 7074), anti-mouse IgG, and HRP-linked antibody (Cell Signaling,
7076). Visualization was performed by chemiluminescence with a Bio-Rad ChemiDoc XRS

imaging device (Bio-Rad) and Fusion Solo (Vilber).
2.4. Cell Cycle Analysis

250 000 cells were incubated with 150 pL of solution A (trypsin 30 pg/mL, Sigma) for 10
min at room temperature in the dark. Then, 125uL of solution B (trypsin inhibitor 0,5 mg/mL,

RNAse A 0,1 mg/mL, Sigma) was added for 10 min in the dark. Finally, cells were incubated
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with 125 pL of solution C (propidium iodide 0,6 mM, spermine tetrahydrochloride 3,3 mM,
Sigma) for 10 min at 4°C. All the solutions were prepared in a storage buffer pH 7,6
containing 3,4 mM sodium citrate 2H20 (Sigma), 0,1% Igepal CA-630 (Sigma), 3 mM
spermine tetrahydrochloride and 1mM de tris-aminomethane.

2.5. Colony Forming Assay/ Clonogenic assay.

Assays were performed to evaluate proliferation and survival. In total, 286 LS174T and 180
MCF7 cells were seeded into 24-well cell culture plates with 3% FBS, in the presence or
absence of peptides (4AN1Ks/ 4ANGG); note that peptides was added on floating cells, the first
day. Cells were then incubated at 37 °C in a 5% CO2 atmosphere for 7 days, then washed
twice with PBS, and stained with 0.4% crystal violet. The colonies were then washed twice
with water, visualized with a Bio-Rad Chemi Doc XRS Imaging device, and counted using
Quantity One imaging software (Bio-Rad).

2.6. MTT assay

Cell viability was also measured by the MTT (3-4,5-dimethylthiazol 2,5-diphenyltetrazolium
bromide) assay. Cells were seeded in 96-well clear-bottomed plates at a density of 1500 cells
per well in 200 L medium, incubated for 24 hrs, and treated with doxorubicin (25 ng/ml),
4N1Ks (50 puM) and 4NGG (50 uM) as a control. Four replicates per concentration, per
treatment were done. After 72 hrs, 40 pL of 5 mg/ mL MTT solution was added to each well
and incubated in a humidified 5% CO2 atmosphere at 37°C for 3 hrs.

After incubation, the cells were pelleted and dried. Subsequently, 100 uL of DMSO
(dimethylsulfoxyde) was added to each well, and the cells were incubated at room

temperature for 2-3 hrs. Absorbance was measured by a microtiter plate reader at 562 nm.
2.7. B-Galactosidase (p-Gal) staining.

Cells were fixed for 15 min (room temperature) in 1% formaldehyde, washed with PBS and
incubated at 37°C (no CO2) with fresh staining solution: 0.3 mg/mL of 5-bromo4-chloro-3
indolyl B-D-galactoside (X-Gal, Fermentas), 40 mM citric acid (Sigma), 40 mM sodium
phosphate (Sigma) (stock solution (400 mM citric acid, 400 mM sodium phosphate) must be
at pH6), 5 mM potassium ferrocyanide (Sigma), 5 mM potassium ferricyanide (Sigma), 150
mM NaCl (Sigma), 150 mM MgCI2 (Sigma). SA-B-GAL-positive cells were quantified after

16-20 h as compared to unstained cells.
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2.8. RT-qPCR Analysis.

Analysis was performed using the comparative CT method (2*(ACt)), according to the
expression of three endogenous housekeeping gene TBP, PPIA and EEF1A1l (for tRNA).
TRFC, B2M, and B-Actin were the housekeeping genes for detecting UPR markers. Lastly
G3PDH and rplpo for detecting SASP markers.

2.9. Statistical analysis.

All values were expressed as mean +/— standard deviation (SD). Differences were analyzed
using nonparametric tests (t test, Mann-Whitney, Kolmogorov— Smirnov, and one-way
Anova). *p < 0.05, **p < 0.01, and ***p < 0.001. NS on the figure means that the result was

not significant.
3. Results.

In our previous inspections we found that in chemotherapy-induced senescence of colon and
breast cancer, senescent cells have the ability to escape cell cycle arrest and emerge as a more
persistent form of cancer [7,8,13,23]. So first we replicated those results by inducing CIS in
MCF7 & LS174T cells. Higher expression of p21lwaf and p-p53 in MCF7 and LS174t after
treatment with Doxo and Sn38 for 24 h lead the cancer cells to enter senescent state, Figure 1-
A. Moreover, B-galactosidase activity in those cells after 4 days of chemotherapy treatment is

an extra proof of their senescent state, Figure 1-B.

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

@83 a0



Chapter 1

A) Ls sn38 : B) LS174T— sn38 Sng/mL Senescence
) LS174T—p Sng/mL }m» p-p53 serl5/ p21 |—>%h
MCF7—p Doxo p-p53 ser15/ p21 MCF7— Doxo 25ng/mL |——» Senescence
25ng/mL.’ 24h 6h

LS174t

p-p53serl5  —>» El
p21 waf-cipl —>» E‘ BR
HSC70 —» E]
Sn38 Sng/mL -
NT Doxo 25ng/mL

MCF7 ; T

p21 waf-cipl —p | p-p53 serls —)EI
. | MCF7
TBP —, HSC70 . [m—]

, i Lo | b
Doxo 25ng/mL - Doxo 25ng/mL

NT Sn38 Sng/mL

Figure 1: A) Following sn38 treatment (5 ng/ml) for LS174t and Doxo (25 ng/L) for MCF7, senescence induction was
detected by the evaluation of p21lwafl and p-p53 expression (n=3). B) senescence was also detected after chemotherapy
treatment in both LS174T and MCF7 by checking the B-galactosidase activity (n=4).

3.1. Pilot study with TSP-1 C-terminal derived peptides.

7N3 (FIRVVMYEGKK) and 4N1K (KRFYVVMWKK) are two different peptides derived
from the C-terminal domain of the TSP-1 protein. The effect of both peptides has been
investigated on several cell lines and considered as a representative of TSP-1 interaction with
the CD47 receptor. Both peptides contain the VVM sequence, which is regarded as the
pharmacophore for binding to the CD47 receptor [20,22].

Since we wanted to check if we can replicate the results we had in a previous study [13] with
TSP-1 using TSP-1 derived peptides. Two experiments were chosen as a pilot study, the first
one is the senescence escape while the second was Boyden chamber assay with SASP. The
first experiment would investigate the effect of the peptides on the senescent cells while the

second will check the effect of those peptides on SASP migratory ability.

Therefore, we investigated the effect of both peptides on the emergence from the
chemotherapy-induced senescence model of LS174T colon cancer cells and MCF7 breast
cancer cells. Peptides’ concentrations of 1uM for 7N3 and 50uM for 4N 1K, have been chosen
based on previous studies [15,21]. 4ANGG (KRFYGGMWKK) is a control peptide similar in
composition to 4N1K, but the VVM sequence is replaced by GGM. As it is clear from Figure
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2-A, both peptides at the earlier mentioned concentrations did not have significant effect on
senescence escape for both LS174t and MCF7 cells.

On the contrary, Boyden chamber assay on MCF7 cells and LS174T with the peptides showed
different results. Results presented in Figure 2-B shows significant reduction in cell migration
for both cell lines in wells containing 4N1K 50 puM. However, in the case of 7N3, promising
results were only feasible at a concentration of 5 pM.

Several research papers pointed out that the substitution of amino acids with their D-form on
the N- and C- terminal of the peptide will have great impact on the overall stability of the
peptide without affecting its activity [24]. Consequently, we aimed to adjust the 4N1K peptide
by changing the Lysing amino acid on the N- and C- terminals to the D-form. The effect of
the new peptide (4N1Ks) on senescent and cancer cells will be investigated in the next part.
4N1K peptide was chosen instead of 7N3 for this modification as 4N1K showed more

promising results.
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Figure 2: A) After CIS induction, LS174T (n=5) and MCF7 (n=3) cells emergence was induced using 10% serum in the
presence or absence of 4N1K (50 pM)/ 7N3 (1 uM) peptide in comparison with the control peptide 4ANGG (50/1 uM). B)
SASP migratory ability in the presence of 4N1Ks peptide were also checked using boyden chamber assay, after collecting
SASP from senescent IS174T and MCF7 cells, SASP were mixed with 4N1K, 7N3 or control peptide and placed in the lower
chamber, (n=3).
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3.2. TSP-1 derived peptide (4N1Ks) prevents chemotherapy induced senescence escape

in breast and colon cancer models.

The modified peptide 4N1Ks efficacy were examined first in senescence escape experiment of
CIS of MCF7 and LS174t cells. After senescence induction with chemotherapy treatment
Sn38 5ng/mL (for LS174T) and doxorubicin 25ng/mL (for MCF7), a fresh cultural media was
introduced to senescent cells and 4N1Ks 50uM was added, with 4ANGG peptide as a positive
control. What we found was that 4N1Ks was able to reduce emergent clones by almost 58%
in MCF7 cells and 51% in LS174T cells, Figure 3-A.

Since p-galactosidase is one of the representative features of cellular senescence, we detected
4N1Ks effect on B-galactosidase activity, where we found an increase in B-galactosidase
activity in 33% of MCF7 cancer cells and 22% in LS174T cancer cells in comparison to
chemotherapeutic treatment, while the control peptide plates were similar to the non-treated
ones, Figure 3-B.
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Figure 3: A) After CIS induction, LS174T (n=5) and MCF7 (n=4) cells emergence was induced using 10% serum in the
presence or absence of 4N1Ks in comparison with the control peptide 4ANGG (50 uM), (Kolmogorov—Smirnov test, * =p <

0.05, ** =p < 0.01). B) p-galactosidase activity in LS174T and MCF7 cells after treatment with 4N1Ks 50uM and 4NGG as a
control (n=3).
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3.3. Effect of 4AN1Ks peptide on p53/p21 expression in cancer and senescent cells.

Since 4N1Ks has an effect on senescent cells emergence, we wanted to check the expression
of p-p53%5 and p21"3F<iPl ypon treatment with 4N1Ks, due the importance of those two
proteins in establishing the cellular senescence [25-27]. Therefore, their expression was
detected in LS174t cells after 8h and 15 h of treatment with the peptides accompanied or not
with Sn38 5 ng/mL. Results displayed in Figure-4A, show that treated LS174t cells showed

no change in the expression of p-p53.

We also checked p-p53%™® and p21%a™ciPl expression in MCF7 cancer cells after 48h of
treatment with peptides (4N1Ks and 4NGG at 50 uM) and after two days of emergence
(EM2D). In both cases, 4N1Ks at 50 puM did not have any effect on the both proteins

expression, Figure 4-B, C.
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Figure 4: Effect of 4N1Ks peptide on p53/p21 expression in cancer and senescent cells. A) p53-serl5 and p21 waf-cipl
expression in MCF 7 and LS174t cells were examined by western blot after 8 and 15 h of treatment with peptides in the
presence or absence of chemotherapy (Sn38 5ng/mL for LS174t cells and Doxo 25ng/ mL for MCF7 cells) (n=3). B) p53-
serl5 and p21 waf-cipl expression in MCF7 cells treated with 4N1Ks 50 uM for 48h (with 4ANGG as a control) were assessed
by western blot, (n=3). C) p53-serl5 and p21 waf-cipl expression in senescent MCF7 cells treated with 4N1Ks 50 pM for
48h (EM2D) (with 4ANGG as a control) were assessed by western blot, (n=3).

3.4. 4N1Ks peptide has an antiproliferative properties and anti-migration/anti-invasion

effect.

Since previous studies [14,17,29] have shown that TSP1 protein plays an important role in
cell proliferation. Therefore, we detected the effect of 4N1Ks on the proliferative capacity of
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MCF7 and LS174T cancer cells through MTT and colony forming assay. In case of MCF7
cells, 4N1Ks significantly decreased the number of colonies formed by almost 60%.
However, it was not the case for LS174T, as 4N1Ks did not have any effect on the ability of
cells to form colonies, Figure 5-A. Contrarily, MTT results showed that 4N1Ks led to
decrease in the proliferation capacity of both cell lines, MCF7 and LS174T, by 86% and 44%
respectively, Figure 5-B.

Based on the previous results we were intrigued to know if 4N1Ks has any effect on the cell
cycle through Flow cytometry. Consequently, we checked the effect of the 4N1Ks on both
cell lines after 48h of treatment. Results presented in Figure 5-C indicate an increase in the
number of cells in G2M phase by 7% £2.5 in MCF7 cells and 3.2% £1.2 in LS174t cells upon
treatment with 4N1Ks.
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Figure 5: A) Antiproliferative effect of 4N1ks was checked using colony forming assay on LS174t (n=4) and MCF7 (n=5)
for 10 days with 4ANGG as a control (n=4, Kolmogorov—Smirnov test, ** =p < 0.01). B) Effect of 4N1Ks on the metabolic
activity of LS174T and MCf7 cancer cells were checked using MTT assay (n=4, Kolmogorov—-Smirnov test, * =p < 0.05). C)
The effect of 4AN1Ks peptide on cell cycle of MCF7 cells and LS174t cells were examined by flow cytometry (n=3).

SASP factors’ ability to promote invasion and migration of cells have been well explored and
studied [30-32]. Therefore, we wanted to check if 4N1Ks peptide ability to prevent
senescence escape were linked to its effect on SASP factors, the cells directly, or it could be a
mixture of both. Hence, a Boyden chamber assay were performed on both cell lines with
SASP collected from the senescent cells of MCF7/ LS174t and the peptides were mixed or not

with the SASP. What we found that 4N1Ks were able to prevent the migration of cancer cells
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in both lines but to a higher extent in MCF7 cells, Figure 6, and its effect was greater than the
one obtained with 4N1K peptide.

Taking all these results in consideration, it confirms that 4N1Ks has antiproliferative effect,
and can block cancer cell migration by altering the deleterious effect of senescent cells
secretome/ SASP.

peptides
MCF7/LS174t T> Boyden chamber assay

LS174T SASP  4NGG 50uM 4N1K-s 50uM
Boyden Chamber assay : ,

Seeded cells

Serum free
media
MCF7 SASP 4NGG 50uM 4N1K-s 50uM
Semi-permeable - 7
membrane

Figure 6: SASP migratory ability in the presence of 4N1Ks peptide were also checked using boyden chamber assay, after
collecting SASP from senescent IS174T and MCF7 cells, SASP were mixed with 4N1ks or control peptide and placed in the
lower chamber, (n=4).

3.5. 4N1Ks peptide downregulates mTOR, induces autophagy (and possibly ER stress)

in MCF7 cancer and senescent cells.

Towards understanding what is exactly happening inside cancer and senescent cells treated
with 4N1Ks. We collected the protein extracts for MCF7 cancer and senescent cells treated
with 4N1Ks for further investigation, and we found that protein content in cells treated with
4N1Ks was much lower than the non-treated or the ones treated with control peptide, Figure
7-A. Since ER stress and autophagy is highly correlated with protein content in the cell
[33,34] , we wanted to check the expression of several UPR and autophagy markers in MCF7
cancer and senescent cells treated with 4N1Ks. Western blot results showed that the
expression of PERK, IRE1-a were decreased in MCF7 cancer and senescent cells, while Bip
protein were higher with cells treated with 4N1Ks. For the autophagy markers, we checked
the expression of the p62 and LC3B, p62 expression was much lower in both cancer and
senescent cells treated with 4N1Ks, also the light band of LC3B totally disappeared in cells
treated with 4N1Ks too. Moreover, the phosphorylated form of ribosomal protein S6 (p-S6), a
downstream of m-TOR pathway, its expression was much lower in cells treated with 4N1Ks,
Figure 7-B&C.
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UPR stress and autophagy are intertwined at several levels, and all the results mentioned
above indicated that 4N1Ks induce autophagy, might activate UPR stress which can explain
the lower protein levels in cells treated with 4N1Ks and its ability to prevent senescence

escape.

In addition to what mentioned above, cells treated with 4N1Ks possess higher granularity
compared to non-treated ones as we observed in the FSC/SSC scattering with follow
cytometer. This increase in granularity is also an indicator of larger cell compartments and

organelles which can be linked to UPR and autophagy as well, Figure 7-D.
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Figure 7: A) protein content in both cancer and senescent MCF7 cells after treatment with 4N1Ks 50uM and 4NGG as a
control (Kolmogorov—Smirnov test, * =p < 0.05, ** =p < 0.01). B) Expression of several UPR and autophagy markers by
western blot in MCF7 cancer cells after 48h treatment with 4N1Ks 50uM with 4NGG as a control (n=3). C) Expression of
several UPR and autophagy markers by western blot in MCF7 after two days of emergence by treating senescent cells (CIS)
for two days with 4N1Ks 50uM and 4NGG as a control (n=3). D) granularity of MCF7 cells treated with 4N1Ks in
comparison to non-treated and control peptide were checked by FSC/SSC using flow cytometry and supported by the
microscope photos of enlarged MCF7 cells after treatment with 4N1Ks (n=3).
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3.6. Investigating the possible effect of 4N1Ks peptide on UPR and ER stress.

In order to investigate if 4N1Ks effects on cancer and senescent cells are related to UPR stress
or not, we had to do more experiments to confirm this, such as detecting UPR genes
expression. We also compared results obtained with Tunicamycin effect on cancer and

senescent cells.

The mRNA levels of UPR genes were detected in MCF7 cells after 48h of treatment with
4N1Ks 50 pM. Total RNA was collected from treated and non-treated cells and the
expression of the following UPR genes: ERO1Lb, Chop, GADD34, Herpud, GRP78, GRP94,
XBP1s, ERDJ4, and ATF6, was detected by RT-qPCR. Results presented in Figure 8-B
indicate to significance difference in all mentioned UPR genes, as the effect of 4N1Ks on

their expression was not steady.

