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ABSTRACT

Novel approaches for the identification and targeted clearance of
senescent cells, as a therapeutic strategy for senescence-related and age-

related diseases.
Akang Eyo Ekpenyong-Akiba

Cellular senescence is a state of permanent cell cycle arrest in which cells remain
metabolically active, adopting characteristic phenotypic changes. Although
senescence is a potent tumour suppressor mechanism, the accumulation of
senescent cells in tissues over time has been shown to contribute to several
pathophysiological conditions, including fibrosis, diabetes, cancer, Alzheimer’s
disease and ageing, making the targeting of these cells a potentially relevant
therapeutic strategy for fighting these pathologies. Clearing senescent cells has
been reported to protect against cancer and the onset of age-related pathologies.
Furthermore, preventing the accumulation of senescent cells in tissues also
prolonged healthspan and lifespan in mouse models. Currently available markers
of senescence, however, lack specificity and selectivity, limiting their therapeutic
use. This underscores the need for senescence-specific markers that could be
targeted and translated into clinical use. Here, we describe the application of
molecularly imprinted polymer nanoparticles (nanoMIPs) designed to target an
extracellular epitope of B2ZMG, a membrane protein recently characterized as a
novel marker of senescence, and propose this as a novel tool for the specific
detection of senescent cells both in vitro and in vivo. We further show that B2ZMG
nanoMIPs laden with a toxic payload selectively kill senescent cells in culture.
Consistent with this, we show that antibody-drug conjugates (ADCs) against
B2MG selectively kill senescent cells in culture. We also demonstrate that
Ibrutinib, a clinically approved chemical inhibitor of BTK, reduced the
accumulation of senescent cells in vivo, prolonging lifespan and healthspan in a
mouse model of progeria. Zmpste24’- mice treated with Ibrutinib showed an
increase in maximum lifespan and a reduction in age-related fitness decline,
evidenced by their increased physical strength, reduced anxiety and better long-
term memory, with no evidence of spontaneous tumour formation. The results
from this research altogether highlight new strategies for reducing the
accumulation of senescent cells in vivo, which could find translational application
in the clinical management of senescence-related and age-related ailments.
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CHAPTER 1 INTRODUCTION

1.1 CELLULAR SENESCENCE

Senescence is derived from the Latin word senex, which means an old man, with
the word “senescere” meaning to grow old. Thus, senescence has often been
used to depict biological ageing. Cellular senescence can be defined as a state
of permanent growth arrest of biological cells, whereby a cell stops proliferating
and withdraws from the cell cycle but remains metabolically active (Dimri et al.,
1995; Zhang et al., 2006; Chen et al., 2006; d'Adda di Fagagna & Campisi, 2007;
Rufini et al., 2013). This arrest in the growth of cells is usually in response to
triggers such as DNA damage, strong mitogenic signals or oncogenic stress due
to introduction of ras (Serrano et al., 1997) or raf (Zhu et al., 1998) into cells, loss
of telomeres, which are specialized protective caps with hexameric repetitive
sequences (TTAGGG) at the ends of linear chromosomes (Shay, 1997),
increased reactive oxygen species, ionizing radiation or chemotherapeutic drugs
(Macip et al., 2002; Collado & Serrano, 2010; Mufioz-Espin & Serrano, 2014; Kim
et al., 2017). In the face of oncogenic stressors, the cellular senescence
mechanism is put in place to protect cells from hyperproliferation signals

(Romagosa et al., 2011), indicating its role in tumor suppression.

Cellular senescence was first described by the American anatomist, Leonard
Hayflick, alongside his cytogeneticist colleague, Paul Moorhead, when they
discovered in 1961 that normal human fibroblasts have a finite proliferative
capacity in vitro. They referred to this phenomenon as “senescence at the cellular
level” (Hayflick & Moorhead, 1961; Hayflick, 1965). They postulated that this
cellular senescence may be one of the underlying causes of ageing. In line with
their postulation, senescent cells have been found to accumulate in some aged
tissues of human, monkey and mouse origin (Naylor et al., 2013; Mufioz-Espin
& Serrano, 2014). This type of senescence described by Hayflick and Moorhead
is what is now understood to be replicative senescence, which is achieved after
telomere shortening due to serial cell division (Campisi, 1997; Holt & Shay, 1999;
Gire et al., 2004).



Despite mounting evidence about the process of cellular senescence and its
involvement in age-related diseases and cancer, it had previously been
suggested that senescence was most likely an artefact of cell culture that does
not represent an obstacle to carcinogenesis in vivo and also doesn’t reflect any
phenotype of the cells found within living tissues. (Rubin, 1998; Faragher et al.,
1998; Hanahan & Weinberg, 2000). Until the final decade of the 20™ century, the
concept of senescence was not given wide enough attention due to doubts about
its credibility and relevance in tumor development and other diseases of ageing
(Narita & Lowe, 2005). Since then, there has been an increasing number of
studies in this field that demonstrate the role of senescence in many
pathophysiological conditions, including cancer and ageing, which have done an
adequate job in settling this debate (Mufioz-Espin & Serrano, 2014; Zhu et al.,
2014).

1.2 TYPES OF SENESCENCE

As described in the initial discovery by Hayflick, normal mammalian somatic cells
are known to reach a state of irreversible growth arrest and altered functionality
after a limited number of population doublings (PD) (Hayflick, 1965; Campisi,
1997; Hayflick, 1997). This phenomenon, termed replicative senescence was
later found to be merely one of the ways by which cellular senescence occurs.
Another phenotypically alike but much more acute and swiftly occurring event,
dubbed accelerated senescence (Chang et al., 1999b) or stress-induced
premature senescence (SIPS), can be triggered by ionising radiation,
chemotherapeutic drugs, oxidative stress and other DNA damaging agents
(Chang et al., 1999a; Toussaint et al., 2000). Based on these findings, cellular
senescence has been classified into two general categories namely: replicative
senescence and stress-induced premature senescence (Figure 1-1) (Toussaint
et al., 2001; Wang & Bennett, 2012).

A vast array of stress signals, including oncogenes, bring about SIPS. However,
Oncogene Induced Senescence (OIS) is sometimes described separately from

the more general SIPS due to its own distinctive origin. Hence, Debacq-



Chainiaux and colleagues postulate that three main paths lead to and define
senescence. According to them, these are: telomere-dependent replicative
senescence, oncogene-induced senescence and stress-induced premature
senescence (Debacqg-Chainiaux et al., 2016). However, the general consensus
and view in most research groups including ours, is that there are two main

classes of senescence — replicative senescence and SIPS.

Various stressors and
DNA damage signals.

o

Healthy cells

Stress,
DDR
signals

Apoptosis

Replicative

Senescence
SIPS

Figure 1-1 Types of senescence.
Different DNA damaging signals bring about the permanent cell cycle arrest that is
characteristic of senescence. This could either be due to replicative exhaustion or
stress-induced. Some stress signals result in apoptosis instead.



1.2.1 REPLICATIVE SENESCENCE

Replicative senescence is a form of irreversible growth arrest that occurs as a
result of exhaustion of the cell’s replicative potential or proliferative lifespan over
time, an occurrence rightly dubbed the “Hayflick Limit” (Wright & Shay, 2000b;
Shawi & Autexier, 2008). All human somatic cells, with the exception of stem cells
and germ line cells, have a limited proliferative capacity (Herbig & Sedivy, 2006;
Aravinthan, 2015). Replicative senescence as first described by Leonard Hayflick
and Paul Morehead (Hayflick & Moorhead, 1961; Hayflick, 1965), was observed
in cultured fibroblasts showing limited serial division thought to be controlled by

a biological clock or “replicometer” (Hayflick, 1997).

Replicative senescence, which is also a characteristic of aging, is sometimes
referred to as cellular ageing (MDuff & Turner, 2011) and is associated with
shortened telomeres at the chromosomal end due to their erosion during cell
division (Xu et al., 2014).This loss or shortening of telomeres is interpreted by
cells as damage to the DNA, triggering a DNA damage response (DDR)similar
to that elicited by other DNA damaging agents. The DDR is mediated by
chromatin regulators such as y-H2A.X, mediator proteins like Nijmegen Breakage
Syndrome-1 (NBS1) and 53 Binding Protein-1 (53BP1), as well as DNA damage
checkpoint kinases such as ATM, ATR, CHK1 and CHK2 (d'Adda di Fagagna et
al., 2003; Evan & d'Adda di Fagagna, 2009; MDuff & Turner, 2011; Aravinthan,
2015). These kinases phosphorylate and activate various proteins that play a role
in the cell cycle. Among these proteins are p16'Nk4 a cyclin dependent kinase
(CDK) inhibitor and p53, which when phosphorylated activates p21Waf/Cipl/Sdi1,
leading to CDK - cyclin complex inhibition (Shay & Roninson, 2004; d'Adda di
Fagagna & Campisi, 2007; Rufini et al., 2013; Mufioz-Espin & Serrano, 2014).

Normal cells from mouse and human origin were observed as they underwent a
limited number of divisions in culture. The murine cells were found to undergo
senescence more rapidly, just after a few divisions although a few cells escaped
and formed permanent cultures. The human cells, on the other hand, slowly
stopped dividing with little or no evidence of a permanent cell line formation
(Levine, 1997). Telomeres progressively erode over time, with each cell division,

eventually leading to a limit in the replicative capacity of cells. The possibility of



telomeres shortening was first proposed in 1986, when it was found that human
tissues did not have the same lengths of telomeres (Cooke & Smith, 1986; Wright
& Shay, 2000b). In human cells, replicative senescence is thought to set in at an
average telomere length of 6 to 8 kilobase pairs (kbp) and these cells remain
viable afterwards for a long time (Herbig et al., 2004), although it has been argued
that the exact threshold of telomere length or dysfunctional telomeres that can
trigger a DDR within a cell and lead to senescence is not known (d'Adda, 2008).
In various strains of HDF (human diploid fibroblasts), it was observed that the
average telomere length decreased 20bp to 3 kbp at each serial cell division.
Also, this telomere attrition and the Hayflick limit is determined by biological,
rather than chronological age. In other words, not just by length of days but by
physiological activity and other determining factors (Goldstein, 1990; Harley et
al., 1990; Hayflick, 1998; Wright & Shay, 2000b; Sikora et al., 2011; Aravinthan,
2015).

The telomerase enzyme is a ribonucleoprotein with a reverse transcriptase
(TERT) protein moiety that has a reverse transcription domain. Telomerase is
responsible for adding TTAGGG repetitive sequences to telomeres at the ends
of chromosomes, replacing that which is lost from erosion during replication.
Telomerase is absent in adult tissues with the exception of renewable tissues
which keep proliferating, such as hematopoietic and adult stem cells, cells in the
intestinal crypt and basal cells of the epidermis. The enzyme is also present in
embryonic cells as well as the germline cells (Wright & Shay, 2000b; Herbig &
Sedivy, 2006; Shawi & Autexier, 2008). As this enzyme’s activity diminishes, it
results in telomere attrition as cells complete their biological clock (Hoare et al.,
2010).

Replicative senescent cells usually contain one or more short telomeres and
marked allelic variations of telomeres have been found among replicative
senescent cells of the same cell type. This observation raises the question as to
whether this variation accounts for the differences in the rates at which humans
age (Baird et al., 2003). Other factors such as nutrition have also been proposed
to contribute to telomere length, senescence and ageing (Dhillon et al., 2016;

Provinciali et al., 2016). In primary fibroblasts, ectopic expression of the



telomerase enzyme was found to avert telomere loss-dependent replicative
senescence and also extend the lifespan of these cells (Bodnar et al., 1998;
Shawi & Autexier, 2008).

Telomerase alone is however not always enough to keep primary cells in a state
of limitless proliferative capacity. In studies with human Kkeratinocyte and
mammary epithelial cells, it was found that both telomerase and p16'NK*A/pRb
inactivation was required for an extended proliferative capacity (Shawi &
Autexier, 2008). It was also discovered that under the same experimental
conditions, mouse embryonic fibroblasts (MEFs) which have longer telomeres
(40-60 kb) compared to human fibroblasts (5—15 kb), entered into a state of
senescence faster (after fewer PDs) than human fibroblasts. This occurrence
was thought to be as a result of a higher sensitivity to oxidative stress and
oxidative DNA damage rather than as a result of telomere attrition. Replicative
senescence in MEFs was found to be a consequence of severe oxidative stress
leading to DNA damage, while human cells were able to prevent or repair similar
oxidative DNA damage. In 20% oxygen culture conditions, DNA damage limits
the proliferation of MEFs, where they accumulate more damage than in 3%
oxygen conditions, and more damage than human fibroblasts do in 20% oxygen.
Differences in the phenotypes of senescent MEFs and human fibroblasts are
thought to be due to differences in their oxygen sensitivity and it is proposed that
this may account for variations in cancer incidence and the rate of ageing
between mice and humans (Wright & Shay, 2000a; Campisi, 2001; Parrinello et
al., 2003; Chen et al., 2007). Senescence in MEFs is thought to depend primarily
on the p19”RF/p53 tumour suppressor pathway while fibroblasts from humans
can become immortal via a loss of both p53 and retinoblastoma (Rb) tumour

suppressor functions (Kamijo et al., 1997; Wright & Shay, 2000a).

1.2.2 STRESS INDUCED PREMATURE SENESCENCE (SIPS)

Stress induced premature senescence (SIPS) is an accelerated form of
senescence that occurs without the need for exhaustive cell proliferation. It can
be induced by a number of physical or chemical stress stimuli, including oxidizing
agents or oxidative stress, ionizing radiation, chemotherapeutic drugs, osmotic

stress, heat shocks, mitogenic stimulation and other DNA damage inducing



signals (Serrano & Blasco, 2001; Toussaint et al., 2002a; Toussaint et al., 2002c;
Erusalimsky & Kurz, 2005; Debacg-Chainiaux et al., 2016). SIPS has also been
referred to as ‘stress or aberrant signalling-induced senescence’ (STASIS) and
has been suggested to be a protective mechanism programmed within the
organism against possible carcinogenic insults (Serrano et al., 1997; Drayton &
Peters, 2002).

Although stress induced premature senescence is similar to replicative
senescence morphologically and molecularly, it is not usually characterized by
shortened telomeres (d'Adda di Fagagna & Campisi, 2007; Wang & Bennett,
2012). Studies have now shown that stress accelerates telomere shortening and
dysfunctional telomeres can also induce senescence without the attendant
telomere shortening (Jurk et al., 2014; Victorelli & Passos, 2017). It was also
discovered that p16 can be induced in a telomere independent manner, stirring
up speculations that there may be several senescence driving mechanisms
available (Drayton & Peters, 2002). While the onset of replicative senescence is
determined by the cell’s replicative clock or “telomere replicometer” (Hayflick,
1997), SIPS on the other hand is triggered by external stimuli which activate the

intracellular senescence cascade prematurely (Mufioz-Espin & Serrano, 2014).

Senescent cells are known to have higher levels of reactive oxygen species
(ROS), which are by products of normal cellular oxidative processes, than normal
cells. Also, hyperoxia or sub lethal doses of hydrogen peroxide (H202) can cause
oxidative stress and lead to a senescent-like arrest in human fibroblasts (Dumont
et al., 2000; Toussaint et al., 2002b; Macip et al., 2003), implicating ROS in the
induction of the senescence phenotype. Aged animals possess defective
mitochondria and are able to produce higher levels of ROS than young animals.
Lipids, proteins and DNA from tissues of aged individuals or aged experimental
animals have been known to accumulate oxidative damage (Toussaint et al.,
2000). Overexpression of p53 has been shown to cause ROS accumulation,
likely to be facilitated by the transcriptional activity of p53 on pro-oxidant genes
(Macip et al., 2003). On the other hand, the tumour suppressor TAp73, a member

of the p53 family, was found to protect cells against the negative effects of



oxidative stress upon exposure to H202 (Agostini et al., 2016; Agostini et al.,
2018).

Up-regulation of the p21Wat/CipliSdil CDK inhibitor led to increase in ROS levels in
both normal cells and tumor cells, with the increase being proportional to
p21Wafl/Cipl/Sdil jeyels (Macip et al., 2002). In this experiment, the EJ cells bladder
cancer cells which are known to lack functional p53 were used, showing that
accumulation of ROS was as a result of a p53-independent p21Wafi/Cipl/Sdil
induction. ROS is thought to function as a fail-safe mechanism for the
maintenance of senescence (Macip et al., 2002; Macip et al., 2003).
Accumulation of ROS was not a universal consequence of cell cycle arrest, since
induction of growth arrest by p16 k%A another CDK inhibitor, did not increase
ROS levels. Also, ROS inhibition rescued p21-induced senescence in EJ cells.
Studies on oxidative stress have shown that senescence can be delayed or
prevented upon treatment with antioxidants. In Drosophila, overexpression of
antioxidant genes such as catalase or superoxide dismutase (SOD) was found
to extend lifespan (Parkes et al., 1999). Cell cultures maintained in a low oxygen
environment also were found to have enhanced proliferation, indicating a strong
link between oxidative damage, senescence and aging (Macip et al., 2003;
Campisi, 2013; Carrera et al., 2014).

Just like in replicative senescence induced by telomere loss, persistent DNA
damage foci and DDR signalling have been observed in SIPS and about half of
these foci are located at telomeres regardless of telomerase activity. These
persistent DNA damage foci are referred to as telomere dysfunction induced foci
(TIF) when they are found at telomeres otherwise they are called DNA segments
with chromatin alterations reinforcing senescence (DNA-SCARS) (Campisi,
2013; Rufini et al., 2013). Radiation and chemotherapeutic agents have been
reported to induce telomere dysfunction in normal fibroblasts and T cells (Li et
al., 2012). Live-cell imaging studies have also shown that all persistent foci are
associated with telomeres. When the DNA damage foci observed were due to
random double strand breaks (DSB) caused by irradiation, they were named
telomere associated foci (TAF) rather than telomere-induced foci (TIF) which are

usually accredited to telomere uncapping. Although the gut and liver of mice have



long telomeres and active telomerase, both tissues show an increase in the
frequencies of DNA damage foci with age. Telomeres are significant targets for
stress both in vitro and in vivo, and are critical to the ageing process (Hewitt et
al., 2012; Birch et al., 2015; de Magalhaes & Passos, 2017).

1.2.3 ONCOGENE INDUCED SENESCENCE (OIS)

Oncogene Induced Senescence (OIS) is an example of SIPS and is so named
because it is triggered by oncogenes. It is a form of senescence that can be
induced prematurely in young cells independent of replicative potential, by
activation of oncogenes (Xu et al., 2014) and it has been observed that many
paths lead to OIS (Courtois-Cox et al., 2008). OIS is a protective physiological
process, a tumor-suppressing defence mechanism that must be bypassed for
cancer to develop (Michaloglou et al., 2005; Alexandraki et al., 2012; Mufioz-
Espin & Serrano, 2014). Activation of either the p53/p21WAF or the p16'NX4A/Rb
tumor suppressor pathways is essential to implement OIS and how each pathway
contributes to the phenotype depends on the senescence trigger as well as the
cell type (Kiyono et al., 1998; Drayton et al., 2003; Barradas et al., 2009; Vizioli
et al., 2014). Also, the DNA damage response (DDR), chromatin remodelling,
and senescence-associated secretory phenotype (SASP) are important for the
initiation and maintenance of OIS (Figure 1-2) (Di Micco et al., 2006; Xu et al.,
2014). Although the tumor suppressor protein p53 plays a fundamental role in
the establishment of OIS, as observed in various types of human fibroblasts and
also in MEFs, it is however not the only mediator of OIS. Some cell types have
been found to undergo senescence in response to deviant oncogene activation
in a p53-independent manner (MDuff & Turner, 2011; Drayton et al., 2003). Also,
it is suggested that p16 plays the specific role of maintaining growth arrest in OIS
through the activation of retinoblastoma (Rb) (MDuff & Turner, 2011).

Oncogenic ras induced senescence occurs via the mitogen activated protein
kinase (MAPK) pathway and also involves the Rb as well as the p53 tumor
suppressor pathways (Lin et al., 1998; Narita & Lowe, 2005). Serrano and
colleagues have shown that primary fibroblasts of mouse and human origin enter
into a permanent cell cycle arrest in response to ras induction and that this arrest

happens at the G1 phase with p53, p21, and pl6 proteins being significantly



upregulated (Serrano et al., 1997). Also, activation of ras proto-oncogenes as

well as mutations that activate the Ras protein are common in human cancers.

1. Persistent oncogene
expression

2. Continual p53
and/or Rb activation

Figure 1-2 The different pathways that lead to oncogene induced senescence.
Following oncogenic insult, a complex network of pathways including the ARF/p53/p21
pathway, the p16/RB pathway as well as autophagy, bring about the irreversible cell
cycle arrest in oncogene induced senescence. Adapted from (MDuff & Turner, 2011).
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Aberrant activation of the Ras signalling pathway leads to cancer development
(Downward, 2003). Mitogen activated protein kinases triggered by cytokines,
tyrosine kinases, as well as serpentine receptors, which are mostly linked to the
pathway through Ras activation, play a role in proliferation signalling. Some
studies have shown that activated Ras or a sustained activation of MAPK speeds
up the onset of senescence in some cells and induces growth arrest in others
(Lee et al., 2000). Also, a negative feedback signalling network is thought to drive
OIS, where mutations affecting Raf, Ras and NF1 induce a response that
efficiently suppresses Ras and its effectors (Courtois-Cox et al., 2006).

Different intensities of ras signals have been found to produce opposing cellular
responses via a differential activation of the MAPK pathways mediating them. It
was found that a moderate increase in ras expression stimulated the mitogenic
MEK-ERK pathway and promoted cell proliferation, while a further increase in ras
expression further stimulated MEK and ERK still, initially enhancing proliferation,
but eventually leading to MKK3/6-p38 pathway activation and premature
senescence with an induction of p53 and p16'NX4A in the presence of a sustained
stronger ras expression (Lin et al., 1998; Deng et al., 2004; Courtois-Cox et al.,
2008). A similar dose-dependent pleiotropic response is obtained with Raf, which
is a downstream effector of Ras. When activated at low levels, Raf leads to cell
cycle progression, but higher levels lead to cell cycle arrest with a p53-
independent induction of p21. A cross talk is thought to exist between the
proliferation and differentiation pathways activated by Ras/Raf/MAPK, and the
growth arrest functions of tumor suppressor genes such as p53, pl16, and Rb
(Zhu et al., 1998; Lee et al., 2000).

Apart from oncogenic ras, OIS can also be induced by other oncogenes, such as
BRAFV600E AKT, E2F1, cyclin E, mos, c-Myc and Cdc6, as well as by inactivation
of tumor-suppressor genes such as PTEN and NF1 (Courtois-Cox et al., 2006;
MDuff & Turner, 2011; Bianchi-Smiraglia & Nikiforov, 2012; Xu et al., 2014).
BRAF is a protein kinase and downstream effector of Ras. Human naevi (moles
or benign tumours of melanocytes) usually carry a V600E oncogenic mutation
(substitution of valine for glutamic acid) in BRAF (Davies et al., 2002; Pollock et

al., 2002). Benign melanocytic nevi often express the BRAFV%%E oncogene and
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show features of senescence, such as a high p16'Nk4@ expression and a positive
senescence-associated [B-galactosidase (SA-B-Gal) activity. When the
senescence barrier is escaped, oncogenic stimuli leads to formation of a
malignant melanoma rather than a benign naevi. (Vizioli et al., 2014). Also,
BRAFV6E delivery by a retrovirus inhibited proliferation of normal human
fibroblasts, with an increase in p16'Nk4A expression (Michaloglou et al., 2005).
However, inactivation of p16'NK4A on its own or in combination with p144RF, did
not result in an escape from BRAFV%°E- induced senescence (Michaloglou et al.,
2005; Haferkamp et al., 2009; Kuilman et al., 2010).

Loss of PTEN (phosphatase and tensin homolog), a lipid phosphatase and a
negative regulator of the PI3K/AKT survival pathway, triggers a p53-dependent
OIS in primary murine fibroblasts (Chen et al., 2005). Total depletion of PTEN,
induces the expression of p19ARF, an inhibitor of the murine double minute 2
(MDM2) protein, which then leads to p53 stabilization and a high expression of
p21WAFL “resulting in senescence. Loss of PTEN, has been shown to produce
premalignant hyperplasia in prostate epithelial cells in mice, triggering a
p19ARF/p53/p21WAF dependent senescence program to Suppress cancerous
growth in vivo (Narita & Lowe, 2005; Xu et al., 2014). Studies using primary
human fibroblasts demonstrate that the mammalian target of rapamycin (nTOR)
is required for oncogenic ras-induced senescence and that this type of OIS
response is p53 dependent, underscoring the importance of the
PISK/AKT/mTOR pathway in OIS (Astle et al., 2011; Kolesnichenko et al., 2012).

A study by Vredeveld and fellow researchers has however questioned the role of
the PI3K/AKT/mTOR pathway in OIS. They suggest that activation of this
pathway blocks BRAFV6%°E.induced senescence rather than enhance it. Using
both primary human fibroblasts and primary human melanocytes transfected with
shRNA against PTEN, BRAFY6%E.induced senescence was seen to be
disrupted. Also, in a BRAFV6°E knock-in mouse model, introduction of a lentivirus
which carried PTEN shRNA led to tumor formation in skin nevi, suggesting that
depletion of PTEN allows BRAFV6E. expressing nevi cells to resume

proliferation (Vredeveld et al., 2012).
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Overexpression of the proto-oncogene c-myc promotes growth and proliferation
but it also drives cells into senescence and apoptosis (Lin et al., 1998; Guney &
Sedivy, 2006; Bianchi-Smiraglia & Nikiforov, 2012). Like several other oncogenic
agents, c-Myc induces an overexpression of p16'Nk4a and a disruption of the
p16'NK4a/Rb pathway is needed to circumvent senescence. The ability of c-Myc
to bypass the p16'NK43/Rb checkpoint and also up-regulate telomerase activity
accounts for its capacity to immortalize human prostate epithelial cells (Gil et al.,
2005). Oncogenic Myc expression in Hs68 primary human foreskin fibroblasts
results in a p16-dependent senescence response which can be bypassed when
this tumour suppressor protein is down-regulated. Also, Leiden cells which are
primary human dermal fibroblasts with a germ line mutation of p16 are resistant
to senescence induced by oncogenic Myc (MDuff & Turner, 2011).

Similar to the classical oncogenes RAS and MYC, PI3K (phosphoinositide 3-
kinase) is also an important regulator of malignant transformation. However,
depending on the cellular context, all three can result in cell cycle arrest,
senescence or cell death when excessively stimulated in normal cells. OIS is not
brought about by a simple singular pathway, but rather by a complex signalling
network that is more often than not context dependent. Hence, depending on the
cell type and the OIS inducer, the signalling pathways mediating the activation of
p53 and p16'Nk4A may vary (Grandori et al., 2003; Xu et al., 2014).

Autophagy, a catabolic degradative process characterised by the formation of
double lipid membrane vesicles (autophagosomes) which sequestrates
intracellular cytoplasmic components for lysosomal degradation, is another
mechanism that is important for establishing or reinforcing OIS (Levine &
Kroemer, 2008; Gorgoulis & Halazonetis, 2010; MDuff & Turner, 2011). There is
an increase in autophagy in OIS, as it contributes to cell cycle arrest and
production of the SASP, which are critical for inducing and establishing OIS
(Kuilman et al., 2010; Young et al., 2013). A stable down-regulation of two vital
autophagy-related genes, ATG5 and ATG7, resulted in senescence bypass,
confirming the underlying role of autophagy in the establishment of OIS. Also,
ATG6/beclin, a crucial autophagy gene is found to be deleted in cancer, further

demonstrating the role of autophagy in tumor suppression. Autophagy is however
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also employed by cancer cells, suggesting that it could be a process engaged
during stress and could promote or inhibit cancer growth depending on the
cellular context (Gorgoulis & Halazonetis, 2010; MDuff & Turner, 2011).

The ras oncogene has also been found to induce OIS by generating and
accumulating ROS which trigger DNA damage responses (Lee et al., 1999). OIS
is furthermore marked by chromatin remodelling and accumulation of
senescence-associated heterochromatic foci (SAHF), which are believed to
enforce the irreversibility of OIS (Figure 1-2) (Michaloglou et al., 2005; Salama et
al., 2014; Xu et al., 2014). A study linking mitochondrial dysfunction with OIS
shows that production of reactive oxygen species (ROS) by dysfunctional
mitochondria increased prior to OIS in a p53-dependent as well as pRb-
dependent manner, suggesting that mitochondrial dysfunction is a trigger for
senescence (Moiseeva et al., 2009; Gorgoulis & Halazonetis, 2010).