In a previous work in our lab, where it indicated the role of tRNA in regulating cellular
senescence [35]. Also, it was found that mTOR regulates tRNA biogenesis during CIS escape.
Based on that, we wanted to check the expression of several tRNA in MCF7 cancer or

senescent cells after 48h of treatment using RT-gPCR, Figure 8-C&D.

Tunicamycin (Tun) is a drug known to induce Er stress by inhibition N-glycosylation of
proteins leading to the accumulation of unfolded glycoproteins and ER stress eventually [36].
So, the next step was to compare the effect of 4N1Ks with Tun on MCF7 cancer and
senescent cells, as well emergence. In colony forming assay experiment, Tun at 1 and 2 pM
did not reduce the number of colonies formed, however they were much smaller compared to
NT wells. While wells treated with 5 and 10 uM of Tun were totally empty Figure 8-E.
Additionally Tun blocked emergence in CIS model MCF7 cells by 38% 1uM at
concentration, and by 86% at 2 uM of Tun. We also checked the expression of the same UPR
and autophagy markers that expression already investigated with 4N1Ks treatment (section
4.5.). Tun reduced the expression of IRE1-a, PERK, p-S6, p62, and the light chain of LC3B,
Figure 1S (supplementary data).
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Figure 8: Investigation the possible relation between 4N1Ks peptide and UPR. A) mRNA levels of UPR markers were
checked using RT-gPCR in MCF7 cell treated with peptides for 48h (n=3). B) mRNA levels of several tRNAs and LARS,
CARS, and YARS ligase were assessed by RT-gPCR in MCF7 cells treated with peptides for 48h (n=3). C) The same as in C
but those MRNA levels were checked in senescent cells after treatment with peptides for 2 days (EM2D) (n=3). D) After CIS
induction, MCF7 (n=3) cells emergence was induced using 10% serum in the presence or absence of Tun 1ug/ 2pg/ mL (one
representative image out of three experiments), (Kolmogorov—Smirnov test, * =p < 0.05)
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3.7. The senolytic and senostatic possible properties of 4AN1Ks peptide.

In relation to the previous results, we speculated the possibility that 4N1Ks could affect SASP
production or components due to autophagy/ER stress and downregulation of mTOR.
Therefore, we collected SASP from MCF7 senescent cells after treatment with 4N1Ks
(4N1Ks-T-SASP) and compared it with SASP collected from untreated cells or cells treated
with control peptide (4ANGG-T-SASP), then we checked the migration/invasion ability of the
collected SASP using Boyden chamber assay. As it is clear in Figure 9-A, 4N1Ks-T-SASP
has much less migratory ability than the other two samples. To support our findings, we did a
RT-gPCR on MCF7 senescent cells treated or not with 4N1Ks and check the mRNA
expression of several SASP components, however there were no significant difference
between the non-treated cells and the treated ones, Figure-8B.

In addition, we checked the effect of 4N1Ks peptide on the metabolic activity of MCF7
senescent cells through an MTT assay. 4N1Ks was able to significantly reduce the metabolic
activity of MCF7 senescent cells, Figure 9-C.
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Figure 9: The possible senolytic senostatic effects of 4AN1Ks peptide. A) the effect of 4N1Ks on SASP production or components
were assessed by collecting first SASP from senescent cells treated with 4N1Ks for 2 days and check the migration ability of this SASP using
Boyden chamber assay in comparison to SASP collected form non-treated cells or cells treated with 4NGG control peptide (n=4). B) the
effect of 4N1Ks on the metabolic activity of MCF7 senescent cells were checked using MTT assay after CIS (n=4). C) mRNA levels of
SASP components: IL1-o, 11-6, IL-8, THSB1, TGFB1, and MMP1 was assessed by RT-gPCR in MCF7 cancer cells treated
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with 50 uM of peptides for 48h, (n=3). D) mMRNA levels of SASP components: IL1-0, 1I-6, IL-8, THSB1, TGFB1, and
MMP1 was assessed by RT-qPCR in MCF7 senescent cells treated with 50 uM of peptides for 48h (EM2D), (n=3).

3.8. The effect of 4AN1Ks on LS174t shCD47 and MCF7 shCDA47 senescence escape.

In order to proof if 4N1Ks previously mentioned effects on cancer and senescent cells are
related to its interaction with CD47 receptor or not, we investigated the effect of 4N1Ks
peptide on MCF7 and LS174t cells where CD47 expression is reduced using shRNA.
Silencing CD47 expression using SiRNA was not possible as cells did not survive it. There
was no difference in the effect of 4N1Ks on shCDA47 cells compared to the control, Figure 10.
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Figure 10: The effect of 4N1Ks peptide CIS emergence in MCF7 and LS174t cells expressing an shRNA directed
against CD47 or a non-targeting control sShRNA. Emergence was induced as described before (n=3).
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4. Discussion.

The main purpose of cellular senescence is to hinder the progression and proliferation of
damaged cells as well as facilitate/promote tissue repair mediated by secreted cytokines of
senescent cells (SASP). However, when this biological phenomenon is induced in cancer cells
due to chemotherapy or radiation treatment, the suppression might be incomplete leading to
senescent cells that favours cell cycle arrest escape to more aggressive form of cancer cells
with enhanced proliferation capacity. This has a detrimental effect on the health span and life
span of cancer patients who received either chemotherapy or radiotherapy treatment, since the
emergent cells might lead to cancer relapse or age-related diseases. Accordingly, finding
pharmacological agents that eliminate senescent cells or oppose the harmful effects of SASP,
is becoming a critical therapeutic need.

Based on a previous study conducted in our lab, where it was concluded that TSP1 protein
prevent senescence escape in CIS model of MCF7 and LS174t cells, we first did a pilot study
with two candidate peptides that are both derived from the C-terminal domain of TSP1; 7N3
and 4N1K peptides. Our pilot study results indicate both peptides affected the migratory
ability of the SASP collected from MCF7 cells and LS174t cells but did not have any
significant effect on emergence from CIS model of these cells. Speculating that this could be
related to peptide stability, 4N1Ks peptide was proposed as a more stable alternative by
exchanging the lysin amino acids on the N- and C- terminals to the D-form, which was proved
later as 4N1Ks peptide was able to significantly prevent senescence escape in CIS model of
MCF7 and LS174T, Figure 3-A.

It has been reported before that TSP1 inhibits cell cycle progression and induces senescence
in endothelial cells [14]. However, in our case 4N1Ks did not induce senescence, as we found
later that p53 and p21 (which are highly induced in senescent cells) were not expressed in
cells treated with the peptides Figure 4-B&C. Moreover, we found that 4N1Ks peptide did not
affect the cell cycle of both cell lines, Figure 5-C. Therefore, further experiments are essential

to explain those results.

Results from cell cytotoxicity studies of MTT assay and colony forming assay showed that
4N1Ks has antiproliferative effect on MCF7 and LS174T cancer cell lines, which agrees with
previous studies that showed 4N1K peptide and its analogue PKHB1 induce cell death in
several types of cancer cells [19,20,37]. However, the effective concentration used in those

studies (ranged between 100 to 300 M) were much higher than the one we used. It is known
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that MTT is used to indicate the metabolic activity in the cells. Therefore, it was interesting to
investigate if 4N1Ks might affect the metabolic activity of the MCF7 senescent cells which
might explain also the CIS escape results. Similar results were gained with MCF7 senescent
cells, which proves that 4N1Ks influence the metabolic activity of those cells.

Low total protein content in cells treated with 4N1Ks peptide, Figure 6-A, pointed the
possibility of autophagy or ER/UPR induction in the treated cells. Western blot results on
cancer cells and senescent cells treated with 4N1Ks showed that 4N1Ks effects are mainly
related to induction of autophagy. Moreover, the lower protein content plus the increased
granularity of the cells treated with 4N1Ks is an additional proof of autophagy induction in
those cells. It has been reported before that 4N1K peptide induced autophagy in cancer cells
through immunodetection of LC3 in treated cells [21]. Anyhow, we have extra proof of
autophagy induction through the downregulation of mTOR pathway and p62. In addition,
induction of B-galactosidase activity could also be explained by autophagy program activation
[38]. Moreover, MTT results on MCF7 cancer and senescent cells can also be explained by

autophagy induction since it is highly correlated with cell metabolism activity [39].

In order to confirm or cut out the possibility of ER/UPR induction in cells treated with
4N1Ks, several experiments were proceeded. Although 4N1Ks increased the expression of
IRE1-a, PERK, and the Bip proteins, it was not enough to prove UPR activation as 4N1Ks did
not affect the mRNA expression of several UPR genes in treated cells. Moreover, our lab
stated before the important role of mTOR and UPR stress in CIS escape and how mTOR
inhibition block CIS escape. In that study it was also concluded that inhibition of mTOR
resulted in reduction of several tRNA expression [35]. Based on that we checked the
expression of several tRNA in MCF7 cancer and senescent cells treated with 4N1Ks. To our
surprise, 4N1Ks treatment for 48h reduced the expression of each of the following: tRNA
iMet, tRNA His, tRNA Cys, and CARS, but it was not the case in cells treated after 2 days of
emergence as 4N1Ks did not alter the expression of any of the tRNA mentioned. Therefore,
extra experiments are needed to confirm the relationship between 4N1Ks and UPR,
unfortunately due to Covid-19 those experiments were cut and were not possible to pursue it

later.

Higher autophagy with lower cellular protein content might also explain 4N1Ks effects on
SASP migratory ability and its production as shown by Boyden chamber assay results. On the

contrary, according to RT-gPCR results 4N1Ks peptide did not affect mMRNA levels of several
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SASP components. The Boyden chamber assay results in Figure 3 could be explained by the
antiproliferative effect of 4N1Ks on both cancer cell lines, however when we tested the
migratory ability of SASP produced by senescent cells treated with 4N1Ks peptide compared
to normal SASP, this could indicate that 4N1Ks affect the production of SASP factors. These
results oppose the fact that TSP1 promotes invasion and migration of endothelial cells
osteosarcoma cells [40]. Anyhow, TSP1 effects are mediated by several receptors and since
4N1Ks is derived from the C-terminal domain it does not possess all TSP1 effectivity.

Lastly, CIS escape experiments on MCF7 and LS174t expressing an sShRNA directed against
CDA47 were to prove any link of the above results with 4N1Ks interaction with CD47 receptor.
Unfortunately, there was no difference in 4N1Ks effect on CIS escape between cells
expression sh CD47 compared to control. Moreover, several recent studies have indicated that
4AN1K peptide and 7N3 effects are not related to their interaction with CD47 [37,41]. Again,

further experiments were not possible due to Covid-19 situation.

It is important to note that all the studies on 4N1K and its analogue PKHBL1 effects were in

cancer cells and there are no reports on their effect on senescent cells.

Taking all the results we had with 4N1Ks we speculated that its effect is more at protein level

rather than transcriptional one.
5. Conclusions.

4N1Ks with its relatively small size of 10 amino acids and its significant ability to prevent
senescence escape, reducing the migratory ability of SASP, and the metabolic activity of
senescent cells, makes 4N1Ks an attractive candidate for Senotherapy in order to enhance the

health-span and lifespan of cancer patients who have received chemotherapies.
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Chapter 2

Abstract:

Chemotherapeutic and anti-cancer agents have the ability to induce cellular senescence in
proliferative and cancer cells. Cancer cells turning to senescent have cells have the capacity to
escape senescence state and emerge as a more aggressive form of cancer leading to cancer
relapse. Moreover, this therapy-induced senescence also plays an important role in several age-
related diseases, linking chemotherapies to accelerated ageing. Therefore, developing
senotherapeutics has become of interest to improve the health span and life span. Taking
advantage of sphingomyelin-based nanosystems’ (SNs) biocompatibility, biodegradability, and
versatility to associate or encapsulate different therapeutic molecules, as previously shown [1-
6] . We developed three distinctive SNs with 3 different therapeutic molecules that target
senescent cells in a different way.

First therapeutic molecule is a lipid derivative of the 4N1Ks peptide (studied in the previous
chapter), which was conveniently associated to the surface of SNs and exposed at the surface
for an effective targeting of senescent cells. The second therapeutic candidate was ABT-737,
which was encapsulated in the oily core of SNs. The last therapeutic component was oleuropein,
similarly encapsulated into the oily core. All SNs nanosystems were extensively characterized
regarding size, stability overtime, stability in different biological media,
association/encapsulation efficiency, cytotoxicity, hemocompatibility, and most importantly,
by their effect on senescence escape in chemotherapy-induced senescence model of breast

cancer cells.
1. Materials and Methods:
1.1. Materials

Vitamin E (VitE, DL-a-Tocopherol) was purchased from Calbiochem (Merck-Millipore,
Darmstadt, Germany). Sphingomyelin (SM, Lipoid E SM) was kindly provided by Lipoid
GmbH (Ludwigshafen, Germany). C18-PEG-4N1Ks was synthesised by Covalab (Bron,
France). ABT-737 were purchased from Abcam (Abcam, UK). Oleuropein was purchased from
CAYMAN Chemical (Madrid, Spain). HPLC grade Acetonitrile (ACN) and Ethanol (EtOH),
Dimethyl sulfoxide (DMSO) were purchased from Acros Organics (country). Methanol
(MetOH) was purchased from Merck (Darmstadt, Germany). Alamar blue reagent was
purchased from Fisher Chemicals (Thermo Fisher Scientific, USA). Trifluoroacetic acid (TFA)
and MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium Bromide) were provided
by Sigma-Aldrich (Madrid, Spain). RPMI cell culture medium, Fetal bovine serum (FBS) and
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Doxorubicin hydrochloride (>98%) were purchased from CAYMAN Chemical (Michigan,
USA). All other chemicals used were HPLC or UPLC purity grade.

1.2. Methods:
1.2.1. Preparation of SNs

1.2.1.1. Preparation of SNs and association of 4AN1Ks

SNs were prepared by the straightforward and very simple ethanol injection method, as
previously reported by our research group [5-7]. In short, VitE and SM were dissolved in
ethanol at a concentration of 200 mg/mL and 40 mg/mL, respectively. Next, VitE and SM
solutions were subsequently mixed to obtain a mass ratio of 1:0.1 (V:SM), corresponding to 5
mg of vitamin E. The resulting volume was completed up to 100 pL with ethanol and then
injected into 1 mL of ultrapure water under continuous magnetic stirring (<10% of ethanol in

the final formulation).

SNs associating 4N1Ks on the surface were prepared as follows. Initially, 4N1Ks was first
modified by covalently linking it with a PEGylated-lipid containing a carboxyl group (C18-
PEG6-COOH) resulting in the amphiphilic molecule C18-PEG6-4N1Ks (C18-PEG-KSs), which
was performed under request by Covalab (Bron, France). C18-PEG-Ks was dissolved at a
concentration of 20 mg/mL in a mixture of ethanol and water (EtOH 70%). Similar as for blank
SNs preparation, VitE (200 mg/mL) and SM (40 mg/mL) and C18-PEG-Ks were mixed to
obtain different mass ratios of the peptide (VitE:SM:C18-PEG-Ks 1:0.1:0.025 to 1:0.1:0.2,
corresponding to a peptide concentration of 0.125 to 1 mg/mL) and ethanol was added to
complete 100 pL. This organic phase was then injected into 1 mL of ultrapure water under
continuous magnetic stirring for a couple of minutes. The formulations containing all the
components were named SNs-Ks. A control formulation with only the VitE and the peptide was
named V-Ks.

The association efficiency (AE%) of C18-PEG-KSs into the nanosystems was determined by
direct quantification of the peptide using gradient HPLC analysis method. The isolation of
nanosystems from free molecules was performed as follows: 1.5 mL of nanosystems (SNs-Ks,
V-Ks) were injected into a dialysis cassette (Slide-A-Lyzer™ G2 Dialysis Cassette, Thermo
Fisher Scientific, US) with a membrane molecular-weight cut-off (MWCO) of 20 KDa. Then
the cassette was immersed in 800 mL of ultra-pure water with gentle stirring at room

temperature (RT). The dialysis procedure was done for 2 h first then change water; another 2 h
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of dialysis and change water; then left for dialysis overnight. The new volume of nanosystems
were measured after dialysis. Before injecting the nanosystems in HPLC column, they were
dissolved in MetOH at a volume ratio of 1:20 (SNs:MetOH).

HPLC analysis was performed using a HPLC system 1260 Infinity Il Agilent (Agilent
Technologies, US) equipped with a pump G7111A, an autosampler G7129A, and an UV-Vis
detector G7114A set at 220 nm wavelength. An Infinity Lab Poroshell 120 EC-C18 (100 mm
X 4.6 mm, 4 um pore size) Agilent column was used and operated at RT. The mobile phases
used were (A) ultrapure water with 0.1 % (v/v) TFA, and (B) ACN with 0.1 % (v/v) TFA The
following gradient conditions were used; 0 min B=20 %; 1 min, B=20 %; 8 min B=80 %, 10
min B=80 %, 12 min B=20 %, maintaining a flow rate of 0.5 mL/min. Standard calibration

curves were linear in the range of 7.8 to 250 ppm (R2 = 0.9999).

The association efficiency of C18-PEG-Ks into the nanosystems was calculated using the

following equation:
Equation 1: Direct measurement of the encapsulated fraction.

Associatedng
totalpg

AE%=< )xlOO

1.2.1.2. Preparation of SNs loaded with ABT-737

ABT-737 was dissolved in DMSQO at a concentration of a 20 mg/mL. Similar as for blank SNs
preparation, VitE (200 mg/mL) and SM (40 mg/mL) and ABT-737 were mixed to obtain
different mass ratios of the peptide (VitE:SM:ABT-737 1:0.1:0.005 to 1:0.1:0.02,
corresponding to ABT-737 concentration of 0.025 to 0.1 mg/mL) and ethanol was added to
complete 100 pL. This organic phase was then injected into 1 mL of ultrapure water under
continuous magnetic stirring for a couple of minutes. Those formulations were named SNs-
ABT.