Although it was previously reported that the induction of OIS was not reliant on
telomerase activity or telomere length (Wei et al.,, 1999), Suram and co-
researchers have shown that oncogenes induce telomere dysfunction and
telomere attrition in primary fibroblasts. They also demonstrated that OIS is
stabilized by dysfunctional telomeres and is unstable in cells with a high activity
of telomerase enzyme, an occurrence they called telomere dysfunction-induced
cellular senescence (TDIS) (Suram et al., 2012; Xu et al., 2014). It is likely that
OIS also depends on DNA damage signals at the telomeres (Hewitt et al., 2012;
Jacobs, 2013). Cells will need to escape replicative senescence and SIPS
through mechanisms such as the mutation and inactivation of p53 or pl6,
overexpression of oncogenes (Serrano et al., 1997) or the activation of
telomerase (Shay, 1997) in order for neoplastic transformation to occur (Chang
et al., 1999b). Evasion of the senescence barrier is therefore a critical step in
tumor progression in vivo (Hanahan & Weinberg, 2011).

1.2.4 DEVELOPMENTALLY PROGRAMMED SENESCENCE

It is proposed that depending on the cell type and conditions, the mechanisms
that ultimately lead to senescence may vary. There is another type of senescence
known as Developmental Senescence or developmentally programmed
senescence which is so named due to the fact that it has been observed during
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embryonic development, to allow for tissue remodelling (Munoz-Espin et al.,
2013). Developmentally programmed senescence shares some features with
OIS such as expression of p21 and the senescence associated secretory
phenotype (SASP). Itis also thought that OIS is an adaptation of developmentally
programmed senescence (Storer et al., 2013). This type of senescence found in
the developing embryo has some characteristic features that are distinct from
damage-induced senescence, such as the absence of DNA damage markers and
selective absence of proliferative arrest (Mufioz-Espin & Serrano, 2014).

1.3 CHARACTERISTICS OF SENESCENT CELLS

Certain characteristics distinguish senescent cells from normal proliferating cells.
Senescent cells are growth inhibited and can no longer respond to growth factors
or mitogens and they express unique characteristic features or markers that are
not expressed in growing cells. These features include having morphological
changes to show a flattened and enlarged shape; staining positive for (-
galactosidase at pH 6.0 also known as senescence-associated [3-galactosidase
(SA B-Gal); increased expression of p21, p53, pl6, pl5, p27 and ARF; presence
of senescence-associated heterochromatin foci (SAHF), enlarged and prominent
nucleoli (Figure 1-3), as well as a unique profile of secretions involving
inflammatory cytokines and chemokines, growth factors and matrix-remodelling
proteins, known as the senescence-associated secretory phenotype (SASP)
(Hayflick, 1965; Narita et al., 2003; Campisi, 2011; Rodier & Campisi, 2011;
Rufini et al., 2013; Naylor et al., 2013; Mufioz-Espin & Serrano, 2014; Pérez-
Mancera et al., 2014).

Senescent cells are also known to stain positive for the histochemical Sudan
Black-B (SBB), which stains the lysosomal aggregate and "age-pigment",
lipofuscin (Terman & Brunk, 2004; Georgakopoulou et al., 2013). SBB stains
senescent cells in tissues regardless of sample preparation and can be used on
formalin-fixed, paraffin-embedded tissues, giving it an advantage over SA B-Gal,
which requires the use of fresh cells or tissue samples (Georgakopoulou et al.,
2013; Muiioz-Espin & Serrano, 2014). NOTCH3, a member of the Notch family
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receptors, is also used as a senescence marker as it is reported to have tumour
suppressor functions and is overexpressed in senescent fibroblasts (Cui et al.,
2013; Althubiti et al., 2014). Senescent cells also display a senescent-associated
distension of satellites (SADS), a display of constitutive peri/centriomeric satellite
heterochromatin decondensation, which are not exclusive to either the p53-p21
or the p16 'NK4A pathways. These SADS occur prior to and independently of SAHF
formation (Swanson et al., 2013; Ogrodnik et al., 2017).

1.3.1 GROWTH ARREST, MORPHOLOGICAL AND PHYSICAL CHANGES

The inability of a cell to progress through the cell cycle is the main hallmark of
cellular senescence. Senescent cells lose their proliferative potential but remain
metabolically active. In addition, they resist apoptosis, i.e. they do not respond to
cell-death signals, and they also have an altered gene expression (Hensler &
Pereira-Smith, 1995; d'Adda di Fagagna & Campisi, 2007; Demidenko et al.,
2010). Senescent cells are generally growth arrested in an irreversible manner
at the G1 phase of the cell cycle, where they are unable to progress into the S
phase (Di Leonardo et al.,, 1994; Zhang et al., 2006; d'Adda di Fagagha &
Campisi, 2007). This type of arrest is different from the temporary growth arrest
at GO known as quiescence, which is reversible when the right conditions are
presented (Hensler & Pereira-Smith, 1995). However, senescence has also been
reported to occur as a growth arrest at the G2/M phase of the cell cycle, known
as the “G2 exit program”. This notion has however failed to receive a wide enough
acceptance (Levine, 1997; Zhang et al., 2006; d'Adda di Fagagna & Campisi,
2007; Demidenko et al., 2009; Gire & Dulic, 2015). The EJ bladder cancer cells
have been shown to exhibit G1 and G2 growth arrest when p21Wafl/Cipl/Sdil yyag
overexpressed in them. This G1 and G2/M dual arrest by p21Wafl/Cipl/Sdil differed
from the G1 specific arrest mediated by other Cdk inhibitors like p27 and p16/NK4A
(Sugrue et al., 1997; Fang et al., 1999; Macip et al., 2002).

p53 and p21Wal/Cipl/Sdil gre thought to mediate DNA damage induced cell cycle
arrest at G1 and G2/M (Levine, 1997; Chang et al., 1999b). It has been observed
that an upregulation of either of the growth inhibitory genes p16™K4 or
p21Wafl/iCipl/Sdil js enough to inhibit cell proliferation significantly and only a minor

fraction of cell cultures entering senescence harbour an overexpression of both
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pl6 and p21 (Herbig et al., 2004). In this study, using single cell detection
methods, it was also found that expression of p16, p21 and SA-B-gal increased
as cultured cells approached senescence, while BrdU labelling decreased
(Herbig et al., 2004). What distinguishes senescent cells from quiescent ones is
the inability of senescent cells to proliferate even when adequate growth signals

are reintroduced.

1.3.2 SENESCENCE ASSOCIATED B-GALACTOSIDASE (SA B-GAL)

Dimri and colleagues described the senescence associated (3-galactosidase (SA-
B-Gal) staining which stained senescent cells blue in vitro at a pH of 6.0 (Figure
1-3) (Dimri et al., 1995). Their work provided evidence that senescent cells not
only existed but persist in tissues and accumulate in vivo with age. They
demonstrated that, several human cells express [-galactosidase upon
senescence, which is detectable cytologically or histochemically in freshly fixed
cells or tissues at pH 6.0 (Dimri et al., 1995; Campisi, 2011; Mufioz-Espin &
Serrano, 2014). They found that the SA-B-Gal marker was expressed in
senescent fibroblasts and keratinocytes but not in pre-senescent ones. SA-B-Gal
was also absent from terminally differentiated keratinocytes, quiescent
fibroblasts as well as immortal cells. However, SA-B-Gal was induced by genetic
manipulations that reversed immortality and induced senescence in cells.
Furthermore, an age-dependent increase in SA-B-Gal was observed in dermal
fibroblasts and epidermal keratinocytes in skin samples from human donors of
different ages (Dimri et al., 1995).

Vector Ras Late Passage

Figure 1-3 Senescence-associated B-galactosidase staining of IMR-90 cells.
Oncogene-induced and replicative senescent human lung fibroblasts stain positive for
SA B-Gal at pH 6. Typical flattened, enlarged morphology and large prominent nucleoli

(arrows) of senescent cells are seen. Adapted from (Narita et al., 2003).
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Senescent cells are detected by the SA-B-Gal assay based on increased levels
of lysosomal B-galactosidase activity which is thought to be as a result of
increased content and mass of the lysosomes in these cells (Kurz et al., 2000).
SA-B-Gal activity is detected when cells are incubated with the chromogenic
artificial substrate 5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside (X-gal)
using a citric acid/sodium phosphate buffer at pH 6.0, to yield an insoluble blue
precipitate upon cleavage by B-galactosidase (Kurz et al., 2000; Itahana et al.,
2007; Aravinthan, 2015). The assay is able to identify senescent cells in a
heterogeneous population of cells and in ageing tissues. However, it is worthy of
note that almost all cells express endogenous lysosomal 3-galactosidase activity
at pH 4.0 and certain cell types such as human epithelial cells and mouse
fibroblasts stain with less intensity for SA-B-Gal at pH 6.0 but their intensity can
be improved by slightly lowering the pH. Moreover, when cells are maintained at
confluency for long periods, a false positive density-induced SA-B-Gal activity
can be detected. Serum starvation is also known to produce false positive SA-B-
gal (Itahana et al., 2007; Campisi et al., 2009; Evangelou et al., 2017). SA-B-gal
is currently considered to be one of the best senescence markers available
despite its unreliability and presentation of false positives (Erusalimsky & Kurz,
2005).

1.3.3 THE SENESCENCE-ASSOCIATED SECRETORY PHENOTYPE
(SASP)

Senescent cells secrete factors collectively called the senescence associated
secretory phenotype (SASP), also referred to as the senescence messaging
secretome (SMS). The SASP comprises inflammatory cytokines, chemokines,
matrix remodelling proteins, damage-associated molecular pattern proteins
(DAMPs), growth factors, such as interleukins 6, 7, and 8 (IL-6, IL-7, IL-8),
Macrophage Inflammatory Protein 3a (MIP-3a), Growth Regulated Oncogene
alpha (GROa), Monocyte Chemoattractant Proteins 1 and 2 (MCP-1 and MCP-
2), Insulin-like Growth Factor Binding Protein (IGFBP), Hepatocyte Growth
Factor (HGF), etc., which are able to disrupt tissue structure and function,
causing chronic age-related diseases and cancer progression (Kuilman &
Peeper, 2009; Young et al., 2013; Salama et al., 2014; Laberge et al., 2015;
Maciel-Barén et al., 2016; Kirkland & Tchkonia, 2017; McHugh & Gil, 2018). The
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SASP varies between tissues and different senescence triggers, however, pro-
inflammatory cytokines such as IL-6 and IL-8 are highly conserved aspects of the
secretome and play key roles in the maintenance of the SASP response within
the senescent cell and all over the affected tissue (Kuilman et al., 2008; Lasry &
Ben-Neriah, 2015). As senescent cells are known to accumulate with ageing
(Naylor et al., 2013; Mufioz-Espin & Serrano, 2014), their SASP perpetuate
chronic inflammation in surrounding tissues and lead to several diseases of
ageing including cancer. Hence, the quest to clear senescent cells as a
therapeutic strategy for age-related diseases including cancer (Baker et al., 2011,
Baker et al., 2016).

The senescence response is induced by various stimuli or triggers, many of
which directly or indirectly lead to DNA damage and activate the DDR. Hence,
SASP may be a result of severe DNA damage and not merely permanent cell
cycle arrest. Persistent DDR such as that associated with DNA-SCARS helps to
maintain senescence via p53 activation (Rodier et al., 2009; Coppe et al., 2010;
Rodier et al., 2011). The DDR also activates SASP formation but this happens
independently of p53, as loss of p53 function increases the development of this
phenotype. Thus, it is suggested that p53 restrains the development of SASP
(Coppe et al., 2008). Senescence induction through DDR-p53-p21CiPl/Wafl/Sdil jg
a rapid process, but the SASP takes several days to develop. The SASP is also
regulated by microRNAs, the JAK/STAT signalling pathway, cytokine receptor for
interleukin—1 (IL-1) and IL-8 chemokine receptor CXCR2 as well as transcription
factors such as NF-kB (Coppe et al., 2011).

The various mechanisms involved in the generation of the secretory phenotype
of senescent cells are increasingly being investigated and mTOR has been linked
to the secretory activity of these cells. Studies have shown that mTOR inhibition
with rapamycin inhibits the SASP and reduces SA- Bgal staining of senescent
cells but does not affect their growth arrest. This implies that in cell senescence,
the SASP and cell cycle arrest are not coupled and thus can be independently
regulated. Senescence growth arrest does not always result in production of
SASP and the SASP is not tied to other characteristics of senescence such as
enlarged cell morphology and SA-Bgal expression (Laberge et al., 2015; Herranz
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et al, 2015; Wang et al., 2017b). Ectopic expression of pl16'Nk4a and
p21WAFLCpLSdil induced senescence without production of SASP, although other
features of senescence such as a stable growth arrest were seen (Coppe et al.,
2011). It has been suggested that the SASP is not an essential feature of
senescent cells and as is the case with p53, SASP can also develop
independently of p16'NK42 status (Coppe et al., 2011). It was proposed that
p16'NK4a neither establishes nor maintains the SASP and it is also suggested that
p16'NK4a may not affect the SASP but might indirectly diminish cytokine secretion
by restraining proliferation and its accompanying DNA damage. This can be
observed in p16'Nk4a depleted late passage cells which secreted more IL-6 than
their unmodified counterparts at similar population doublings. It is possible that
stress stimuli which induce p16'NK4a or p21WAFLCipL/Sdil expression without DNA
damage could bring about the beneficial effects of senescence such as growth
arrest of stressed cells without the deleterious effects SASP formation and
attendant disruption of the tissue microenvironment (Coppe et al.,, 2011;
Malaquin et al., 2016). In a recent study, inhibition of MDM2 has also been found
to reduce the inflammatory secretome of senescent cells (Wiley et al., 2018).

The SASP is known to exert both autocrine (cell autonomous) as well as
paracrine (non-cell autonomous) effects on surrounding cells and is able to
induce cell proliferation in transformed cells (see Figure 1-4). IL-6 and IL-8 for
instance have cell autonomous properties which reinforce senescence in a
paracrine fashion (Collado & Serrano, 2010; Campisi et al., 2011; Acosta et al.,
2013; Hoare & Narita, 2013). It has also recently been reported that NOTCH1
plays a vital role as both a regulator of the composition SASP and a regulator of
juxtacrine signalling within the context of OIS (Hoare & Narita, 2017; Ito et al.,
2017). Chemokines, which are part of the secretome of SASP, encourage cancer
promotion, metastasis, vascularisation and angiogenesis. Several pro-
inflammatory cytokines and chemokines including IL-8, IL-6, growth regulated
protein a (GROa; CXCL1), IL-1a, granulocyte colony stimulating factor (G-CSF)
and granulocyte-macrophage colony stimulating factor (GM-CSF) which are
capable of maintaining the invasive and metastatic phenotype have been
implicated in thyroid carcinomas (Acosta et al., 2008; Acosta & Gil, 2009). IL-8

was found to act together with its receptor CXCR2 to reinforce senescence in
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thyrocytes. Findings have suggested that IL-8 and GROa signalling can reinforce
senescence early during tumorigenesis, thereby preventing tumor growth.
Incorporating these findings is challenging, considering that IL-8 and GROa
already have well-known tumor promoting effects (Acosta & Gil, 2009).
Components of the SASP are thought to fuel malignant phenotypes in nearby
tumour cells and at the same time play a role in stimulating immune cells to clear
out senescent cells (Collado & Serrano, 2010). It has also been proposed that
the SASP may originally had the function to help to clear senescent cells by
attracting immune effector cells (Coppe et al., 2010; Moreno-Blas et al., 2018).

The chemokine receptor CXCR2 is upregulated during senescence and along
with many of its ligands forms part of a chemokine network acting to reinforce
growth arrest in a p53-dependent way (Acosta et al., 2008). Mutation or
downregulation of CXCR2 was found to alleviate both replicative and oncogene-
induced senescence (OIS) and diminish the DNA-damage response thereby
annulling its pro-senescent activity to facilitate tumour progression. Ectopic
expression of CXCR2 results in premature senescence which occurs via a p53-
dependent mechanism (Acosta et al., 2008; Vizioli et al., 2014). The role played
by CXCR2 ligands in tumor progression is complex. While evidence suggests
they exert a pro-senescent effect in primary cells, they may also have several
pro-tumorigenic effects on tumor progression. The origin of the cellular insult, its
genetic background as well as the stage and status are some of the factors that
may determine what effect CXCR2 exerts. It is still unclear what switches the
activity of the components of the senescence secretome from pro-senescence to
pro-tumorigenic as several factors could be responsible for this (Kuilman &
Peeper, 2009; Acosta & Gil, 2009; Vizioli et al., 2014).
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Figure 1-4 The multifaceted program of the senescence associated secretome.
A typical senescent cell displays morphological and biochemical changes including
production of the SASP. This secretome exerts autocrine effects which re-inforce
senescence associated growth arrest (SAGA), as well as paracrine effects which could
be beneficial or deleterious. Adapted from (Malaquin et al., 2016).

It has recently been discovered that the SASP composition from a senescent cell
is dependent on the insult triggering the senescence and the molecular regulation
of the SASP program is complex and multifaceted in space and time (Malaquin
et al., 2016; Wang et al., 2017b). Researchers have shown that mitochondrial
dysfunction can lead to a type of cellular senescence referred to as mitochondrial
dysfunction associated senescence (MiDAS) (Wiley et al., 2016; Gallage & Gil,
2016; Herranz & Gil, 2016; Wiley & Campisi, 2016), producing a secretory
phenotype that is different from the SASP which is obtained from senescence

induced by genotoxic stress (Wiley et al., 2016). Also, using models of stress
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induced premature senescence (SIPS), proteasome inhibition induced
premature senescence (PIIPS) and replicative senescence (RS), Maciel-Baron
and colleagues demonstrated that RS and SIPS induced SASP with similar
composition, while the composition of SASP due to PIIPS was substantially
different with significantly lower amounts of cytokines and chemokines when
compared to RS and SIPS (Maciel-Baron et al., 2016). Additionally, using
conditioned media obtained from each of these three models of senescence
(SIPS, PIIPS and RS) the researchers tested their effect on cell proliferation and
found each conditioned media to have a different effect, suggesting that the
SASP originating from different senescence inducers activate different pathways
in neighbouring cells and lead to different responses (Maciel-Barén et al., 2016;
Wang et al., 2017b).

1.3.4 SENESCENCE ASSOCIATED HETEROCHROMATIC FOCI (SAHF)

Cellular senescence is known to be associated with an altered chromatin
assembly forming easy to visualize heterochromatin regions. Narita and
colleagues described a unique heterochromatic structure that was found to
accumulate in senescent human fibroblasts (Narita et al., 2003; Cichowski &
Hahn, 2008), which they termed the senescence associated heterochromatic foci
(SAHF). These are highly condensed regions of chromatin that are characterised
by a build-up of histone H3 that is tri-methylated at lysine 9 (K9M-H3; a
modification catalysed by the histone methyltransferase (HMTase) Suv39hl), as
well as heterochromatin proteins, such as high-mobility group A (HMGA)
proteins, macroH2A and heterochromatin protein 1 (HP1) (Adams, 2007;
Kuilman et al., 2010; Salama et al., 2014). The SAHF contain some proliferative
genes and are also thought to silence certain genes, such as the E2F target

genes (Campisi, 2013).

DNA dyes usually display a generally consistent staining pattern in cycling or
quiescent human cells but show outstandingly different staining patterns in
senescent cells (see Figure 1-5). In proliferating and quiescent cells, the
euchromatin markers K9Ac-H3 (histone H3 acetylated on lysine 9) and K4M-H3
(histone H3 methylated on lysine 4) homogeneously stain the DNA, however,

they are excluded from the heterochromatic DNA of senescent cells. Instead,
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senescent cells richly stain for K9M-H3. Methylated lysine 9 provides a binding
site for HP1 proteins, which are a family of adaptor molecules required for the
assembly of heterochromatin and which are involved in epigenetic gene
regulation (Lachner et al., 2001; Bannister et al., 2001). In normally proliferating
and quiescent cells, it was observed that HP1 proteins were spread out all over
the nucleoplasm but in senescent cells, they were rather focussed in regions of
the DNA foci. These senescence-associated DNA foci contain heterochromatin
and are thus named SAHF. These SAHF usually lack lysine 9 acetylated H3
(K9Ac-H3) and lysine 4 methylated H3 (K4M-H3) but rather are enriched in
histone H3 methylated on lysine 9 (K9M-H3) (Narita et al., 2003).

Vector Ras Late Passage

Figure 1-5 Senescence associated heterochromatic foci (SAHF).
Proliferating IMR-90 lung fibroblasts (vector) show uniform DAPI staining of the
nucleus, while senescent fibroblasts display the characteristic dot-like heterochromatin
assembly known as SAHF. Adapted from (Narita et al., 2003).

Tampering with the expression of certain genes such as those encoding p53,
interleukin-6 (IL-6) or C/EBP, inhibits the formation of SAHF, depending on the
experimental system, and this is linked to suppression of senescence. The
p16'NK4A /Rb pathway is thought to be vital for the formation of SAHF as SAHF
formation can be prevented by interfering with the signalling of this pathway,
which correlates with senescence bypass (Narita et al., 2003; Cichowski & Hahn,
2008; Kuilman et al., 2010). Senescent cells often exhibit binding of
heterochromatin-associated proteins to the promoters of some E2F target genes.

SAHF prevent the E2F transcription factor from accessing its target genes, thus
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blocking the transcription of genes that lead to S phase and ultimately leading to
cell-cycle arrest. It is possible that SAHF contribute to the collective changes in
gene expression observed in senescent cells, due to their influence on gene
expression (MDuff & Turner, 2011; Young et al., 2013). It has also been shown
that the SAHF restrains the DDR, suggesting that the role of SAHF may not be
limited to gene expression (Di Micco et al.,, 2011; Salama et al., 2014).
Importantly, the SAHF are not consistently expressed in all senescent cell types.
They are not found in any senescent mouse cells, neither are they found in every
senescent human cell, even though SAHF are common. Of note also, cells from
Hutchinson Guilford progeria syndrome (HGPS) patients and cells from aged
individuals showed loss of visible heterochromatin blocks and accompanying
marks (Narita et al., 2003; Swanson et al., 2013).

1.3.5 GENE EXPRESSION CHANGES DURING SENESCENCE

Senescent cells display various changes in gene expression, the most significant
being increase in expression of several secreted proteins (Coppe et al., 2011).
The changes in gene expression patterns of senescent cells also affect cell cycle
regulatory genes, extra-cellular matrix (ECM) remodelling genes, as well as
genes involved in cytokine signalling and inflammation (MDuff & Turner, 2011).
During cellular senescence, the cell’'s epigenetic maintenance system is altered.
For instance, during replicative senescence of human fibroblasts, there is a
marked reduction in the levels and modification status of the histone
deacetylases (HDAC) HDAC1 and HDAC2. Histone acetylation has been linked
to senescence as a short exposure of cells to HDAC inhibitors was found to
accelerate senescence in human fibroblasts (Serrano & Blasco, 2001). In cellular
senescence, START RNASs, which are a family of antisense RNAs, are produced
and they inhibit the expression of their corresponding sense RNAs (Muniz et al.,
2017). Also, one of the key pathways of the lysosomal-autophagy proteolytic
system, chaperone-mediated autophagy (CMA), which regulates various cellular
processes by selectively degrading cytosolic proteins, is impaired in cellular
senescence and it is thought that the decline in CMA activity contributes to aging
by inducing cellular senescence (Moreno-Blas et al., 2018). These various
senescence-associated gene expression changes are specific to and conserved

within individual cell types (Coppe et al., 2010).
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A mass spectrometry screening of the membrane fraction of senescent cell
lysates revealed 107 proteins that were preferentially expressed in senescent cell
membranes over non-senescent ones (Althubiti et al., 2014). Furthermore, gene
expression profiling analysis of G protein-coupled receptor kinase (GRK) 4 —
induced senescent HEK293 cells showed differential expression of 17
senescence-related genes in GRK4 positive cells compared to control cells (Xiao
et al., 2017). Ontologic and gene expression analysis of skin from Caucasian
females between the ages of 20 years and 70 years revealed changes in the
expression of thousands of genes with age. (Kimball et al., 2018). Studies have
shown that the expression of cellular damage related genes such as
inflammatory or stress response genes increase with age while biosynthetic and
metabolic genes expression decrease with age (Edwards et al., 2007; Kimball et
al., 2018). In order to facilitate research on the mechanisms of gene regulation in
cellular senescence, a database of senescence associated genes is greatly
needed. To this end, Dong and colleagues have established the Human Cellular
Senescence Gene Database (HCSGD) using a combination of data from
published literature sources, gene expression profiling as well as protein-protein

interaction networks (Dong et al., 2017).

1.3.6 THE SEARCH FOR NOVEL MARKERS OF SENESCENCE

To date, several markers have been used to detect senescent cells in vitro and
in vivo. The fact that none of the currently available markers of senescence are
exclusive to the senescent state and lack specificity (Rodier & Campisi, 2011;
Sikora et al., 2011; Mufioz-Espin & Serrano, 2014) necessitates the search for
novel and more reliable markers which could be used either alone or in
combination with other markers. The senescence program harbours
transcriptional heterogeneity with a dynamic phenotype which changes at
variable intervals (Sharpless & Sherr, 2015; Hernandez-Segura et al., 2017).
Also, the expression of thousands of genes is significantly altered in cellular
senescence and these changes are by and large conserved within individual cell
types and are specific to these cells only (Coppe et al.,, 2010). Of all the

remarkable changes in gene expression observed during senescence, very few
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of them are senescence specific and of great enough magnitude to be declared
markers of senescence, (Wang et al., 2009; Sharpless & Sherr, 2015) making it

necessary to clearly define markers for the senescent state.

EJp21
Control Senescent

DEP1
NTAL
EBPS0

STX4
EJp16 VAMP3
Control Senescent ARMCX3

B2MG
LANCL1
VP26A
PLD3

Figure 1-6 Proteins differentially expressed on the membrane of senescent cells.
Novel markers of senescence were identified through a mass spectrometry screening
of the membrane fraction of senescent cell lysates. These proteins were preferentially

expressed on the surface of senescent EJp21 and EJpl6 cells over non-senescent
control cells. Adapted from (Althubiti et al., 2014).

Novel markers of senescence with potential in cancer prognosis and therapy (see
Figure 1-6) have been identified in our laboratory (Althubiti et al., 2014). These
are proteins present in the isolated membrane fraction of senescent cell lysates
that have extracellular epitopes, and had not been previously linked with
senescence. These proteins include: Density Enhanced Phosphatase-1 (DEP-
1), Non-T cell Activation Linker (NTAL), Syntaxin4 (STX4), B-2 Microglobulin
(B2MG), Armadillo repeat-containing X-linked protein 3 (ARMCX3), among
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others. Considering the fact that currently known senescent markers are not
sufficient on their own as exclusive markers of senescence (Yang & Hu, 2005;
Deursen, J M A van, 2014), there is the need to identify and characterise better
markers. These protein markers characterised in our laboratory, could also be
useful targets for the identification and possible clearance of accumulated

senescent cells from the body.

1.4 PATHWAYS INVOLVED IN SENESCENCE

More than one effector pathway is involved in the senescence program. Cellular
senescence can be signalled through various paths, many of which activate p53
(encoded by the human TP53 and mice Trp53 genes) as well as the cyclin
dependent kinase (CDK) inhibitors p16 (known as INK4A and encoded by
CDKN2A), p15 (known as INK4B and encoded by CDKN2B), p21 (known as
WAF1/Cipl1/Sdil and encoded by CDKN1A) and p27 (encoded by CDKN1B),
resulting in proliferative arrest (Campisi, 2005; Mufioz-Espin & Serrano, 2014).
Although it has been half a century since Leonard Hayflick and his colleague first
described senescence (Hayflick & Moorhead, 1961), the molecular pathways
involved in senescence are yet to be fully understood (Althubiti et al., 2014;
Salama et al., 2014).