Encapsulation efficiency (EE%) of ABT-737 into the nanosystems was determined by direct
quantification of ABT using gradient HPLC analysis method. The isolation of nanosystems
from free molecules was performed as the dialysis procedure was done for 2 h first then change
water and another 2 h of dialysis. The new volume of hanosystems were measured after dialysis.
Before injecting the nanosystems in HPLC column, they were dissolved in MetOH at a volume
ratio of 1:20 (SNs:MetOH).
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HPLC analysis was performed using an HPLC system 1260 Infinity Il Agilent (Agilent
Technologies, US) equipped with a pump G7111A, an autosampler G7129A, and an UV-Vis
detector G7114A set at 251 nm wavelength. An InfinityLab Poroshell 120 EC-C18 (100 mm x
4.6 mm, 4 um pore size) Agilent column was used and operated at RT. The mobile phases used
were (A) ultrapure water with 0.1 % (v/v) TFA, and (B) ACN with 0.1 % (v/v) TFA The
following gradient conditions were used; 0 min B=20 %; 1 min, B=20 %; 8 min B=80 %; 10
min B=80 %, 12 min B=20 %, maintaining a flow rate of 1 mL/min. Standard calibration curves
were linear in the range of 0.5 to 80 ppm (R2 = 0.9999).

The encapsulation efficiency of ABT-737 into the nanosystems was calculated using the

following equation:
Equation 1: Direct measurement of the encapsulated fraction.

E lat
EE% = (Encapsulatepng) % 100
(totalpg)

1.2.1.3. Preparation of SNs loaded with Oleuropein.

Oleuropein was dissolved in ethanol at a concentration of a 20 mg/mL. Similar as for blank SNs
preparation, VitE (200 mg/mL) and SM (40 mg/mL) and ABT-737 were mixed to obtain
different mass ratios of the peptide (VitE:SM:Ole 1:0.1:0.01 to 1:0.1:0.05, corresponding to
Oleuropein concentration of 0.05to 0.25 mg/mL) and ethanol was added to complete 100 L.
This organic phase was then injected into 1 mL of ultrapure water under continuous magnetic

stirring for a couple of minutes. Those formulations were named SNs-Ole.

1.2.2. Physicochemical characterisation of the nanosystems

Particle size and polydispersity index (Pdl) of the nanoemulsions were determined by dynamic
light scattering (DLS) after a dilution 1:20 (v/v) in water. The surface charge (Z-potential, ZP)
values were obtained by Laser Doppler Anemometry (LDA) (Zetasizer NanoZS®, Malvern
Instruments, Worcestershire, United Kingdom). Additionally, extended nanoemulsion
characterisation was performed by Nanoparticle Tracking Analysis (NTA) and Multiple-Angle
Dynamic Light Scattering (MA-DLS). For NTA, the nanosystems were diluted at 1:1000 (v/v)
in ultrapure water (NanoSight LM20, Amesbury, United Kingdom). Data collection was settled
with 3 repeats/60s capture time, with both shutter and gain manually determined for each

sample. NTA 2.0 Build 127 software was used for measurement and subsequent data analysis.
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MA-DLS analyses were performed using an ALV SP—86 goniometer with an ALV 5000 Multi-
tau correlator and a Coherent Sapphire optically pumped semiconductor laser operating at A =
488 nm and 200 mW power. Un-dialyzed samples were diluted 10 times with ultrapure water,
while dialyzed samples were diluted 100 times. Measurements were performed at 25 °C and
scattering angles between 6 = 30° and 150° with increments of 10° and measuring times of
300s. Results were analysed using the ALV Correlator Software (ALV-5000/E version 3.0)
based on the CONTIN algorithm adapted to the specific correlator noise. The logarithmically
sampled relaxation time spectra (amplitude vs. log(t)) were obtained from the CONTIN
inversion of the normalised correlation functions. Assuming homodyne light beating, the
distribution of diffusivities were obtained applying the relation D = 1/ (g%, and transformed
using the Stokes-Einstein relation, the solvent viscosity (7o) and refractive index (n) at the actual
temperature (T) in order to yield the hydrodynamic radius Ru = kTg?z / 6750 where K is the
Boltzmann constant, q = (4zn/2) sin(6/2) is the scattering vector as a function of wavelength in

vacuum (1), and scattering angle (9).

The topography of the nanoemulsion systems was studied with Non-Contact Atomic Force
Microscopy (NC-AFM) under ambient conditions. For this, AFM analysis samples were diluted
with ultrapure water 100 times and 10 puL were deposited onto a mica substrate (SP1 Supplies,
Grade V—1 Muscovite), allowed to dry and then viewed using a XE—100 instrument (Park
Systems, Korea) with a non-contact silicon cantilever probe with high resonant frequency
(325 kHz) and backside aluminum reflex coating (ACTA, supplied by Park Systems).

1.2.3. Colloidal stability

The colloidal stability of the nanoemulsions was determined upon incubation with different
medium as PBS 5 mM (1:2 v/v), cell culture medium RPMI (1:6 v/v) supplemented or not with
1% (v/v) FBS, and human serum previously filtered and diluted 10x in water (1:10, v/v) up to
24 h at 37 °C and horizontal agitation. The colloidal stability of the nanosystems stored at 4 °C
was also determined. Prior to DLS analysis, using Zetasizer NanoZS® (Malvern Instruments,
Worcestershire, United Kingdom), all the samples were further diluted in ultrapure water at
1:10 (v/v)

1.2.4. Invitro toxicity.

1.2.4.1. Metabolic activity assay.

MCF7 breast cancer cells (ATCC, HTB-22) were seeded at a density of 1500 cells/well in 96-
well plates and cultured in RPMI supplemented with 3% (v/v) FBS, at 37 °C in 5% CO>
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atmosphere. The next day, the cell culture medium was replaced by increasing concentrations
of C18-PEG-Ks (0.25 uM to 1 uM) or ABT-737 (1 uM to 15 pM) diluted in supplemented
RPMI to a final volume of 150 pL per well. After 72 h of incubation with C18-PEG-Ks/ ABT-
737, the medium was aspirated and cells were washed with PBS 2x, and then 100 pL of MTT
solution (5 mg/mL in PBS) were added to each well and incubated for 4 h. Afterwards, the
formazan crystals were solubilised with 100ul of DMSO and the absorbance was measured at
540 nm using a microplate reader (Multiskan EX, Thermo Labsystems). Cell viability (%) was
calculated in percentage related to untreated (control) cells.

1.2.4.2. Colony forming assay (CFA).

MCEF7 breast cancer cells were seeded in a 12-well plate at a density of 500 cells/well and
cultured in RPMI supplemented with 10 % (v/v) FBS, at 37 °C in 5 % CO; atmosphere. After
24 h, cells were treated with increasing concentration of SNs-Ks and V-Ks (0.25 uM to 1uM).
SNs-blank and C18-PEG-Ks were used as positive controls. The cells remained in contact with
treatment the whole period of the experiment, 10 days, which is the time needed for visible
colonies to be formed. After this period, cells were incubated with MTT solution (5 mg/mL in
PBS) for 4 h and subsequently dried and scanned. The obtained images were analysed using

ImagelJ software [8].

1.2.4.3. Blood compatibility

Haemolysis assay was performed as follows, 100 uL of a 3% (w/v) suspension of heparin-
stabilised erythrocytes were plated in a rounded bottom 96 well plate and incubated with the
nanosystems for 4 h, SNs-blank and SNs-Ks at concentrations from 0.25 to 1uM, SNs-ABT
from 0.25 to 1uM, and SNs-Ole at concentrations from 0.5 to 5uM (added in a 50 pL total
volume). Positive and negative controls were 50 uL /well of 1% Triton X-100 and PBS
respectively. After incubation time, the plate was centrifuged at 1000 RPM for 10 min at 4 °C.
Subsequently, 80 pL of the supernatant were transferred to another 96 well plate and read at
570 nm (absorption maxima of deoxyhaemoglobin and oxyhaemoglobin). Haemolysis

percentage was calculated following the next equation.
Equation 2: Formula for calculation of the haemolysis percentage.

Sample — PBScontrol
TritonX100 — PBScontrol

Haemolysis% =
1.2.5. Cell uptake
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The internalisation of SNs, SNs-Ks was evaluated in MCF7 breast cancer cells by confocal laser
scan microscopy (Leica microscope TCS SP8, Germany). Fluorescent SNs-blank and SNs-Ks
were first prepared by supplementing a percentage of SM with the modified lipid TopFluor®-
SM (5.6 pg/mL to achieve 25 ng/well of fluorescent matter). Cells were seeded in 8-well
chamber slides 24 h before the experiment at a density of 50000 cells/well and cultured in RPMI
supplemented with 10 % (v/v) FBS. The next day, cells were treated with fluorescently labelled
nanosystems at a concentration of 0.5 puM (peptide) for 10 min, 30 min, 1 h, 2 h and 4 h. After
the desired incubation time, cells were washed twice with PBS and fixed with
paraformaldehyde (PFA) 4 % (w/v) for 15 min at RT. Later, cellular nuclei were stained with
Hoescht for 5 min and washed three times with PBS. Finally, the coverslips were mounted over
the microscopy slides using Mowiol™ mounting medium (Calbiochem, UK), left to dry in
darkness overnight and stored at -20 °C until visualisation.

Furthermore, the internalisation of SNs and SNs-Ks was also determined in MCF 7 cells by
flow cytometry. In brief, cells were seeded in 6 well-plates at a density of 300000 cells/well in
RPMI supplemented with 10% (v/v) FBS. After 24 h, cells were treated with the fluorescently
labelled nanosystems at a concentration of 0.5 uM (peptide) for 10 min, 30 min, 1 h, 2 h, and 4
h. Following these incubation times, cells were washed twice with PBS, and after trypsinization
they were collected, resuspended and finally fixed in 500 pL of PFA 4% (w/v) for 15 min at
RT. Samples were kept at 4 °C, protected from light, until flow cytometry analysis.

1.2.6. In vitro evaluation of SNs-Ks
1.2.6.1. Senescence escape assay

In order to determine the efficiency of SNs-Ks/ SNs-ABT in preventing senescence escape and
study their possible senolytic effects in chemotherapy-induced senescence model, a senescence
escape assay was performed using MCF7 breast cancer cells. Cells were seeded in 6 well-plates
at a density of 50000 cells/well and cultured in RPMI supplemented with 3% (v/v) FBS, at 37
°C in 5 % CO> atmosphere. After 24 h, cells were treated with doxorubicin at a concentration
of 25 ng/mL for 96 h to generate MCF7 senescent cells [9]. After that, cell culture medium was
aspirated, cells were washed with PBS and treated with the nanosystems for 24 h. Afterwards,
the cells were washed with PBS and restimulated with fresh RPMI (10% v/v FBS) for 14 days.
Emerged colonies were incubated with MTT solution (5 mg/mL in PBS) for 4 h and

subsequently dried and scanned. Obtained images were analysed using ImageJ software.
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In order to make sure that after chemotherapy treatment (doxorubicin 25 ng/mL for 96 h) MCF7
cancer cell became senescent, the expression of cellular senescence markers such as f-

galactosidase and p53/p21 were determined.

For B-galactosidase analysis, after doxorubicin treatment, the cells were fixed for 15 min at RT
in 1% formaldehyde, then washed with PBS and incubated at 37 °C (in the absence of CO3)
with fresh staining solution (0.3 mg/mL of 5-bromo4-chloro-3 indolyl 3-D-galactoside (X-Gal,
Fermentas), 40 mM citric acid, 40 mM sodium phosphate at pH 6, 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 150 mM MgCl: (all reagents were
acquired from Sigma-Aldrich (Madrid, Spain)). SA-B-GAL-positive cells were quantified after
20 h.

The expression of p53 and p21 was assessed after 24 h of doxorubicin treatment, as p53
expression starts to decrease after this period. The expression of p21 and p53 was determined
by western blot after protein extraction from the treated cells. The following antibodies were
used: anti-p21Wafl (Cell Signaling, 2947S), anti p-p53serl5 (Cell Signaling, 9284).
Visualization was performed by chemiluminescence with a Bio-Rad Chemi Doc XRS imaging
device (Bio-Rad) and Fusion Solo (Vilber).

1.2.7. Statistical analysis

All values were expressed as mean +/— standard deviation (SD). Differences were analysed
using non- parametric tests (t test, Mann-Whitney, Kolmogorov—Smirnov, and one-way
ANOVA). Statistical analysis was performed using GraphPad Prism (Version 6.0 software)
(GraphPad Software, San Diego, CA, USA). A p value < 0.05 was considered to be significant.

This chapter is divided into 3 parts, each one represents one of the SNs prepared to

specifically associate the described therapeutic molecules.
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Part 1:

Sphingomyelin nanosystems decorated with
TSP-1 derived peptide targeting senescent cells

1. Abstract

Senescent cells accumulation can contribute to the development of several age-related diseases,
including cancer. Targeting and eliminating senescence cells, would allow the development of
new therapeutic approaches for the treatment of different diseases. The 4N1Ks peptide; a 10
amino acid peptide derived from TSP1 protein, combines both features by targeting the CD47
receptor present in the surface of senescent cells and demonstrating senolytic activity, thereby
representing a new strategy to take into account. Nonetheless, peptide drugs are known for their
biopharmaceutical issues, such as low short half-life and tendency to aggregate, which reduces
their bioavailability and limits their therapeutic potential. In order to overcome this problem,
herein we propose the use of biodegradable and biocompatible sphingomyelin nanosystems
(SNss), decorated with this peptide for the targeting of senescent cells. In order to efficiently
associate the 4N1Ks peptide to the nanosystems while exposing it on their surface for an
effective targeting of senescent cells, the 4N1Ks peptide was chemically conjugated to a
PEGylated hydrophobic chain. The resulting 4N1Ks-loaded SNs (SNs-Ks), were extensively
characterized for their physicochemical properties, by dynamic light scattering, multiple-angle
dynamic light scattering, nanoparticle tracking analysis and atomic force microscopy. The SNs-
Ks demonstrated suitable features in terms of size (~ 100 nm), association efficiency (87.2 +
6.9%) and stability in different biorelevant media. Cell toxicity experiments in MCF7 cancer
cells indicated an improved cytotoxic effect of SNs-Ks, decreasing cancer cells capacity to form
colonies, with respect to free peptide, and an improved hemocompatibility. Lastly, senescence
escape preliminary experiments demonstrated the improvement of SNs-Ks senolytic activity of
in chemotherapy-induced senescence model of breast cancer cells. Therefore, these results
demonstrate for the first time the potential of the combination of SNs with 4N1Ks peptide for

the development of innovative senolytic therapies to battle cancer.

Keywords: Cellular senescence, TSP-1, sphingomyelin nanoemulsions
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2.Introduction

Peptides' potency and high value to medicine has pushed them to come a long way. Currently,
there are 86 peptide drugs on the market for the management of several human diseases [10].
Among small-drugs and biologicals, in 2019 peptide drugs accounted for 5% of the
pharmaceutical market, with sales above $50 billion [11]. By 2025 it is expected that the protein
market will reach $155.06 billion [12]. However, peptide delivery presents several limitations
such as short half-life and low bioavailability due to enzymatic degradation, instability and fast
renal clearance; as well as immunogenicity, which limits their full exploitation [13,14].
Nanomedicine, among other strategies, can overcome peptides’ stability issues, improve their
half-life and bioavailability, and consequently their therapeutic effect [10,14]. Among the
different types of nanocarriers, liposomes, polymeric nanoparticles and solid lipid nanoparticles
have been widely used for peptide delivery [15]. Depending on the intended application,
peptides can be either encapsulated in the nanoparticles core or associated on their surface
[16,17]. In this work, we aim at decorating the surface of nanocarriers with 4N1Ks peptide for

the targeting of CD47 receptor, expressed on the surface of the targeted senescent cells.

Milanovic et al. has recently contradicted the concept of irreversible cell cycle arrest as the
main feature of cellular senescence, by demonstrating that chemotherapy-induced senescent
cells can escape this stage turning into a more aggressive form of cancer cells (cancer stem
cells) with enhanced growth potential [18]. The accumulation of these cells due to the immune
surveillance system failure, provides a proinflammatory niche that results in several age-related
diseases, including cancer. In addition, it was demonstrated that tumour sites rich in senescent
cells are directly linked to cancer relapse [18,19]. In this sense, the elimination of senescent
cells using senolytic drugs has been the centre of attention of several researchers to improve
cancer and age-related diseases outcome [20-22]. Nowadays there are several drugs described
in literature for their senolytic activity for cancer and other age-related diseases. Dasatinib,
quercetin and rapamycin are some examples of senolytic drugs currently under clinical
evaluation [23]. In addition, considering that cellular senescence is a highly dynamic biological
phenomenon, great efforts are being made to find senescence specific markers which will allow
the development of senotherapies specifically targeted to these cells. In this regard, we have
recently shown that homotrimer glycoprotein TSP-1/CDA47 receptor is able to avoid senescence
escape in chemotherapy-induced colon and breast cancer cells by inhibiting self-renewal and
cell proliferation [9]. In addition, our group has recently shown that 4N1Ks, a 10 amino acid
peptide derived from the C-terminal domain of TSP-1, has also the ability to prevent senescent
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cells escape by promoting autophagy in senescent and cancer cells [24]. Maintaining the
senolytic activity while decreasing the molecular weight (MW) of the therapeutic molecule is
a great advantage since peptides are cheaper to synthesize, present lower immunogenicity and
enhanced tissue penetration in comparison to high MW proteins.

To the best of our knowledge, among the different senescence therapeutic drugs described in
the literature, up to date, there are only a few publications referring to the use of nanomedicine
for targeting cellular senescence [25-33]. Most of these consist of inorganic (silica, calcium
carbonate, iron oxide, molybdenum) drug delivery systems that exploit the characteristic -
galactosidase activity of the senescent cells to achieve a controlled intracellular delivery of the
senolytic drugs as navitoclax [26]. Quercetin and CD9 monoclonal antibody functionalized
inorganic nanoparticles are other strategies exploited for senescent cells targeting [27,28].

In this study we propose the association of 4N1Ks peptide to nanoemulsions composed of
sphingomyelin, which is present in cell membranes, and vitamin E, which has been extensively
used in several formulations intended for clinical and characterized for a good biodegradability
and versatility for association and encapsulation of a variety of therapeutic molecules [1,3-7].
In addition, our previous works have shown that the sphingomyelin nanosystems (SNs)
prepared by the simple and straightforward injection method present a great colloidal stability,
low toxicity and high cell internalization [1,3-7]. In order to incorporate 4N1Ks peptide into
our nanosystem structure but still presenting it on their surface, our strategy was to chemically
conjugate the peptide to a lipid (C18)-PEG (polyethylene glycol) derivative. We have
previously observed that by using this strategy with another peptide we could improve the
targeting of metastatic colorectal cancer cells [7].

While the stearic acid chain would allow the anchorage of the peptide to the SNs structure, the
PEG moiety could reduce possible interactions with blood components like proteins
(opsonisation), providing ‘stealth’ properties to nanosystems [34]. An extensive
physicochemical characterization of the peptide nanocarriers was performed through different
methods. Their effect on cancer cells viability and colony forming capacity was studied in vitro
breast cancer cells and a chemotherapy-induced senescence model was used in a preliminary

study to determine the capacity of the peptide-functionalized SNs to eliminate senescence cells.

3.Results and discussion

Due to their specificity and potency, peptide drugs have accomplished a milestone with more

than 80 products available on the market for different human conditions (cancer, diabetes,
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among others) and a serious investment ongoing. However, they still present limitations as short
half-life and low bioavailability which limits their translation from the bench to the market
[19,20]. Such issues can be improved by combining peptides with nanotechnology. Lipidic and
polymeric nanocarriers have been described in the literature for protein and peptide delivery
[19-21]. In the case of lipidic carriers, the peptide can be chemically conjugated to a
hydrophobic chain thereby improving its encapsulation. In the case of the work herein
described, this would not only enable the incorporation of the peptide into the nanosystems
structure, but also to present the 4N1Ks peptide on the surface of the nanosystems to be
available to interact with the respective receptor (CD47) expressed on the surface of the targeted
senescent cells. The development of new strategies targeting senescent cells is of great
relevance due to their role in age related diseases and cancer recurrence, thereby different pre-
clinical and clinical studies are being conducted to address this avenue to further understand

and fight such diseases.

3.1. Development and characterisation of SNs-Ks

In order to incorporate 4N1Ks peptide into SNs structure and potentiate its presentation on their
surface, our strategy was to chemically conjugate the peptide to a PEGylated stearic acid carbon
chain (C18). PEGylated lipids have been used as a base to conjugate biomolecules like peptides
and antibodies to the surface of nano-formulations [7]. In addition, PEG has been extensively
used in drug delivery formulation as it prolongs blood circulation time and reduces possible
interactions with blood components like proteins (opsonisation), providing ‘stealth’ properties

to nanosystems [34].

In this work, the nanosystems were prepared by the single-step ethanol injection method, where
the modified peptide was mixed with the other organic phase components and injected in ultra-
pure water and these were named SNs-Ks. We hypothesised, that through the formulation
process the modified peptide would rearrange itself so the hydrophobic part (stearic acid chain)
would be incorporated in the oil core while the PEG-Ks part would be exposed on the surface
of the nanosystems, as illustrated in Figure 1. In this way the PEG moiety could also improve
the nanosystems colloidal stability. In fact, due to the new structure, the modified peptide might
work as a surfactant and promote the disposition of the peptide on the surface of the
nanosystems. In order to address this hypothesis, we decided to formulate simply with VitE and
C18-PEG-Ks (V-Ks). In this way we could determine if in the absence of sphingomyelin, the
modified peptide in combination with VitE would be able to form nanostructures as SM is able

to. Thereby, in this work V-Ks nanosystems were simply used as controls in order to provide
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evidence regarding the capacity of the modified peptide to emulsify and its arrangement on the

nanosystems structure.
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Figure 1: Schematic illustration of the nanosystems (SNs-blank, SNs-Ks and V-Ks) preparation by ethanol injection method.

Based on a previous study from our group, showing the great colloidal stability under accelerated storage
conditions of the VitE:SM at 1:0.1 ratio, with around 100 nm of size and slightly negative zeta potential,
this ratio was selected for the present work [1]. As shown in Figure 2 (upper panel), the incorporation
of the peptide at the weight ratios 0.025, 0.05 and 0.1 (respective to VitE) did not significantly alter the
hydrodynamic diameter of the nanosystems, however doubling the ratio of the peptide to 0.2 led to an
increase of the size from 106 to 167 nm. Regarding the control V-Ks, C18-PEG-KSs ratios ranging from
0.025 to 0.1 resulted in the formation of nanostructures with a hydrodynamic diameter below 120 nm
(Figure 2), similar to SNs-blank (1:0.1:0) and SNs-Ks (1:0.1:0.025 to 1:0.1:0.1). As observed for SNs-
Ks, increasing the ratio of the modified peptide to 0.2 resulted in a bigger size of 220 nm but also to less
homogeneous population as indicated by the bigger Pdl (0.38). This can be explained due to the
surfactant-like characteristics of the peptide conjugated to a PEGylated hydrophobic chain that, as
reported in several studies, increasing amounts of surfactants lead to a smaller size of the oil droplets,
however when exceeding a specific concentration lead to an increase in the particle size and can also
result in unstable nanosystems [35-37]. In addition, unlike SNs-blank (without peptide) both SNs-Ks
and V-Ks presented a positive zeta potential which was expected due to the 4N1Ks peptide's positively
charged amino acids (lysin and arginine). Both the capacity of C18-PEG-Ks to form nanostructures with
VitE and the positive surface charge of SNs-Ks and V-Ks provide evidence regarding the peptide

surfactant properties and its availability on the nanosystems surface.
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Figure 2: Effect of increasing weight ratios of C18-PEG-Ks (from 0.0025 to 0.2, respective to VitE) on SNs-Ks' (composed of
VitE, SM and C18-PEG-Ks) and V-Ks' (composed of VitE and) size, polydispersity index (Pdl) and zeta potential, determined
by DLS.

In order to further characterize the physicochemical properties of SNs-Ks at 1:0.1:0.1
(VItE:SM:C18-PEG-Ks, w/w), other methods namely NTA, MA-DLS and AFM were used.
SNS-blank (1:0.1, VitE:SM) and V-Ks (1:0.1, VitE:C18-PEG-KSs) were used as controls. The
nanosystems loading C18-PEG-Ks at the ratio 0.1 were selected for further characterization
considering their size (about 100 nm) as well as population homogeneity (PdI<0.3) and 4N1Ks

peptide senolytic effective dose (50 puM).

As shown in Figure 3 these nanosystems were dialysed and characterized once again by DLS
(before and after dialysis) in order to understand if this mild process could impair SNs-Ks
physicochemical properties. This method was selected to isolate the nanosystems from the free
C18-PEG-Ks molecules, as well as to determine the association efficiency of the peptide. DLS
analysis showed that neither particle size or Pdl (Figure 3) nor surface charge (data not shown)
were affected during the dialysis process. In addition, two weeks after dialysis, DLS analysis
was repeated without showing significant changes in size, Pdl nor zeta potential (data not

shown). The nanosystems were also characterized by NTA and MA-DLS before and after
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dialysis, as complementary methods of DLS. NTA combines laser light scattering microscopy
with a charge-coupled device camera and therefore grants identifying and tracking individual
nanoparticles moving under Brownian motion, determining particle size and calculating particle
concentration [38]. NTA data (Table 1) shows that dialysed nanosystems presented a slightly
smaller mean particle size as well as span value, which indicates a smaller size distribution and
a more homogenous sample. The dialysed nanosystems homogeneity is also observed in Figure
3 (lower panel). This probably indicates that the SM and modified peptide free molecules were
exchanged through dialysis. D-values D10, D50, and D90, are representative of the particle
diameter at 10, 50 and 90% cumulative distribution (Table 1). In general, these results are
compatible with the DLS data.
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Figure 3: Physiochemical characterisation of dialysed vs un-dialysed SNs-blank (left), SNs-Ks (middle), and V-Ks (right)
nanosystems by Dynamic light scattering (DLS) and dialysed nanosystems by Nanoparticle tracking analysis (NTA) (n>3).

Table 1: Physicochemical properties of SNs-blank (1:0.1), SNs-Ks (1:0.1:0.1) and V-Ks (1:0.1) before and after
dialysis, determined by NTA. Mean particle size (diameter), D-values (D10, D50, D90), calculated SPAN value
and sample concentration in particles per millilitre (particle/mL) (mean £ SD, n= 3).

Nanosystems Miir:niize D10 D50 D90 Sga g;:i?cr;g?;:ir;
SNs-blank 12241  93+1  113+1  166+3 064  18x10%
SNs-blank dialysed 123+1 96+ 1 116+ 1 155+ 3 0.50 5.1 x 10%
SNis-Ks 108427 76+18  96+26  159+34 087  3.7x 104
SNis-Ks dialysed 74+19  588+1  69+1 98+6 057  28x10U
V-Ks 111432 8115 101430 152452 067  43x 104
V-Ks dialysed 90+3 69+2  84+1  121+13 054  65x 10U
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The second complementary method selected for the characterisation of the nanosystems'
physicochemical properties was MA-DLS. The results show that only a single relaxation mode
is observed. This mode is angular-dependent, as expected for translational Brownian diffusion
of the nanosystems. Linearly-fitting the angular dependence of the inverse relaxation times for
these diffusion modes (t* vs. g?), we can obtain an average diffusion coefficient for the
nanoemulsions. The analysis revealed the existence of a single and clear relaxation mode for
blank SNs, SNs-Ks and V-Ks in the whole scattering range (Figure 4). For the SNs-blank
sample, the diffusion coefficient is D = 4.454 + 0.006 um?/s, which corresponds to an average
hydrodynamic radius of R4 = 55.04 + 0.08 nm. For the SNs-Ks sample, the diffusion coefficient
is D = 5.476 + 0.017 um?/s, which corresponds to an average hydrodynamic radius of Ry =
44.76 = 0.14 nm. And finally, for the V-Ks sample, the diffusion coefficient is D = 5.564 +
0.007 um?/s, which corresponds to an average hydrodynamic radius of Ry = 44.06 + 0.06 nm.
The results summarized in Table 2 show that, in general, are very consistent with the ones
observed by both DLS (Figure 3) and NTA (Figure 3 and Table 1) analysis.
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Figure 4: Physicochemical characterisation of dialysed nanosystems by Multi angle dynamic light scattering (MA-DLS)
(n=3). The 3D plots show CONTIN-derived hydrodynamic radii distributions for different scattering angles (6 = 30 to 150°)
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Table 2: Physicochemical characterization of nanosystems (before and after dialysis) by MA-DLS and AFM.

Average Diffusion

Average Hydrodynamic

Average Peak-to-Valley

Nanosystems Coefficient, Radius, distance,
D (um?/s) R (nm) Rpv (Nm)
SNs-Blank 4.454 £0.006 55.04 +0.08 -
SNs-Blank dialysed 5.108 £0.018 47.99 £0.17 51.2+29.6
SNs-Ks 5.476 £ 0.017 44.76 £ 0.14 -
SNs-Ks dialysed 6.598 + 0.004 37.17 £0.02 220112
V-Ks 5.564 £ 0.007 44.06 £ 0.06 -
V-Ks dialysed 5.569 = 0.007 44.02 £ 0.06 88.1+29.7

Atomic force microscopy was also explored in order to check the heterogeneity of the particle
population. Regarding this technique, only the dialyzed samples were analysed because the un-
dialysed ones showed a bed of material deposited on the mica surface caused by the different
components of the nanosystems that probably were solubilized outside the nanoemulsion. The
AFM images were acquired immediately after deposition of the samples on the mica surface,
showing clearly the characteristic spherical shape of the SNs (Figure 5), previously observed in
other works through TEM analysis [1]. This spherical shape did not seem to be affected by the
incorporation of the modified peptide. As shown in Table 2, in most of the depositions, the
average peak-to-valley distance (Rpv), obtained for the nanoemulsions are below the expected
sizes observed in solution. This was an expected result because the nanoemulsion droplets are
spread on the mica surface after deposition and drying. The AFM heights observed for the
nanoemulsion droplets of SNs, and SNs-Ks did not show a clear decrease in height with time
(at least during several hours), pointing out the good stability of these nanosystems. Regarding
V-Ks a phase segregation of some components was observed with time, finally resulting in the
coalescence of several nanoemulsion droplets (Figure 5, bottom right). This evolution over time
was also observed by B. Ruozi et al. [39]. This control formulation also led us to understand
that despite the capacity of the modified peptide to behave as a surfactant due to its amphiphilic
structure, it requires the presence of another component as sphingomyelin to form stable

nanosystems, as it is the case of SNs-Ks.
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Figure 5: Physicochemical characterisation of dialysed nanosystems by Atomic force microscopy (AFM) (n=3).

Regarding the AE of the modified peptide to SNs-Ks (1:0.1:0.1), determined by HPLC after
dialysis, the results showed a high AE of 87.2 + 6.9 %, which correlates with a loading capacity
(LC%) of 7.3% for SNs-Ks (1:0.1:0.1). The control formulation V-Ks (1:0.1) also presented a
similar AE (90.3 + 10.6 %), which once again indicates that C18-PEG-KSs is acting as a
surfactant being able to emulsify with VitE (and SM) and form nanostructures. Note that in
order to ensure that none of the nanosystems components affected the HPLC signal of the
peptide, mixtures of Vit E/C18-PEG-Ks and SM/C18-PEG-Ks were also analysed.

As verified by DLS, NTA, MALS, AFM and HPLC quantification, the modified peptide was
efficiently incorporated in SNs structure. C18-PEG-Ks did not lead to significant changes in
SNs mean particle size, nonetheless, an excess of the peptide (namely at the ratio 1:0.1:0.2,
VitE:SM:C18-PEG-KSs) led to an increase of about 60 nm was observed. As expected, the
incorporation of the modified peptide to SNs and its exposure on SNs surface was clearly
indicated by the increase of the surface charge from about -10 mV to about +50 mV, when
compared to the control SNs-blank. The same trend was observed in the control V-Ks, which
further demonstrated the surfactant-like profile of the modified peptide that was able to emulsify
with VitE and form nanostructures with a mean particle size similar to SNs-blank and SNs-Ks.

Therefore, as initially hypothesized, the chemical conjugation of the 4N1Ks peptide to

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

121



Chapter 2

PEGylated carbon chain (stearic acid, C18) provided an amphiphilic character to the peptide,
and therefore surfactant-like properties. Nonetheless, AFM data showed that despite being able
to form nanostructures with VitE, these are not stable and require the presence of another
surfactant, in this case sphingomyelin. In addition, this extensive characterization before and
after dialysis is of extreme importance in order to guarantee that the formulations maintain their

features and can be used either in an in vitro or in vivo scenario.

3.2. SNs-Ks stability over time and in biorelevant media

Evaluating the stability of prepared nanosystems overtime and in different biological media is
essential to predict the fate of nanosystems especially after administration [40]. Storage stability
at 4 °C was studied and the analysis by DLS showed that SNs-Ks (103+ 17 nm, Pdl 0.16, +51
+ 9 mV) and V-Ks (112 + 14, Pdl 0.16, +51 + 3 mV) were stable at least for 6 months. In
addition, the stability of SNs (with and without the modified peptide) was determined in
different biological media, PBS 5 mM, RPMI (supplemented or not with 1 % FBS) and human
plasma. According to DLS measurements and optical visualisation of the samples after
incubation with the different media, it was possible to observe that SNs-Ks (1:0.1:0.1) was
stable in cell culture medium containing proteins (FBS). This could be related to the adsorption
of serum proteins to the surface of the strongly positively charged SNs-Ks nanosystems,
through electrostatic interactions which can also explain the increase in size to 272 + 10 nm and
surface charge decrease to -11 = 1 mV, after 24 h of incubation in RPMI supplemented with 1
% FBS. Based on the possibility that a lower content of modified peptide could result in better
colloidal stability due to a lower positive surface charge of the nanosystems, the colloidal
stability of SNs-Ks prepared at 1:0.1:0.025 ratio was also assessed in supplemented RMPI.
However, this nanosystem was only stable in RPMI supplemented with 1% FBS showing a
final hydrodynamic size of 206 + 7 nm (after 24 h incubation), which was a smaller increment
in comparison to 1:0.1:0.1 SNs-Ks. Such behaviour is reported for other positively charged
nanosystems [41]. On the other hand, the colloidal stability in plasma gives an indication of the
nanosystems’ fate after intravenous (IV) administration. The plasma was diluted 10 times in
ultra-pure water before mixing it with the prepared nanosystems, so that the plasma contents
did not interfere with the DLS. As it is clear from Figure 6, SNs-blank and SNs-Ks nanosystems
were both stable in plasma for 24 h presenting a mean particle size of 101 £ 11 nmand 149 £ 3

nm for SNs-Ks and SNs-blank, respectively, at the end of the experiment.
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Figure 6: Stability of SNs-blank (1:0.1) and SNs-Ks (1:0.1:0.1 and 1:0.1:0.025) upon incubation in different relevant media
(PBS 5 mM, non-supplemented RPMI, RPMI supplemented with 1% FBS and plasma) up to 24 h. PBS: Phosphate Buffer
Saline; FBS: Fetal Bovine Serum.