Two key and well-studied senescence pathways are the p53/p21 and the p16/Rb
tumor suppressor pathways mediated by the cell cycle inhibitors p53 and pl6
respectively (Campisi et al., 2011). The retinoblastoma (Rb) tumor suppressor
gene product, pRb, is an important gatekeeper during cell cycle progression
through the G1 phase and its activity is tightly controlled by several post-
translational modifications, such as phosphorylation, acetylation and
ubiquitination (Campisi, 2005; Takahashi et al., 2007). The activity of cyclin
dependent protein kinases which phosphorylate and inactivate the
retinoblastoma protein (Rb), is inhibited by both p21CPlWail/Sdil (CDK2) and
pl6'NK4A (CDK4, CDK®6), leading to accumulation of an active, hypo-
phosphorylated form of Rb, which prevents the transcription factor E2F from
transcribing genes needed for cell cycle progression, thereby mediating cell cycle
arrest and other senescence phenotypes (see Figure 1-7) (Herbig et al., 2004;
d'Adda di Fagagna & Campisi, 2007; Xu et al., 2014).
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Products of the INK4a/ARF locus activate p53 and Rb in various settings, to bring
about senescence. The two products of this locus, p16'™42 and p19AT (p14~RF in
humans) are key tumor suppressors which regulate the activities of the p53
transcription factor and the Rb protein, and are expressed from partly overlapping
nucleotide sequences read in alternative reading frames (Lowe & Sherr, 2003).
Both p16'Nk4a and p19ARF have been found to accumulate in senescent cells and

their overexpression also promotes senescence (Lundberg et al., 2000).
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Figure 1-7 Control of senescence by the p53/p21 and p16/Rb pathways.
Various stress signals lead to the upregulation of ATM/ATR, ARF, p53 and p16.
Upregulation of p53, triggers overexpression of p21, resulting in cellular senescence.
Also, p21 and p16 prevent the phosphorylation and activation of Rb by cyclin
dependent kinases, resulting in an accumulation of the hypo-phosphorylated active
form of Rb, which in turn hinders E2F from transcribing genes for cell proliferation,
ultimately leading to senescence. ATM/ATR induces p53-p21 via the checkpoint
kinases (Chk1/Chk?2), leading also to senescence. ARF inhibits Mdmz2, the negative
regulator of p53, resulting in an abundance of p53. The E2F transcription factor is also
able to induce ARF expression. Adapted from (Park & Sin, 2014).
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For the Rb pathway activation, p16'"k4 functions to inhibit cyclin D dependent
kinases, preventing them from phosphorylating and subsequently inactivating
Rb. p14~RF on the other hand increases the growth inhibitory functions of p53 by
sequestering its negative regulator, Mdm2 (mouse double minute 2). These
proteins, pl16'"“4a and pl142RF (p19AT in mouse), form part of an important
signalling network that is disrupted in many cancers. The Ink4a-Arf locus
responds to stress signals and restrict cell proliferation. Mutations affecting
INK4a or ARF can compromise senescence on various levels depending on the
cell type and specie (Lowe & Sherr, 2003; Narita et al., 2003; Park & Sin, 2014).

p53 is an important tumour-suppressor protein involved in senescence and is a
mediator of the DDR, such as that triggered by dysfunctional telomeres, reactive
oxygen species (ROS), oncogenes etc., which comprises the senescence
response (Mufoz-Espin & Serrano, 2014). The type of senescence arrest
facilitated by the p53 pathway is supposedly reversed by inactivation of p53. This
reversal of senescence is possible in some cells but not in others. When the
senescence response is mediated by the p16 pathway, which is also induced by
oncogenes and other stressors, p53 inactivation fails to reverse senescence
suggesting that the p16/RB pathway engages an irreversible barrier to cell growth
(Beausejour et al., 2003; Campisi, 2005; Chen et al., 2005; d'Adda di Fagagna &
Campisi, 2007). Fibroblasts are able to escape from replicative senescence, also
referred to as ‘mortality stage 1’ (M1) as a result of inactivation of the p53 and Rb
pathways. They can undergo several PDs before arriving at a second batrrier,
known as ‘mortality stage 2’ (M2) or ‘crisis’, which is essentially a stage of cell
death rather than growth arrest (Shay & Wright, 2005; d'Adda di Fagagna &
Campisi, 2007; Georgakopoulou et al., 2016). It has been reported that the
function of p53 and p21 are not absolutely required for the maintenance of
senescence (Chang et al., 1999b) even though they are induced during

senescence-like proliferation arrest.

The decision of a cell to go into either quiescence, senescence or apoptosis upon
induction of p53 or p16 may be dependent on the threshold levels of the stress
triggering the induction. For instance, the form and severity of cellular effects

such as the type and extent of DNA damage imposed by stressors, are critical
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parameters for determining whether a fibroblast or epithelial cell will respond by
way of senescence or apoptosis. Senescence is thought to be a response to less
severe damage and apoptosis a response in the face of overwhelming damage
(Childs et al., 2014; Georgakopoulou et al., 2016). In a study by Demidenko and
colleagues, they showed that the accumulative loss in proliferative capacity of
cells is affected by the duration of the cell cycle arrest that drives it. The longer
the timeline of arrest in cell cycle, the deeper the cells senesce (Demidenko et
al., 2009). Studies have shown that not every kind of cell is able to senesce when
faced with a similar stress stimuli as the events that come together to induce

senescence are both cell type and tissue specific (Romagosa et al., 2011).

There appears to be a variation in response to senescence related stimuli
between cells of the same type but of different species in vitro. For instance,
under the same experimental conditions, MEFs enter into a senescent state
quicker than human fibroblasts (Chen et al., 2007). Also, whereas epithelial cells
have a high-turnover in situ, fibroblasts stay in a quiescent state, displaying
structural features, and proliferate only in response to certain stimuli such as
trauma (Lemons et al., 2010). It is proposed that, upon stress insults, human
fibroblasts largely respond via senescence, while epithelial cells undergo
apoptosis instead. Therefore, considering the whole tissue epithelium and stroma
would be of advantage when carrying out research into new therapies for chronic
diseases and cancer (Georgakopoulou et al., 2016). A model integrating the
intensity of hyperproliferation or stress signals, the microenvironment conditions
and the cell type could help explain better the decision of a cell to either
proliferate, senesce or go into apoptosis (Narita & Lowe, 2005).

It has been observed that mTOR activation is necessary for cellular senescence
to take place as mTOR enables transition from cell cycle arrest and quiescence
to senescence (geroconversion). Factors that activate the mTOR pathway
(gerogens) accelerate geroconversion (Blagosklonny, 2014; Leontieva &
Blagosklonny, 2017). Using various cell models of senescence, rapamycin (an
inhibitor of the nutrient-sensing mTOR pathway) was found to slow down cellular
senescence and prevent the accompanying irreversible loss of proliferative

capacity (Demidenko et al., 2010; Xu et al., 2014). A study has revealed that
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growth stimulation by serum addition promoted cellular senescence in the
presence of the p21Wafl/Cipl/Sdil ce|| cycle inhibitor. However, when serum was
absent, cell cycle inhibition rather led to quiescence, which either advanced to
senescence upon addition of serum or was upturned when the cell cycle inhibition
induced by p21 was stopped (Demidenko & Blagosklonny, 2008). There is a
school of thought that proposes that basal levels of p53 may suppress cellular
senescence in a paradoxical manner (Demidenko et al., 2010). The study by
Demidenko and co-researchers show that the presence of p53 in physiological
levels inhibits the mTOR pathway thereby suppressing cellular senescence. Cells
affected through this mechanism instead go into a state of reversible arrest or

quiescence.

Many markers including SA-Bgal activity, expression of CDK inhibitors,
constitutive DDR signalling, reduced expression of LaminB1l nuclear lamina
protein, presence of SAHF, DNA-SCARS, as well as the SASP, can be used to
identify senescent cells both in culture and in vivo, yet none of them are exclusive
to the senescent state (Yang & Hu, 2005; d'Adda di Fagagna & Campisi, 2007;
Deursen, J M A van, 2014; Loaiza & Demaria, 2016). Some of these markers,

modulators and effectors of senescence are discussed here.

1.4.1 pl6'NK4A AS A MARKER OF SENESCENCE

pl16 NK4 is a cell cycle regulator which inhibits the progression from G1 to S
phase of the cell cycle. It is an anti-proliferative protein and a member of the INK4
family of CDK inhibitors, inhibiting CDK4 and CDK6 complex formation with cyclin
D. The INK4 family of CDK inhibitors include p15'4?, p18'"k4¢ and p19'™k4d (Hirai
et al., 1995; Luh et al., 1997; Sharpless & DePinho, 1999; Taniguchi et al., 1999;
Romagosa et al., 2011; de Jesus & Blasco, 2012). Currently, p16'NK4A js
considered a leading marker for indicating the presence of senescent cells
(Naylor et al., 2013). Most senescent cells express p16NK4A and, as seen in
replicative senescent cells as well as some terminally differentiated cells, its
expression is increased in the final stage of population doubling. Hence, it is often
referred to as a senescence gene (Taniguchi et al., 1999; Campisi, 2011;
Simboeck & Di Croce, 2013). The levels of p16'NK4* have been used as a

biomarker of ageing in humans as it is seen to increase with ageing — up to 7 fold
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in some human tissues and up to 30 fold in most mouse tissues (Krishnamurthy
et al., 2004; Collado et al., 2007; Wang et al., 2009; Romagosa et al., 2011;
Sherr, 2012).

Deletions and mutations of the pl6 'NK4 gene are frequent in human
malignancies (Taniguchi et al., 1999). p16'NK4A is a tumour suppressor protein
and its expression is downregulated in a large number of cancers and malignant
tumours, whereas it is overexpressed in benign and pre-malignant lesions (e.qg.
nevi and adenomas), where it functions to prevent the emergence of transformed
cells. Thus, it plays its role in establishing oncogene induced senescence (OIS).
It is widely accepted that the ability to bypass senescence is a critical molecular
mechanism that enables the progression from pre-malignant to malignant cells,
hence the overexpression of p16 in benign and pre-malignant lesions and its
absence in malignant cells (Collado et al., 2005; Collado et al., 2007; Romagosa
et al., 2011).

Immunostaining of benign tumours show a positive p16'NK4 expression and a
negative or very low Ki67 (a marker of proliferation) index, while malignant
tumours often stain positive for Ki67 but negative for p16'N<4A (Collado et al.,
2005; Romagosa et al., 2011) . However, in high grade malignant tumours, where
there are alterations in the p16'NK4A-Rb pathway, a high p16NK4A as well as a high
Ki67 immunostaining has been observed. In human tumours, the overexpression
of p16 could either be as a result of OIS, as seen in benign or pre-malignant
lesions, or as a result of the Rb pathway failure, as seen in some malignant
lesions. Hence, p16'NK4A is often used as a prognostic marker for several cancers
in order to grade or distinguish between benign and malignant lesions. It is also

often used as a diagnostic marker of cervical cancer (Romagosa et al., 2011).

In its role as a cell cycle regulator, p16'NK4A appears to be preferentially expressed
in the nucleus, while in other cases such as in breast cancer, it is also seen in
the cytoplasm and is used to ascertain tumour progression and prognosis
(Romagosa et al., 2011). In certain conditions, p16'NX4A is expressed in both the
nucleus and cytoplasm. The subcellular location of p16'™k4A in a cell might be
dependent on its function in that cell, which could anchor on its complex formation

ability with other proteins or on post-translational modifications. However, it is

33



important to note that this supposed differential localization of p16 might simply
be influenced by the antibody used for its detection, depending on the
immunogen or epitope being recognised. Practically, staining for p16 in vivo
using antibodies has been quite unreliable and requires robust positive and
negative controls. Upregulation of p16 by a tetracycline regulated promoter, was
found to induce growth arrest in both tumour cells and normal cells. This growth
arrest was reversible upon repression of p16, allowing more than 60% of the cell
population to proliferate and form colonies five days later (Macip et al., 2002).
This observation was supported by a subsequent study which demonstrated that
pl6 expression was needed as a second barrier to cell proliferation during
senescence and ensured irreversibility of the senescence arrest (Beausejour et
al., 2003). However, the cyclin dependent kinase inhibitor p16 does not seem to
be a key regulator of development as it is not expressed during embryogenesis
(Guney & Sedivy, 2006) even though senescence is known to play a role during

embryonic development.

1.4.2 p53 and p21

The p53 gene has long been established as a cell cycle regulator and guardian
of the genome. Tumor cells were found to undergo growth arrest or apoptosis
when wild-type p53 was overexpressed in them. Early studies using normal
fibroblasts also showed a link between p53 and cellular senescence. The activity
of p53 as well as levels of its downstream effector p21Wafl/Cipl/Sdil jncrease during
late passage of cells, leading to a slowdown in proliferation (Kastan et al., 1991,
Lane, 1992; Levine, 1997). p53 was found to delay functional decline in skeletal
muscle and in fat depots of BubR1 progeroid mice in a p21-dependent manner
via inhibition of pl16'"k4a-mediated senescence of progenitor cells. p53 also
prevented the formation of cataracts in lenses but interestingly, this antiaging
effect was in a p2l-independent fashion as p21 was found to promote
senescence of lens epithelial cells and the formation of cataract (Baker et al.,
2008; Baker et al., 2013). It was also observed that senescence induced by p53
was more readily reversible than senescence induced by p21 (Fang et al., 1999).

As a cell protective machinery, p53 induction after genotoxic stress and DNA

damage can lead to either DNA repair, transient cell cycle arrest, senescence or
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apoptosis, depending on various signalling factors (Sionov & Haupt, 1999; Macip
et al., 2002; Bieging et al., 2014). Overexpression of wild type p53 using an
inducible tetracycline-off expression system in EJ human bladder cancer cells
without a functional p53 was shown to elicit growth arrest at G1 and G2/M in
these cells. The growth arrest was irreversible by 48 — 72 hours after p53
induction, with cells showing ultra-structural and biochemical markers as well as
morphological changes consistent with the senescence phenotype. This growth
arrest was also accompanied by an up-regulation of p21Wafl/Cipl/Sdil = gnd
repression of cdc2 as well as cyclin A and cyclin B (Sugrue et al., 1997). Cells
obtained from a p53 nullizygous mouse were found to easily escape senescence
and produce immortalized cell lines. Furthermore, the introduction of raf or c-myc
cDNA clones led to a higher rate of immortalization in p53-deficient cells than in

cells which possessed the wild-type p53 gene. (Levine, 1997).

The Bruton’s tyrosine kinase (BTK) has recently been reported by our laboratory
to be a part of the p53 family where it phosphorylates p53, modulating its
apoptotic and senescence related responses (Althubiti et al., 2016). BTK was
found to be expressed in response to damage and induces phosphorylation of
p53 at serine 15 at the N-terminus, increasing its protein levels and activity. In
addition, it was found that BTK binds to and phosphorylates MDM2, facilitating
its loss of ubiquitination activity and further stabilising p53 (Rada et al., 2017).
Inhibition of BTK was found to reduce the expression of p53 and interfered with
the upregulation of p53 target genes, leading to an impairment in the induction of
p53-mediated cell fates such as senescence (Althubiti et al., 2016). A mass
spectrometry screening of the membrane fraction of senescent cell lysates
carried out in our laboratory (Althubiti et al., 2014) identified BTK as one of the
markers overexpressed on senescent cells. BTK is mainly located at the cell

membrane but it can also be found in the nucleus (Gustafsson et al., 2012).

BTK is a dual-specificity non-receptor tyrosine kinase belonging to the Tec family
and is vital for B cell maturation (Mohamed et al., 2009). It's mutation in humans
leads to X-linked agammaglobulinemia (Vetrie et al., 1993). In B cells, BTK is
activated when an antigen binds to the B cell receptor (BCR), which then leads

to its phosphorylation at tyrosine 551 by the Src family kinases (SFKs), and its
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auto-phosphorylation at tyrosine 223 (Rawlings et al., 1996). BTK has been
shown to be up-regulated in B cell malignancies such as mantle cell ymphoma,
chronic lymphocytic leukaemia and multiple myeloma (Herman et al., 2011;
Kuehl & Bergsagel, 2012; Chang et al., 2013). Several BTK inhibitors are
currently in the market, including Ibrutinib (PCI-32765), which has been approved
for mantle cell lymphoma and chronic lymphocytic leukaemia (CLL) therapy
(Hendriks et al., 2014; Hutchinson & Dyer, 2014).

p21Wail/Cipl/Sdil is  an important cyclin-dependent kinase inhibitor whose
expression is directly induced by p53. It is a well characterised transcriptional
target of p53 and links the p53 pathway to the Rb pathway to enhance tumor
suppression (Takahashi et al., 2007). p21Wafl/Cipl/Sdil helongs to the Cip/Kip family
of CDK inhibitors that includes p27XP! and p57%i*2 (Deng et al., 1995; Fang et al.,
1999; Taniguchi et al., 1999). p21Wall/Cipl/Sdil 5 3 dual inhibitor of proliferating cell
nuclear antigen (PCNA) and cyclin dependent kinases, which are both crucial in
the cell cycle. The p21 gene has been self-sufficiently and concomitantly
identified as a gene which inhibited cyclin and cyclin-dependent kinase
complexes (CIP1), is activated by p53 (WAF1), and is significantly overexpressed
during cellular senescence (SDI1) (el-Deiry et al., 1993; Waldman et al., 1995;
Brugarolas et al., 1995). p21Wafl/Cipl/Sdil s gn effector of p53 functions and a
crucial mediator of the p53-induced cell cycle arrest. In late passage human
diploid fibroblasts, an increase in p21Wal/Cipl/Sdil expression was observed and
targeting the deregulation of p21Wafil/Cipl/Sdil jn these cells increased their lifespan.
In p21-null mice, p53 is unable to cause G1 cell cycle arrest upon DNA damage
and this was observed in p21”- MEFs whose ability to undergo G1 arrest following
DNA damage was impaired. It is also noteworthy that no p21 mutations have
been found in human malignancies (Shiohara et al., 1994; Abbas & Dutta, 2009;
Romanov & Rudolph, 2016).

p21Wafl/Cipl/Sdil has been shown to be involved in the control of cell proliferation,
cell differentiation and cell death both in a p53-dependent and p53-independent
manner (Karimian et al., 2016; Georgakilas et al., 2017). In EJ bladder carcinoma
cells which lack a functional p53 gene, a tetracycline (tet) regulated p21

expression system was employed. Overexpression of p21l in these EJ cells
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triggered senescence with characteristic morphological changes such as a
flattened shape, increased cell size and enlarged nuclei. Biochemical and
ultrastructural markers depicting the senescent phenotype were also observed.
Induction of p21Wafl/Cipl/Sdil glsg led to a reduction in Cdk2 kinase activity as well
as cell cycle arrest in both G1 and G2/M which was irreversible. The dual arrest
at both G1 and G2/M triggered by p21 is unlike the G1 specific arrest seen with
other Cdk inhibitors like p16 and p27 (Fang et al., 1999). Immortal Li - Fraumeni
fibroblasts were also found to undergo senescence when p21Wafl/Cipl/Sdil
expression was induced by retroviral vectors (Vogt et al., 1998). p21 can also
play a role in DNA repair via its interaction with PCNA, which binds to the

p21/cyclin/CDK complex through the C-terminal of p21 (Karimian et al., 2016).

There are indications that p21 might also function as an anti-apoptotic agent,
suggesting that it could also be oncogenic although the mechanism by which this
happens remains unclear. Expression of p21 has been found to induce
senescence and also apoptosis in the same cell line and this is thought to be
mediated by reactive oxygen species (Masgras et al., 2012). This newly identified
function of p21 could be of relevance for future therapeutic interventions. Also, it
has recently been found that chronic overexpression of p21 in a p53-null
environment encouraged the escape of a subpopulation of cells from a
senescence-like state and promoted replication stress owing to constant re-
replication. Complex genomic and phenotypic analyses using p21-inducible, p53-
null, malignant as well as near-normal cellular models has shown that a
subpopulation of proliferating cells emerged after an initial senescence-like
phase. These cells expressed p21 and exhibited increased genomic instability,
aggressiveness and resistance to chemotherapeutic agents but there were also
atypical cancer cells, co-expressing p21 and Ki67 (Galanos et al., 2016;
Georgakilas et al., 2017).

1.5 PLEIOTROPIC EFFECTS OF SENESCENCE

The senescence mechanism is said to be antagonistically pleiotropic, having
health benefits for the younger individuals but promoting chronic diseases in the
elderly (d'Adda di Fagagna & Campisi, 2007; Campisi, 2011).
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Figure 1-8 Involvement of senescence in adult diseases.
A number of diseases where senescence either plays known beneficial (blue boxes) or
detrimental roles (red boxes), or a role that is yet to be established (beige boxes).
Adapted from (Mufioz-Espin & Serrano, 2014).
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1.5.1 BENEFICIAL ROLES OF SENESCENCE

Senescence can be both beneficial and detrimental. The growth and survival of
an organism depends on cell division. However, when there is an oncogenic
insult or damage to a cell, it triggers either a programmed cell death (apoptosis)
or growth arrest (senescence) to halt cell division and stop the propagation of the
damage. This is often mediated by tumor suppressor proteins such as p53. In
this context, senescence plays a beneficial role by bringing about tumour growth
arrest. Thus one of the ways in which our bodies fight against cancer is by
activating cellular senescence - a tumour suppression mechanism that is put in
place to prevent the emergence of cancerous or transformed cells. Cellular
senescence will have to be bypassed for malignant transformation to take place
(Campisi, 2001; Campisi et al., 2011; Rodier & Campisi, 2011; Mufioz-Espin &
Serrano, 2014). Then again senescent cells are also involved in several non-
pathological physiological processes both during embryonic development and in
adulthood. Unexpectedly, senescence has been observed in embryos and it is
understood to be a preserved feature in vertebrate embryonic development.
These senescent cells play a role in morphogenesis in embryos (Munoz-Espin et
al., 2013; Storer et al., 2013).

Additionally, cellular senescence plays a role in the pathology of wound healing
and restricts fibrosis, limiting tissue damage. In this instance, senescence is
necessary for organ and tissue development, remodelling and regeneration
(Mufioz-Espin & Serrano, 2014; Burton & Krizhanovsky, 2014). In conditions
such as atherosclerosis, pulmonary hypertension, renal fibrosis, liver fibrosis, oral
submucous fibrosis, wound healing, prevention of cancer and in the regulation of
cardiac fibrosis, senescence is found to exert beneficial effects, while in other
conditions like idiopathic pulmonary fibrosis, sarcopenia, cataracts, obesity, type
2 diabetes, chronic kidney disease, oral mucositis and even cancer progression,
senescence has been found to have detrimental effects (Jimenez et al., 2005;
Tchkonia et al., 2013; Kim et al., 2013; Mufioz-Espin & Serrano, 2014; Biran et
al., 2015; He & Sharpless, 2017).
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1.5.2 DETRIMENTAL EFFECTS OF SENESCENCE

While cellular senescence has been found to be an important tumour-suppressor
mechanism, it is also proposed to be the underlying cause of ageing and
aggravates as well as triggers accompanying diseases of aging, including
cancer. Persistent accumulation of senescent cells in tissues results in secretion
and infiltration of cytokines, chemokines, natural Killer cells, growth factors and
metalloproteinases (SASP) into their microenvironment or surroundings.
Consequently, this results in tissue damage, thereby promoting different
pathological conditions (Collado & Serrano, 2010; Campisi et al., 2011; Naylor et
al., 2013; Biran et al., 2015).

As aresult of all these, senescence demonstrates antagonistic pleiotropy (Austad
& Kirkwood, 2000; d'Adda di Fagagna & Campisi, 2007; Campisi, 2011) as it
tends to have beneficial tumour-suppression in the young but promotes chronic
degenerative diseases in the old. According to Rodier and Campisi (2011),
cellular senescence has four faces: tumour suppression, tissue repair, ageing
and tumour promotion — four complex activities, some of them with contrasting
effects. Paradoxically, the first two activities are beneficial to the organism while
the last two are detrimental (Rodier & Campisi, 2011; Campisi, 2011). This has
opened up new fields of research whereby senescent cells are being targeted as
a therapeutic strategy for cancer and several aging-associated diseases
(Campisi et al., 2011; Naylor et al., 2013). A fifth face or activity — development
and in vivo reprogramming has recently been assigned to senescence and there
is already growing research around this topic (Mosteiro et al., 2016; Chiche et
al., 2017; Ritschka et al., 2017; Davaapil et al., 2017; Mosteiro et al., 2018; Senis
et al., 2018).

Cellular senescence can be induced by chemotherapeutic drugs and this is
termed therapy-induced senescence (TIS). Although TIS is beneficial in
preventing malignant transformation (Childs et al., 2015), the role of TIS in cancer
is double-edged as prolonged chemotherapy can enable the cancer promoting
effects SASPs, thereby outweighing the benefits of TIS (Lasry & Ben-Neriah,
2015; Ruhland et al., 2016; Demaria et al., 2017). It could therefore be more

beneficial to combine senescence-inducing chemotherapy with drugs that
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suppress the deleterious effects of the SASP which could arise as a result of

prolonged therapy (Lasry & Ben-Neriah, 2015; Soto-Gamez & Demaria, 2017).

1.6 AGEING, CELLULAR SENESCENCE AND DISEASE

Ageing, which is often defined as a progressive loss of tissue and organ function
over time (Austad & Kirkwood, 2000; Childs et al., 2015), is the greatest risk factor
for the development of many diseases. It increases the susceptibility to various
degenerative pathological conditions, which are mostly chronic, leading to high
morbidity and mortality rates (Campisi et al., 2011; Tchkonia et al., 2013; McHugh
& Gil, 2018). The incidence of many diseases such as atherosclerosis,
osteoporosis, arthritis, cataracts, hypertension, type 2 diabetes, Alzheimer's
disease as well as cancer increases rapidly with age (Mufioz-Espin & Serrano,
2014). The incidence of cancer also rises exponentially with age (Campisi, 2003;
Campisi et al., 2011; Naylor et al., 2013). According to Cancer Research UK, in
2012, there were 14.1 million new cases and 8.2 million deaths from cancer
worldwide and over one third of cancer cases in the UK are diagnosed in patients
aged 75 years and above (Cancer Research UK, 2015). In the United States,
cancer has been the second leading cause of death since 1938 (Centre for
Disease Control and Prevention, 2015). This increasing link between ageing and
debilitating ailments has fuelled the search for anti-ageing interventions over the
years (Austad & Kirkwood, 2000; Tchkonia et al., 2013; de Cabo et al., 2014).

Accumulation of senescent cells over time without efficient clearance of these
cells is detrimental, as they secrete factors which promote inflammation, tumor
growth and tissue damage, resulting in several diseases (see Figure 1-8) which
are often age-related (Jeyapalan & Sedivy, 2008; He & Sharpless, 2017).
Evidence has shown that accumulated senescent cells in tissues leads to age-
related progressive loss of tissue function (Baker et al., 2011; Baker et al., 2016).
In line with this, senescent cells have been found at sites of chronic diseases of
ageing and have been implicated as a causative factor in the development of
pulmonary fibrosis, bronchiectasis, osteoarthritis (OA), liver steatosis (Mufoz-
Espin & Serrano, 2014; Birch et al., 2016; Schafer et al., 2017; Jeon et al., 2017;
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Ogrodnik et al., 2017) and atherosclerosis (Wang & Bennett, 2012; Childs et al.,
2016), even though senescence has also been reported to be beneficial in

atherosclerosis (Gonzalez-Navarro et al., 2010; Mufioz-Espin & Serrano, 2014).

Key senescence signalling molecules such as p16'k4a, p21Wail/Cipl/Sdil gnd p53
play important roles in the maintenance of stem cells as they prevent their
premature exhaustion. These components reprogram cancer cells to self-renew,
promoting their stem cell functions otherwise known as “stemness” (Milanovic et
al., 2017). Senescent cells can normally be eliminated from the body via immune-
mediated mechanisms. However, the fact that they have been found to
accumulate with aging suggests that the efficiency of the mechanism by which
these cells are cleared from the body also diminishes with time (d'Adda di
Fagagna & Campisi, 2007; Mufioz-Espin & Serrano, 2014) as the immune
system function equally declines (Hensler & Pereira-Smith, 1995; Badiola et al.,
2015). Being a hallmark of ageing (see Figure 1-9) (LOopez-Otin et al., 2013),
accumulated senescent cells in aged tissues may indicate an increased rate of
generation and/or a decreased rate of clearance of these cells from the body
(d’Adda di Fagagna & Campisi, 2007; Mufioz-Espin & Serrano, 2014).

1.6.1 SENESCENCE-DRIVEN FUNCTIONAL DECLINE

Cellular senescence is frequently being implicated in aging and has been listed
as one of the hallmarks of ageing (L6pez-Otin et al., 2013). It has been proposed
that cellular senescence could be responsible for ageing phenotypes which may
arise due to a loss of cell proliferative and tissue regenerative capacity, because
of the inability of senescent cells to self-renew. In vivo accumulation of
dysfunctional senescent cells and their SASP also disrupt the tissue
microenvironment and cause loss of tissue integrity and function (Campisi, 2003;
Itahana & Dimri, 2017), leading to a senescence-driven functional decline or
aging. Ageing has been defined as a functional waning that is accompanied by
decreased fertility and increased mortality (Austad & Kirkwood, 2000), agreeing
with Weismann’s theory of wear and tear and natural selection (Weismann &
August, 1891). However, senescence has been shown to occur not just as a
result of wear and tear but also due to stress, insults and various DNA damage

triggers on the cell, and also exhibits antagonistic pleiotropy (Rodier & Campisi,
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2011; Campisi, 2011). Ageing therefore can be driven by these stressors, and

pleiotropy also plays a role in the manifestations of ageing phenotypes.
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Figure 1-9 The hallmarks of ageing.
The nine hallmarks representing common denominators of ageing in mammals and
several other organisms. Adapted from (Lopez-Otin et al., 2013).

1.6.1.1 COGNITIVE DECLINE

Ageing is the main risk factor for Parkinson’s disease and Alzheimer’s disease
and it has been proposed that senescent astrocytes contribute to these ailments
(Esiri, 2007; Bitto et al., 2010; Bhat et al., 2012; Chinta et al., 2013). Astrocytes
cultured from the brains of ageing rats showed a positive staining for SA B-gal
and their ability to maintain the survival of co-cultured neurons decreased.
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Astrocytes also develop a senescent phenotype, overexpressing p53, p21, pl6
and SAHF in response to telomere shortening and oxidative stress. Also,
astrocytic glial acidic fibrillary protein (GFAP)-positive cells presented age-
related synaptic impairment, as well as a flat morphology in vivo. Additionally,
chronic microglial activation has been implicated in the neuronal death
associated with Alzheimer's disease and Parkinson’s disease. The ageing brain
IS beset with subtle chronic inflammation and senescence has been associated
with human brain aneurysms (Bitto et al., 2010; Hewitt et al., 2012; Chinta et al.,
2013; Mufioz-Espin & Serrano, 2014; Zhu et al., 2014). More recently, an age-
related decline in the BubR1 mitotic checkpoint kinase has been found to impair
neurogenesis in adult hippocampus, making BubR1 a potential target for age-

related cognitive impairment (Yang et al., 2017).

1.6.1.2 LOSS OF MUSCLE FUNCTION

Loss of muscle mass and function (sarcopenia) is a common age-related event
and senescence of muscle satellite cells are thought to play a key role in the
pathogenesis of sarcopenia (Mufioz-Espin & Serrano, 2014). It is also known that
muscle satellite cells are required for regeneration of skeletal muscle and are
considered myogenic stem cells (Relaix & Zammit, 2012). Aged muscles display
the presence of senescent cells as they stain positive for SA B-Gal, accumulate
pl6 and harbour raised levels of pro-inflammatory cytokines. Muscle satellite
cells from diseased human and mice also displayed shortened telomeres.
Genetic inactivation of pl6 was found to rejuvenate aged satellite cells and
encourage muscle regeneration after injury. Also, genetic elimination of satellite
cells expressing pl16 in a mouse model of progeria ameliorated sarcopenia,
further stressing the negative role senescent satellite cells play in muscle function
(Cai et al., 2004; Baker et al., 2011; Cosgrove et al., 2014; Sousa-Victor et al.,
2014; Tichy et al., 2017). Furthermore, p53 was found to delay the functional
waning of skeletal muscle and fat in a p21-dependent manner via inhibition of the

pl6-mediated progenitor cell senescence (Baker et al., 2013).

1.6.1.3 LUNG DISEASES

Idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease
(COPD) and are typical examples of senescence- associated respiratory
diseases that progress with age (Tsuji et al., 2006; Amsellem et al., 2011, Birch
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et al., 2015; Schafer et al., 2017). IPF and COPD usually occur late in life and
advance pathophysiologically with ageing (Faner et al.,, 2012), showing
predominance in males (Chilosi et al., 2012). Several characteristics of cellular
senescence have been identified in the lungs of IPF and COPD patients (Birch
et al., 2017). For instance, persistent inflammatory cytokines including TNFa, IL-
6, IL-8, CRP and CCL2 have been observed in IPF and COPD (Faner et al.,
2012). IPF and COPD also increase the risk of pneumonia, which is thought to
be aggravated in the elderly by the presence of accumulated senescent cells
(Yanagi et al., 2017). Senescence has also been implicated in the pathology of
non—cystic fibrosis bronchiectasis (Birch et al., 2016), an inflammatory lung

disease characterized by irreversible bronchial dilation.

IPF is a progressive and deadly lung disease characterised by interstitial fibrosis
which leads to scarring of the lung parenchyma (Birch et al., 2017). Cellular
senescence has been implicated in the pathogenesis of IPF (Yanai et al., 2015;
Kuwano et al., 2016) and cells of the bronchial epithelium of IPF patients showed
an increase in p21 levels and SA B-Gal activity (Minagawa et al., 2011). It has
also been demonstrated that not only are senescence markers elevated in IPF,
but that the expression of pl6 increases with severity of the disease and the
secretome of senescent fibroblasts is fibrogenic. Furthermore, a senolytic
cocktail of dasatinib plus quercetin (DQ) was found to selectively kill senescent
fibroblasts (Birch et al., 2017; Schafer et al., 2017). A study using mouse models
of IPF also showed that telomere dysfunction and short telomeres induced
pulmonary fibrosis in mice (Povedano et al., 2015), and short telomeres are a
risk factor as well as a predisposing factor for poor survival in patients with IPF
(Alder et al., 2008; Calado, 2014; Dai et al., 2015). Telomere dysfunction and
activation of senescence linked pathways have also been reported in the airways
of patients with bronchiectasis (Birch et al., 2016). Large airway epithelial cells
from these patients harboured a considerable increase in the percentage of TAF

as well as elevated p21 levels.

COPD, a lung disease that affects the peripheral airways and lung parenchyma,
causing structural changes such as alveolar airspaces destruction and peri-

airway fibrosis, is characterised by imbalances in inflammatory and repair
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processes, displaying a pro-inflammatory phenotype and impaired cellular
regeneration (Birch et al., 2017; Barnes, 2017). COPD is leading cause of
morbidity, financial cost and mortality globally (Mannino & Buist, 2007). Apart
from cigarette smoke, ageing is the greatest risk factor for the development of
COPD (Naylor et al., 2013). As COPD progresses, there is observed decline in
lung function resembling that which takes place during normal lung ageing,
although at a more advanced rate (Ito & Barnes, 2009). Senescence markers
including p16, p21, SA B-Gal activity as well as dysfunctional telomeres have
been reported in pulmonary vascular endothelial cells, airway epithelial cells and
alveolar type Il cells cultured in vitro from the lung tissue of COPD patients (Tsuji
et al., 2006; Amsellem et al., 2011; Noureddine et al., 2011; Park & Sin, 2014;
Birch et al., 2015; Birch et al., 2016). A significantly higher amount of DNA
damage foci have also been found in airway epithelial cells, endothelial cells as
well as in type | and type Il alveolar epithelial cells of the lungs of COPD patients
(Aoshiba et al., 2012; Birch et al.,, 2015). PI3K-mTOR signalling, impaired
autophagy, stem cell exhaustion and mitochondrial dysfunction have also been
reported in COPD (Barnes, 2017). Moreover, lung fibroblasts obtained from
COPD patients with emphysema showed reduced rate of proliferation and

markers of senescence in vitro (Holz et al., 2004; Muller et al., 2006).

1.6.2 OTHER DISEASES

Cellular senescence has been implicated in the pathology of chronic liver
diseases, where increasing age also correlates with poor disease outcomes
(Hoare et al., 2010; Aravinthan & Alexander, 2016) A recent study has shown
that cellular senescence drives hepatic steatosis in patients with non-alcoholic
fatty liver disease (NAFLD) (Ogrodnik et al., 2017), a disease which is prevalent
in older populations and whose incidence increases with age (Hardy et al., 2016).
The frequency of markers of hepatocyte senescence such as p21, SADS and
TAF were found to increase significantly with age and their expression also
correlated with the severity of NAFLD. A suicide gene-meditated ablation of
pl6'"k4a-expressing senescent cells using the small molecule AP20187 in INK-
ATTAC (INK-linked apoptosis through targeted activation of caspase) mice or
treatment with a combination of the senolytic drugs dasatinib and quercetin

(D+Q) was found to reduce overall hepatic steatosis (Ogrodnik et al., 2017).
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Osteoarthritis, a chronic degenerative disease of the articular cartilage and joint
tissues, is also thought to be caused by senescence as accumulation of
senescent articular chondrocytes as well as their SASP are found in
dysfunctional cartilage cells (Zhu et al., 2014). A recent study has also
demonstrated that selective removal of senescent cells diminished the
development of post-traumatic osteoarthritis, decreased pain and increased the
development of cartilage. Chondrocytes were isolated from patients with
osteoarthritis who had knee replacement therapy (Jeon et al., 2017) and in vitro
cultures of these cells were treated with a new senolytic drug and the selective
elimination of senescent cells was found to decrease the expression of
senescence and inflammatory markers and also increase expression of cartilage

tissue extracellular matrix proteins.

Cellular senescence has also been implicated in renal ageing and disease. In a
mouse model of allograft nephropathy, old donor kidneys exhibited a reduced
growth of tubular epithelial cells post transplantation, an increase in p16 levels,
and a higher tendency to develop transplantation related stress when compared
to young donor kidneys. There was also an observed increase in renal senescent
cell numbers in response to injury, marked by elevated p16, p21, p53 and SA [3-
gal in animal models as well as in human renal disease (Sturmlechner et al.,
2017; Valentijn et al., 2017).

Ageing is a major risk factor for the development of cardiovascular diseases, and
senescent vascular endothelial cells as well as vascular smooth muscle cells
have been found to accumulate with age in arteries and atherosclerotic plaques
(Zhu et al., 2014, Sikora et al., 2014). Activation of the CDKN2A locus has been
found to prevent the formation of atherosclerotic plaque. Conversely, clearance
of pl6'NK4a.expressing macrophages from atherosclerotic lesions in murine
models decreased plague size, showing that the growth inhibitory aspect of
senescence was beneficial while the secretory aspect was detrimental with
regards to atherogenesis (Childs et al., 2016; He & Sharpless, 2017).

Senescent cells have been found to accumulate with age in skin and they
overexpress pl16'Nk4a (Ressler et al., 2006; Jeyapalan et al., 2007; Dellambra &
Dimri, 2009; Tigges et al., 2014). Also, in a recent study by Kimball and
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colleagues, the senescence gene CDKN2A or p16'Nk4a increased significantly
with age in the photo-exposed arm and facial skin of Caucasian females,
highlighting age-induced and photo-induced senescence in these skin areas.
However, the different cell types of the skin enter into senescence differently,
producing a mosaic of skin ageing (Tchkonia et al., 2013; Toutfaire et al., 2017,
Kimball et al., 2018).

Type 2 diabetes mellitus (T2DM) is a common chronic disease of ageing.
Senescence is thought to influence predisposition to T2DM by its effect on
pancreatic 3 cells and on tissue insulin resistance (Zhu et al., 2014; Helman et
al., 2016; He & Sharpless, 2017). Resistance to insulin as a result of obesity is
usually compensated for by an initial insulin overproduction by, as well as
expansion of the B-cells. However, this chronic burden on the cells ultimately
leads to proliferative exhaustion and loss of B-cell mass (Sharpless & DePinho,
2007; Donath et al., 2013; Mufioz-Espin & Serrano, 2014; Childs et al., 2015).
Senescent pre-adipocytes and endothelial cells have been found to accumulate
in adipose tissue form diabetic, obese individuals (Zhu et al., 2014). Age is also
the greatest risk factor for the development of various cancers and it has been
shown that senescent cells contribute to cancer progression through their SASP
(Parrinello et al., 2005; Campisi, 2013; Pérez-Mancera et al., 2014) and promote
cancer relapse (Demaria et al., 2017). Also, an assessment of middle-aged
adults who were survivors of childhood cancer showed a striking prevalence of
adverse health outcomes and age-related pathologies including new cancers that
were not related to their childhood cancers (Hudson et al., 2013; Neves et al.,
2015; Yang et al., 2016). This may be due to accumulated senescent cells over

time which were possibly induced by chemotherapy (TIS).

1.6.3 TOOLS TO MEASURE AGEING

In order to measure ageing, it is important to identify specific criteria and
biomarkers that are associated with ageing, which when assessed alone or in
combination with other factors, can adequately define the ageing process.
Telomere length, which is the principal factor implicated in replicative
senescence, has been proposed as a marker of ageing, although studies also

show that it is not sufficient on its own to predict ageing and therefore should be
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combined with other parameters (Martin-Ruiz et al., 2005; von Zglinicki & Martin-
Ruiz, 2005). The SASP has been linked with local inflammation which bring about
cellular transformation, altering the tissue microenvironment and structure, and
eventually leading to neurodegenerative diseases and cancer (Campisi et al.,
2011; Maciel-Baron et al., 2016). There is known to be an elevation in circulating
levels of TNFa and IL-1 in human ageing, and many reports have shown that pro-
inflammatory cytokines promote extracellular matrix degradation (Toussaint et
al., 2002a; Toussaint et al., 2002c). The aforementioned parameters such as skin
wrinkling (Kimball et al., 2018), muscle strength (Cosgrove et al., 2014), cognitive
function (Esiri, 2007; Bhat et al., 2012), overexpression of biomarkers like p16
(Baker et al., 2008), and also clinical frailty indices (Ullman-Cullere & Foltz, 1999;

Whitehead et al., 2014) are commonly used as tools to measure ageing.

There is thought to be a gradual reduction in the ability of organisms to handle
stressors as they age. Chronic inflammation, also referred to as inflammaging, is
one end result of the perpetual stream of antigenic load and stress. Markers of
inflammation such as interleukin 6 (IL-6) and C-reactive protein (CRP) have been
associated with several ageing phenotypes (Franceschi et al., 2000; Franceschi
& Campisi, 2014). Chronic inflammation has been demonstrated to be a good
biomarker of ageing. In a study which measured the inflammatory biomarkers IL-
6 and CRP in human cohorts over time, it was discovered that these markers
predicted the risk of age—related diseases and mortality/lifespan successfully
(Jenny et al., 2012; Osorio et al., 2016). Another study involving a large cohort
with a wide age range from 45 to 115 years has also shown inflammation to be
an important driver of ageing and suggests that suppressing chronic inflammation
is a key determinant of effective longevity. In the study, several inflammatory
indicators including nuclear factor-kB (NF-kB) - driven inflammation were
assessed as biomarkers of ageing. However, it was noted that some proposed
markers of immunosenescence and ageing (cytomegalovirus (CMV) titre, CD4,
CD28 and telomere length) were limited in their ability to successfully predict
healthspan and lifespan (Arai et al., 2015; Osorio et al., 2016). Additionally, using
a modified SILAC (stable isotope labelling by amino acids in cell culture)
technique in whole animals, as well as high resolution mass spectrophotometry,

Walther and Mann demonstrated that there are only minor changes in the
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proteome composition across several tissues during ageing (Walther & Mann,
2011). This supports the need for the combination of more than one parameter

or indicator when attempting to measure ageing.

1.6.4 ANTI-AGEING INTERVENTIONS

In a bid to slow down ageing and its accompanying morbidities, several measures
have been adopted ranging from diet changes to metabolic pathways targeting,
and more researches on anti-ageing strategies are still ongoing (de Cabo et al.,
2014; Longo et al., 2015; Lopez-Otin et al., 2016). The ultimate goal of anti-
ageing interventions is to improve health and quality of life during ageing, with

little or no adverse effects (Lépez-Otin et al., 2013).

1.6.4.1 NUTRITION

Nutrition, fasting and the reduction of calorie intake without malnutrition (caloric
restriction) have been shown to extend longevity in several species ranging from
yeast to flies, worms, rodents, non-human primates as well as humans (de Cabo
et al., 2014; Madeo et al., 2015; Dhillon et al., 2016; Provinciali et al., 2016;
Lépez-Otin et al., 2016). Longevity as a result of caloric restriction is thought to
be regulated by nutrient signalling pathways such as the TOR/S6K and insulin
pathways which when inhibited, through caloric restriction, confer resistance to
stress and promote survival in ageing (Fontana et al., 2010). It also has been
reported that caloric restriction slows down the age dependent upregulation of
pl6 (Guney & Sedivy, 2006). The impact of caloric restriction in humans was
quite unpersuasive until recently, where research has shown improved health
and survival in rhesus monkeys (Mattison et al., 2017) as well as improved health
indices in human subjects on a fasting-mimicking diet (Wei et al., 2017). These
results were further backed by additional data on specific biomarkers using mice
studies (Miller et al., 2017; Barger et al., 2017).

Exercise or physical fitness is also viewed as a determining factor for longevity
as regular exercise has been shown to reduce morbidity and mortality in humans
and obesity is a known accelerator of ageing (de Cabo et al., 2014; L6pez-Otin
et al., 2016) It is proposed that anti-ageing intervention should be focussed more
on preventive measures, using parameters that can be easily controlled such as

diet changes, exercise, lifestyle changes and pollution control (Badiola et al.,
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2015). However, where this is not entirely possible, it is expedient to employ
therapeutic measures that can slow down or halt the ageing process and its

attendant morbidities.

1.6.4.2 mTOR INHIBITION

Previous studies have shown that inhibiting the nutrient-sensing mTOR pathway
can avert both cellular and organismal aging, extending lifespan in a variety of
species (Robida-Stubbs et al., 2012; Leontieva & Blagosklonny, 2016).
Rapamycin inhibition of the TOR pathway extended lifespan across different
species such as in both inbred and genetically heterogeneous mice (Harrison et
al., 2009; Anisimov et al., 2011), in the fruit fly Drosophila melanogaster (Bjedov
et al., 2010; Danilov et al., 2013) and in yeast (Powers et al., 2005; Blagosklonny,
2008). Rapamycin and its analogs (rapalogs) can prevent ageing-associated
diseases, such as neurodegeneration, atherosclerosis, retinopathy, obesity and
cancer. Also, they can potentially rejuvenate stem cells, metabolism and
immunity (Blagosklonny, 2012; Leontieva & Blagosklonny, 2016; Blagosklonny,
2017). In order to ascertain whether inhibiting the target of rapamycin complex 1
(TORC1) was able to reverse established senescence and the accompanying
cellular changes, rapamycin was added to late passage senescent cells and also
to control cells prior to staining for SA-Bgal. Rapamycin treatment did not have
any effect on proliferation or cell morphology or on SA-Bgal-staining in cells that
were already senescent (Kolesnichenko et al., 2012), suggesting that
interventions to avert senescence and ageing are better approached early as
preventive rather than reversal therapy. It has been proposed that combining
rapamycin with other drugs and inhibitors could provide a better anti-ageing
formula (Blagosklonny, 2017). However, rapamycin being an immunosuppressor

already discredits its use clinically as an anti-ageing drug to a great extent.

1.6.4.3 NF-kB INHIBITION

Telomere-dependent cell senescence (replicative senescence) and inflammation
are able to drive each other to speed up the ageing process. Accordingly,
interventions to combat inflammation have been shown to rescue premature
ageing in mice (Jurk et al., 2014). Several data have indicated that NF-kB
signalling pathway is the major pathway which stimulates the production of SASP
(Salminen et al., 2012). Pharmacological or genetic intervention via the NF-kB
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signalling pathway has the potential to slow down the physiological ageing
process. Inhibition of NF-kB has been shown to extend longevity in wild-type
Drosophila melanogaster and in various mouse models of ageing and disease.
Moreover, NF-kB blockade was also found to ameliorate aging-associated
physiological changes seen in skin, muscle, bone as well as in metabolism.
Interestingly, many of the roles NF-kB plays in ageing also have an effect on stem
cell function and by extension tissue homeostasis (Cai et al., 2004; Rando &
Chang, 2012; Freije & Lopez-Otin, 2012; Chen et al., 2013; Leung et al., 2013;
Studer et al., 2015; Osorio et al., 2016; Loaiza & Demaria, 2016).

1.6.44 OTHER MEASURES

Cellular reprogramming by transient expression of Oct4, Sox2, Klf4, and c-Myc
(OSKM), also known as the Yamanaka factors (Takahashi & Yamanaka, 2006),
was recently reported to ameliorate symptoms of ageing and extend lifespan in
progeroid mice, ameliorate cellular ageing phenotypes in mouse and human
cells, and also improve pancreatic and muscle tissue homeostasis in
physiologically aged mice (Ocampo et al., 2016). Another approach toward anti-
ageing intervention is directed at telomerase activation either pharmacologically
or through gene therapy (Bernardes de Jesus et al., 2011; Bernardes et al., 2012;
Victorelli & Passos, 2017). Studies have shown also that non-steroidal anti-
inflammatory drugs (NSAIDs) such as aspirin, ibuprofen and sulindac can be
used to alleviate the senescence-associated inflammation that occurs during
ageing. NSAIDs have also been reported to be anti-tumorigenic, preventing
tumours that are not necessarily preceded by inflammation (Herfs et al., 2009;
Rothwell et al., 2011; Lasry & Ben-Neriah, 2015).

It has been shown that cancer-related target genes (oncotargets) such as NF-kB,
MTOR, Ras, PI3K, FOXO (forkhead box O), S6K (p70 S6 kinase), IGF-1 (Insulin-
like growth factor 1), MEK and AMPK are also involved in ageing. Some genes
like AMPK (adenosine monophosphate-activated protein kinase), TSC1/2
(tuberous sclerosis 1/2), sirtuins, PTEN and p53, though tumor suppressors, act
as gerosuppressors (suppressors of the ageing process) and inactivation of
PI3K, TOR, S6K and Ras pathways have been found to prolong lifespan
(Guarente & Kenyon, 2000; Pinkston et al., 2006; Blagosklonny, 2013; Danilov
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et al., 2013). Based on these observations, selective anti-cancer drugs have

been proposed for use as anti-aging therapeutics (Blagosklonny, 2013).

Lopez-Otin and his fellow researchers have suggested that metabolism controls
ageing and have described how all the nine hallmarks of ageing are connected
to undesirable changes in metabolism (L6épez-Otin et al., 2013; Lopez-Otin et al.,
2016). Wiley and Campisi have also highlighted in their review, various metabolic
pathways that are connected to cellular senescence. For instance, there is
increased glycolysis and an increase in fatty acid oxidation (FAO) during
senescence, and the malate-aspartate shuttle reportedly antagonises
senescence while a low NAD+/NADH ratio stimulates senescence (Wiley &
Campisi, 2016).

Ageing and its associated diseases have many debilitating consequences to
mankind and pose worldwide economic and social challenges. In order to
effectively tackle age-related morbidities and improve the quality of life of a
population, it is necessary to create a database of ageing associated genes and
resources (Tacutu et al., 2013; Huhne et al., 2014), as well as drug compounds
that target ageing and age-related ailments (Moskalev et al., 2016; Barardo et
al., 2017) thereby facilitating the translation of anti-ageing interventions to the

clinic.

1.7 TARGETED THERAPY

Targeted therapies have been developed for the management of various cancers
and they have proven over the years to be more specific and more effective than
the traditional cytotoxic chemotherapy. Unlike cytotoxic chemotherapy, which
generally blocks DNA replication and cell division, targeted therapies can inhibit
specific molecular targets of interests without acting in a non-specific cytotoxic
manner. Although not without their adverse effects, targeted therapies are often
better tolerated and generally more efficient than cytotoxic chemotherapies
(Walter & Ahmed, 2017; Ke & Shen, 2017).
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Although targeted therapies have been mainly developed for cancers with
majority of patients being elderly (= 65 years), the principle can be applied to
several other ailments (Florence & Lee, 2011; Daste et al., 2016; Pauliah et al.,
2018). Targeted therapies have been tailored to individual patients’ ailments with
new approaches towards disease assessment and dosing. The three main
categories of targeted therapies available are small molecule inhibitors,

immunotherapies and monoclonal antibodies (Walter & Ahmed, 2017).

1.7.1 MOLECULARLY IMPRINTED POLYMERS

One of these novel strategies uses Molecular Imprinting Technology (MIT), a
technique used to design artificial receptors, to produce Molecularly Imprinted
Polymers (MIPs), which are synthetic receptors made from nanoparticles and
have the advantage of high stability, long shelf life, cost effectiveness, ease of
preparation and adaptation over their bio-analogues such as antibodies or
biological receptors (Sellergren & Allender, 2005; Piletsky et al., 2006; Vasapollo
et al., 2011; Canfarotta et al., 2016a; Canfarotta et al., 2016b).

MIPs are synthesized from methacrylic or acrylic monomers polymerized by
creating a matrix around a template target molecule, which is later removed,
leaving behind cavities complementary to its shape and functional groups (see
Figure 1-10). The produced MIPs are thereafter able to selectively re-bind to their
target molecule (Poma et al., 2010; Canfarotta et al., 2016a). The use of MIPs to
selectively detect and quantify biological targets can be applied to a wide range
of fields including in vitro and clinical diagnostics, therapeutic monitoring,
controlled/sustained drug delivery, separation techniques, control of bioreactors
as well as the detection of biological entities and toxins, including agents of bio-
terrorism. MIPs can also be used as the recognition element in biosensors (Soper
et al., 2006; Piletsky et al., 2006; Whitcombe et al., 2011; Puoci et al., 2011).

Molecularly imprinted polymer nanoparticles (nanoMIPs) made by solid phase
synthesis, where the template molecule is immobilised on a solid support of glass
beads, have been used for in vivo applications and have been found to be
specific, selective and biocompatible (Canfarotta et al., 2016a; Canfarotta et al.,
2016b; Cecchini et al., 2017). NanoMIPs have also been used in ELISA (enzyme-

linked immunosorbent assay) -type assays to detect analytes, with a
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performance that is comparable to or better than commercially available
antibodies (Chianella et al., 2013; Caceres et al., 2016; Smolinska-Kempisty et
al., 2016; Piletska et al., 2017). MIPs have equally been used in microtiter plate
type assays that are potentially relevant clinically (Piletska et al., 2012; Piletsky
et al., 2017).
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Figure 1-10 A schematic representation of the process of molecular imprinting.

Functional monomers are polymerized in the presence of a template molecule. The

template is later removed, leaving behind cavities with binding sites for the template
molecule. Adapted from (Sellergren & Allender, 2005).

Furthermore, MIPs can potentially be used in point-of-care detection systems for
medical diagnostics for cancer and a wide range of ailments (Soper et al., 2006).
True to this, MIPs have recently found application in the detection of different
cancers (Sengupta & Sasisekharan, 2007; Voigt et al., 2014; Tyagi et al., 2016;
Cecchini et al., 2017), in sustained drug release and drug delivery systems using
small molecules (Sellergren & Allender, 2005; Cunliffe et al., 2005; Puoci et al.,
2011; Tieppo et al.,, 2012; Kempe et al., 2015; Lulinski, 2017), and also for
transport across an in vitro model of the blood-brain barrier (Dadparvar et al.,
2011). More recently, attempts have been made at the use of nanoparticles and
two-photon probes to detect senescent cells by targeting the lysosomal (-

galactosidase enzyme (Lozano-Torres et al., 2017; Mufioz-Espin et al., 2018).

1.7.2 ANTIBODY-DRUG CONJUGATES

The lack of selectivity and specificity of conventional chemotherapeutics often
leads to non-specific toxicities to healthy tissues and poor therapeutic indices

(Casi & Neri, 2012), necessitating the design of more effective therapeutic
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compounds. Antibody-drug conjugates (ADCs) are monoclonal antibodies to
which cytotoxic drugs are bound through a chemical linker. ADCs are an
innovative therapeutic approach that combines the specificity of monoclonal
antibodies with the cytotoxic activity of drugs, thereby reducing systemic toxicity
and increasing the therapeutic benefit for patients (Strohl & Strohl, 2012; Casi &
Neri, 2012; Perez et al., 2014; Gébleux & Casi, 2016; Kumar et al., 2017). The
concept of ADCs was first introduced over a century ago by Paul Ehrlich, a
German physician and scientist, who proposed the use of a targeting agent to
selectively deliver a cytotoxic drug to a tumor. He proposed that the agent would
act as a "magic bullet”, which in recent times is being described as the "warhead"
or "payload" (Ehrlich, 1906; Perez et al., 2014).