3.3. In vitro evaluation of the nanosystems
3.3.1. SNs-Ks effects on MCF7 and red blood cells

Assessing the cytotoxic profile of the nanosystems is an important requirement for newly
formulated therapeutic nanosystems [42] since it provides an estimation of possible undesired
side effects. The toxicity profile of the nanosystems containing the peptide (SNs-Ks and V-Ks)
in comparison with SNs-blank was assessed through proliferation studies namely cells' colony

forming and metabolic activity, as well as haemolytic assay.

Essentially, colony forming assay is the method of choice to determine cell reproductive death
after treatment (ionising radiation, genetic manipulation, etc.) as well as the effectiveness of
cytotoxic drugs [43]. It determines the ability of a single cell in the population, undergoing
treatment, to grow into a colony of at least 50 cells by clonal expansion. To make sure that the
chemical modification did not alter its efficacy C18-PEG-Ks cytotoxicity as well as capacity to
impair the formation of tumoral cells colonies were assessed by MTT and colony forming
assays MCF7 cells were treated with a range of C18-PEG-Ks concentrations (1 to 50 puM).
Regarding cell viability assays, cells were treated for 72 h, while in the case of CFA, cells were
treated for 24 h and left in culture in cell culture medium for another 10 days (period required
to observe the formation of colonies). Figure 5A shows that C18-PEG-Ks maintained its dose-
dependent cytotoxic profile which at 50 uM led to about 90 % mortality of MCF7 cells. On the
other hand, its antiproliferative capacity and thereby impairment of colonies formation was also
not affected since the wells treated with 15 to 50 uM were totally clear, while at 5 uM MCF7
cells capacity to form colonies was only decreased by 50% (Figure 7 B and C). The C18-PEG-
Ks cytotoxic profile is similar to 4N1Ks peptide, as previously observed [24], indicating that
C18-PEG modification did not alter 4N1Ks efficacy.
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Figure 7: Effect of C18-PEG-Ks and SNs-Ks on MCF7 breast cancer cells and red blood cells. A) MCF7 cells viability
determined by MTT assay after treatment with the modified peptide (1 to 50 uM) for 72 h. B) Macroscopic photos of MCF7
colonies formed after C18-PEG-Ks treatment. C) Evaluation of cell proliferation activity by colony forming assay of MCF7
treated with C18-PEG-Ks (1 to 50 uM) for 10 days. D) Representative macroscopic images of MCF7 colonies. MCF7 cells
after treatment for 9 days with C18-PEG-Ks, SNs-blank and SNs-Ks (peptide concentration 0.25 to 1 uM). E) Graphical
representation of MCF7 colony forming capacity upon treatment with cell culture medium (NT, non-treated), C18-PEG-Ks,
SNs-blank and SNs-Ks at 0.5 uM (peptide concentration). Data are presented as mean + SD (n=6). ** p < 0.01. F) Human red
blood cells were haemolysis (%) upon exposure to SNs-blank and SNs-Ks nanosystems up to 1 uM (peptide). Triton X-100
and PBS were used as positive and negative controls representing 100% and 0% of haemolysis, respectively (n=3). Data are
presented as mean + SD.

Considering that we expected an improved efficacy by formulating the modified peptide into a
nanosystem, we decided to continue the study using C18-PEG-Ks concentrations below 5 pM.
In addition, before studying the cytotoxicity of the nanosystems containing the peptide, it was
important to determine if the SNs-blank did not cause any toxic effects at the concentrations of
interest. According to the results presented in Figure 7D, the SNs-blank were toxic at 1 uM
while no apparent toxicity was observed at 0.5 uM compared to not-treated wells. Therefore,
the effect of SNs-Ks was assessed from 0.25 up to 1 uM. Interestingly, at 0.5 puM SNs-Ks were
able to significantly decrease (p<0.01) the proliferative capacity of MCF7 cells by almost 50%
in comparison to non-treated cells (Figure 7E). Decreasing the effective concentration 10 times
(from 5 to 0.5 uM) is quite remarkable and could be attributed to the association of 4N1Ks
peptide to the nanosystems and its exposure on their surface. Such results demonstrate the
capacity of the nanoformulated systems to improve drug’s effectiveness, thereby requiring

lower doses.

The nanosystems' surface charge, concentration, shape and size can also be responsible for toxic

effects on red blood cells once administered IV [44]. Thereby, hemocompatibility is a crucial
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requirement for any newly formulated therapeutic nanosystem intended to be delivered
intravenously. For that, we assessed the blood compatibility of SNs-Ks (1:0.1:0.1) in
comparison with SNs-blank nanosystems. The results presented in Figure 7F, indicate that
while triton caused RBCs' haemolysis, SNs-blank did not affect RBCs integrity (as previously
reported by our group [28]) and as expected SNs-Ks haemolytic activity was very low with
12% * 1 haemolysis at the highest concentration tested (1 uM). These results indicate that SNs-
Ks nanosystems are suitable for IV administration.

3.3.2. Internalization by MCF?7 cells.

In order to elucidate the effect of 4AN1Ks peptide association to the surface of SNs nanosystems
on cellular uptake, SNs-Ks with fluorescently labelled sphingomyelin were prepared and
internalisation studies in MCF7 cells was assessed by confocal microscopy and flow cytometry.
Confocal microscopy images illustrated in Figure 8, show an early detection of SNs-Ks
(2:0.1:0.1) in and around MCF7 cells after 30 minutes of treatment and the highest fluorescent
signal was detected 2 h after treatment. On the other hand, the highest fluorescent signal for
SNs-blank was only detected 4 h after treatment. Similarly, and more interesting observations
were found by flow cytometry analysis, which indicated that about 83% of MCF7 cells were
fluorescent after only 10 minutes of treatment with SNs-Ks nanosystems reaching 96% after 1
h of treatment. In the case of SNs-blank, a similar percentage of fluorescent MCF7 cells was
only achieved 2 h after treatment. These results can be explained by i) the positive surface
charge of SNs-Ks can play a role in the enhanced cellular uptake through electrostatic
interactions with the negatively charged cells’ membrane [45]; ii) several papers point out that
the presence of conjugated ligands on nanoparticles improve cellular uptake [46,47]; iii) most
importantly, 4N1Ks peptide target is CD47 receptor which is expressed on the surface of MCF7
breast cancer cells as well as of senescent cells which can improve cell uptake of SNs-Ks

nanosystems.
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Figure 8: Cell internalization studies of SNs-Ks and SNs-blank over time. (A) Confocal microscopy images showing the
internalization of SNs-Ks and SNs-blank, labelled with TopFluor®-SM,in MCF7 cells after 30 min, 1 h and 2 h of treatment.
Green channel: TopFluor®-SM labelled SNs. Blue channel: nuclei staining with DAPI. (B) Flow cytometry analysis and
respective percentage of MCF7 cells internalizing TopFluor-SM SNs over time (10 min to 4 h).

3.4. Senescence escape.

After assessing the capacity of SNs-Ks to i) efficiently associate the modified peptide, ii)
improve SNs internalization in cells, iii) potentiate 4N1Ks peptide effect on decreasing MCF7
colony forming capacity while iv) showing a reduced haemolytic effect on RBCs, the last and
most important study in this work was to determine if SNs-Ks nanosystems improved the

senolytic effect of 4AN1Ks peptide.

Senescent cells were initially considered to be involved in tumour suppressor mechanisms for
being in cell cycle arrest, as well as for the senescence-associated secretory phenotype (SASP)
which secretes cytokines, chemokines, among other molecules, that attract different immune
cells responsible for the elimination of anomalous cells (cancerous, senescent...). Nonetheless,
cellular senescence is a highly dynamic and heterogeneous state and thereby the accumulation
of these cells and due to SASP activity they can also be harmful behaving as pro-tumorigenic
through different mechanisms. Several anticancer therapeutics (chemotherapy, radiotherapy,
among others) have been recognized to induce cellular senescence either in tumoral and healthy
cells. However, the tumoral cells that can escape senescence state end up being more aggressive
with higher proliferation rates [18,48,49].

SNs-Ks senolytic activity was assessed using a chemotherapy-induced model of MCF7 cells.
For that, first senescent MCF7 cells were generated upon the treatment with doxorubicin (25
ng/mL for 4 days). The senescence-like phenotype of MCF7 cells was displayed by their
changed morphology (larger size, flattened shape, cytoplasmic granularity), increased (-

galactosidase activity as well as increased expression of senescence markers p53 and p21
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(Figure 9A). The senescent cells were treated with SNs-Ks and SNs-blank (as control) for 24
h. The treated cells were left for 14 more days in cell culture medium, in order to observe the
establishment of macroscopic colonies. In this way we could determine if SNs-Ks were able to
deplete the senescent cells and therefore avoid or decrease their capacity to escape senescent
state. If the cells can recover their proliferative state after being senescent, they would not only
be able to form colonies, as we assessed in this study, but also to become more aggressive, as
shown in other studies [18,49].

Despite the extensive research on cellular senescence, therapeutic drugs aiming to impair their
pro-tumorigenic effects and the several benefits of nanotechnology, only a few studies have
combined these drugs with a nanocarrier. In addition, such studies have been mainly focused
on the use of inorganic nanoparticles (mesoporous, metallic, calcium carbonate NPs) mainly
targeting senescent cells based on their high B-galactosidase activity [25,26] but also making
use of quercetin [27] and CD9 monoclonal antibody [29]. More recently, Belcastro et al
developed maleimide-decorated Labrafac nanoemulsions for the grafting of anti-VCAM-1
antibody, aiming at the targeting of endothelial senescent cells [31]. Aside from being
developed as a therapeutic approach, when loading lipophilic fluorescent dyes, these

nanosystems can also be considered for diagnosis.

Unlike these nanosystems, in the present work we used natural components as Vitamin E and
sphingomyelin for the main composition, formulated using the single-step ethanol injection
method, which is highly reproducible, simple and straightforward. For senescent cells targeting,
we selected peptide 4N1Ks which is derived from the C-terminal domain of TSP-1 (that targets
CDA47 receptor) and has the ability to prevent senescent cells escape by promoting autophagy
in senescent and cancer cells [24]. The results presented in Figures 9B-C show that SNs-Ks
significantly reduced the number of emergent colonies in comparison to non-treated as well as
SNs-blank treated cells, specially at 0.5 uM (peptide). A similar effect on colony forming
capacity was also observed on cancer MCF7 cells’ CFA. Considering the results, these
nanosystems might present a viable approach for reducing the burden of accumulated senescent
cells caused due to anticancer treatments as chemotherapeutics, and therefore make a step
forward in the management of this disease. Still, further in vivo studies will be needed to

confirm the therapeutic potential.
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Figure 9: SNs-Ks effect on senescence escape. A) Ninety-six h treatment of doxorubicin (25 ng/mL) induces senescence in
MCF7 breast cancer cells. Microscopic photos of the increased p-galactosidase activity (blue signal) in comparison to non-
treated (NT) cells. Increased expression of senescence markers p-p53 serl5 and p21 waf-cipl, determined by western blot. B)
Chemotherapy-induced senescent MCF7 cells were treated with SNs-Ks at 0.25 to 1 pM (peptide dose) and SNs-blank as
negative control for 24 h and left for 14 days in culture. Non-treated (NT) cells were used as positive control. (n=1). * p < 0.05.
C) Macroscopic images of chemotherapy-induced senescent MCF7 cells 14 days post-treatment with SNs and SNs-Ks.

4. Conclusions

In this study we successfully prepared promising Vitamin E-sphingomyelin nanosystems,
through a the very simple and efficient method of ethanol injection, able to incorporate with
high a high efficiency the 4N1Ks peptide (chemically conjugated to a C18-PEG). In this way,
the peptide’s C18 chain was incorporated in the lipidic carrier structure, while the peptide was
exposed on its surface being available for senescent cells targeting. Extensive physicochemical
characterisation shows that the dialysis purification method did not impair the nanosystems
features and that these present a small particle size and are stable in different biological media.
SNs-Ks demonstrated a higher internalization by cancer cells in comparison to the blank
nanosystems. In addition, SNs improved 4N1Ks senolytic activity lowering its effective dose
to impair cancer and senescent cancer cells’ capacity to proliferate and form colonies.
Considering the results presented in this work, next steps will involve further investigation of

the therapeutic effect of SNs-Ks in vivo.

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

128



Chapter 2

Part 2: Sphingomyelin based nanosystems
loaded with the senolytic drug ABT-737.

1. Introduction:

One of the characteristic features of cellular senescence is its resistance to apoptosis by the
upregulation of several survival pathways. This also contributes in the accumulation of
senescent cells, which promote cancer and several age-related diseases [50]. BCL-2 protein
family consist of pro-apoptotic proteins and anti-apoptotic proteins that orchestrate the
mitochondria-mediated intrinsic pathway of apoptosis [51]. Several studies featured the
upregulation of anti-apoptotic proteins in senescent cells [22,52]. Disrupting the balance of the
BCL-2 protein family towards apoptosis represent an attractive strategy to eliminate senescent
cells, which is the exact mechanism of the senolytic drug ABT-737.

ABT-737 is a BH3 mimetic small-molecule inhibitor that binds with high affinity to Bcl-xL,
Bcl-2 and Bcl-w, triggering apoptosis by disrupting the balance between pro- and anti-apoptotic
proteins. An interesting study by Yosef and his colleagues stated that ABT-737 efficiently
eliminates two types of senescent cells in their mice models, and improved hair-follicle stem
cell proliferation resulting in regrowth of hair [52]. Despite of the potential of this drug,
preclinical studies faced two problems: i) low solubility and poor bioavailability, and ii) toxicity
effects due to a decrease of the platelet half-life (t1/2), which result in acute thrombocytopenia
in a dose-dependent manner [53-55]. To overcome these constraints, the aim was to encapsulate
the ABT-737 in SNs.

There are already several studies that have developed ABT-737 encapsulated nanosystems
targeting different types of cancer [56-59], mostly referring to polymeric based nanoparticles,
namely pegylated PLGA NPs [57-59], which improved ABT-737 cytotoxic effects through the

incorporation of other anti-cancer drugs; such as y IRAK1/4 inhibitor [57], Notch-1 Antibodies

[58], camptothecin [59] and the diacid metabolite of norcantharidin [56]. These Combinatory
therapies reduced the ABT-737 systemic toxicity related to thrombocytopenia. To the best of
our knowledge, there are no works referring to the use of ABT-737-loaded nanosystems
targeting senescent cells. However, there is an interesting publication based on the galacto-
oligosaccharides nanoparticles, already mentioned in the thesis introduction, where the higher
B-galactosidase activity in senescent cells were exploited for specific release of the cargo in
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senescent cells. In this study they prepared a prodrug of navitoclax (by galacto-conjugation), an
analogue of ABT-737. Navitoclax will only be released in senescent cells due to their high -
galactosidase activity which improved the senolytic activity of the navitoclax and reduced
platelet apoptosis in human blood samples [60].

2. Results and discussion:
2.1.Development and characterisation of ABT-737 loaded SNs (SNs-ABT)

As we mentioned earlier, ABT-737 has a poor solubility profile. In order to encapsulate the
drug in SNs, ABT-737 had to be dissolved in chloroform and was mixed in different weight
ratios (0.008 - 0.012 in respect to the VitE amount in SNs) in the ethanol phase (together with
Vit E and SM). ABT-737-loadedd SNs (SNs-ABT) were, then prepared by injecting the
previous ethanol mixture into ultra-pure water (Figure 1). Unfortunately, the resulting
nanosystems were unstable and separated after a while, most probably due to evaporation of
chloroform. DMSO was selected as an alternative solvent. A 20mg/ml stock solution was
prepared to prepare SNs-ABT with different weight ratios (0.005, 0.01, 0.02) with respect to
the content of VitE in the SNs (5mg of VitE in 1mL of formulation). Importantly, these SNs-
ABT were more stable with respect to the previous formulations prepared in the presence of
chloroform. Additionally, they remained stable after centrifugation at 7000 rpm for 1h. Besides,
the absence of ABT-737 sedimentation proves the solubility of this drug in those nanosystems
[61].

Ethanol Injection method

Organic SNs-blank SNs-ABT
Phase
N e 2
s B/ .o
Aqueous .y = @ =%e% 0 : <
Phase - S ?/ \\: % e e .‘
— /‘/‘\\ "...‘
&) ABT-737 Vitamin E ': sphingomyelin

Figure 1: Schematic illustration of the nanosystems (SNs-blank, SNs-ABT) preparation by ethanol injection method.
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SNs-ABT were characterized by DLS. As it can be observed from table 1, incorporation of
ABT-737 increased the size of the nanoemulsion to 139.5 nm +19 nm at ratio of 0.02 and
resulted in gradient zeta potential ranging from -0.96mV to +9.2 mV. The increase of surface
positive charge compared to SNs-blank could be related to DMSO or ABT-737 incorporation.
DMSO has a positive charge related to the presence of a sulphur atom [62]. It is important
mentioning that the total amount of DMSO did not exceed 0.5%, which is the highest acceptable
for 1V formulations [63].

Table 1: SNs-blank® (1:0.1) [1] and SNs-ABT nanosystems physicochemical characterisation by DLS and LDA
(mean + SD, n=12).

VitE: SM : ABT DMSO0% Size (nm) PDI ZP (mV)

SNs-blank 1:0.1:0 0 98.2+14 0.09 +0.02 -102+08
1:0.1:0.005 0.125 130.7+55 0.09 +0.04 -0.96 +1.7

SNs-ABT 1:0.1:0.01 0.25 1195+8 0.08 +0.03 +8.9£2.8
1:0.1:0.02 05 139.5 + 19 0.08 +0.04 +9.2£39

Vit E, Vitamin E; nm, nanometre; Pdl, Polydispersity index; ZP, zeta potential; mV, millivolts; ABT, ABT-737.
Total volume of the nanoparticle suspension: 1 mL. Size refers to diameter.