From the introduction of the idea by Ehrlich to date, advances have been made
in the development of ADCs for cancer therapy (Trail et al., 1993; Sievers &
Senter, 2013; Sau et al., 2017; Donnell et al., 2017). Several ADCs have entered
into clinical trials that have been developed to target breast cancer (Trail et al.,
1993; Kolodych et al., 2017; Trail et al., 2018), ovarian cancer (Jiang et al., 2016),
lung and colon cancers (Trail et al., 1993), hematologic malignancies (Sievers &
Senter, 2013), among others. The US Food and Drug Administration (FDA) has
so far approved of three ADCs namely, Mylotarg® and Adcetris® for the treatment
of haematological cancers, and Kadcyla® for the treatment of HER2 (Human
epithelial growth factor receptor 2) positive breast cancer, although Mylotarg®
was withdrawn from the market a decade after its approval due to poor overall
survival of patients (Perez et al., 2014; Gébleux & Casi, 2016; Sau et al., 2017).

An ADC typically consists of three parts namely, an antibody, a linker and a
cytotoxic drug or “payload” (see Figure 1-11) (Thomas et al., 2016; Kumar et al.,
2017). In the design of ADCs, the antibody’s specificity, stability of the linker,
potency of the cytotoxic payload, the drug to antibody ratio (DAR) as well as rate
of internalization are important determinants of the ADC’s efficacy (Sievers &
Senter, 2013; Perez et al., 2014; Gébleux & Casi, 2016; Kolodych et al., 2017;
Trail et al., 2018). ADCs are eventually cleared from circulation either via the

renal or hepatobiliary route. Studies are being carried out to evaluate the toxicity,
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higher-than-normal tissue exposure and improve the localization and clearance
of ADCs from the body (Casi & Neri, 2012; Sievers & Senter, 2013).

—< Attachment site Linker
Antibody

- Targets a well-characterized - Typically through nonspecific - Cleavable or noncleavable - Highly potent
antigen with high tumor modification of cysteine or - Stable in circulation - Non-immunogenic
expression and limited normal lysine residues on the antibody - Selective intracellular - Amenable to
tissue expression - Mixture of conjugates with release of drug (e.g. via modifications for

- Maintains binding, stability, variable drug:antibody ratios enzymatic cleavage or linker attachment
internalization, PK, etc. - Site-selective conjugation antibody degradation) - Defined mechanism
when conjugated to a cytotoxin technologies can produce more of action

- Minimal nonspecific binding homogeneous ADCs

Figure 1-11 Key components of an antibody-drug conjugate (ADC).
A schematic diagram showing an antibody attached to a linker carrying a cytotoxic
drug molecule. Adapted from (Ehrlich, 1906; Perez et al., 2014).

1.8 THERAPEUTIC CLEARANCE OF SENESCENT CELLS: THE
JOURNEY SO FAR

Therapeutic clearance of senescent cells in the elderly could prevent
comorbidities and prolong life (Naylor et al., 2013; de Magalhdes & Passos, 2017;
Demaria, 2017) as the presence of senescent cells in vivo plays an active role in
ageing and healthspan (Deursen, J M A van, 2014; de Keizer, 2016). Genetic or
chemical interventions to remove accumulated senescent cells have been shown
to improve organismal health in several instances (Kirkland & Tchkonia, 2015;
Moreno-Blas et al., 2018). Baker and colleagues first demonstrated that the
removal of p16'"ka-positive senescent cells from muscle, fat and the lens of a
BubR1HH progeroid mouse model promotes normal functioning of tissue, delays
the onset of age-related diseases, slows down the progression of already
established age-related disorders when the drug was administered later in life

and also extends lifespan (Baker et al.,, 2011). Their research team also
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demonstrated that clearance of pl6 positive cells from naturally aged mice

ameliorated age-related pathologies and improved lifespan (Baker et al., 2016).

Using a pharmacological approach with drugs that inhibit Bcl-2 and activate
caspase 3/7 to selectively eliminate senescent cells in vivo, Zhu and colleagues
have also shown that partial removal of senescent cells decreased age-related
phenotypes in wild type C57BL/6 mice and prolongs lifespan (Zhu et al., 2015;
Zhu et al., 2016). These drugs that selectively kill senescent cells are collectively
known as ‘senolytics’, and new senolytic compounds are being developed
(Fuhrmann-Stroissnigg et al., 2017). Clearance of senescent cells by the
senolytic drug ABT263 was found to rejuvenate haematopoietic and muscle stem
cells, and also improve healthspan in mice (Chang et al., 2016). Additionally,
using a suicide gene as well as senolytic compounds, senescent cells’ clearance
was found to prevent ageing-associated bone loss in mice (Farr et al., 2017).
Senolytic drugs have recently been shown to clear senescent type I
pneumocytes and alveolar epithelial cells, indicating their usefulness in the
treatment of IPF (Lehmann et al., 2017; Pan et al., 2017). Also, clearance of
p19ARF-expressing cells from mice using a toxin receptor-mediated cell knockout

system ameliorated age related decline in lung function (Hashimoto et al., 2016).

New approaches are being adopted for the elimination of senescent cells, such
as the antibody-dependent cell-mediated cytotoxicity (ADCC) assay, which
guides natural killer (NK) cells to selectively destroy anti-dipeptidyl peptidase 4
(DPP4) antibody-labelled cells (Kim et al., 2017) and engineering cells to attract
SASP molecules such as IL-6 (Qudrat et al., 2017). Interfering with FOX04
signalling induced a targeted apoptosis of senescent cells and improved fitness,
renal function as well as fur density in normally aged and fast ageing mice (Baar
et al., 2017). Advances have also been made towards targeting the RB
senescence pathway in cancer therapy (Shay & Roninson, 2004; Knudsen &
Jean Y. J. Wang, 2010). Moreover, the elimination of senescent cells by suicide
gene-meditated ablation of p16'*a-expressing senescent cells in INK-ATTAC
mice or by treatment with a combination of the senolytic drugs dasatinib and
guercetin (D+Q) reduces overall hepatic steatosis (Ogrodnik et al., 2017).

Capped mesoporous silica nanoparticles (MSN) have also been used to deliver
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cytotoxic drugs to senescent cells (Agostini et al., 2012) through the targeting of
B-galactosidase in these cells. The therapeutic clearance of senescent cells is a
promising new field that could potentially be translated into clinical use if all the
guestions regarding safety and adverse effects are properly answered (Kirkland
& Tchkonia, 2017).

1.9 AIMS AND OBJECTIVES
1.9.1 AIM OF RESEARCH:

The aim of my research is to:

A. Validate characterised novel markers of senescence and

B. Eliminate senescent cells by targeting these markers.

1.9.2 OBJECTIVES:

A. To test for the presence of these novel markers in different models of
senescence such as cells, aged and diseased tissues.

B. To prevent the accumulation of senescent cells by targeting these

identified markers using different tools.
I Use molecular imprinted polymers (MIPs) as a proof of concept
method to target and eliminate senescent cells.
il. Use antibody-drug conjugates (ADCs) to deliver drugs to target cells.
iii. Inhibit BTK, a novel marker of senescence, to prevent the emergence

of senescent cells and ameliorate symptoms of ageing in vivo.
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CHAPTER 2 MATERIALS AND METHODS

2.1 HISTOLOGY

2.1.1 ISOLATION AND FIXATION OF MOUSE TISSUES
Brain, liver, skin and muscle tissues were isolated from mice that were culled

humanely at the Preclinical Research Facility (PRF), Division of Biomedical
Sciences (DBS), University of Leicester. Individual tissues were immediately
placed into specimen collection tubes (Sterlin, No. 25052B) containing 10%
Neutral Buffered Formalin (Sigma-Aldrich) and fixed for 24 — 48 hours. Tissues
were removed from formalin and placed in 70% Ethanol before being sent to the
histology facility at the university’s Centre for Core Biotechnology Services (CBS)
for processing into paraffin embedded tissue blocks. Old and young mouse skin,
eyes, brain, liver and muscle tissues were also obtained from the Shared Ageing
Research Models (ShARM) biorepository run by the University of Sheffield, for
use in this project.

2.1.2 SUBBING OF MICROSCOPE SLIDES
In order to increase adherence of tissue sections onto glass slides and prevent

tissue loss during histological procedures, slides were coated by submerging
(“subbing”) them in a solution of adhesive. The slides were coated with a solution
of 3-aminopropyltriethoxysilane (APES) using an adaptation of the Maddox and
Jenkins standard protocol (Maddox & Jenkins, 1987). At physiological pH, tissue
sections possess a net negative charge hence their adhesiveness can be
improved by making the slide surface positively charged. Coating the slides with
APES leaves covalently bound amino groups on the slides and confers on them
net positive charges which enhance tissue adhesion.

Plain microscope slides were placed in racks and soaked in hot water containing
5% Decon 90 overnight, after which they were washed with running hot water for
30 minutes. They were thereafter washed three times in distilled water and dried
in the oven at 60°C for about 1 hour. Subbing solution was prepared by adding
8ml of 3-aminopropyltriethoxysilane (APES) into 400ml of acetone (2% 3-
aminopropyltriethoxysilane in acetone).

60



Five jars/tanks were set up in a fume hood as follows:

Tank 1: Subbing solution

Tank 2: Acetone

Tank 3: Acetone

Tank 4: Distilled water

Tank 5: Distilled water

The racks of slides were submerged in each tank and agitated for two minutes,
after which they were dried in the oven at 60°C before being replaced into their

boxes, ready for use. Subbed slides can be stored for several months and years.

2.1.3 SECTIONING OF TISSUES AND MOUNTING ON SLIDES
Formalin-fixed paraffin-embedded (FFPE) tissues were cut into 5 pm sections

using a microtome (LEICA RM2235). Sections were then placed on a 34°C tissue
floatation bath (RA Lamb) to straighten out before being mounted on
coated/subbed slides. Slides were either air-dried overnight or dried in the oven

at 37°C for one hour before being used for further histological procedures.

2.1.4 HAEMATOXYLIN AND EOSIN STAINING
Tissue sections mounted on subbed slides were placed into racks and soaked in

two changes of Xylene for 10 minutes each. Next, they were immersed in two
changes of 100% ethanol for 10 minutes each, then in 90% ethanol for 10
minutes and lastly in 70% ethanol for 10 minutes. Slides were then rinsed in
running tap water for 3 minutes before being immersed in Haematoxylin solution
(Sigma-Aldrich) for 5 minutes. Slides were rinsed again in tap water for about 3
minutes before being immersed in 1% acid alcohol (1% HCL in 70% ethanol) for
10 seconds. The slides were quickly rinsed in tap water and immersed in 1%
Aqueous Eosin solution (Raymond A Lamb) for 1 minute. They were washed
again in tap water quickly and immersed in 70% ethanol for 30 seconds, after
which they were submerged in two changes of 100% ethanol for 5 minutes each,
followed by two changes of xylene for 5 minutes each. Coverslips were mounted

onto the slides using DPX mountant for histology (Sigma-Aldrich).

2.1.5 IMMUNOHISTOCHEMISTRY
Slides of FFPE tissue sections were placed in racks and dewaxed in two changes

of xylene for 10 minutes each. They were then dehydrated in two changes of
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100% ethanol for 10 minutes each, after which the slides were soaked in 400ml|
of methanol containing 2.4ml of 30% hydrogen peroxide for 10 minutes to block
endogenous peroxidase. At the same time, Citrate Buffer (2.94g Tri-sodium
citrate in 1L distilled water) at pH 5.98-6.00 was heated in the microwave at
900W for 10 minutes. The slides were thereafter microwaved for 15 minutes in
citrate buffer in a pressure cooker for heat-mediated antigen retrieval and then
washed with 1x phosphate buffered saline (PBS). The edges of the slides were
dried and a pap pen was used to mark around the tissue. Slides were incubated
with about 100ul of 5% serum for 1 hour, after which the serum was drained and
slides were then incubated with primary antibody overnight at 4°C. If using mouse
primary antibody on mouse tissue, the M.O.M. (mouse on mouse) kit was utilised
and the steps followed accordingly.

The next day, slides were washed in PBS and the edges dried before being
incubated for 30 min to 1 hour with Biotinylated Secondary antibody (Dako),
diluted 1:200 in 5% serum. Slides were thereafter washed in PBS and the edges
dried before incubating for 30 minutes with Streptavidin-Peroxidase. They were
again washed with PBS and incubated with DAB (3,3'-Diaminobenzidine)
peroxidase for 5 minutes maximum (see Table 2.1 for full list of reagents). Slides
were washed with water and counterstained with haematoxylin (or eosin) for 10—
15 seconds. They were again washed with water to clear the haematoxylin, then
dehydrated in 70%, 90% and 100% ethanol for 10 minutes each before being
cleared in Xylene. The slides were mounted with DPX and allowed to air dry in a
fume cupboard (S+B UK Ltd.) overnight. Images were taken using an inverted
light microscope (Leica Microsystems). The intensity of DAB staining in each
image was quantified wusing ImmunoRatio software available online
(http://153.1.200.58:8080/immunoratio/). Values were plotted as graphs using
the GraphPad Prism 7.0 software.
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Table 2.1: Reagents used for Immunohistochemistry

Name Supplier Product No.
Ref X0907,
Goat Serum (Normal) Dako
Lot 20011859
Ref X0901,
Swine Serum (Normal) Dako
Lot 20009962
Polyclonal Goat Anti-Mouse 1gG / Ref E0433,
o Dako
Biotinylated Lot 20010754
Polyclonal Swine Anti-Rabbit IgG / Ref E0353,
. Dako
Biotinylated Lot 20010746
Hydrogen Peroxide Solution 30% _ . AL
_ Sigma Aldrich
) I (=20 Lot SZBBO390V
R.T.U. Horseradish Peroxidase Cat SA-5704,
o Vector Labs
Streptavidin Lot ZA0421
DAB Substrate Kit for Peroxidase Vector Labs Cat SK-4100

M.O.M. Immunodetection Kit (Basic)

Vector Labs

Cat BMK-2202

Haematoxylin

Sigma Aldrich

GHS132-1L

Eosin 1% aqueous

Raymond Lamb

LAMB/100-D, Lot 15193

DPX Mountant

Sigma Aldrich

06522, Lot BCBH4393V
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2.2 CELL CULTURE
Various cell lines (Table 2.2) were used in the course of this project. All cells were

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% Foetal Bovine Serum (FBS) and 1% penicillin/streptomycin (100 1U/ml
penicillin, 100 ug/ml streptomycin). Cells were cultured in a 37°C humidified
incubator with 5% CO2. The inducible senescence models used in the course of
this research include the EJ bladder cancer cell lines EJp16 (Macip et al., 2002),
EJp21 (Fang et al., 1999) and EJp53 (Sugrue et al., 1997), all with a tetracycline
off gene expression system, which enables them to overexpress p16, p21 and
p53 respectively in the absence of tetracycline. These cells become senescent
3-4 days after tetracycline removal, which makes them a handy model of
chemically induced senescence. Another model of cell senescence used is the
HT1080p21-9 cells, a derivative of the HT1080 fibrosarcoma cell line (Chang et
al., 1999a; Demidenko & Blagosklonny, 2008) which overexpress p21 and
become senescent after 3-4 days in the presence of Isopropyl B-D-1-thio-
galactopyranoside (IPTG).

Primary fibroblast cells from Idiopathic Pulmonary Fibrosis (IPF) patients and
non-fibrotic control (NFC) individuals were also used in the course of this project.
These cells were obtained from the Leicester Respiratory Biomedical Research
Unit (BRU). These fibroblasts were also cultured in DMEM supplemented with
10% FBS, 100 IU/ml penicillin, 100 pug/ml streptomycin and grown in a 37°C
humidified incubator with 5% CO2. Another cell line used was the HCT116
colorectal cancer cells. These cells have a wild type p53 gene and were also
cultured in DMEM that was supplemented with 10% FBS, 100 1U/ml penicillin,
100 pg/ml streptomycin, maintained in a 37°C humidified incubator with 5% COs-.

2.2.1 THAWING AND GROWING OF CELLS
Cryovials of frozen cells were thawed quickly by placing them in a 45°C bead

bath and contents were gently re-suspended in Dulbecco’s Modified Eagle’s
Medium (DMEM) in a 15ml Falcon tube and centrifuged at 1,100 rpm for 3
minutes to remove old freezing media and dimethyl sulfoxide (DMSO). The
supernatant was discarded and cell pellets were re-suspended in complete
culture media, which is DMEM supplemented with 10% FBS, 100 IU/ml penicillin
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and 100 pg/ml streptomycin. Cells were seeded into 60 mm or 100 mm culture

dishes and incubated at 37°C in a humidified incubator with 5% CO:..

To keep the EJ cells proliferating, 1uM tetracycline was added to the culture
media and this was replaced every three days. EJ p16 cells were maintained in
complete culture media supplemented with 100 pg/ml hygromycin and 2 ug/mli
puromycin, while EJ p21 and EJ p53 cells were maintained in complete media
supplemented with 100 pug/ml hygromycin and 750 pg/ml geneticin (See Table
2.3). To induce senescence in the EJ cells model via removal of tetracycline, cells
were trypsinized and washed three times with 1x PBS by centrifuging at 1,100
rpm for 3 minutes. To initiate p21 — induced senescence in HT1080p21-9 cells,
100uM IPTG was added to the media and the cells were allowed to senesce for
up to five days. IPTG and fresh media was replaced after three days. EJp53 cells
were also transfected with shRNA for B2MG and DEP1 (Santa Cruz
Biotechnology) in the course of this project and these cells were selected with 4
pg/ml puromycin to create stably transfected EJp53 shB2MG and EJp53 shDEP1
cell lines. All cell culture work was carried out in a microbiological safety cabinet
(BioMAT).

2.2.2 PASSAGING OF CELLS
When the cells reached 80% confluency, they were passaged by splitting into

new culture dishes. To split cells, old media was discarded and cells were
washed with 1x Dulbecco’s Phosphate Buffered Saline (DPBS; GIBCO) before
adding 0.5ml of 0.25% Trypsin—EDTA (GIBCO) to the cells. They were incubated
at 37°C for 3 minutes, after which they were collected into 15ml Falcon tubes by
washing out with DMEM and afterwards were centrifuged at 1,100rpm for 3
minutes. The supernatant was discarded and pellets re-suspended in DMEM in

new culture dishes according to desired seeding density.
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Table 2.2: List of cells used

NAME SOURCE CHARACTERISTICS

EJp53 Bladder Carcinoma Tet — off p53 inducible system
EJp21 Bladder Carcinoma Tet — off p21 inducible system
EJpl6 Bladder Carcinoma Tet — off p16 inducible system

IPTG — on p21 inducible

system

HT1080p21-9 Fibrosarcoma

HCT116 Colorectal Carcinoma

Idiopathic Pulmonary .
IPF . o Primary Cells
Fibrosis Fibroblasts

Non-Fibrotic Control Lung _
NFC ) Primary Cells
Fibroblasts

2.2.3 COUNTING OF CELLS
Cells were counted by mixing 10ul of cell suspension with 10ul of 0.4% Trypan

Blue Solution (Gibco). 10pl of this mixture was added to cell counting slides (Bio-
Rad) and counted using the T 20 automated cell counter (Bio-Rad). Cell count
was obtained as number of cells per ml. In some cases, such as when passaging
cells to maintain a culture, cells were also counted without the need for trypan

blue exclusion, where all the cells were considered viable.

2.2.4 FREEZING OF CELLS
Cells were washed with 1X DPBS and trypsinized. They were then incubated at

37°C for 3 minutes after which they were washed into 15ml Falcon tubes with
DMEM and centrifuged at 1,100rpm for 5 minutes. Supernatant was discarded
and pellet suspended in Freezing Media (10% DMSO in DMEM supplemented

with 10% FBS and 1% penicillin/streptomycin) at a concentration of 1x10°
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cells/ml — 2x108 cells/ml. 1ml of cell suspension were pipetted into Cryovials and
immediately placed into an isopropanol freezing container (Mr Frosty;
NALGENE) for slow freezing (about 1°C per minute) in -80°C for 24—48 hours.
Cryovials were thereafter removed from the freezing chambers and stored at -

80°C or in liquid nitrogen storage cylinders.

Table 2.3: Cell Culture Reagents and Supplements

Reagent / Supplement Supplier Product No.

Dulbecco's Modified Eagle’s medium

(DMEM) Gibco 61965026
Foetal Bovine Serum (FBS) Gibco 10500064
Penicillin-streptomycin Gibco 15140122

Dulbecco's Phosphate Buffered Saline

(PBS) Gibco 20012019
Trypsin-EDTA (0.25% Phenol red) Gibco 25200056
Hygromycin B (50mg/mL) Gibco 10687010

Geneticin™ Selective Antibiotic (G418

Sulfate) (50mg/mL) Gibco 10131035
Puromycin dihydrochloride Sigma-Aldrich | P8833-10MG
Tetracycline hydrochloride Sigma-Aldrich | T8032-20MG

Isopropyl B-D-1-thiogalactopyranoside
(IPTG) Sigma-Aldrich | 15502-1G

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich | D8418-100ML
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2.3 CELL PROLIFERATION AND VIABILITY ASSAYS

2.3.1 COLONY FORMATION ASSAY
Colony formation assay (CFA) or clonogenic assay is an in vitro cell survival

assay that is used to test the ability of a single cell to produce a colony (Franken
et al., 2006). It can be used to assess the effect of a drug or chemical compound
on cell proliferation and also the effect of a specific gene on cell proliferation. In
this technique, cell colonies are washed, fixed and stained with Giemsa stain
modified solution (Fluka). To carry out the assay, 200 or 500 cells were seeded
in 60mm cell culture dishes in replicates. Plates were incubated at 37°C for 14
days and fresh media with drugs was replaced every 3 days. To perform the
Giemsa staining, media was aspirated and plates washed with 1X PBS. Cells
were then fixed with 3ml of 10% Neutral Buffered Formalin for 30 minutes at room
temperature. Plates were afterwards washed twice with 1x PBS and allowed to
air dry completely with the lids uncovered. 5ml of fresh staining reagent was
added to each plate and left to incubate for 5 hours at room temperature. After 5
hours, the staining solution was removed and plates were washed gently with
distilled water. The plates were allowed to air dry before colonies were counted

and images taken.

Giemsa Staining Reagent: 6.4ml of PO4 buffer (67mM), 89.6ml of dH20, 4ml

Giemsa stain.

1M POs buffer: 1M Sodium Phosphate monobasic and 1M Sodium Phosphate

dibasic mixed in a 1:2 ratio. Bring the pH to 7.0 by slowly adding more monobasic

or use Sodium Hydroxide (NaOH).

2.3.2 MTS ASSAY
The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) assay is a cell viability assay that uses colorimetric
means to determine the number of metabolically active cells. The MTS reagent
used was CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega). Prior to performing the assay, adherent cells were plated out
according to the experiment’s design, in 60mm or 6-well plates and treated with
drug compounds accordingly. After the required duration of treatment, growth

media from the plates were collected into 15ml Falcon tubes and cells were
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trypsinized, incubated at 37°C for 3 — 5 mins and then rinsed out with media into
the 15ml Falcon tubes and centrifuged at 1,100rpm for 3 minutes. Cell pellets
were re-suspended in 500pul of media and 100ul of the suspension was seeded
per well, in triplicates in a 96 well flat bottom plate. 20ul of MTS reagent was
added to the cell suspension in each well while some wells had media and MTS

only as blank.

The plates were read at an absorbance of 492nm using the Infinite F50
absorbance plate reader (Tecan) and data recorded with the Magellan for F50
data analysis software. Using Microsoft Excel 2013, cell viability was calculated

by the formula:

0D Sample

0D Control x 100

% Viability =
Where OD is the Optical Density (absorbance). Graphs and charts were plotted

using GraphPad Prism 7.0 software.

24 FLOW CYTOMETRY
Flow cytometry is an analytical technique frequently used in cell biology for cell

counting, biomarker detection and cell sorting. The technique relies on the

detection of fluorescence of single cells in a fluidics system.

2.4.1 PROPIDIUM IODIDE STAINING
Propidium lodide (Pl) is a red fluorescent DNA intercalating dye that is

impermeant to live cell membrane. It is therefore excluded by viable cells and is
used to separate dead cells from live cells in a population. To assess cell viability
by flow cytometry using Propidium lodide staining, cells were seeded in 60mm
plates and allowed to attach overnight. Cells were then treated with various drug
concentrations and incubated at 37°C for 24 — 48 hours. After the required
duration of treatment, media from each plate was collected into labelled 15 ml
falcon tubes. Cells were washed with 2 ml of PBS and this was collected into the
same falcon tube with media. 0.5 ml of 0.25% Trypsin was added to each plate
and incubated for 3 minutes at 37°C. Cells were washed out from the plates into

their respective falcon tubes with media and centrifuged at 1100 rpm for 3
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minutes. Supernatant were discarded and pellets re-suspended in 2 ml of PBS
and washed once by centrifuging. The supernatants were again discarded and

pellets re-suspended in 1 ml of ice cold 70% ethanol to fix the cells.

The sample tubes were kept at -20°C for at least 1 hour before PI staining
(samples can be fixed for weeks before staining procedure). To carry out
propidium iodide staining, samples were centrifuged at 1,500rpm for 5 minutes
to remove ethanol. Pellets were washed with 2 ml of PBS and centrifuged again
for 5 minutes at 1,500rpm. The staining solution was prepared with 50 pg/ml Pl
and 40 pug/ml RNase A in 1x PBS and stored in the dark. Cell pellets were re-
suspended in 300 pl of staining solution and transferred to 5 ml polystyrene round
— bottom FACS tubes (Falcon). Tubes were incubated in the dark for 30 minutes
at 37°C before reading samples using the BD FACSCanto Il (Becton Dickenson
Biosciences). Data acquisition and cell cycle analysis were done using the FACS
Diva™ version 6.1.3 software (BD Biosciences) and graphs plotted using the

GraphPad Prism 7.0 software.

2.5 GENETIC ANALYSES

2.5.1 BACTERIAL TRANSFORMATION
Plasmids were inserted into bacteria in order to replicate or make several copies

for future experiments. This was carried out using competent Top 10 (T10) or
DH5-a or Bronze a-select bacteria cells. The cells were thawed on ice and mixed
by gently flicking the tube. 2ul of plasmid was added to 50pl of cells and flicked
to mix. The mixture of cells and plasmid was incubated on ice for 20 minutes after
which they were heat shocked for 1 minute at 42°C. The cells were again
incubated on ice for 2 minutes and 950ul of LB (lysogeny broth) was added using
aseptic technique. This was transferred to a 50 ml Falcon tube and incubated at
37°C with shaking for 1 hour. The tubes were centrifuged for 1 minute at
maximum speed (7,500 rcf) and pellets were re-suspended in 100ul of SOC
(Super Optimal broth with Catabolite repression) medium (Invitrogen). The re-
suspended bacteria was plated out as streaks on an agar plate containing
appropriate antibiotic to which the plasmids have resistance (Ampicillin or
Kanamycin or Spectinomycin) using ColiRollers™ plating beads (Novagen), in
10% and 90% dilutions and incubated at 37°C overnight.
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A single colony was picked the following day and placed into 5 ml of LB containing
appropriate antibiotics and incubated at 37°C overnight with shaking. This was
used for plasmid isolation with the plasmid DNA isolation/ purification mini kit
(QIAGEN). Before carrying out the miniprep purification step, 500ul of the
bacterial culture was mixed with 500ul of 50% glycerol (1:1 mixture of glycerol
and distilled water). This was stored in -80°C as a glycerol stock of the plasmid.
To carry out a midiprep purification from glycerol stock, 100ul of LB along with
the appropriate antibiotic was prepared in an Erlenmeyer flask and a pipette tip
was used to scrape the top of the glycerol stock and the tip was added to the
flask of LB. This was incubated overnight at 37°C with shaking. Midiprep was
done the following day using the QIAGEN Midi kit and following its protocol.

2.5.2 PLASMID TRANSFECTION
In order to transfect B2MG cDNA (OriGene) into EJp53 or EJp16 cells for gene

overexpression, 500,000 cells were seeded per well of a 6-well plate with 2ml of
DMEM growth media supplemented with 10% FBS, 100 IU/ml penicillin and 100
pg/ml streptomycin. 1pug/ml of tetracycline was added to the cells to prevent them
from expressing p53 or pl6 and cells were incubated at 37°C overnight.
Transfection was carried out the next day using cDNA plasmid and
Lipofectamine™ 2000 reagent (Invitrogen) in a 1 pg: 2.5 ul ratio, diluted in DMEM
only without serum and antibiotics. 4ug of plasmid was added to 1ml of DMEM in
one Falcon tube and 10ul of Lipofectamine™ 2000 was added to 1ml of DMEM
in another Falcon tube. Both tubes were allowed to stand at room temperature
for 5 minutes after which the contents of the two tubes were mixed together and

incubated again at room temperature for 20 minutes to form complexes.

After 20 minutes, growth media was aspirated from cells and 1ml of the
transfection complexes was added to each well of cells. Cells were incubated at
37°C for 6 hours after which the growth media was changed to complete DMEM
with serum, antibiotics and tetracycline. Cells were used for experiments 1 — 6
days after transfection and were collected for analysis afterwards. The volumes
were either scaled up or down for different sizes of cell culture dishes. For shRNA
transfection to silence gene expression, the same protocol was followed but
using a 1 pg: 10 pl ratio of ShRNA (Santa Cruz) to Lipofectamine reagent. 4ug/mi

of puromycin was added to the cells’ media in order to generate stably
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transfected cells and this was replaced each time the media was changed; every
two to three days. Cells were selected in this manner for several weeks after

transfection.

2.5.3 TOTAL RNA EXTRACTION FROM TISSUES
Total RNA was extracted from formalin fixed paraffin embedded mouse tissues

using the ReliaPrep™ FFPE Total RNA Miniprep System Kit (Promega) and
following the protocol on the manufacturers’ manual. The concentration of
extracted RNA was measured using a NanoPhotometer® P300 (Implen) and
samples were either immediately used for cDNA synthesis by Reverse

Transcription or stored at -80°C until needed for further analysis.

2.5.4 QUANTITATIVE REVERSE TRANSCRIPTION REAL TIME PCR (RT-
gPCR)
In order to study gene expression in tissues obtained from study animals, RNA

was extracted as previously described and the complementary DNA (cDNA) was
synthesized by reverse transcription. Quantitative Real Time PCR was then

carried out using the cDNA obtained and results analysed.

2.5.4.1 FIRST STRAND cDNA SYNTHESIS (REVERSE TRANSCRIPTION)
cDNA was synthesized from RNA using the Superscript™ IIl First Strand

Synthesis System for RT-PCR (Invitrogen). Equal concentrations of RNA, in a
range within 10pg - 5ug, from all samples were used for the reaction. For each
sample, Nuclease Free Water was added to the RNA in a 0.2ml PCR tube (VWR)
to bring the volume to 11pl. 1pl Random Primers and 1ul dNTPs were added to
the mixture, bringing the volume in the PCR tube to 13pul. The samples were
centrifuged briefly using a Micro centrifuge (Starlab) to ensure all the reagents
were contained in the tube. Tubes were placed into a Thermal Cycler and
samples were heated at 65°C for 5 minutes. Sample tubes were afterwards
incubated on ice for at least one minute. 7ul of a master mix containing 4l of 5X
First-Strand Buffer, 1pyl of 0.1M DTT, 1pl of Superscript™ Il Reverse
Transcriptase and 1pl of 40 U/ul RNaseOUT™ Recombinant RNase Inhibitor
(Invitrogen) was added to each sample tube, bringing the total reaction volume
to 20pl. Samples were returned to the Thermal Cycler and incubated first at 25°C

for 10 minutes, then at 50°C for 50 minutes and the reaction was heat inactivated
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at 70°C for 15 minutes. The cDNA produced was ready for use as a template for

PCR. If not used immediately, it was stored in -20°C until needed for PCR.

2.5.4.2 QUANTITATIVE REAL TIME PCR (gPCR)
In order to quantify the relative gene expression, gene specific primers were

designed (Table 2.4) and GAPDH was used as an internal control reference gene
(housekeeping gene) to normalize the expression of the target genes. All primers
were supplied by Eurofins Scientific. The PCR reaction mix was prepared by
making a master mix for each gene that was to be amplified, using 10pl of 2x
SensiMix SYBR No-Rox (Bioline), 4.6ul of Nuclease Free water (Applied
Biosystems), 0.2ul of reconstituted forward primer and 0.2ul of reconstituted
reverse primer. 15ul of the master mix was added to each well of a white
LightCycler® 480 Multiwell Plate 96 (Roche), in triplicates. 5ul of diluted cDNA (or
nuclease free water for control) were added to each well, bringing the reaction

volume to 20pl.

The plate was sealed with a Thermal Seal RT™ Sealing Film (Alpha
Laboratories) and centrifuged briefly for 1 minute, to contain liquid contents within
the wells. The gPCR reactions were run on a LightCycler® 480 system (Roche)
using the following conditions: 10 minutes of enzyme activation “hold” at 95°C,
50 cycles of denaturation for 15 seconds at 95°C, annealing and elongation for
60 seconds at 60°C, and data was captured with the LightCycler® 480 Software
release 1.5.0 SP3. A melting curve was used to prove the specificity of the
primers at the end of the PCR run. The amplification plots were viewed and the
baseline and threshold values were set in order to analyse the data. Relative
guantification analysis was done and a relative expression value was obtained

based on the comparative Ct calculations as shown below:
ACt sample = C; sample — Ct GAPDH
AACt = AC: sample - AC: reference control

Results were analysed on Microsoft Excel and graphs plotted using GraphPad

Prism 7.0 Software.
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Table 2.4: Primers used for gRT-PCR

GENE PRIMER SEQUENCE (5' - 3’) REFERENCE SUPPLIER
Fwd: GCTATCCAGAAAACCCCTCAA
Eurofins
B2MG Rev: CATGTCTCGATCCCAGTAGACGGT (Banchio et al., 2007) Scientific
Fwd: GCAGTGTTTGGATGTATCTTTGGT
Eurofins
DEP1 Rev: CTTCATTATTCTTGGCATCTGTCCTT (Hackbusch et al., 2013) Scientific
Fwd: CCCAACGCCCCGAACT
Eurofins
pl6 Rev: GCAGAAGAGCTGCTACGTGAA (Edwards et al., 2007) Scientific
Fwd: CACAGCGTGGTGGTACCTTA
Eurofins
p53 Rev: TCTTCTGTACGGCGGTCTCT (Alwahaibi et al., 2011)  Scientific
Fwd: GTTGTCTCCTGCGACTTCA
Eurofins
GAPDH Rev: GGTGGTCCAGGGTTTCTTA (Xiang et al., 2012) Scientific
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2.6 PROTEIN ANALYSIS

2.6.1 EXTRACTION OF TOTAL PROTEIN FROM CELLS
2.6.1.1 SAMPLE COLLECTION
To collect adherent cells for Western blot analysis, old media was discarded from

the cell culture plate and cells were washed once with 1x DPBS. For a 100 mm
plate, 1ml of 0.25% trypsin was added to cells and incubated at 37°C for 3
minutes. Cells were rinsed out with 5ml of 1x PBS into a falcon tube and
centrifuged at 1,100rpm for 3 minutes to remove the trypsin. The supernatant
was discarded and the cell pellets were either lysed immediately for whole cell

protein extraction or frozen in -80°C until when needed.

2.6.1.2 PREPARATION OF WHOLE CELL LYSATES
RIPA (radio immunoprecipitation assay) lysis buffer was prepared beforehand

using 150mM NacCl, 50mM Tris HCI pH 8.0, 1% NP40, 0.1% SDS and 0.5%
sodium deoxycholate diluted in distilled water (dH20) and stored at 4°C. Cell
pellets in Falcon tubes were placed on ice and 100ul of RIPA lysis buffer
containing 1:100 dilution of protease inhibitor cocktail (Sigma-Aldrich) and 1:100
dilution of phosphatase inhibitor cocktail (Sigma-Aldrich) was added to the cell
pellets. The volume of lysis buffer was adjusted according to the size of cell pellet
for each sample. The pellets were incubated on ice for 20 minutes after which
they were mechanically sheared by passing through a 0.8 x 40mm needle (BD
Microlance 3) up to 20 times.

Samples were transferred into 1.5ml Eppendorf tubes on ice and centrifuged at
14,000rpm for 15 minutes at 4°C. The supernatant were transferred into new
Eppendorf tubes and the pellets discarded. Protein concentration was
determined by the Bradford assay, after which 4x Laemmli buffer (40% glycerol,
240mM Tris HCI pH 6.8, 8% SDS, 0.04% bromophenol blue, 20% -
mercaptoethanol in dH20) was added to the samples and heated at 100°C for 5
minutes. Samples were allowed to cool before either being used for Western blot
or stored at -20°C until needed.

2.6.2 EXTRACTION OF TOTAL PROTEIN FROM TISSUES
Various tissues were isolated from humanely culled study animals and placed

into 7 ml bijou tubes (Starlab) containing 1x PBS on ice. Afterwards, tissues were

either fixed in formalin for paraffin embedding or cut into small pieces and
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mashed through a 40 um cell strainer (Corning) using the piston of a syringe
plunger (Terumo). The tissue homogenate was rinsed out using FBS with 10%
DMSO, aliquoted into Cryovials and stored at -80°C for future use. To extract
protein from frozen tissue homogenates, 300ul of sample was taken from each
cryovial into 15 ml Falcon tubes and washed twice with 2 ml of 1x PBS by
centrifuging at 2500 rpm for 5 minutes. Supernatants were discarded and pellets
re-suspended in RIPA buffer containing protease and phosphatase inhibitor

cocktails.

Samples were incubated on ice for 30 minutes, after which they were thoroughly
lysed by passing through a syringe and 0.8 x 40mm needle at least 20 times.
Samples were then centrifuged and protein concentration determined before
heating as previously described. Total protein was also extracted from formalin-
fixed paraffin-embedded (FFPE) mouse tissue samples using the Qproteome
FFPE Tissue Kit (QIAGEN) and following its protocol. 4x Laemmli buffer was
added to the protein extracts in a ratio of 1:4 and the samples were boiled at
100°C for 5 minutes. Samples were allowed to cool and then stored at -20°C until

when needed for Western blot analysis.

2.6.3 SODIUM DODECYL SULFATE — POLYACRYLAMIDE GEL
ELECTROPHORESIS (SDS-PAGE).
Polyacrylamide gels were hand casted using a Mini-PROTEAN Tetra Cell

Casting Module (Bio-Rad). Various percentages of polyacrylamide were used,
depending on the size of protein being detected (Table 2.5). Smaller molecular
weight proteins required a gel with a higher percentage of Bis Acrylamide and
gels with lower percentage of Bis Acrylamide were used for larger molecular
weight sized proteins. The polyacrylamide gel was made up of two parts: a
resolving/separating (lower) gel and a stacking (upper) gel. The components of
the gels were mixed together with the exception of APS (Sigma-Aldrich) and
TEMED (Sigma-Aldrich) which were added last, just before pouring onto the
plates to initiate polymerization. To cast the gel, Mini-PROTEAN® Spacer Plates
with 1.5 mm Integrated Spacers, comprising of an outer glass and an inner glass
were cleaned and assembled onto a casting frame and stand. The spacer plates
were loaded with the appropriate resolving gel (see Table 2.5) up to a level 1cm

below the mark of the comb’s teeth. The poured gel was overlaid with 70%
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ethanol and left to polymerize for about 45 minutes at room temperature. The
ethanol was poured out and the excess dried off using a Whatman filter paper.
The stacking gel was gently poured on top of the resolving gel, and a 1.5 mm,
15-well, Mini-PROTEAN® Comb was immediately inserted into the glass plates
containing the gel. This was left to polymerise for about 30 minutes at room
temperature. After the gel had set, it was inserted into a Mini-PROTEAN Tetra
cell electrophoresis module (Bio-Rad). A buffer dam was used as a seal to

contain the running buffer when only one gel was being run.

The Bradford protein assay, with absorbance read at OD 600 as previously
described was used to determine the protein concentration of the samples prior
to loading onto the gel. Protein lysates were mixed with 4x Laemmli buffer,
heated at 100°C for 5 minutes on a heating block (Stuart Equipment) and allowed
to cool before being loaded onto the gel in a concentration of 20ug — 40ug of
protein in each well of the gel. 4ul of PageRuler™ Plus Prestained protein ladder
(Thermo Scientific) was also loaded onto the gel and the tank filled with 1X
Running Buffer. Electrophoresis was carried out using a Bio-Rad PowerPac 300
Electrophoresis Power Supply and was first run slowly at 60V for 30 minutes to
run samples through the stacking gel, before the voltage was increased to 100V
and run for about 1 hour until samples which were monitored by the dye front,
were completely separated on the resolving gel.

10X Running Buffer (1L): 30.3g Tris Base (Fisher Scientific), 144g Glycine
(Fisher Scientific), 10g SDS (Fisher Scientific).

1X Running Buffer (1L): 100ml 10X Running Buffer, 900ml ddH20.

2.6.4 WESTERN BLOT ANALYSIS
Protein transfer from the polyacrylamide gel onto Nitrocellulose Membrane

(Amersham; GE) was done using a Bio-Rad Mini Trans-Blot® Cell. Nitrocellulose
Membrane and Whatman Filter Paper (Amersham; GE) were cut into the size of
the polyacrylamide gel and arranged onto the Western blot cassette assembly as
follows: Black side > Foam Pad - Filter Paper - Gel > Membrane > Filter
Paper 2> Foam Pad - White side. The cassette assembly was fitted into a core
module and placed into a transfer tank along with a Bio-Ice cooling unit (Bio-

Rad). The tank was filled with 1X Transfer Buffer, covered and plugged into a
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PowerPac 300 Electrophoresis Power Supply. Proteins were transferred at
350Amps constant current for 90 minutes, after which the cassette was opened
and the membrane incubated in blocking buffer made up of 5% Bovine Serum
Albumin (Sigma-Aldrich) in 1x PBS with 0.1% v/v Tween 20 (Thermo Scientific),

for 1 hour at room temperature with constant agitation.

Table 2.5: Composition of resolving and stacking gels for SDS-PAGE

Resolving/ _
: Stacking/
Separating/ 7% 10% 12% 15% 5%
Upper Gel
Lower Gel
Bis Acrylamide Bis Acrylamide
42ml  6ml  7.2ml  9ml 875ul
(40%) (40%)
1.5M Tris (pH 8.8) eml 0.5M Tris (pH 6.8) 1.75ml
10% SDS 240ul 10% SDS 70pl
10% APS 120ul 10% APS 70ul
TEMED 12ul TEMED Tul
ddH20 13.3ml 11.5ml 10.3ml 8.5ml ddH20 4.325ml

After the blocking step, the nitrocellulose membrane was incubated with the
appropriate primary antibody at 4°C overnight with constant agitation (See list of
primary antibodies used in Table 2.6). The primary antibody was decanted the
following day and the membrane washed three times with washing buffer (1x
PBS-Tween) for 10 minutes each before being incubated with secondary
antibody (see Table 2.7) for 1 hour at room temperature. After 1 hour, the
secondary antibody solution was decanted and the membrane washed three
times for 10 minutes each — the first two times with 1x PBS-Tween and the third
time with 1x PBS only. The membrane was imaged on the Odyssey Imager
(LICOR) and protein bands analysed by densitometry using Image Studio Lite
software version 5.2 (LICOR).
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Table 2.6:

List of Primary Antibodies used

. L I Mol. [Supplier / Product
N I I Appl Dil .
ame |Source | Clonality |Application Dilution Weight NG
B-actin | Rabbit | Polyclonal wWB 1:5,000 | 42 kDa | Abcam, Ab8227
. 1:500, Cell Signaling,
Btk Rabbit |M lonall WB, IHC 77 kD
abblt Monociona 1:100 @ (D3H5) #8547S
1:500,
STX4 | Mouse Monoclonal| WB, IHC 1-100 33 kDa | Abcam, Ab77037
pl6 Mouse Monoclonal| WB, IHC 1:500 | 16 kDa | Abcam, Ab54210
] Santa Cruz,
p21 Mouse Monoclonal wB 1:200 | 21 kDa (SX118) sc-53870
) Santa Cruz,
p53 Mouse Monoclonal wWB 1:500 | 53 kDa (DO-1) 5c-126
. 1:500, Santa Cruz,
p53 Rabbit | Polyclonal | WB, IHC 1-100 53 kDa (FL-393) 5c-6243
: 1:500, .
DEP1 | Rabbit | Polyclonal | WB, IHC 1-100 220 kDa| Bioss, bs-2567R
NTAL | Mouse Monoclonal wWB 1:1000 | 33 kDa | Abcam, Ab3992
EBP50 | Rabbit | Polyclonal WB 1:500 | 50 kDa | Abcam, Ab3452
ARMCX3| Rabbit | Polyclonal WB 1:500 | 43 kDa | Abcam, Ab98938
ARMCX3 Mouse Monoclonall  WB 1:500 | 43 kDa Abnova,
' H00051566-M01
. 1:500,
B2M Rabbit | Polyclonal | WB, IHC 1-100 13 kDa | Abcam, Ab87483
LifeSpan
B2M Mouse Monoclonal WB 1:500 | 13 kDa BioSciences,
LS-B2200
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Table 2.7: Secondary Antibodies used for Western Blots

Name Conjugation Dilution Supplier / Product No.
Mouse IgG | IR Dye-800CW 1:10,000 Li-COR #926-32210
Rabbit IgG IR Dye-680RD 1:10,000 Li-COR #926-68071

10X Transfer Buffer (1L): 30.3g Tris Base, 1449 Glycine.

1X Transfer Buffer (1L): 100ml 10X Transfer Buffer, 200ml Methanol (Fisher
Scientific), 700ml ddH20.

Washing Buffer (1L): 100ml 10X PBS, 900ml ddH20, 1ml Tween 20.

Blocking Buffer (5% BSA in PBS-Tween): 5g BSA, 100ml 1x PBS-Tween.

2.7 SENESCENCE ASSOCIATED B-GALACTOSIDASE STAINING
Senescence associated B-Galactosidase (SA B-Gal) staining was done using the

protocol adapted from Judith Campisi’'s Lab (Itahana et al., 2007). Adherent cells
were washed with 1x PBS and fixed with 10% neutral buffered formalin at room
temperature. They were washed again with 1x PBS after which 2 - 3ml of Staining
Solution (Img/ml X-gal in dimethylformamide (DMF), 40mM Citric Acid/Na
Phosphate Buffer, 5mM Potassium Ferrocyanide, 5mM Potassium Ferricyanide,
150mM Sodium Chloride, 2mM Magnesium Chloride in distilled water) was
added to the cells (Table 2.8). The culture dishes were incubated at 37°C in a
non-COz2 incubator and observed under the microscope after 12 to 16 hours to

detect the blue coloured 3-Gal staining.
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Table 2.8: SA B-Gal Staining Solution

Stock Final
Component _ Volume _
Concentration Concentration

X-gal in DMF 20mg/ml 1ml 1mg/mi
Citric Acid /Na Phosphate
Buffer pH 6.0 0.2M 4ml 40mM
Potassium Ferrocyanide 100mM 1ml 5mM
Potassium Ferricyanide 100mM 1ml 5mM
Sodium Chloride 5M 0.6ml 150mM
Magnesium Chloride 1M 40ul 2mM
Distilled Water - 12.36ml 20ml Total Volume

0.2M Citric Acid /Na Phosphate Buffer (100ml): 36.85ml 0.1M Citric Acid Solution,
63.15ml 0.2M Sodium Phosphate Dibasic Solution (pH 6.0).

0.1M Citric Acid Solution: 2.1g /200ml Citric Acid Monohydrate (CsHsO7.H20).

0.2M Sodium Phosphate (Dibasic) Solution: 2.84g /100ml Sodium Phosphate
Dibasic (Na2HPO4) or 3.56g /100ml Sodium Phosphate Dibasic Dihydrate
(NazHPO4.2H20).
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2.8 IN VITRO AND IN VIVO TECHNIQUES USING MOLECULARLY
IMPRINTED POLYMERS (MIPs)
Molecularly imprinted polymer nanoparticles (nanoMIPs) are nanostructured

polymeric particles which contain a binding site for their target molecule and are
capable of selectively recognising the said target. The nanoMIPs are produced
using a solid-phase synthesis approach (Canfarotta et al., 2016a) which relies on
the covalent immobilisation of the template molecule on a solid support such as
glass beads having an average diameter of about 75-90 ym. This glass bead
support which bears the immobilized template is placed in contact with the
monomer mixture and polymerisation is initiated under conditions that promote
the formation of polymer nanoparticles. Upon polymerisation, the solid support
acts as an affinity medium to isolate the high-affinity nanoMIPs from the
remaining non-reactive monomers, oligomers and low-affinity polymers, which
are removed by washing the beads under conditions that allow those

nanoparticles with high affinity remain attached.

2.8.1 FLOW CYTOMETRIC DETECTION OF MEMBRANE SURFACE
MARKERS OF SENESCENT CELLS USING FLUORESCENT MIPS
In order to detect novel cell surface markers of senescence, fluorescein — tagged

molecularly imprinted polymers (MIPs) were designed by MIP Diagnostics Ltd.,
Leicester and imprinted with the extracellular epitope of the novel markers, B2MG
and DEP1 proteins. A modified antibody binding assay protocol was used to
detect MIPs binding to cells by flow cytometry. Proliferating and senescent EJ
bladder cancer cells with a tetracycline off system of overexpression of p16, p21
and p53 were used as models of cellular senescence in this assay. Cells were
detached either by using trypsin or by scraping with ice cold PBS. Cells were
counted as previously described, using a Bio-Rad cell counter.

After counting to determine the number, cells were collected into 15 ml falcon
tubes, washed with 5 ml of PBS and centrifuged at 1100 rpm for 3 minutes.
Supernatant were discarded and pellets re-suspended in ice cold FACS buffer
(2% FBS in 1x PBS) to obtain at least 1 x 10° cells/ml or about 2 x 10° cells in
200ul. Samples were transferred to round bottom polystyrene tubes (Falcon) on
ice and fluorescent MIPs were added to the cells either in a 1:50 (2%), a 1:20
(5%) or 1:5 (20%) dilution and incubated in the dark for 10 minutes. Samples
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were immediately read on the BD FACS Canto Il using the FITC fluorochrome
channel. Unstained controls were used to gate the positive populations.
Acquisition and analysis of data was done using the FACS Diva™ version 6.1.3
software (BD Biosciences) while charts of the mean fluorescent intensity (MFI)

were plotted using GraphPad Prism 7.0 software.

2.8.2 FLUORESCENCE MICROSCOPY OF LIVE CELLS
Fluorescence imaging technique was employed in order to visualise the binding

of B2ZMG MIPs to the surface of senescent cells. Proliferating and 4 days
senescent EJ bladder cancer cells were seeded in 6 — well plates at a density of
3 x 10° cells per well and allowed to attach for 24 hours. 0.38mg/ml fluorescein—
tagged MIPs were sonicated for 5 minutes with 30 seconds on-off intervals, using
a Diagenode Bioruptor 2000 standard sonicator (Diagenode), before being
added to the cells in concentrations ranging between 1:10, 1:20 and 1:50
dilutions in the growth media. Cells were incubated at 37°C and images taken
after 10 minutes, 30 minutes and after 4 hours, using the Nikon Eclipse TS100
inverted routine microscope (Nikon) with an Epi-fluorescence attachment.
Images were acquired using the imaging software NIS-Elements F version 3.0.
Old media was aspirated off and cells were washed twice with media to remove
unbound MIPs and images were again taken immediately. The cells were then
detached using trypsin, washed with media and centrifuged at 1,100 rpm for 3
minutes to remove the trypsin and any unbound or lightly bound MIPs. Cells were
seeded back into plates and incubated overnight to allow them attach well to
plates. Images were again taken 24 hours, 48 hours, 94 hours and 192 hours
after MIPs application. Proliferating cells incubated with MIPs were also frozen
down, thawed after several days and cultured again to assess the effect of MIPs
on cell viability. Image J software (version 1.51) was used to quantify the

fluorescent nanoMIPs particles.

2.8.3 IMMUNOFLUORESCENCE MICROSCOPY OF MOLECULARLY
IMPRINTED POLYMERS (MIPs) IN FIXED CELLS
In order to visualise the B2MG imprinted fluorescein — tagged nano MIPs either

bound to the membrane or internalised inside senescent cells, a modified
immunofluorescence protocol was used. Cells used were either previously

incubated with MIPs for several days to assess viability or were incubated with
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MIPs on the day of the experiment. Both proliferating and senescent EJ cells
were grown on sterile 22 mm x 22 mm cover slips (Thermo Fisher) in 6 — well
plates. 3 x 10° cells were seeded per well, incubated at 37°C and allowed to
attach overnight. Where the cells were not previously incubated with MIPs, a 1:50
dilution (2%) of sonicated MIPs was added to the media in each well of cells i.e.
40ul MIPs in 1,960ul DMEM media in a 6-well plate and incubated at 37°C for 24

hours.

The following day, the media was removed and cells were washed twice in 1x
PBS and fixed with 10% neutral buffered formalin for 10 minutes. The formalin
was removed after 10 minutes and cells washed three times with 1x PBS. Cells
were then incubated with 1ug/ml DAPI diluted in 1x PBS in the dark for 10
minutes. Samples were washed four times, first three times with PBS and lastly
with distilled water. Anti-fade mounting medium was dropped on a microscope
slide and the cover slip with fixed cells was gently laid on the slide. The edges
were sealed with nail varnish. Slides were protected from light and imaged using
the Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems),
and their internalised intracellular location around the nuclear membrane was

observed.

2.8.4 IMMUNOFLUORESCENCE MICROSCOPY OF MOLECULARLY
IMPRINTED POLYMERS (MIPs) IN FFPE TISSUES
A modified immunofluorescence technique on formalin fixed paraffin embedded

(FFPE) tissues was also carried out using MIPs. Slides with 5 pm sections of
FFPE tissues were dewaxed in two changes of xylene for 10 minutes each and
afterwards dehydrated in two changes of 100% ethanol for 10 minutes each.
Slides were microwaved in citrate buffer for 10 minutes and allowed to cool
before being washed twice in 1x PBS. Slide edges were dried and the tissue area
marked with a pap pen. The slides were placed in a humidified chamber and
tissue sections were incubated with blocking buffer ““"made with 5% bovine
serum albumin (BSA) in 1x PBS for 1 hour. Molecularly imprinted polymers
designed to target B—2—Microglobulin (B2MG) were sonicated as previously
described. Next, slides were drained and the tissue sections incubated for 2
hours in the dark with the B2ZMG MIPs, diluted 1:20 in the blocking buffer. Slides

were washed in 1x PBS three times, for 5 minutes each. The edges were dried
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and tissue sections incubated with DAPI (4, 6-Diamidine-2'-phenylindole
dihydrochloride) (Thermo Fisher) for 20 minutes in the dark. Slides were again
washed once with 1x PBS and then with water. Coverslips were mounted onto
the slides with ProLong™ Gold anti-fade mounting medium (Invitrogen) and
edges sealed with nail varnish. The slides were thereafter protected from light
and imaged using the Leica TCS SP5 confocal laser scanning microscope (Leica
Microsystems). The fluorescent nanoMIPs particles were quantified using Image
J software version 1.51.

2.8.5 IN VIVO IMAGING USING MOLECULARLY IMPRINTED POLYMERS
Old and young wild type C57BL/6J mice were used for Preclinical in-vivo imaging

experiments using fluorescently tagged molecularly imprinted polymer
nanoparticles (Nano-MIPs) which were designed to target an epitope of 3-2
Microglobulin (B2MG). The mice were either painted topically on an area of
shaved skin, with 0.5 ml of a 1:2 dilution of 0.38mg/ml concentration of
fluorescent nano-MIPs in distilled water and imaged after 24 hours or they were
given an intravenous injection of the 0.38mg/ml concentration of fluorescent
nano-MIPs (5ml/kg body weight) and imaged after 2 hours. The IVIS® Spectrum
CT In Vivo Imaging System (PerkinElmer Inc.) and the Quantum-FX X-Ray micro
computed tomography (LCT) scanner (PerkinElmer Inc.) were used for imaging.
Images were analysed using the Living Image® advanced in vivo imaging

software version 4.0 (Caliper Life Sciences Inc.).