SNs-ABT nanosystems were dialyzed in order to separate the nanosystems from the free drug
and other molecules. Unfortunately, the dialysis process affected the stability of SNs-ABT
nanosystems (1:0.1:0.02 and 1:0.1:0.01) as they disintegrate at the end of the process. This
might be related to the poor solubility of the ABT-737. As we concluded from the formulations
prepared with chloroform that ABT-737 is not soluble in our SNs nanosystems, and with the
dialysis process, we might be losing part of the DMSO that stabilises those nanosystems.
Therefore, we repeated the formulation process with 10mg/mL ABT-737 in DMSO stock
solution. However, in this case, the highest acceptable loading ratio of ABT-737 is 0.01 in order

not to exceed the 0.5% of DMSO in our formulations.

SNs-ABT (1:0.1:0.01) prepared from the new stock solution were 126.9 + 9.8 nm in size, had
PDI of 0.1 £ 0.02 and ZP of +5.55 £ 1.06. Those nanosystems properties were not affected by
the dialysis process. According to the characterization results, the dialysis process increased
SNs-ABT (1:0.1:0.01) size slightly (135.8 = 1.9 nm), and also had increased the zeta potential
(+10.4 £ 1.5). Additional characterization was performed by NTA, MADLS and AFM. Results

1 SNs-blank refers to SNs nanosystems prepared with Vit E and SM only. They are used here as a control.
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also proved that the dialysis process did not compromise the integrity of the nanosystems, in
agreement with previous characterization results (Figure 2 & table 2). Interestingly, we found
an increase in the average size in SNs-ABT samples after 13h and 37h of deposition. We
speculated that such increase in size could be related to coalescence between some nanosystems
droplets overtime. However, we also observed that the majority of the small droplets maintained
their size over the whole course of the experiment. It is important to note that this polydispersity
was not noticed with DLS, NTA nor MADLS.

SNs-ABT SNs-ABT after dialysis
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Figure 2: Physicochemical characterization of SNs-ABT (1:0.1:0.01) with NTA, MADLS and AFM A) before dialysis
& B) after dialysis (n=3).

Table 2: Physicochemical characterization of nanosystems (before and after dialysis) by NTA and MA-DLS.

Average Diffusion Average Hydrodynamic
Nanosystems NTA size Coefficient, Radius,
measurement
D (um?/s) Ru (nm)
SNs-ABT 1435+ 1.7 3.6 £ 0.004 68.28 + 0.08
SNs-ABT dialyzed 119.1+04 3.2 +£0.005 76.39 +0.01
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The encapsulation efficiency (EE%) of ABT-737 (1:0.1:0.01), was determined by HPLC after
dialysis, being 87.86 * 4.24 %, in line with other studies (71.4% and 95% for folate-modified
lipid bilayer-coated mesoporous silica and N1-ABT-NPs (PLGA NPs) nanocarriers [56,57,58])
which in our case correlates with a loading capacity (LC%) of 0.007%. However, the first
nanosystem were based on mesoporous nanoparticles [56] which is known to have
biocompatibility issues [64]. Also, the other nanosystems were polymeric nanoparticles [57,58].
Therefore, our SNs nanosystems are more appealing due to their biodegradability and
biocompatibility. Besides the preparation of these nanosystems were much complicated

compared to the ethanol injection method.
2.2. SNs-ABT stability studies.

Colloidal short-term stability of SNs-ABT was assessed in different biological media after 24h
of incubation to estimate their fate after administration both in vitro an in vivo [40]. SNs-ABT
showed good colloidal stability profile in both PBS and plasma, Figure 3-A. Regarding stability
in plasma, SNs-ABT slightly increased in size at the very end of the experiment (after 24 h of
incubation) with a final hydrodynamic size of 175.4 +6.6 nm and ZP of -19.6 +1.3 mV. The
slight increase in size and the final strong negative surface charge can be explained by plasma
proteins adsorption and formation of a protein corona [65,66]. In case of stability in PBS, SNs-
ABT maintained their size throughout the entire study. However, in RPMI, SNs-ABT gradually
increased in size reaching 418 +52 nm and ZP of —37.6 +1 mV after 24h of incubation, while
the PDI remained less than 0.3. This could be related to the higher content of salts in RPMI
compared to PBS. It is important to note, dialyzed SNs-ABT showed improved stability

compared to undialyzed nanosystems.
2.3. In vitro cytotoxicity evaluation of SNs-ABT
2.3.1. Haemolysis assay.

SNs-ABT showed good hemocompatibility profile with no haemolytic activity in all
concentration tested, Figure 3-B. This provides a great advantage for IV administration, as
ABT-737 encapsulation in SNs nanosystems prevents its interaction with blood contents and
reduces its toxicity, which was one of the reasons why clinical studies of ABT-737 did not

move forward.

2.3.2. Invitro evaluation of prepared nanosystems. (Senescence escape assay)
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SNs-ABT senolytic activity were evaluated in chemotherapy-induced model of MCF7 cells.
For that, first senescent MCF7 cells were generated upon the treatment with doxorubicin (25
ng/mL for 4 days). The senescent cells were treated with SNs-ABT and SNs-blank (as control)
for 24 h. The treated cells were left for 2 weeks in cell culture medium, which is the time needed

for visible emergent colonies to form.

Results presented in Figure 3-D&E manifest that SNs-ABT at 0.5 pM reduced emergent clones
by 72% compared to not treated (NT) plates.

Compared to the other nanosystems encapsulating ABT-737 [56-58,58,59], although they are
targeting cancer cells and not senescent cells, those nanosystems achieved their therapeutic
target by co-encapsulation of other cytotoxic drugs [56,57,59] or ligands [58]. However, our
SNs-ABT nanosystems were able to reduce the number of emergent clones by encapsulating

ABT-737 alone and with LC% much lower compared to the other nanosystems.

SNs-ABT nanosystems effect on senescence escape were more potent in comparison to SNs-
Ks nanosystems. ABT-737 promote apoptosis in senescent cells while 4N1Ks peptide induce
autophagy. Therefore, it would be interesting to combine the two therapies together, especially
as ABT-737 will be encapsulated in the oil phase while 4N1Ks will be associated on the surface.
Such combinatory therapy might have higher impact on senescent cells, which has already been
established in our lab with a similar study by associating uroguanylin on the surface of SNs
while encapsulating etoposide in the oil phase [7]. This combinatory therapy had higher
cytotoxic effect on colorectal cancer cells in comparison to SNs with etoposide alone [7].
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Figure 3: A) Stability of SNs-ABT (1:0.1:0.01) upon incubation in different relevant media (PBS 5 mM, non-supplemented
RPMI, and plasma) up to 24 h. PBS: Phosphate Buffer Saline. B) Human red blood cells were haemolysis (%) upon exposure
to SNs-ABT nanosystems up to 1 uM (ABT-737). Triton X-100 and PBS were used as positive and negative controls
representing 100% and 0% of haemolysis, respectively (n=3). Data are presented as mean + SD. C) MCF7 cells viability
determined by MTT assay after treatment with ABT-737 (1 to 15 uM) for 72 h. D) Chemotherapy-induced senescent MCF7
cells were treated with SNs-ABT at 0.25 and 0.5 uM (ABT-737) and SNs-blank as negative control for 24 h and left for 14
days in culture. Non-treated (NT) cells were used as positive control. (n=3). * p < 0.05. E) Macroscopic images of
chemotherapy-induced senescent MCF7 cells 14 days post-treatment with SNs and SNs-ABT.

3. Conclusions.

Through the straightforward method of ethanol injection, we successfully encapsulated ABT-
737 in SNs nanosystems with high EE%. NTA, MADLS and AFM results proved that we
obtained small homogenous nanosystems with around 140 nm in size and slightly positive zeta
potential. SNs-ABT were stable in different biological media and did not induce any haemolytic
activity upon incubation with human blood. SNs-ABT had senolytic properties proved by
reducing the emergent clones from a chemotherapy- induced senescence. Encapsulating ABT
improved its hemocompatibility. Further experiments are essential to evaluate the therapeutic
potential of SNs-ABT such as in vivo studies. Combinatory therapies with the peptide could
also be envisioned especially as ABT-737 and 4N1Ks acts on different molecular pathways in
senescent cells. Moreover, 4N1Ks will be attached to the surface while ABT-737 can be
encapsulated in the oil phase of SNs. Such combination might improve the senolytic capacity

and reduce dose-dependent toxicities.
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Part 3: Sphingomyelin based nanosystems

encapsulated with Oleuropein.

1. Introduction.

Oleuropein is a polyphenol that possess antioxidant, anti-inflammatory, and senolytic properties
[67-69]. These properties are related to oleuropein downregulation of IL-18, IL-6 and COX-2
gene expression and NF-kB activation [68,69]. A recent study on osteoarthritic chondrocytes
(OACs) treatment with oleuropein, showed that oleuropein reduced inflammatory factors,
promoted cartilage tissue redifferentiation, in addition it reduced cellular senescence in
osteoarthritic chondrocytes, synovial and bone cells [69]. Therefore, it would be interesting to
prepare SNs with oleuropein and investigate their senolytic potential on chemotherapy induced
model of MCF7 cancer cells.

2. Results and Discussion:

It is important to note that several experiments were hindered from moving forward due to

Covid-19 pandemic. Therefore, results obtained with SNs-Ole represent preliminary study.

2.1. Development and characterization of SNs-Ole nanosystems.

Oleuropein was dissolved in ethanol and mixed with VitE and sphingomyelin, following the
same procedure as for ABT-737, in weight ratios of (0.01 - 0.05) in respect to Vit E amount in
SNs. SNs-Ole nanosystems were prepared as previously described, by following the ethanol
injection method, as represented in Figure 4.
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Ethanol Injection method
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Figure 4: Schematic illustration of the nanosystems (SNs-blank, SNs-ABT) preparation by ethanol injection method.

All prepared SNs-Ole nanosystems, with different ratios of loaded oleuropein (0.01, 0.02, 0.05)
were around 100 nm in size and possessed negative surface charge, Figure 5-A. Similar to SNs-
Ks and SNs-ABT, those nanosystems were extensively characterized by NTA (Figure 5-B),
MADLS (Figure 5-C) and AFM (Figure 5-D), proving that small (< 100 nm), and homogeneous
nanosystems were formed. A previous study indicated the presence of Ole on the bilayer
membrane and core of liposomes due to its amphiphilic nature [70]. Therefore, the increase of
negative surface charge can be explained by the presence of part of Ole on the surface of the
SNs due to its amphiphilic nature [70,71]. Moreover, this amphiphilic nature of Ole facilitate
the formation of small vesicles which has been reported before [71]. SNs-Ole with a
composition (1:0.1:0.05), which are the ones with the highest content in Oleuropein, were

selected for the next experiments.

Raneem JATAL | Novel Therapeutic strategies that interfere senescence escape for the treatment of resistance in colorectal and breast cancer|

137



Chapter 2

A) SNs-Ole SNs-Ole
130_ 0- .................................
_ 1204 -5
S
E 1101 E 01
8 100- e
(7] N a5
904
80—, . . : 204— , . .
QS N H
Qt\& \QQ\ \Q& \'99‘, & \"QQ \Q'& \QQ
MO S NAERN
(VitE:SN:Ole) (VitE: SM: Ole)
B) 8 D)
SNs-Ole
E2

Intensity (a.u.)
2 3456

1

0 200 400 600 800 i Pl 8, S8 DTS
Size (nm)

Figure 5: A) Effect of increasing weight ratios of Oleuropein (from 0.01 to 0.5, respective to VitE) on SNs-Ole' (composed of
VitE, SM and Oleuropein) size, polydispersity and zeta potential, determined by DLS. Physiochemical characterisation of SNs-
Ole (1:0.1:0.05) by B) NTA, C) MADLS and D) AFM. (n=3).

2.2. SNs-Ole stability studies.

Storage stability at 4 °C was studied and the analysis by DLS showed that SNs-Ole (1:0.1:0.05)
(121.9+ 4.7 nm, Pdl 0.07, -16.5 £ 2 mV) were stable at least for 4 months, Figure 6-A.
Moreover, colloidal short-term stability of SNs-Ole were assessed in different biological media,
Figure 6-B. The results indicated that SNs-Ole nanosystems were stable in RPMI supplemented
with1%FBS and in PBS 5mM as the nanosystems maintained their particle size throughout the
entire study. However, in plasma, SNs-Ole maintained their particle size for 6 h only as a spike
increase in their mean hydrodynamic size appeared at 24h of incubation reaching 418 + 60 nm
and ZP of -16 £ 1 mV. The high colloidal stability of SNs-Ole was not a surprise as oleuropein
is used as a stabilising agent for many metallic nanoparticles such as gold and silver

nanoparticles [71-73].
2.3. In vitro cytotoxicity evaluation of SNs-Ole

2.3.1. Haemolysis assay
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We checked the hemocompatibility of SNs-Ole (1:0.1:0.05) nanosystems as it is an essential
requirement for IV administration. As it is clear in Figure 6-C, SNs-Ole did not lead to any

haemolytic activity in all concentrations tested.
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Figure 6: A) storage stability of SN-Ole (1:0.1:0.05) at 4 °C over 4 months, size measurements were determined by DLS. B)
Stability of SNs-Ole (1:0.1:0.05) upon incubation in different relevant media (PBS 5 mM, RPMI supplemented with 1% FBS,
and plasma) up to 24 h. PBS: Phosphate Buffer Saline, FBS: Fetal Bovine Serum. C) Human red blood cells were haemolysis

(%) upon exposure to SNs-Ole nanosystems up to 5 uM (Oleuropein). Triton X-100 and PBS were used as positive and negative
controls representing 100% and 0% of haemolysis, respectively (n=3). Data are presented as mean + SD.

3. Conclusions:

SNs prepared with Oleuropein possessed small hydrodynamic size of around 100 nm, were
stable in different biological media and did not lead to any haemolytic activity. Therefore, these
data are promising and will justify additional future studies to evaluate their possible

senotherapeutic potential.
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Cellular Senescence is initially a tumour suppressive mechanism that is characterised by cell
cycle arrest, distinct secretory phenotype (SASP), and resistance to apoptosis [1]. Senescent
cells also play an important role in wound healing and tissue regeneration [2,3]. All these
beneficial effects are linked to their temporary presence as senescent cells should be eliminated
by the immune system. However, these cells tent to accumulate chronically over age or due to
some therapies such as genotoxic chemotherapy, and with their proinflammatory secretome
they promote several age-related diseases including cancer. In addition, recent studies pointed
out that cancer cells turning to senescent state due to chemotherapy treatment have the capacity
to regain full proliferative potential which leads them to escape this state and emerge in a more
aggressive form of cancer, leading to cancer relapse [4-12]. Interestingly it was found out that
cancer cells turning to senescent have characteristics similar to tumour dormancy [4,5,13].
Consequently, numerous studies are investigating possible therapeutic strategies targeting
senescent cells or their secretory phenotype SASP. Molecular pathways governing senescent
cells are the main source for developing such senotherapies. Besides, very recent studies are

exploiting nanomedicine advantages for delivering senolytics and senostatic agents.

Within this frame, the main target of this PhD thesis has been to explore and investigate
therapeutic agents that can hinder the emergence from chemotherapy induced senescence (CIS)
for the long-term goal of improving the health span and life span of cancer patients received
senescence-inducing therapies. Our therapeutic candidate was a 10 amino acids peptide
(4N1Ks) derived from the C-terminal domain of TSP-1 and was chosen based on a previous
study proving that TSP-1 prevents emergence from CIS model of colorectal and breast cancer.
Therefore, we explored the effect of this peptide on both MCF7 and LS174t cancer and
senescent cells as well as its effect on senescence escape from CIS (chapterl). Additionally,
several western blot experiments for different cellular proteins expression were carried out as
well as flow cytometry, RT-qPCR, MTT, Colony forming assay, and Boyden chamber assay,
in order to understand the exact molecular mechanism of 4N1Ks peptide.

The second part of this thesis was to incorporate 4N1Ks peptide on the surface of nanosystems
to improve its efficacy (chapter 2, partl). Sphingomyelin based nanosystems SNs were chosen
for this purpose due to their bioavailability, biocompatibility, and versatility for association and
encapsulation of a variety of therapeutic molecules [14-19]. To facilitate 4N1Ks assembling to
the surface of SNs, it was chemically conjugated to PEGylated hydrophobic chain. The prepared
nanosystems were heavily characterised by DLS, NTA, MADLS, and AFM. Additionally, the
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therapeutic efficacy of those nanosystems were evaluated by several in vitro studies including

emergence assay on CIS model of MCF7 breast cancer cells.

Due to SNs versatility for associating and encapsulating several therapeutic molecules in
addition to the simple and straightforward preparation method, we were eager to formulate SNs
with other senotherapies targeting senescent cells. For that we chose two different
senotherapeutic agents: i) ABT-737 a senolytic drug that induces apoptosis in senescent cells
by inhibiting anti-apoptotic proteins (BCL-2, BCL-XL and BCL-W) [20,21] (chapter2, part 2).
i) Oleuropein, an antioxidant that possess senolytic and anti-inflammatory effects by
downregulating IL-1R, IL-6 and COX-2 gene expression and NF-kB activation [22,23]
(chapter2, part 3). Each of these senolytic drug were encapsulated in the oil phase of the SNs.
Both SNs prepared were heavily characterised by DLS, NTA, MADLS, and AFM. Also, several

in vitro studies were followed to demonstrate their safety and therapeutic potential.

It is important to indicate that an absolute elimination of all senescent cells is not necessary. As
a decrease in 30% of senescent cells in the body were able to alleviate age-related pathologies
and extended health-span in progeroid and normal chronologically aged mice [1].

1. 4N1Ks, a TSP-1 C-terminal derived peptide and its effect on Chemotherapy-Induced

Senescence.

Senescence escape and Boyden chamber assay were the first two experiments to evaluate
4N1Ks therapeutic potential and compare it with TSP-1 results gained in a previous study. The
senescence escape essay would give an indication of 4N1Ks effects on senescent cells, while
the Boyden chamber assay would specify 4N1Ks effect on senescent cells secretome (SASP).
4N1Ks peptide was able to significantly prevent senescence escape in the CIS model of MCF7
and LS174T and greatly affect the migratory ability of the SASP in both cell lines.