2.8.6 MTS ASSAY ON CELLS TREATED WITH MIP-DRUG CONJUGATES
The MTS assay previously described in section 2.3.2 was also used to assess

the viability of senescent and proliferating cells treated with Molecularly Imprinted
Polymer (MIP)-Drug conjugates. In this case, the experiment and reagents were
scaled up for use in a 24-well plate format, where there was no need to trypsinize
the cells. Thus, 100,000 cells were seeded per well in a 24 well plate and allowed
to attach overnight. The media was replaced with 500ul of fresh media and cells
were treated with drugs or MIP-Drug conjugates and incubated for 1 hour. After
1 hour, cells in the plates were washed gently with warm media to remove
unbound MIPs and excess drug. Plates were returned to the incubator for another
6 — 48 hours depending on the treatment duration. At the end of the desired

duration of treatment, 100ul of MTS reagent was added to each well of the 24-
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well plate, with some wells containing media and MTS only as blank. The 24-well
plate assays were read using the Hidex Sense Microplate Reader and data
recorded with the plate reader software version 0.5.11.2. All graphs and charts
were plotted using the GraphPad Prism 7.0 software.

2.9 SENOLYTIC ANTIBODY-DRUG CONJUGATES (ADCs)
ThioBridge® antibody-drug conjugates (ADCs) specific for B2MG and conjugated

with the toxic drug Duocarmycin, an irreversible DNA alkylating agent, were
generated to target and kill senescent cells. The ADCs were produced by
ABZENA through conjugation of reagents to a monoclonal (mAb) IgG1 B2M
Antibody (LifeSpan BioSciences) and IgGl Isotype (non-binding) mAb. The
result was a B2MG ADC with a final concentration of 1.16 mg/ml, a 96% purity
and an average drug-antibody rate (DAR) of 2.02. EJpl6 cells were then
incubated with the B2MG ADCs for 48 hours. After treatment of cells with ADCs,
cell viability assays were carried out in 96-well plates, using the CellTiter-Glo®
Luminescent Cell Viability Assay reagent. The viability assays and data analyses
were performed by Dr. Ana Sousa Manso of the Leicester Drug Discovery and
Diagnostics (LD3).

2.10 ANIMAL STUDY PROCEDURES
In vivo animal studies were carried out using the Zinc metalloproteinase STE24

(ZMPSTE?24) deficient mouse model of Hutchinson-Gilford Progeria Syndrome
(Leung et al., 2001; Bergo et al., 2002). The endoprotease Zmpste24 or FACE-1
is a metalloproteinase responsible for the conversion of prelamin A to mature
lamin A, an essential structural component of the nuclear envelope. Its deficiency
results in laminopathies due to accumulation of prelamin A (Fong et al., 2004;
Gonzalo et al., 2017). This mouse model was used to assess whether the
Bruton’s Tyrosine Kinase (BTK) inhibitor Ibrutinib could effectively prevent the
accumulation of senescent cells and ameliorate the symptoms associated with
ageing. All research done using animals were conducted in adherence to the UK
Home Office Animals (Scientific Procedures) Act 1986. The Project Licence
number for this work is PPL 70/8484.
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Cryo-preserved spermatozoa was purchased from the Mutant Mouse Resource
& Research Centre (MMRRC) at University of California, Davis, which is
supported by the National Institutes of Health (NIH). The ZMPSTE24"- sperm
was implanted into recipient female wild type C57BL/6J mice to produce litters
that were either homozygous, heterozygous or wild type without the ZMPSTE24-
I- genetic modification. Heterozygous offspring of the founder lines were further

bred to create genetically altered strains deficient in the ZMPSTE24 gene.

2.10.1 ZMPSTE247- MOUSE EAR PUNCH GENOTYPING
DNA was extracted from mouse ear punches or ear snips in order to determine

the genotype of zinc metalloproteinase STE24 deficient mouse (Zmpste247)
colonies. Polymerase Chain Reaction (PCR) was carried out using Zmpste24
forward and reverse primers (Eurofins Genomics) and the PCR product was ran
on an agarose gel electrophoresis to view the DNA bands of interest.

2.10.1.1 DNA EXTRACTION FROM MOUSE EAR SNIPS
Ear snip samples were taken from 14 days old mice into Eppendorf tubes and

stored in -20 °C until when needed. Tail Lysis Buffer (TLB) was prepared using
100mM Tris HCI pH 8.0, 5mM Ethylene diamine tetra acetic acid (EDTA), 0.2%
(w/v) SDS and 200mM NacCl diluted in distilled water (Table 2.9). For each ear
snip sample, 2 pl of 210mg/ml Proteinase K and 198 pl of TLB was added to the
tube. Samples were incubated on a heating block (Stuart Equipment) at 37°C
overnight. Tubes were flicked by hand until all tissues dissolved completely and
they were incubated for an additional 1 hour at 55°C. Samples were centrifuged
at 14,000g for 2 minutes. Supernatants were transferred into new labelled
Eppendorf tubes containing 200 pl of 100% Isopropanol (Fisher Scientific) and
flicked by hand to precipitate the DNA. Samples were centrifuged again at
14,0009 for 2 minutes. Supernatants were aspirated off and pellets washed with
70% ethanol. Tubes were centrifuged again at 14,000g for 2 minutes to remove
the ethanol, then the supernatants were aspirated off and the tubes left on the
bench for the pellets to air dry. Pellets were afterwards re-suspended in 60 pl of
sterile distilled water (dH20) and left to incubate for 20 minutes at room
temperature. DNA concentrations were measured using the NanoPhotometer®
P300 and 2ul (about 0.1ug) of DNA was used as the template for PCR while the
remaining DNA was stored at -20 °C.
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Table 2.9: Tail Lysis Buffer Composition

Stock Dilution in Working
Component Concentration water Concentration
Tris HCL pH 8.0 M 1:10 100mM
EDTA 0.5M 1:100 SmM
SDS 10% 1:50 0.2% (W/v)
NaCl 5M 1:25 200mM
2.10.1.2 POLYMERASE CHAIN REACTION (PCR)

Polymerase Chain Reaction (PCR) was used to amplify the region of interest in
the extracted DNA samples using Zmpste24 forward and reverse primers. Each
reaction tube contained 10ul of 2x My Tag Red Mix (Bioline), 1ul Zmpste24
forward primer (Eurofins Scientific), 1ul Zmpste24 reverse primer (Eurofins
Scientific), 2ul DNA sample and 6pl of Nuclease Free Water (Applied
Biosystems). A master mix was made using the My Taq Red Mix, primers and
nuclease — free water. 18 pl master mix was added to each reaction tube and 2
pul DNA samples was added to it to. Negative control sample tubes contained
master mix and 2 pl nuclease — free water. PCR was run on a Techne® Prime
Thermal Cycler (Cole—Parmer) using a PCR protocol developed by Mutant
Mouse Resource and Research Centre (MMRRC), University of California,
Davis. Samples were incubated at an initiation temperature of 95°C for 5 minutes,
then denatured for another 1 minute; annealing of primers was done at 60°C for
2 minutes; elongation took place at 72°C for 3 minutes and the DNA was
amplified for another 10 minutes before the reaction ended and samples were
held at 4°C. The PCR products were separated by agarose gel electrophoresis

to detect the band of interest.

2.10.1.3 AGAROSE GEL ELECTROPHORESIS
A 1.5% agarose gel was prepared by dissolving 0.6g of agarose (Fisher

Scientific) in 40 ml of 1x Tris-Borate-EDTA (TBE) in a graduated glass bottle. The
mixture was heated in a microwave oven in 30 seconds intervals until well
dissolved. The mixture was topped up to 40 ml again with 1x TBE and 0.8pl of
1% Ethidium Bromide (VWR Chemicals) was added to the bottle in a fume hood.
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The gel was poured into a gel tank in a fume hood, a comb was inserted and the
gel allowed to set for about 30 minutes. The solidified gel was then transferred to
an electrophoresis tank where the comb was removed and 1x TBE was poured
on the gel to remove bubbles. 4 ul of PCR Ranger 100bp DNA Ladder (Norgen
Biotek) was loaded onto a well and 4 ul of the PCR products were also loaded
onto other wells. The tank was filled to the maximum fill level with 1X TBE and
electrophoresis run at 100V for 40 minutes. To visualise DNA bands, the gel was
imaged using a Molecular Imager® Gel Doc™ XR System (Bio Rad) and captured

with Image Lab software version 4.1.

2.10.2 EXPERIMENTAL DESIGN
All animals needed to reach 8 weeks of age before they could be entered into

any study. ZMPSTE24" mice were placed into two groups, A and B. Animals in
group A were treated with Ibrutinib, while animals in group B were given water
with DMSO. Group A and B animals were paired in cages, matched by sex and
age. No two animals from the same experimental group were placed into the
same cage to avoid this counting as n = 1. Where there was an odd number of
animals remaining, a wild type or heterozygous cage mate or “Buddy” was

assigned to the unpaired animal.

Being models of progeria, these fast-ageing mice have an average lifespan of 6
months (Bergo et al., 2002; de la Rosa et al., 2013) and the Home Office allowed
us to keep them for a maximum age of 8 months. Clinical and pathophysical
humane end points (HEP), health checks (Figure 2-1), distress scoring (Table
2.10) and clinical frailty indices were used to monitor and evaluate the animals’

welfare to minimise their suffering and ensure that death was not an endpoint.

In vivo imaging was also carried out on old and young wild type C57BL/6J mice
without the ZMPSTE24 deficiency, using fluorescent tagged molecularly
imprinted polymers nanoparticle (nanoMIPs) designed to target -2 Microglobulin
(B2MG). Details of the mice imaging procedures have been previously described
(see section 2.8.5). In these imaging experiments, animals were either painted
topically with fluorescent nanoMIPs on an area of shaved skin or they were given

an intravenous injection of fluorescent nanoMIPs.
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MOUSE ID: PPL: CAGE IDENTIFICATION:
EAR MARK: USERS:

MAXIMUM WEIGHT =
504 = 10% = ARF Number: Please check distress scoring sheet for scoring criteria

Figure 2-1: An image of the health monitoring sheet used to check animals’ welfare
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Table 2.10: Distress scoring sheet with scoring criteria

Distress Scoring Sheet

Animal ID:

Weight:

This Scoring Sheet will be used as a tool for monitoring progression of clinical signs, not
to define Humane End Points (except in the case of tumours, as stated below).

Parameters Score |Date/Time/|Comments
By

Appearance |- Normal 0

- Slight piloerection 15

- Marked piloerection 3

- Changes from normal to signs of| 4-6

deterioration of coat and skin
Natural - Normal 0
behaviour - Minor changes 1

- Less mobile and isolated 2

- Restless or very still 3-6
Food and - Normal 0
water intake |- Body weight loss <5% 3

- Body weight loss <10% - < 20% 4-6
Hydration - Normal 0
status - Abnormal skin pinch test 2.5

- Very Abnormal skin pinch test 2.5-6
Body - Normal 0
changes - Backbones visible 3

- Backbones very visible 6

- Tachypnoea (fast breathing) 3

- Dyspnoea (difficult breathing) 6
Locomotion |- Slightly abnormal gait/posture 0-1.5

- Markedly abnormal gait/posture 3-6
Muscle tone |- Muscle groups have normal tone or 0

mass

- Muscle mass slightly soft 2

-Muscle mass less firm, abdomen slightly 3

soft

- Muscle mass very thin, soft, undefined 4

- Muscle mass has no tone or definition

5-6

Procedure - Tumour size >1.0cm? HEP HEP
Specific - Tumour impeding movement HEP
Indicators

Score: 0 = normal
3 = monitor carefully (including regularity of health checks), inform PIL and consider
intervention, if necessary consult NACWO and/or NVS — provide intervention pain
relief/fluids etc. as appropriate/advised.
26 = terminate using schedule 1 method
HEP = Humane end-point
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2.10.3 DRUG DOSING AND ADMINISTRATION
In the pilot study, animals were administered 20mg of Ibrutinib (PCI-32765,

Selleck) per kilogram body weight, twice weekly by oral gavage, using a 1ml
syringe (Terumo) and a 20ga x 38mm plastic feeding tube (Instech Laboratories).
The oral doses were prepared and administered to each animal in a volume not
exceeding 10ml per kilogram of their body weight. In subsequent studies, the
dosage was reduced to 10mg of Ibrutinib per kilogram body weight, given twice
weekly and also prepared to be delivered in 10ml per kilogram of the animal’s

body weight.

To prepare lbrutinib doses of 10mg/kg body weight of an animal, 140 mg of
Ibrutinib was first weighed into a Fisherbrand™ Type Il Soda Lime Glass
Specimen Vial (Fisher Scientific), 560 pul of 100% DMSO was then added to it
and vortexed until completely dissolved. 10 ul aliquots of the dissolved drug were
put into 56 glass tubes and stored at -80°C until when needed. To prepare
working oral doses, 2,490ul of ddH20 was added to the 10ul drug aliquot and
vortexed until completely dissolved. Drug volumes were administered according
to animals’ body weights (e.g. a 20g mouse was dosed with 200ul of drug
preparation and a 25g mouse received 250ul of drug preparation). Animals in the
control (vehicle) groups received distilled water with a similar volume of DMSO
as the treatment group (i.e. 2,490ul ddH20 + 10ul DMSO), according to their body
weights.

2.10.4 MEASURING THE MUSCLE STRENGTH OF MICE
In order to assess the effect of Ibrutinib on muscle strength in fast ageing mice,

the Kondziela’s inverted screen test and weights lifting tests were carried out
(KONDZIELLA, 1964; Deacon, 2013). An inverted screen was fabricated at the
Department of Genetics and Genome Biology Workshop, University of Leicester
as described by Deacon, (2013) and used to test how long an animal could
support its own body weight when suspended upside down. A soft fleece bedding
material was placed on the animal transfer/work station (ATS) to prevent the
animals from getting injured if they could not hold on for long and fell down (Figure
2-2).

92



Animal
Transfer
Station

=

- mmp—— e

B 7 T By

Fleece
Bedding
Material

Figure 2-2: The Kondziela's Inverted Screen and fleece bedding used

The test was carried out once weekly for 13 weeks and animals were assigned a
score of 1 — 4 depending on how long they were able to hold on to the inverted
screen (Table 2.11).

Table 2.11: Scoring Criteria for Kondziela's Inverted Screen Tests

Duration on the Screen Score
1 - 10 seconds 1
11 - 25 seconds 2
26 — 60 seconds 3
Over 60 seconds 4
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Figure 2-3: Various weights used for weight lifting tests

For the weights lifting tests, plastic mesh pot scourers were used to attach the
weights (Figure 2-3) instead of the tangled stainless steel sponge (scale
collector) previously described (Deacon, 2013), because these fast ageing mice
are smaller than their wild type counterparts and could be prone to injury from
the stainless steel sponge. Seven different steel blocks weighing 20g, 33g, 469,
59¢, 729, 85g and 98g were produced at the University of Leicester’'s Department
of Genetics and Genome Biology Workshop. The steel blocks were assigned
numbers from 1 to 7 in increasing order of weights to aid scoring (Table 2.12).

Mice were tested by weight lifting once bi-weekly for 10 weeks.

Scores were generated by multiplying the weight's number by the number of
seconds the mouse held on to the weight. For example, if a mouse held on to the
469 weight for five seconds, its score would be: 3 x 5= 15. All data were recorded

and analysed using Microsoft Excel and Graph Pad Prism 7.0 software.
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Table 2.12: Scoring System for Weight Lifting Experiments

Weight of Assigned
Steel Block (g) | Number

20g 1

33g 2

469 3

599 4

729 5

859 6

989 7

2.10.5 CLINICAL FRAILTY SCORING
A mouse frailty assessment form (Whitehead et al., 2014) was used to score

study animals’ based on several clinical frailty indices (Figure 2-4). Animals were
assessed mainly by physical examination. Hearing loss for instance was
assessed using a clicker pen, forelimb grip strength was assessed by placing the
mouse on its cage grid and gently tugging at its tail, while vision was assessed
by lifting the mouse and placing them down on the palm of the hand, fore limbs
first, to see if they could put down their paws to support themselves. Several
parameters were assessed and rated based on the severity as follows: 0 =
Absent, 0.5 = Mild and 1 = Severe (Figure 2-4). The results were analysed on

Microsoft Excel and GraphPad Prism 7.0.
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A CLINICAL FRAILTY INDEX IN MICE

Table 2. Mouse Frailty Assessment Form®

Date:
I ————————————
Mouse #: Date of Birth: Sex: F M
Body weight (2): Body surface temperature (°C):

Rating: O=absent 05=mild | =severe

»  Integument: NOTES:
% Alopecia 0 05 1
% Loss of fur colour 0 0.5 1
<+ Dermatitis 0 0.5 1
% Loss of whiskers 0 05 1
%+ Coat condition 0 0.5 1
# Physical/Musculoskeletal:
% Tumours 0 05 1
% Distended abdomen 0 0.5 1
% Kyphosis 0 0.5 1
% Tall stiffening 0 05 1
% Gaitdisorders 0o 05 1
%+ Tremor 0 0.5 1
# Forelimb grip strength 0 05 1
% Body condition score 0 05 1
¥ Vestibulocochlear /Auditory:
% Vestibular disturbance 0 0.5 1
% Hearing loss 0 0.5 1
# Ocular/Nasal:
% Catarads 0 0.5 1
% Comeal opacity 0 0.5 1
%+ Eyedischarge/swelling 0 05 1
% Microphthalmia 0 0.5 1
# Vision loss 0 0.5 1
4+ Menace reflex 0 05 1
<+ Nasal discharge 0 0.5 1
¥ Digestive/Urogenital:
% Malocclusions 0 0.5 1
%+ Rectal prolapse 0 05 1
% Vaginal/uterine/penile prolapse 0 0.5 1
%+ Diarrhoea 0 0.5 1
# Respiratory system:
%+ Breathing rate/depth 0 05 1
¥ Discomfort:
% Mouse Grimace Scale 0 0.5 1
# Piloerection 0 05 1

% Temperalure score:
% Body weight score:

Total Score/ Max Score:

© Susan E. Howlett, 2013

Figure 2-4: Clinical Frailty Indices used to assess mice. Adapted from
(Whitehead et al., 2014)



2.10.6 MOUSE BEHAVIOURAL STUDIES
Cognitive function tests were carried out to assess the effect of Ibrutinib on spatial

memory, using the Barnes Maze (Barnes, 1979; Barnes et al., 1980; Capilla-
Gonzalez et al., 2012). Tests to study the effect of Ibrutinib on generating anxiety-
like behaviour was also carried out using the Elevated Plus Maze (Pellow et al.,
1985; Lister, 1987; Komada et al., 2008; Loxton & Canales, 2017).

2.10.6.1 BARNES MAZE
The design of the Barnes Maze consisted of an elevated white circular platform

raised 1metre above the ground and having 20 equidistant holes around its
edges (Figure 2-5). One of the holes (target hole) had a black escape box fitted
underneath it while the other 19 holes were sealed with black plastic and rubber
tape, to give them a similar appearance as the target hole. The target hole was
labelled “T”, the hole opposite it was labelled “O” and the other holes were
numbered +1 to +9 to the right hand side (positive) and -1 to -9 to the left hand

side (negative) of the target hole.

SL 1ok

Target

Positive

Opposite

1.75 in
“lin .

Figure 2-5 Diagram of the Barnes maze. Adapted from (Attar et al., 2013).
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The study was carried out in the mouse behaviour room of the Pre-Clinical Facility
(PRF) at the University of Leicester. The room housed a sound booth with a
sound source or loud speaker system, a desktop computer with video camera
attached to the ceiling, visual cues (coloured shapes on the wall) and a source
of bright light (Figure 2-6). The experiment was carried out over 14 days and
consisted of four stages namely: Habituation, Acquisition, Probe Trial and Recall
(Table 2.13).
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Figure 2-6 The Barnes Maze set-up used for cognitive function tests. The

target hole is indicated by the red arrow and visual cues on the wall are
indicated by black arrows.

The first day was for habituation or adaptation, where the mice were allowed to
get familiar with the environment of the maze, the escape box, sound from the
speakers (white noise), bright lights and visual cues on the wall. During
habituation, white noise and bright lights were turned on to create mildly aversive
stimuli, and mice were placed on the maze and gently guided into the escape
box. The white noise was switched off as soon as the mouse entered into the
escape box. Mice were left inside the box for 30 seconds to get comfortable with
the safe space. Visual cues were left at a constant position on the wall and the
position of the target hole was also kept constant for the mice throughout the
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study. The maze was cleaned with 70% industrial methylated spirit (IMS) after

each animal.

Table 2.13: Study design for the Barnes Maze

Day 1: Days 2 - 6:

Habi ) E> A T E> Day 7: Day 14:
abituation cquisition : )
(Adaptation) (Training) Probe Trial Recall

The next five days were for acquisition or training, where mice were given 3
minutes to locate the escape box and enter inside it. White noise generated from
the computer and bright lights acted as stimuli to motivate the mice to escape
into the box. The training ended once the mouse entered into the escape box or
when the 3 minutes had elapsed in the event of mice not finding the box. If after
3 minutes, a mouse failed to enter the escape box, it was guided in gently. This
training was carried out in three rounds for all mice with 20 minutes intervals
between trainings. Again, the maze was thoroughly cleaned with 70% IMS in
between animals to eliminate any scent trails. The number of errors made and
the latency, which is the time it takes the animal to first reach the escape box

were calculated.

On day 7 of the study, 24 hours after the 5™ training day, the escape box was
taken out and the hole sealed like all the others. The mice were placed on the
maze and allowed to locate the target hole as before, only this time without the
escape box. This was the Probe trial, and the latency as well as the number of
nose pokes or errors were calculated for each animal. Seven days after the probe
trial, on day 14 of the study, the Recall was conducted in the same manner as
the probe trial, to test the spatial memory of the mice. The latency and number
of errors were also calculated here. All trainings, probe trials and the recalls were
recorded using the Microsoft LifeCam HD-3000 webcam and the SharpCap 2.9
video software. Two blind observers manually analysed the data that was

obtained through video recording.
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2.10.6.2 ELEVATED PLUS MAZE
A four-armed plus maze known as the Elevated Plus Maze (EPM) was used to

assess anxiety-like behaviours in mice. The plus maze consisted of two opposite
open arms and two opposite closed arms (Figure 2-7). Like the Barnes maze, the
EPM was elevated 1metre above the ground. Each mouse was placed in the
centre of the maze and allowed to explore it for 5 minutes. The mouse's entries
into the open and closed arms, as well as the time spent in each pair of arms
were recorded with the LifeCam HD-3000 webcam and its SharpCap 2.9 video
software.

Open arms

Closed arms

Figure 2-7 The Elevated Plus Maze used to assess anxiety-like behaviour
in mice

Tests were made and recorded at base-line (basal) as well as 4 weeks and 3
months after commencement of either Ibrutinib or vehicle treatment. Wild-type
and heterozygous cage-mates (buddies) were also included in the EPM tests for

comparison. The results were manually analysed by a blind observer.
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2.10.7 SURVIVAL ANALYSIS
In order to assess the effect of Ibrutinib on lifespan, doses were administered

orally, twice a week to male and female fast ageing ZMPSTE24" mice. The mice
were kept in the study for as long as possible, usually less than 8 months,
depending on their welfare. Mice were culled humanely when they reached the
humane end point (HEP) criteria, such as, losing = 20% of their maximum body
weight. Hence, survival in this case was not measured by when the mice died
spontaneously but was rather measured by when their welfare was of serious
concern. The difference in lifespan between treated and untreated animals was

assessed by plotting the Kaplan Meier survival curve using GraphPad Prism. 7.0.

2.11 STATISTICAL ANALYSES
All results are presented as mean * standard deviation (SD) except in studies

involving groups of animals, where they are expressed as mean * standard error
of the mean (SEM). Statistical analyses were carried out using GraphPad Prism
version 7.0 and two-tailed student’s t-tests or other suitable tests were used to
determine the significance of the experimental data. When presenting data, p
values less than or equal to (<) 0.05 were considered significant and the degree
of significance based on the p value was indicated on each graph using the

asterisks (*) symbol.
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CHAPTER 3 VALIDATION OF NOVEL MARKERS OF
SENESCENCE

Currently used markers of senescence are not specific, as they are also present
in other biochemical and physiological states (Rodier & Campisi, 2011; Deursen,
J M A van, 2014; Mufioz-Espin & Serrano, 2014). These markers are often used
in combination to define senescence in vitro and in vivo, and they include
irreversible growth arrest, expression of CDK inhibitors, SA-Bgal activity,
presence of SAHF, the SASP, as well as a negative ki67 expression (Yang & Hu,
2005; d'Adda di Fagagna & Campisi, 2007; Deursen, J M A van, 2014). This lack
of specificity has fuelled the search for more reliable and novel markers of
senescence as it has become necessary to clearly define markers for the

senescent state.

In recent years, senescent cell clearance has been increasingly investigated as
a therapeutic strategy for the management of age-related diseases including
cancer (Baker et al., 2011; Deursen, J M A van, 2014; Baker et al., 2016; Chang
et al., 2016; Demaria et al., 2017; Baar et al., 2017). Accumulation of senescent
cells is being linked to many diseases, making the targeting of these cells an
important strategy for fighting of cancer, fibrosis and other age-related
pathologies. However, available markers of senescence are not exclusive to the
senescent state and lack specificity (Deursen, J M A van, 2014), necessitating
the search for novel and more efficient markers which could be used either alone
or in combination with others to identify the cells that need to be cleared.
Consequently, a series of novel markers of senescence — proteins preferentially
expressed on the surface of senescent cells, have been identified in our
laboratory through mass spectrometric screening of the membrane fraction of

senescent cell lysates (Althubiti et al., 2014).

None of the published proteins have previously been linked to senescence prior
to the screening done in our lab. These novel markers could potentially be used
to target and eliminate senescent cells from tissues or whole organisms. Using
the TMHMM Server v. 2.0, a tool for the prediction of transmembrane helices in

proteins (http://www.cbs.dtu.dk/services/ TMHMM-2.0/), they were all predicted to
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be located on the plasma membrane (Althubiti et al., 2014). This is important
when considering their use for the design of diagnostic and therapeutic tools such
as antibody-drug conjugates (ADCs) or molecularly imprinted polymers (MIPS).
Seven of these proteins namely EBP50, NTAL, ARMCX3, STX4, DEP1, B2MG

and BTK were assessed in the course of this project and are described here.

The Ezrin-Radixin-Moesin-binding Phosphoprotein 50 (EBP50) also known as
NHERF1 (Na+/H+ Exchanger Regulatory Factor 1) is a 50kDa scaffolding protein
that plays important roles in regulating transmembrane signal transduction,
reorganizing of cytoskeleton, phosphoinositide metabolism as well as receptor
trafficking (Leslie et al., 2013; Oh et al., 2017). Several studies on human cancers
have found EBP50 to exert tumor-suppressing effects on pancreatic cancer (Ji
et al., 2014), oesophageal squamous cell carcinoma (Wang et al., 2014),
extrahepatic bile duct carcinoma (Feng et al., 2017), and breast cancer (Wang et
al., 2017a; Liu et al., 2017).

NTAL, the Non-T cell activation linker, also known as linker for activation of B
cells (LAB) and linker for activation of T cells 2 (LAT2) is a transmembrane
adaptor protein, 25 to 30 kDa in size and is mainly expressed in spleen and
hematopoietic cells such as B lymphocytes, mast cells, NK cells, macrophages
and basophils but not resting T cells. NTAL is associated with glycolipid-enriched
membrane fractions in these cells and upon engagement with immune-receptors,
is phosphorylated and recruits signaling molecules into receptor-signaling

complexes (Wang et al., 2005; Iwaki et al., 2007; Arbulo-Echevarria et al., 2016).

The armadillo repeat-containing X-linked protein 3 (ARMCX3) is a 42 kDa
mitochondrial outer membrane protein that is found mainly in the nervous system.
ARMCX3 also known as ALEX3 plays an important role in mitochondrial
distribution and trafficking in neurons, and regulates vital processes of spinal cord
development (Lopez-Domenech et al., 2012; Mirra et al., 2016). It interacts with
the transcription factor Sox10, increasing its localization in the mitochondrial

outer membrane (Mou et al., 2009).

Syntaxin4 (STX4) is a soluble membrane N-ethylmaleimide-sensitive factor

attachment protein receptor (SNARE) protein. It is involved in inflammatory
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responses as the interaction between target membrane (t-SNARE) proteins like
STX4, promote membrane fusion in mucosal mast cells, which function in allergic
inflammation (Liu et al., 2012). STX4 is also known to promote tumour cell
invasion (Brasher et al.,, 2017) and play a role in keratinocyte differentiation
(Kadono et al., 2012).