From this point, several experiments were followed to understand the exact molecular
mechanism the peptide work by. Obviously, we had to check p53, p21, expression as they are
essential for establishing and maintaining the cellular senescence program [24,25]. 4N1Ks
peptide did not have any effect on p53 and p21 expression in both cell lines. In addition, -
galactosidase activity was increased by in (33%) MCF7 and by (22%) in LS174T cells upon
treatment with 4N1Ks. Those results were quite confusing, and further experiments were

essential to explain those results.
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Cell cytotoxicity studies of MTT assay and colony forming assay showed that 4N1Ks has an
antiproliferative effect on MCF7 and LS174T cancer cell lines, which agrees with previous
studies that showed 4N1K peptide and its analogue PKHB1 induce cell death in several types
of cancer cells [26-28]. However, the effective concentration used in those studies (ranged
between 100 to 300 uM) were much higher than the one we used (50uM). Based on these results
and 4N1Ks effect on senescence escape, it was interesting to detect the cell cycle of treated
cells by flow cytometry, where we found that there was a slight insignificant increase in the
number of cells in G2M phase after 4N1Ks treatment. This proves that 4N1Ks did not have any

effect on the cell cycle of treated cells.

The rest of the experiments were conducted on MCF7 only as it was more responsive than
LS174T. We noticed a low protein content in cancer and emergent cells treated with 4N1Ks,
raising the hypothesis of ER stress [29], UPR [30], and autophagy induction [31]. Western blot
studies on cancer cells and senescent cells treated with 4N1Ks showed that 4N1Ks effects are
mainly related to induction of autophagy. Moreover, the increased granularity of the cells
treated with 4N1Ks is additional proof of autophagy induction in those cells [32]. It has been
reported before that 4N1K peptide-induced autophagy in cancer cells through immunodetection
of LC3 in treated cells [33]. Anyhow, we have extra proof of autophagy induction through the
downregulation of the mTOR pathway [34] and p62 [31]. In addition, slight increase of [-

galactosidase activity could also be explained by autophagy program activation.

Regarding the UPR induction hypothesis, 4N1Ks treatment increase the expression of Bip,
which is an ER chaperon protein [35] and considered as a master regulator of the unfolded
protein response UPR [36]. In addition, treated cells showed higher cellular granularity which
is usually observed in physiological processes like autophagy [32] and UPR [37].
Unfortunately, these results were not backed up by the results obtained from RT-qPCR of
several UPR markers, as it indicates that treatment with 4N1Ks did not alter the expression of
any of the UPR genes. It is important to note that although 4N1Ks treatment increased the
expression of IRE1a and PERK, which are ER stress sensors [38], this represents the whole
protein and not the active phosphorylated form. Therefore, further experiments are needed to

strength this hypothesis.

Already mentioned in the general introduction the essential roles of UPR and autophagy in
senescent cells survival. As senescent cells tend to accumulate oxidised lipids, proteins, and

nucleic acids due increased levels of ROS [39]. Consequently, UPR and autophagy are activated
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to regain the intracellular balance [40]. However, the relationship between senescence and those
mechanisms are quite complicated specially for autophagy. As high levels of autophagy can

result in cellular organelle destruction leading to cell death [41].

Regarding the 4N1Ks effect on the SASP, we already indicated that 4AN1Ks affect the migratory
ability of the SASP by Boyden chamber assay. These could be more related to the

antiproliferative effect of the peptide we found with clonogenic assay and MTT.

Autophagy [42,43] and mTOR [44,45] play and essential role in the production of several SASP
components and since 4N1Ks induce autophagy and downregulate mTOR, in addition to low
cellular protein content, we speculated that 4N1Ks might also affect the production of SASP
factors. Unfortunately, we could not prove if 4N1Ks affect mMRNA levels of several SASP
components. We also repeated the Boyden chamber assay, but instead of mixing the peptide
with the SASP, we tested the migratory ability of SASP produced by senescent cells treated
with 4N1Ks peptide compared to normal SASP. This could indicate that 4N1Ks affect the
production of SASP factors. These results oppose the fact that TSP1 promotes invasion and
migration of endothelial cells osteosarcoma cells [46]. Anyhow, TSP1 effects are mediated by
several receptors, and since 4N1Ks is derived from the C-terminal domain, it does not possess
all TSP1 effectivity.

Additionally, we checked the metabolic activity of MCF7 senescent cells treated with 4N1Ks
peptide through an MTT assay. 4N1Ks was able to reduce the metabolic activity of MCF7
senescent cells significantly.

Considering all these results, we speculate that 4N1Ks mediates its effects at a post-

transcriptional level.

In the end, 4N1Ks with its relatively small size of 10 amino acids and its significant ability to
prevent senescence escape, reducing the migratory capacity of SASP, and the metabolic activity

of senescent cells, makes 4N1Ks an attractive candidate for Senotherapy.

2. Senolytic and Senostatic Sphingomyelin based Nanosystems.

Based on the molecular pathways that govern senescent cells, there are several mechanisms to
target senescent cells. For example, activating apoptotic pathways in senescent cells, targeting
SASP components or improving the immune system capacity in eliminating senescent cells. All
this has been discussed extensively in the thesis introduction. Many of those senotherapies have
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reached clinical studies, but the high toxicity profile of some of them is hindering them from
moving forward. Nanomedicine can be the solution for such problems by maximising efficacy

while minimising side effects by specific targeting and reducing the loaded dose.

In this chapter we took advantage of sphingomyelin based nanosystems versatility to associate
and encapsulate different therapeutic agents targeting senescent cells.

Part 1: SNs-Ks.

4AN1Ks peptide were first chemically modified with a PEGylated hydrophobic chain (PEG-
C18), resulting in C18-PEG-KSs. Such modification was essential to facilitate the association of
the peptide to the surface of SNs. Moreover, the modified peptide resembled surfactant-like
properties, which was proved by successfully formulation nanosystems based on VitE and the
C18-PEG-Ks (V-Ks). V-Ks nanosystems serve another poof of the rearrangement of the

modified peptide.

DLS measurements of SNs-blank nanosystems of VitE:SM 1:0.1 ratio indicate a 100 nm in size
and a slightly negative zeta potential. Incorporating the modified peptide at the weight ratios
0.025, 0.05 and 0.1 (respective to VitE) did not significantly alter the hydrodynamic diameter
of the nanosystems; however, doubling the ratio of the peptide to 0.2 led to an increase of the
size from 106 to 167 nm. Similar results were also gained with V-Ks nanosystems, table 1.
Increasing the ratio of the modified peptide to 0.2 did not only result in a bigger size but also
led to a less homogeneous population, as indicated by the bigger Pdl. explained due to the
surfactant-like characteristics of the peptide conjugated to a PEGylated hydrophobic chain that,
as reported in several studies, increasing amounts of surfactants lead to a smaller size of the oil
droplets, however when exceeding a specific concentration lead to an increase in the particle
size and can also result in unstable nanosystems [47—49]. SNs-Ks and V-Ks presented a positive
zeta potential due to the 4N1Ks peptide's positively charged amino acids (lysine and arginine).

This provides another evidence of PEG-Ks part presence on the surface of the nanosystems.
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Table 1: SNs-blank (1:0.1) and SNs-Ks nanosystems physicochemical characterisation by DLS and LDA (mean
+SD, n=3).

VitE:SM:C18-PEG-Ks Size (nm) Pdl ZP (mV)
1:0.1:0 106 £5 0.095 + 0.02 -10+£3
1:0.1:0.025 98+ 3 0.34 £0.03 +37+1
1:0.1:0.05 108+ 3 0.42 +0.01 +51+2
1:0.1:0.1 106 + 18 0.25+0.1 +54 £ 4
1:0.1:0.2 166 + 6 0.27 £ 0.07 +55+4

Vit E, Vitamin E; SM, Sphingomyelin; nm, nanometre; Pdl, Polydispersity index; ZP, zeta potential; mV: millivolts.
Total volume of the nanoparticle suspension: 1 mL. Size refers to diameter.

Table 2: V-Ks nanosystems physicochemical characterisation by DLS and LDA (mean + SD, n=3).

VitE:C18-PEG-Ks Size (nm) Pdl ZP (mV)
1:0.025 108 +2 0.25+0.01 +50+ 1
1:0.05 103 +2 0.24 +0.01 +53+0
1:0.1 116 +1 0.24 + 0.007 +51 +2
1:0.2 220+ 9 0.38 +0.01 +52+5

Vit E, Vitamin E; nm, nanometre; Pdl, Polydispersity index; ZP, zeta potential; mV, millivolts.
Total volume of the nanoparticle suspension: 1 mL. Size refers to diameter.

The nanosystems loading C18-PEG-Ks at the ratio 0.1 were selected for further characterisation
considering their size (about 100 nm) as well as population homogeneity (PdI<0.3) and 4N1Ks
peptide senolytic effective dose (50 puM). V-Ks and SNs-blank nanosystems were used as

controls.

A dialysed method was chosen to separate nanosystems from free molecules to determine the
association efficiency of the peptide. Dialyzed nanosystems were heavily characterised by DLS,
NTA, MADLS and AFM. DLS measurements showed that the dialysis process did not affect
the integrity of those nanosystems. Moreover, NTA, MADLS and AFM results were compatible
with the measurements gained with DLS. During the AFM measurement process, we noticed
the V-Ks sample show a phase segregation of some components over time, finally resulting in
the coalescence of several nanoemulsion droplets, Figure 6-D. Such behaviour was not noticed
with SNs and SNs-Ks nanosystems, proofing the necessity of sphingomyelin for the stability of

those nanosystems.
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Both SNs-Ks (1:0.1:0.1), and V-Ks (1:0.1) showed high association efficiency AE of 87.2 %
6.9 % and 90.3 *10.6 %, which once again indicates that C18-PEG-KSs is acting as a surfactant

being able to emulsify with VitE (and SM) and form nanostructures.

The stability of prepared nanosystems was evaluated over time and in different biological
media, and it is essential to predict the fate of nanosystems, especially after administration [50].
All nanosystems prepared were relatively stable for at least 6 months of storage at 4 °C. SNs-
Ks was stable in RPMI supplemented with 1%FBS for 24h with a final hydrodynamic size of
272 %10 nm and surface charge decrease to -11 +1 mV. Such an increase in size can be
explained by the adsorption of serum proteins to the surface of the strongly positively charged
SNs-Ks nanosystems through electrostatic interactions. Regarding stability in plasma, SNs-Ks
showed improved stability compared to SNs-blank nanosystems as SNs-Ks maintained their
size the whole experiment presenting a final mean particle size of 101 +11 nm. This could be

related to the PEG-C18 part, as several studies have indicated the role of PEG chains in
stabilising the particles in a cellular medium by steric hydration repulsions and preventing or

reducing protein adsorption [51].

MTT and CFA experiments conducted on MCF7 cells treated with different concentrations of
C18-PEG-Ks, indicate that the chemical modification on 4N1Ks peptide did not alter its
therapeutic capacity. According to CFA results, C18-PEG-Ks reduced the number of growing
colonies by 50% at a concentration of 5 UM compared to nontreated cells. Interestingly, SNs-
Ks achieved similar results at 0.5 pM. Decreasing the effective concentration 10 times (from 5
to 0.5 uM) is quite remarkable and could be attributed to the association of 4N1Ks peptide to
the nanosystems and its exposure on their surface. Such results demonstrate the capacity of

nanoformulated systems as to improve drug’s effectiveness requiring lower doses.

The hemocompatibility of SNs-Ks nanosystems were evaluated in vitro compared to SNs-
blank. Haemolysis assay is an essential requirement for newly formulated therapeutic
nanosystem intended to be delivered intravenously, especially if those nanosystems were

positively charged as they tend to be more toxic. SNs-Ks haemolytic activity was very low with

12% =1 haemolysis at the highest concentration tested (1 uM).

SNs-Ks with fluorescently labelled sphingomyelin were prepared for internalisation studies on
MCEF7 cells which were assessed by confocal microscope and flow cytometry. This will give

an insight of 4N1Ks effect on SNs cell uptake. Confocal microscope images and Flow
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cytometry results showed high cellular uptake of SNs-Ks compared to SNs-blank.
Flowcytometry results indicate that 83% of the cells were fluorescent after 10 min of treatment
with SNs-Ks and reaches 96% after 1 h, while such percent where achieved after 4h in case of
cells treated with SNs-blank.

Lastly, the most crucial experiment of this part was assessing the SNs-Ks senolytic capacity on
the CIS model of MCF cells by senescence escape experiment. As it is clear from Figure 9,
SNs-Ks significantly decreases the number of emergent clones at 0.5 pM compared to
nontreated cells and cells treated with SNs-blank, which is similar to what we observed in CFA.
Considering all results, SNs-Ks nanosystems represent an interesting approach to ease the
burden of accumulated senescent cells due to chemotherapy treatment and, therefore, make a
step forward in the management of this disease. Of course, further studies, especially in vivo,

are needed to further strengthen our findings.
Part 2: SNs-ABT:

ABT-737 is a small molecule that binds with high affinity to the anti-apoptotic proteins (BCL-
2 family), shifting the survival/ apoptosis balance towards apoptosis [21]. ABT-737 is a potent
anti-cancer and senolytic drug; however, its low solubility and bioavailability, plus its high
toxicity, hindered several clinical studies from moving forward [52]. Several studies exploited
nanotechnology advances in improving ABT-737 bioavailability and reducing its toxicity
against platelets. However, these nanoparticles were intended to treat cancer. Up until now,
there has been no study indicating senolytic ABT-737 loaded nanoparticles.

SNs-ABT nanosystems prepared from ABT-737 dissolved in chloroform were not stable and
disintegrated after a while, most probably due to evaporation of chloroform. DMSO was
selected as an alternative solvent. A 20mg/ml stock solution was prepared to prepare SNs-ABT
with different weight ratios (0.005, 0.01, 0.02) with respect to the content of VitE in the SNs
(5mg of VitE in 1mL of formulation). Importantly, these SNs-ABT were more stable with
respect to the previous formulations prepared in the presence of chloroform. Additionally, they
remained stable after centrifugation at 7000 rpm for 1h. Besides, the absence of ABT-737
sedimentation proves the solubility of this drug in those nanosystems [61].

SNs-ABT were characterized by DLS. As it is clear from table 3, incorporation of ABT-737
increased the size of the nanoemulsion to 139.5 nm +19 nm at a ratio of 0.02 and resulted in

gradient zeta potential ranging from -0.96mV to +9.2 mV. The increase of surface positive
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charge compared to SNs-blank ZP could be related to DMSO or ABT-737 incorporation as
DMSO contain positively charged sulphur. Moreover, The Pdl of all nanosystems prepared
were below 0.1, referring to their homogeneity. It is important that we did not exceed 0.5% of
DMSO in our formulation, which is the highest acceptable for IV formulations [53].

Table 3: SNs-blank (1:0.1) and SNs-ABT nanosystems physicochemical characterisation by DLS and LDA (mean
1SD, n=12).

VitE: SM : ABT DMSO0% Size nm PDI ZP mV
1:0.1:0 0 982+14 0.09+002 -102+0.8
1:0.1:0.005 0.125 130.7+55 0.09+0.04 -096%1.7
1:0.1:0.01 0.25 1195+8 0.08+0.08 +89+28
1:0.1:0.02 0.5 139.5+19 0.08+0.04 +9.2+3.9

Vit E, Vitamin E; nm, nanometre; Pdl, Polydispersity index; ZP, zeta potential; mV, millivolts; ABT, ABT-737.

The total volume of the nanoparticle suspension: 1 mL. Size refers to diameter.

SNs-ABT nanosystems were dialyzed in order to separate the nanosystems from the free drug
and other molecules. Unfortunately, the dialysis process affected the stability of SNs-ABT
nanosystems (1:0.1:0.02 and 1:0.1:0.01) as they disintegrate at the end of the process. This
might be related to the poor solubility of the ABT-737. and with the dialysis process, we might
be losing part of the DMSO that stabilises those nanosystems. As we concluded from the
formulations prepared with chloroform that ABT-737 is not soluble in our SNs nanosystems.
Therefore, we repeated the formulation process with 10mg/mL ABT-737 in DMSO stock
solution. However, in this case, the highest acceptable loading ratio of ABT-737 is 0.01 in order

not to exceed the 0.5% of DMSO in our formulations.

SNs-ABT (1:0.1:0.01) prepared from the new stock solution were 126.9 + 9.8 nm in size, had
PDI of 0.1 £ 0.02 and ZP of +5.55 £ 1.06. Those nanosystems properties were not affected by
the dialysis process. According to the characterization results, the dialysis process increased
SNs-ABT (1:0.1:0.01) size slightly (135.8 £ 1.9 nm), and also had increased the zeta potential
(+10.4 £ 1.5). Additional characterization was performed by NTA, MADLS and AFM. Results
also proved that the dialysis process did not compromise the integrity of the nanosystems, in
agreement with previous characterization results. However, we found an increase in the average
size in SNs-ABT samples after 13h and 37h of deposition. We speculated that such increase in
size could be related to coalescence between some nanosystems droplets overtime. However,
we also observed that the majority of the small droplets maintained their size over the whole
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course of the experiment. It is important to note that this polydispersity was not noticed with
DLS, NTA nor MADLS.

The encapsulation efficiency (EE%) of ABT-737 in SNs-ABT (1:0.1:0.01), was determined by
HPLC after dialysis, being 87.86 £ 4.24 %, which correlates with a loading capacity (LC%) of
0.007%. Other studies reported similar high EE% of 71.4% and 95% for folate-modified lipid
bilayer-coated mesoporous silica and N1-ABT-NPs (PLGA NPs) nanocarriers [56,57,58].
However, the first nanosystem were based on mesoporous nanoparticles [56] which is known
to have biocompatibility issues [64]. Also, the other nanosystems were polymeric nanoparticles
(PLGA NPs) [57,58]. Therefore, our SNs nanosystems are more appealing due to their
biodegradability and biocompatibility. Besides the preparation of these nanosystems were much
complicated compared to the ethanol injection method.

Colloidal short-term stability of SNs-ABT was assessed in different biological media after 24h
of incubation to estimate their fate after administration both in vitro and in vivo [37]. SNs-ABT
showed a good colloidal stability profile in both PBS and plasma. Regarding stability in plasma,
SNs-ABT slightly increased in size at the very end of the experiment (after 24 h of incubation)

with a final hydrodynamic size of 175.4 +6.6 nm and ZP of -19.6 +1.3 mV. The slight increase

in size and the final strong negative surface charge can be explained by plasma proteins
adsorption and formation of a protein corona [54,55]. In the case of stability in PBS, SNs-ABT
maintained their size throughout the entire study. However, in RPMI, SNs-ABT gradually
increased in size, reaching 418 +52 nm and ZP of —37.6 1 mV after 24h of incubation, while

the PDI remained less than 0.3. This could be related to the higher content of salts in RPMI
compared to PBS.

Encapsulating ABT-737 in SNs nanosystems improved its hemocompatibility profile as no
haemolytic activity were detected with SNs-ABT (1:0.1:0.01) in all concentrations tested. This
provides a great advantage for IV administration, as ABT-737 encapsulation in SNs
nanosystems prevents its interaction with blood contents and reduces its toxicity which was one

of the reasons why clinical studies of ABT-737 did not move forward.

Lastly, we tested the senolytic capacity of SNs-ABT on the CIS of MCF7 cells. Results
presented in chapter 2 (Part 2, Figure 3, page 135) manifest that SNs-ABT at 0.5 uM reduced

emergent clones by 72% compared to NT plates.
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SNs-ABT nanosystems effect on senescence escape were more potent in comparison to SNs-
Ks nanosystems. ABT-737 promote apoptosis in senescent cells while 4N1Ks peptide induce
autophagy. Therefore, it would be interesting to combine the two therapies together, especially
as ABT-737 will be encapsulated in the oil phase while 4N1Ks will be associated on the surface.
Such combinatory therapy might have higher impact on senescent cells, which has already been
established in our lab with a similar study by associating uroguanylin on the surface of SNs
while encapsulating etoposide in the oil phase [7]. This combinatory therapy had higher
cytotoxic effect on colorectal cancer cells in comparison to SNs with etoposide alone [7].

Encapsulating ABT-737 in SNs provides advantages compared to other nanosystems
encapsulating ABT-737 [56-59]. Most of those nanosystems co-encapsulate other cytotoxic
drugs and ligands to achieve the desirable therapeutic effect. Moreover, the biodegradability
and biocompatibility of SNs nanosystems is an extra feature compared to the mesoporous [58]

or polymeric nanoparticles [56].

Unfortunately, further cytotoxicity experiments and replicates were already in process, but due

to the Covid-19 situation, we could not continue working on them.
Part3: SNs-Ole.

Since oleuropein senolytic properties [23] are based on molecular pathways different than ABT-
737 and 4N1Ks, it was interesting to encapsulate it in SNs nanosystems and study its effect on
the CIS model of MCF7 cells.

Luckily, oleuropein dissolves in ethanol; therefore, a stock solution of Ole in ethanol was
prepared and mixed in different weight ratios (0.01- 0.05) with Vit E and sphingomyelin for the
preparation of SNs-Ole by the ethanol-injection method. All prepared SNs-Ole nanosystems,
with different ratios of loaded oleuropein (0.01, 0.02, 0.05) were around 100 nm in size and
possessed negative surface charge. Results obtained from NTA and MADLS, proved that small
(< 100 nm), and homogeneous nanosystems were formed. A previous study indicated the
presence of Ole on the bilayer membrane and core of liposomes due to its amphiphilic nature
[60]. Therefore, the increase of negative surface charge can be explained by the presence of part

of Ole on the surface of the SNs due to its amphiphilic nature [60,61].

AFM measurements were smaller compared to others, and that can be explained by the spread

of the nanosystems on the mica surface and the drying of the sample over time. In addition, we
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noticed a smaller population with AFM, which could be related to the ability of Ole to form

small vesicles due to its amphiphilic nature [60,61].

SNs-Ole with a composition (1:0.1:0.05), which are the ones with the highest content in

Oleuropein, were selected for the next experiments.

Storage stability at 4 °C was studied, and the analysis by DLS showed that SNs-Ole (121.9 +

4.7 nm, Pdl 0.07, -16.5 +2 mV) were stable at least for 4 months. Moreover, the short-term

colloidal stability of SNs-Ole was assessed in different biological media. The results indicated
that SNs-Ole nanosystems were stable in RPMI supplemented with 1%FBS and in PBS 5mM
as the nanosystems maintained their particle size throughout the entire study. Again, the Ole
amphiphilic nature might play a role in the high colloidal stability of those nanosystems [60,61].
As the presence of two types of surfactants can prevent aggregation and increase their colloidal
stability [62].

We assessed the cytotoxicity profile of SNs-Ole on red blood cells by haemolysis assay. SNs-
Ole nanosystems were hemocompatible as they did not lead to any haemolytic activity in all

concentrations tested.

Unfortunately, due to the Covid-19 situation, we could not continue further experiments
regarding cytotoxicity and senescence escape. However, we thought that the results obtained

with these nanosystems were promising to be continued for future studies.
A comparison between SNs-Ks, SNs-ABT and SNs-Ole:

All prepared SNs nanosystems were around 100 nm in size. Extensive characterisation by DLS,
MADLS, NTA and AFM proved the population homogeneity of those nanosystems. Moreover,
all SNs nanosystems showed great colloidal stability profile over time and in different
biological media including plasma. Regarding SNs-Ks and SNs-Ole, both C18-PEG-Ks and
Ole molecules have amphiphilic nature, however in case of SNs-Ks the C18 part will be
incorporated in the oil core while the PEG-Ks will be associated to the surface. In the case of
Ole, it is speculated the presence of Ole on the surface of SNs-Ole and in the oil core, as it has
been reported before with liposomes encapsulating Ole [61]. Alternatively, ABT-737 due to its
hydrophobic nature it is most probably encapsulated in the oil core. This eventually had an
impact on the surface charge of each nanosystems. SNs-Ks have strong positive ZP due to the

4N1Ks peptide's positively charged amino acids (lysine and arginine). SNs-ABT nanosystems
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also possessed positive ZP; however, it is not as strong as SNs-Ks, and it is most probably
related to DMSO positive charge based on the presence of a sulphur atom. On the other hand,
SNs-Ole formulation had negative ZP due to the presence of part of Ole on the surface of those

nanosystems.

Regarding loading capacity, SNs-Ks (1:0.1:0.1) nanosystems had a high loading capacity of
7.3%. This could be explained by the amphiphilic nature, and the emulsifying ability of C18-
PEG-Ks, which V-Ks formulations have already proved. Contrarily, SNs-ABT (1:0.1:0.01) had
low LC% of 0.007%, and it is related to the low solubility of ABT-737 in SNs nanosystems;
however, the encapsulation efficiency of ABT was relatively high 87.86 + 4.24 %.

Finally, each SNs prepared nanosystems deliver their senolytic effect by targeting a different
molecular pathway in the senescent cells. SNs-Ks nanosystems with the 4N1Ks peptide
associated to the surface target specific receptor on the surface of senescent cells and, as a result,
induce autophagy in senescent cells. Alternatively, SNs-ABT nanosystems target is intracellular
and achieve their senolytic effect by disrupting the balance between anti-apoptotic and pro-
apoptotic proteins. In the case of SNs-Ole, although we have not tested its therapeutic potential
on senescent cells, however, based on previous studies, we assume they might possess senolytic
effect by the downregulation of IL-1R, IL-6, COX-2 gene expression and supressing NF-kB
activation [22,23].

In the end, we were able to prepare senolytic SNs nanosystems by encapsulating different
senolytic drugs that target senescent cells based on different molecular pathways. Therefore,
these nanosystems present an interesting approach for senolytic drug delivery intended to
prevent cancer relapse or age-related diseases. Further in-vivo studies are necessary to evaluate
their therapeutic potential. Also, it will be interesting to test those nanosystems on other cellular

senescence model, like oncogene-induced senescence or replicative senescence.
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Conclusions

Conclusions concluded from each chapter are listed here as points, in addition to future remarks.

Chapter 1: TSP1 C-terminal Derived Peptides and their Effect on Cancer and senescent
cells through CD47 Receptor.

1. Exchanging amino acids on the N and C terminals from L form to D form increased the
stability of the 4N1Ks peptide.

2. 4N1Ks peptide significantly reduced the emergent clones from CIS model of both MCF7
and LS174t and migratory ability of the SASP.

3. Italso reduced the proliferative capacity of both cancer cell lines and reduced the metabolic
activity of senescent cells.

4. Boyden chamber assay on SASP from cells treated with peptide, proved that 4N1Ks affect
the production of SASP factors.

5. Those results can be attributed to autophagy induction in cells treated with 4N1Ks, as
4N1Ks reduced the expression of the light chain of LC3B and p62. In addition, 4N1Ks

treatment resulted in mTOR downregulation proved by p-S6 reduced expression.

6. B-galactosidase induction by 4N1Ks treatment can be also explained by promoting

autophagy program.

Based on all above 4N1Ks represent an attractive candidate for Senotherapy in order to enhance
the health-span and lifespan of cancer patients who have received chemotherapies and prevent
cancer relapse. Of course, further experiments are needed to demonstrate its true therapeutic
potential like in vivo studies. It would be also interesting to study the effect of 4AN1Ks peptide
on other cellular senescence models like oncogene-induced senescence or in age-related

diseases animal models.
Chapter 2: Senolytic and Senostatic Sphingomyelin based Nanosystems.
Part 1: SNs-Ks nanosystems.

1. 4N1Ks peptide was chemically modified with PEG-C18 to facilitate its incorporation to the
surface of the nanoemulsion. MTT and CFA studies on MCF7 cells proved that this

chemical modification did not alter its therapeutic efficacy.
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We successfully prepared SNs with the modified peptide C18-PEG-Ks (SNs-Ks). Those

nanosystems were around 100 nm in size and have strong surface positive charge.

The modified peptide C18-PEG-Ks possesses amphiphilic properties (surfactant like),
which was proved by its ability to form nanosystems with VitE only (V-Ks formulations).
In addition, the positive surface charge of SNs-Ks and V-Ks provide evidence regarding the
peptide surfactant properties and its disposition onto the nanosystems surface, available to

interact with senescent cells receptors.

DLS, NTA, and MADLS results on dialyzed SNs-Ks verified that the purification method

did not compromise the integrity of the nanosystems.

SNs-Ks (1:0.1:0.1) nanosystems had high association efficiency (AE% of 87.2 + 6.9 %),
which correlates with a loading capacity (LC%) of 7.3%. In addition, SNs-Ks nanosystems

were stable in several biological media such as plasma.

SNs-Ks showed a good hemocompatibility profile and demonstrated a higher internalization
by cancer cells in comparison to the blank nanosystems. In addition, SNs improved the
4N1Ks senolytic activity by lowering its effective dose to impair cancer and senescent

cancer cells’ capacity to proliferate and form colonies.

Part 2: SNs-ABT nanosystems.

1.

SNs-ABT nanosystems were successfully prepared, with an EE% of 87.86 + 4.24, and
shown to be stable after purification by dialysis, as proved by NTA, MADLS and AFM

characterization.

SNs-ABT were also stable upon incubation in different biological medias, such as plasma
and RPMI.

SNs improved the hemocompatibility of ABT as SNs-ABT (1:0.1:0.01) in the range of

concentrations tested.

SNs-ABT possessed senolytic activity by reducing the emergent clones by 72%.
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Part 3: SNs-Ole Nanosystems.

1. SNs-Ole prepared nanosystems were around 100 nm in size, had negative zeta potential,
and were stable after purification by dialysis, according to NTA, MADLS, AFM, and DLS

measurements.

2. MADLS and AFM results proved that the dialysis process did not alter nanosystems size
nor affected its stability.

3. SNs-Ole were stable in different biological medias and did not induce any haemolytic
activity in the range of concentration used.

4. Due to covid-19 situation we could not do any further experiments to assess its possible

senolytic effect.

Further experiments are also needed to proof those nanosystems therapeutic potential such as
in vivo studies. It is very tempting to investigate the therapeutic efficacy of the prepared
nanosystems on another cellular senescence or load SNs-Ks with another senolytic/ senostatic
drug that target different molecular pathway in the senescent cells. Also, it would be highly
interesting to associate diagnostic probes for detecting senescent cell.
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sphingomyéline SN.

Résumé: Les agents chimiothérapeutiques et
anticancéreux ont la capacité d'induire l'entrée en
sénescence des cellules en croissance mais aussi les
cellules cancéreuses. Ces cellules cancéreuses
sénescentes présentent des caractéristiques proches de
cellules quiescentes. Plusieurs études ont montré que ces
cellules sont capables de recommencer a proliférer et
qu’elles possédent des propriétés d’agressivités plus
marquées que les cellules parentales, pouvant conduire
chez les patients a une rechute. Les cellules sénescentes
secretent un ensemble de molécules appelé SASP, qui
favorisent linflammation et contribue a long terme a
plusieurs maladies liées a lage. Par conséquent,
l'utilisation d'agents sénolytiques et sénostatiques ciblant
les cellules sénescentes peut prévenir les rechutes du
cancer, réduire les effets secondaires a court et a long
terme attribués aux agents anticancéreux et améliorer la
qualité de la santé avec l'age et éventuellement la durée
de vie. Dans ce travail, nous avons montré que le peptide
4AN1Ks, dérivé du domaine C-terminal de la protéine TSP1,
inhibe I'échappement a la sénescence dans un modele de
sénescence induite par chimiothérapie des cellules
tumorales mammaires MCF7 et colorectales LS174T.

Ce peptide réduit aussi les propriétés du SAPS produit par
ces cellules et notamment la capacité migratoire de

cellules tumorales.Nous avons également montré que
4AN1Ks réduit l'activitt métaboligue des cellules
sénescentes. L’ensemble de ces résultats nous a permis
de montrer que ce peptide est capable d’induire
l'autophagie de cellules tumorales sénescentes. Nous
avons incorporé 4N1Ks a la surface de nanosystemes a
base de sphingomyéline aprés modification chimique avec
du PEG-C18 afin de faciliter son association a la surface
de ces nanosystémes. Les nanosystémes préparés par
SNs-Ks ont démontré des caractéristiques appropriées en
termes de taille (~ 100 nm), d'efficacité d'association (87,2
+ 6,9 %) et de stabilité dans différents milieux
biopertinents. Les SNs-Ks ont montré un profil de toxicité
plus élevé par rapport aux peptides modifiés et aux
4AN1Ks. De plus, les SNs-Ks possédaient un bon profil
d'hémocompatibilité et un taux d'internalisation cellulaire
plus élevé que les nanosystemes vierges. Les SNs-Ks ont
amélioré l'activité sénolytique du peptide 4N1Ks et réduit le
nombre de clones émergents dans les expériences
d'échappement de la sénescence de cellules MCF7 a une
dose 10 fois inférieure a celle du peptide modifié. Ces
nanosystemes représentent une approche intéressante
pour réduire le nombre de cellules sénescentes
accumulées aprés des traitements anticancéreux.

Novel Therapeutic strategies that interfere with senescence escape for the treatment
of drug resistance in colorectal and breast cancer

Keywords : Senescence escape, 4N1Ks peptide, Senolytics, sphingomyelin based nanosystems SN.

Abstract: Chemotherapeutic and anti-cancer agents
have the ability to induce cellular senescence in
proliferative and cancer cells. Cancer cells turning to
senescent have similar characteristics to tumour
dormancy. Several studies have indicated that those cells
have the capacity to escape senescence state and emerge
as a more aggressive form of cancer leading to cancer
relapse. In addition, those accumulated senescent cells
with their secretory phenotype promote local and systemic
inflammation and on the long term contribute to several
age-related diseases. Therefore, using senolytic and
senostatic agents targeting senescent cells and their SASP
can prevent cancer relapse, reduce the short- and long-
term side effects attributed to anti-cancer agents, and
improve the health quality over age and possibly life span.
In this work, 4N1Ks peptide derived from the C-terminal
domain of TSP1 protein prevented senescence escape in
chemotherapy-induced senescence CIS model of MCF7
and LS174t cells. In addition, it reduced the migratory
ability of the SASP and its production as well. Moreover,
4N1Ks treatment reduced the metabolic activity of
senescent cells.  Those results were explained by
autophagy program induction triggered by 4N1Ks peptide.

Later we incorporated 4N1Ks to the surface of
sphingomyelin based nanosystems after chemical
modification with PEG-C18 in order to facilitate its
association to the surface of those nanosystems. SNs-Ks
prepared nanosystems demonstrated suitable features in
terms of size (~ 100 nm), association efficiency (87.2+
6.9%) and stability in different biorelevant media. SNs-Ks
showed higher toxicity profile compared to both modified
peptide and 4N1Ks, proved by colony forming assay on
MCF7 cells. In addition, SNs-Ks possessed good
hemocompatibility profile, and had higher cell
internalisation rate compared to blank nanosystems.
Lastly and most importantly, SNs-Ks improved the
senolytic activity of 4N1Ks peptide and reduced the
number of emergent clones in senescence escape
experiments of CIS model of MCF7 cells at a dose 10
times smaller compared to the modified peptide. These
nanosystems represent an interesting approach for
reducing the burden of accumulated senescent cells
caused due to anticancer treatments as
chemotherapeutics, and therefore make a step forward in
the management of this disease.
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