Density-enhanced phosphatase 1 (DEP-1) also known as Protein-tyrosine
phosphatase receptor type J (PTPRJ) or PTP-n or CD148 is a receptor-like
protein tyrosine phosphatase (PTP) of about 180 to 220 kDa expressed in several
cell types, including endothelial, epithelial as well as hematopoietic cells
(Ostman<i> et al.</i>, 1994; Chabot<i> et al.</i>, 2009; Barr<i> et al.</i>, 2009;
Spring<i> et al.</i>, 2012). DEP-1 expression was first found to be enhanced
with increase in cell density, suggesting its role in contact inhibition of cell growth
(Ostman et al., 1994). DEP1 has been found to promote cancer cell invasion and
metastasis (Spring et al., 2012; Spring et al., 2015) and is reported to be mutated
or deleted in human breast (Xiang et al., 2012; Spring et al., 2015), thyroid
(luliano et al., 2004), meningioma (Petermann et al.,, 2015) lung, and colon
cancers (Ruivenkamp et al., 2003; Ostman et al., 2006; Scott et al., 2010) as well
as in non-Hodgkin’s lymphoma (Aya-Bonilla et al., 2013). DEP1 also plays a role
in cerebral arteriogenesis (Hackbusch et al., 2013).

One important subunit of the major histocompatibility complex (MHC) class |
proteins is beta 2 Microglobulin (2M or B2MG) and it is present on the surface
of all nucleated cells, especially monocytes and lymphocytes (Staats et al., 2013;
Prizment et al.,, 2016). Increased serum concentrations of B2ZMG have been
observed in various pathological conditions such as renal disease, autoimmune
diseases and immunodeficiency (Prizment et al., 2016). B2ZMG has recently been
found to be involved in acquired immunosurveillance escape of tumor cells and
is mutated or altered in lung cancer and several other malignancies (Sun et al.,
2016; Pereira et al., 2017). It has also been reported as a pro-ageing factor that
impairs neurogenesis and promotes cognitive dysfunction in mice (Smith et al.,
2015). In amyotrophic lateral sclerosis (ALS), B2MG is upregulated by motor
neurons in the spinal cord and its removal shortens the disease duration (Staats
et al., 2013).
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The Bruton’s tyrosine kinase (BTK) is a non-receptor tyrosine kinase and a
member of the Tec family of kinases that is expressed in myeloid and lymphoid
cells but not T cells (Vetrie et al., 1993; Althubiti et al., 2016). BTK is mutated in
X-linked agammaglobulinemia, an inherited immunodeficiency disease, it plays
a vital role in B-cell receptor (BCR) signaling (BRUTON, 1952; Vetrie et al., 1993;
Hutchinson & Dyer, 2014) and is expressed in B cell malignancies (Hendriks et
al., 2014).

In order to further characterise and validate these identified novel markers of
senescence, we went on to screen various aged and diseased tissues — models
of senescence other than the ones previously tested, for the expression of these
markers, using p16 and p53 as positive controls. Small molecule inhibitor for BTK
as well as shRNA for DEP1 and B2MG were also used to assess the effect that

the inhibition of these markers would have on cellular senescence.

3.1 IMMUNOHISTOCHEMISTRY IN TISSUES FROM AN OLD MOUSE

The animals used in this experiment and in subsequent ones are of the C57/BL6
wild type background and are from a mixed gender population unless otherwise
mentioned, as it was not possible to obtain information about the gender for some
of them. The ImmunoRatio image analysis software
(http://153.1.200.58:8080/immunoratio/) was used to quantify the percentage of

DAB staining in all tissue sections assessed by immunohistochemistry.
Haematoxylin and eosin staining (H&E) was also done to show the tissue
morphology. Data was analysed using GraphPad Prism 7.0 software.

In order to characterize the in vivo expression of our novel markers in replicative
senescence, skin tissue samples from an 80 week old mouse were first stained
for the presence of p16'NK4A as a positive control for the presence of senescent
cells, and Syntaxin4 (STX4) by immunohistochemistry. The tissue stained
positive for both pl16™K4 and STX4 when compared to the negative control
without a primary antibody (data not shown). This result suggested that STX4
could be a good marker of in vivo skin ageing. After this, liver, muscle and brain

tissues from the same animal were also stained for the senescence markers p16
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and STX4. The aged liver also stained positive for both p16 and STX4, with more
than a five-fold increase in p16 and more than two-fold for STX4 when normalised
against the negative control. The overexpression of p16 and STX4 observed in
the aged liver could also be suggestive of the presence of senescent cells in this
tissue. Muscle tissue from the 80 week old animal also stained positive for both
pl6é and STX4 by immunohistochemistry. There was more than a two-fold
increase in DAB staining for p16, while that for STX4 was less than two-folds.
Additionally, brain tissue from the same 80 week old animal was also stained by
immunohistochemistry for p16 and STX4 like the other tissues. The tissue was
positive for p16, with about a four-fold increase in expression as measured by
the percentage of DAB staining, while STX4 was much less positive with less

than a two-fold increase (data not shown).

These experiments only showed that the antibodies stained positive in these
tissues but could not offer concrete conclusion as there were no control samples
used. A negative control sample from the same tissue and the same animal,
which had no primary antibody on, could barely provide an indication that STX4
could differentiate between young and old tissues. Therefore, in order to address
this problem, tissues from both old and younger animals were next screened to
be able to make a comparison (Figure 3-1 to Figure 3-12). Sample size has also
been a limitation of this study as it was not possible to obtain many replicates of
same aged animals for use in the study in order to give a good statistical
significance. It is also acknowledged that the appropriate internal controls for
these samples should have been an isotype-matched control antibody rather
than just a tissue sample with no primary antibody. Also, the issue of antibody
specificity and variation between the epitope recognised and overall protein
expressed should not be overlooked when interpreting these results. Hence,
these immunohistochemistry results are still preliminary but a good indication of

the expression of these markers in different tissues and disease conditions.
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3.2 SCREENING OF MARKERS IN YOUNG AND OLD TISSUES
3.2.1 IMMUNOHISTOCHEMISTRY OF MARKERS IN MICE TISSUES

To further assess the expression of our novel markers of senescence in young
and old animals and across different tissues, immunohistochemistry was carried
out using tissue samples from four mice aged 3 weeks, 26 weeks, 702 weeks
and 87 weeks. Tissues were stained for the senescence markers p16'N<4A B2MG
and STX4 as well as the cell proliferation marker Ki67, which was used as a
negative control. Results were presented as percentage of DAB staining after

image analysis by ImmunoRatio.
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Figure 3-1 Immunohistochemistry of skin samples from mice of different ages
Skin samples from mice of different ages were stained for senescence markers p16,
B2MG and STX4 while Ki67 was used as a negative control (A). ImmunoRatio
software was used to quantify the percentage of DAB staining in the images and
results were plotted using GraphPad Prism (B). The values presented here are
averages from 3 to 5 different images.
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Mouse skin tissues were stained with p16'Nk4A B2MG, STX4 and Ki67. Although
most of the tissues were damaged during the process of antigen retrieval, fixing
and staining, it can still be observed that older skin stained for our senescence
markers more than younger ones and all samples were negative for Ki67 except
in bulge stem cell areas (Figure 3-1).

A. Negative Control 3 Weeks 26 Weeks 70.5 Weeks 87 Weeks
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Figure 3-2 Immunohistochemistry of muscle from mice of different ages
Muscle tissues from mice aged 3 weeks, 26 weeks, 70%2 weeks and 87 weeks were
stained for p16, B2MG, STX4 and Ki67 (A). ImmunoRatio software was used to
guantify the percentage of DAB staining in the images. GraphPad Prism was used to
analyse the results (B). The values presented here are averages from 3 to 5 different
images.
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Next, the novel markers B2ZMG and STX4 were again screened alongside
p16/NK4A and Ki67 in muscle tissues obtained from the hind limb of these same
mice aged 3 weeks, 26 weeks, 70%2 weeks and 87 weeks (Figure 3-2 ). Ki67 was
negative in all samples and p16 staining increased with age while STX4 and
B2MG stained variably in the tissues.
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Figure 3-3 Immunohistochemistry of brain tissue from mice of different ages
Brain samples from mice aged 3 weeks, 26 weeks, 70¥2 weeks and 87 weeks were
stained for p16, B2MG, STX4 and Ki67 (A). The percentage of DAB staining in the
images was quantified using ImmunoRatio software and results were analysed and
presented on GraphPad Prism (B). Values presented here are averages from 3-5
different images.
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Finally, brain tissue samples from these same four mice were stained for
p16NK4A B2MG, STX4 and Ki67. (Figure 3-3). The older tissues stained more for
senescence markers pl6 and B2MG compared to the tissues from younger
animals. The staining for STX4 was quite variable as it was higher in the youngest
animal but increased with age in the other samples. All of the tissues stained
negative for ki67. This suggests that B2MG and STX4 are not markers of
proliferation but instead could be used to identify senescent or ageing cells,
although it is not fully understood why their expression is higher in the younger

animals in comparison to p16 expression.

3.2.2 WESTERN BLOT ANALYSIS OF MARKERS IN MICE TISSUES

To confirm the results obtained by immunohistochemistry, we used Western blots
to detect the expression of these protein markers in tissues. Total protein was
extracted from formalin-fixed, paraffin-embedded brain tissue samples from mice
of different ages. SDS-PAGE and Western blot were carried out and the resulting
bands quantified by densitometry using Image Studio Lite software version 5.2.5
from LI-COR. The fold change was calculated after signals were normalised with
the loading control (B-actin) and graphs of the fold change relative to the

youngest sample were plotted with GraphPad Prism version 7.0.

First, protein was extracted from brain tissues from mice aged 3 weeks, 26
weeks, 70%2 weeks and 87 weeks (the same animal tissues that were previously
used for immunohistochemistry). Western blot was carried out for p16'NK4A
B2MG, STX4 and another marker, NTAL (Non-T cell activation linker). The
results show a steady increase in p16, STX4 and NTAL levels with age, although
considering the low protein band for NTAL in the 87 week old animal, its
guantitation may not be fully trusted. B2MG levels on the other hand were
inconsistent (Figure 3-4). The 87 week old sample also did not express any pl16
and it is unclear why. The Western blot data for p16 and STX4 in mouse brain
confirmed immunohistochemistry results for the same tissue samples. B2MG

results on the other hand were inconsistent.
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Figure 3-4 Western blot analysis of brain tissue samples from 4 mice of different
ages
Brain tissues from mice aged 3 weeks, 26 weeks, 702 weeks and 87 weeks were
analysed by Western blot for expression of p16, B2ZMG, STX4 and NTAL (A). The
protein bands were quantified using Image Studio Lite software and results plotted on
GraphPad Prism (B). The graph for p16 shows results from two independent
experiments. STX4 and B2MG graphs show results from three independent
experiments while the NTAL data were obtained from one experiment. Results are
presented as mean = SD except for NTAL.

Next, eyes, skin, brain, liver and muscle tissues from old and young mice
obtained from the Shared Ageing Research Models (ShARM) biorepository of the
University of Sheffield, UK were used to assess the expression of senescence

markers between very old animals and young ones. Western blot analysis of
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these tissues revealed an over expression of some of our novel senescence
markers in the tissues from aged animals (Figure 3-5). The markers assessed
include  Syntaxin-4  (STX4), Beta-2 Microglobulin  (B2MG), the
Ezrin/radixin/moesin-binding phosphoprotein (EBP50), the Armadillo repeat-
containing X-linked protein 3 (ARMCX3) also known as ALEX3, along with p16,

a well characterized marker for ageing which was used as a positive control.
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Figure 3-5 Western blot of senescence markers in young and old tissues
The eyes, skin, brain, liver and muscle tissue from old and young mice were analysed
by Western blot for the expression of senescence markers (A). Protein bands were
quantified with the Image Studio Lite software and results presented using GraphPad
Prism (B). These results are from a single experiment.
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Levels of STX4, B2MG, EBP50 and ARMCX3 were higher in aged skin compared
to younger skin, in agreement with p16 expression levels. In the aged brain,
B2MG levels were also higher than what was observed in the young brain,
showing more than a two-fold increase. This was still in line with p16 levels
though not by similar proportions. In the aged muscle, only ARMCX3 and STX4
levels were found to be higher when compared to the young muscle as pl6
expression was not significantly high. The expression levels of p16, B2MG and
EBP50 in the liver were lower in the older animal while STX4 and ARMCX3 levels
were higher in the older liver tissue than in the young one. The very low pl16
expression in this old liver tissue was unexpected and could be due to a technical
error. Protein expression levels in the eyes were generally low for all markers

tested except for small increases in STX4 and B2MG levels.
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Figure 3-6 Western blot analysis of skin tissues from 11 mice of different ages
Western blot was carried out on skin tissues from 11 mice, for p16, B2ZMG and STX4
(A). The resulting bands were quantified with the Image Studio Lite software and the
data plotted using GraphPad Prism (B). Results presented here are from a single
experiment.
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The results obtained from the shARM tissues gave us a good glance and
shapshot of the expression of these proteins in aged tissues. In order to further
validate and confirm these initial results, the age range of animals was expanded
and skin, brain, muscle and liver tissues were obtained from 11 wild type
C57/BL6 mice of varying ages. The tissues were analysed by Western blot for
expression of pl1l6, B2MG and STX4, in order to determine the expression of
these markers across a wider age range. 3-actin was used as the loading control.
The information about the sex of these mice was not obtainable.

Consistent with previous results, the expression of p16 and B2MG were markedly
higher in the skin of older animals when compared to the younger ones (Figure
3-6).
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Figure 3-7 Western blot analysis of brain tissues from 11 mice of different ages
Brain tissue samples from 11 mice, for p16, B2ZMG and STX4 (A). The resulting bands
were quantified with the Image Studio Lite software and the data plotted using
GraphPad Prism (B). Results presented here are from a single experiment.
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In the brain tissue, p16 increased with age although not consistently. STX4 was
also higher in the older animal but the levels were not significantly different
among the other ages except for the youngest animal which expressed the
protein in very low levels (Figure 3-7). B2MG expression levels were inconsistent

and varied greatly across the age range hence the bands were not quantified.

SENESCENCE MARKERS IN MOUSE MUSCLE TISSUE

A.
pl6
B2MG [fSe= " _ I : : T
T - B T N i & MR 3;‘7'3’- o al e i
STX4 = 3 3 o ,’,,
B-Actin
STX4
B. 30-
()]
S 204
©
X —
(3]
R
S 10-
['
o-
NI IRV N SV N N I N N
\‘@e 4@‘2‘ 4@@ 4\00 4@0 4\& 4\& 4‘00@‘2‘@ 4@0 4@@

Figure 3-8 Western blot of muscle tissues from 11 mice of different ages
Western blot was carried out using muscle tissue obtained from the hind legs of 11
mice and the expression of p16, B2MG and STX4 were assessed (A). The resulting
bands for STX4 were quantified using Image Studio Lite software and analysed on

GraphPad Prism (B). Results shown are from a single experiment.

In the muscle tissue on the other hand, p16 did not consistently increase with
age. However, STX4 expression was seen to consistently increase with age,

while B2ZMG was undetectable in these tissues (Figure 3-8).

115



The expression of p16 protein in the liver was variable and did not correlate with
age. STX4 levels on the other hand correlated with data from the shARM tissues
as there was a higher expression in the oldest animal compared to the youngest,
although its expression levels were variable and did not consistently increase

with age. B2ZMG was undetectable in these tissues (Figure 3-9).

SENESCENCE MARKERS IN MOUSE LIVER TISSUE

Figure 3-9 Western blot analysis of liver tissues from 11 mice of different ages
Expression of senescence markers in liver as assessed by Western blot. The protein
levels are variable and do not show correlation with age.

Having observed an increase in p16, B2ZMG and STX4 with age in skin and brain
tissues, these tissues were again obtained from a total of 17 mice ranging in age
from 2 months to 24 months, in order to further verify the expression of these
markers by age, using Western blot and gPCR. The mice were divided into 7 age
groups namely, 2 months, 3 months, 6 months, 8 months, 13 months, 17 months
and 24 months old, with 2 or 3 animals per group. The 2 months and 24 months
old groups had 3 animals each while the remaining groups had 2 animals each.
The mice were all males with the exception of 2 female mice in the 24 month old
group. Another known marker of senescence, p53, was also included in this
screening. The protein bands were quantified and the results normalised as fold

change against the 2 month old group. The data was presented as mean + SEM.
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Expression of Senescence Markers in Mice Brain
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Figure 3-10 Analysis of mice brain tissues from 7 age groups by Western blot
Western blot analysis of the expression of p16, B2ZMG and p53 in mice brain samples
(A). Quantification of the bands show an increase in all markers with age and unpaired

t tests were used to determine statistical significance (B). Results are presented as

mean + SEM.
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Expression of Senescence Markers in Mice Skin

A.  EPORPOIIRO NP

B2mGe o E . S - = B
B-actin == == — =Tl —— . -

ps3 Y " -
Bactm—

B2MG Expression in Skin

B. p16 Expression in Skin
34 15-
ns
ns
<) )
D 24 2 10-
[ ©
£ £ ns
(8] (8]
T k)
o 14 © 54 ns
[ [T
ns ns
- ——
0- 0-
2m 3m 8m 13m 17m 24m 2m 3m 8m 13m 17m 24m
Ages Ages
p53 Expression in Skin
54
*k p<0005
44
(2]
)
8 31
£
o
T 2-
[<)
[
14
0-

2m 3m 8m 13m 17m 24m

Ages

Figure 3-11 Analysis of mice skin tissues from 7 age groups by Western blot
Western blot expression of p16, B2ZMG and p53 in mice skin samples (A).
Quantification of the bands, show that p16 did not consistently increase with age,
B2MG expression increased in the 3 month group but was highest in the 24 month old
age group and p53 also increased in the older age groups although not consistently
with age (B). Data is presented as mean £ SEM. An unpaired t test was used to show
statistical significance at p<0.005.
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The protein expression levels of all three markers tested were found to increase
with age in the brain tissues although B2MG and p16 levels showed statistical
significance at p<0.05 only in the 24 month old group, with mean p16 levels
decreasing from the 17 month group to the 24 month group. The levels of p53 on
the other hand were found to increase in the older age groups compared to the
young 2 month old control group, with statistical significance in the 13 month, 17

month and 24 month old groups (Figure 3-10).

In the skin samples, p16 expression was not found to be consistent with age as
it increased in the 3 month old group but decreased in all other age groups when
compared with the 2 months group. B2ZMG levels were also variable but higher
in the 24 month old group than in the other age groups. The levels of p53
increased with age though higher than expected in the 8 month old group, and

showed statistical significance in the 24 months group (Figure 3-11).

3.2.3 gPCR ANALYSIS OF MARKERS IN MOUSE SKIN TISSUES

In order to check the expression of these markers at the mRNA level, total RNA
was extracted from the skin tissues of mice from 7 different age groups, as
previously grouped for Western blot analysis. cDNA was generated and gPCR
run using primers for p16, B2MG, p53, DEP1 and GAPDH was used as the
internal reference control gene. Gene expression was calculated using the AAC:t
method and the final values shown as 22Ct, Contrary to the pl6 protein
expression levels for these tissues, its MRNA expression was found to increase
with age. B2MG mRNA expression also increased with age, agreeing in part with
the protein levels although its protein expression levels were not consistent with
age in this tissue. The mRNA expression for p53 increased with age also,

corresponding with the protein expression levels (Figure 3-12).
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Figure 3-12 qPCR analysis of mice skin tissues from 7 age groups
Graphs showing mRNA expression levels for p16, B2MG, p53 and DEPL. The levels of
pl6, p53 and B2MG increased with age although B2ZMG expression in the 24 months
old group was lower than in the 13 month old group. DEP1 expression varied across
the age groups. Data was analysed with GraphPad Prism software and presented as
mean + SEM.

3.2.4 SCREENING OF MARKERS IN HUMAN LUNG TISSUES

In order to validate the expression of these markers in aged human tissues,
biopsies from healthy lung tissues of a 70 year old woman and a 42 year old man
were screened by immunohistochemistry for the presence of senescence
markers, in order to also establish the expression of these markers in aged

human tissue.
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Figure 3-13 Immunohistochemistry of human lung tissues
Lung tissues from a 70 year old woman overexpressed p16 and DEP1 when screened
by immunohistochemistry (A). The percentage of DAB staining in the tissue was
gquantified using ImmunoRatio software. The fold changes were calculated relative to
the younger (42 year old) tissue. GraphPad Prism software was used to analyse the
data and a two-tailed unpaired t test used to determine statistical significance (B).
Values presented here are averages from 6 images.

DEP1 and p16 were upregulated in the 70 year old woman’s tissue compared to
tissue from the 42 year old man (Figure 3-13). There was a five-fold increase in
pl6 expression and more than a two-fold increase in DEP1 expression in the
older (70 year old) tissue compared to the 42 year old tissue. These results
suggest that DEP1 could be used as a marker of ageing in human lung tissue,
along with p16. The tissue samples used here were obtained and stained by our
collaborators from the LD3.
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3.3 SCREENING OF MARKERS IN DISEASED TISSUES

Apart from ageing, senescent cells have been shown to increase in pathologies
such as fibrosis and are also thought to promote the progression of cancer
(Mufioz-Espin & Serrano, 2014; He & Sharpless, 2017). In the previous sections,
we assessed the expression of currently known as well as novel markers of
senescence in human and mouse aged tissues, in order to verify the latter as
potential markers of senescence and ageing. In the current section, we assess
the expression of these markers in diseased tissues in order to verify if our
identified markers can be used in diseases where senescence has a known

involvement.

3.3.1 SENESCENCE MARKERS IN HUMAN LUNG CANCER SAMPLES

We first explored the use of these novel markers to detect senescent cells in
cancerous lung tissue. Lung tissue biopsies from seven lung cancer patients
were tested by immunohistochemistry for the presence of the markers STX4,
BTK, DEP1 as well as p16'Nk4A, Unfortunately, we could not obtain information
about the patients’ treatment history. All of the patient samples stained negative
for p16'NK4A but were positive for STX4, BTK and DEP1 (Figure 3-14 and Figure
3-15). Haematoxylin and eosin staining was done to show the tissue morphology
and the negative control slides had no primary antibody. The p16 marker, which
was used as a positive control marker of senescence in aged tissue samples,
was negative in the lung cancer samples. This raises the question as to whether
the novel markers which stained positive in these tissues depict the presence of
senescent cells or other elements or trails of senescence. Further studies would
be needed to confirm that these markers are truly identifying senescent cells or

elements of senescence in these tissues.
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Figure 3-14 Immunohistochemistry of markers in lung cancer samples 1-3
Tissue biopsies from a total of 7 lung cancer patients were stained with senescence
markers to assess the involvement of senescence in the pathology of the disease.
Here, samples from 3 patients were tested for p16 and STX4. All samples
overexpressed STX4 but were negative for p16. The negative control samples were
treated with similar conditions as all the other samples but contain no primary antibody
H&E = Haematoxylin and eosin.
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Figure 3-15 Immunohistochemistry of markers in lung cancer samples 4-7
Lung cancer samples from 4 patients were tested for p16, DEP1 and BTK. Samples
were negative for p16 but expressed BTK and DEP1. H&E = Haematoxylin and eosin.
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3.3.2 SENESCENCE MARKERS IN MICE LIVER FIBROSIS SAMPLES

To test whether our markers could detect the presence of senescent cells in
fibrotic lesions, liver fibrosis tissue samples from mouse models were screened

by immunohistochemistry for the presence of senescence markers.

Negative control

sample DDC 1 (40x)

sample DDC 2 (40x)

Negative control

sample DDC 3 (40x)

STX4

sample CCL4 -1 (40x)

Sample CCL4 - 2 (40x)

Sample CCL4 -3 (40x)

Figure 3-16 Immunohistochemistry of senescence markers in fibrotic livers
Liver fibrosis samples from mice treated with 3,5-diethoxycarbonyl 1,4-dihydrocollidine
(DDC) or carbon tetrachloride (CCL4) were stained by immunohistochemistry. The
fibrotic tissues stained positive for all of the markers tested. One slide was used as a
negative control for each treatment group.
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Liver damage was induced in mice either by using 3,5-diethoxycarbonyl 1,4-
dihydrocollidine (DDC) or carbon tetrachloride (CCL4) and there were three mice
in each group. The markers p16, B2MG, STX4, DEP1 and the Bruton’s Tyrosine
Kinase (BTK) were assessed in these tissue samples by immunohistochemistry.
The samples stained positive for all the markers when compared with the
negative control, which had no primary antibody (Figure 3-16). These results
suggest that these four novel markers could be used as prognostic or diagnostic
tools for liver fibrosis disease. This could be further explored in the future. All of
the mouse work and induction of fibrosis for these samples were done by our

collaborators at the University of Barcelona, Spain.

The findings from the screening of novel potential senescence markers in
different tissues from old as well as diseased mouse and human, using
immunohistochemistry, Western blot and gPCR, are summarised in Table 3.1
below. Although some of these results are preliminary, they give an indication of
the pathways that could be involved in senescence and present a good starting
point for further investigations.

Table 3.1 SUMMARY OF FINDINGS FROM SCREENING OF MARKERS IN TISSUES
(+ = positive; - = negative; NT = not tested).

MARKER |B2MG |STX4| DEP1 | NTAL |EBP50| ARMCX3 | BTK | p16 | P53
TISSUE

Aged Mouse Brain + + NT + + + NT + +

Aged Mouse Skin + + NT NT + + NT + +
Aged Mouse Muscle - + NT NT - + NT + NT
Aged Mouse Liver - + NT NT - + NT + NT
Aged Mouse Eyes + + NT NT - - NT - NT
Aged Human Lung NT NT + NT NT NT NT + NT
Human Lung Cancer NT + + NT NT NT + - NT
Mouse Liver Fibrosis + + + NT NT NT + + NT
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3.4 INVESTIGATING NOVEL MODULATORS AND EFFECTORS OF
SENESCENCE.

3.4.1 THE ROLE OF BTK IN CELLULAR SENESCENCE

Most of the novel markers of senescence previously identified in our laboratory
(Althubiti et al., 2014) do not currently have inhibitor drugs available. However,
the Bruton’s Tyrosine Kinase (BTK) presently has a few inhibitors in the market
that are used to target the protein for the treatment of B-cell malignancies. One
of these clinically approved BTK inhibitors is Ibrutinib, also known as PCI-32765,
which is used to treat patients with mantle cell lymphoma (MCL) and chronic
lymphocytic leukaemia (CLL) (Hendriks et al., 2014; Masso-Valles et al., 2015).

3.4.1.1 EFFECT OF BTK INHIBITION ON SENESCENCE OF HUMAN LUNG
FIBROBLASTS

Since senescence is known to play a role in the pathogenesis of idiopathic
Pulmonary Fibrosis (IPF) (Yanai et al., 2015; Kuwano et al., 2016), and BTK has
been found to block senescence (Althubiti et al., 2016), we decided to test the
therapeutic potential of Ibrutinib, a small molecule inhibitor of BTK in fibrotic
diseases. To this end, we obtained primary samples of lung fibroblasts from a
patient with Idiopathic Pulmonary Fibrosis (IPF) and non-fibrotic control (NFC)
fibroblasts from the Leicester Respiratory Biomedical Research Unit (BRU). We
used these cultures to assess the effect of BTK inhibition on the growth rate and
senescence of these cells. This experiment was carried out to see if lung fibrosis
condition can be delayed or reversed by inhibiting BTK and follows a previous
study from the lab that identified BTK not only as a marker but also as a crucial

component of the senescence pathway (Althubiti et al., 2016).

First, the IPF and NFC lung fibroblasts were cultured in 60mm dishes and treated
with 0.3uM Ibrutinib to study the effect of the drug on fibroblast senescence, while
cells in the control group received DMSO. Cells were passaged when they
reached about 70% confluence and cell counts were used to create growth
curves (Figure 3-17). The goal was to see whether the lifespan of fibrotic cells,
which potentially would more readily go into senescence, would be prolonged by
BTK inhibition. The growth of Ibrutinib-treated IPF cells increased sharply after
day 22, but the cell number was reduced to half by day 48, after which the cells
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were stained with B-galactosidase. The cells in the DMSO control group also
tripled in number between day 22 and day 35 but did not significantly differ from
the Ibrutinib treated group. However, it is not known why the IPF fibroblasts
proliferated more than the NFC ones in our experiment.

Lung Fibroblasts
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Figure 3-17 Growth curve of Ibrutinib treated IPF and NFC pulmonary fibroblasts
Idiopathic Pulmonary Fibrosis (IPF) and non-fibrotic control (NFC) fibroblasts either
treated with 0.3uM lbrutinib or DMSO were maintained in culture for 7 weeks. The cells
were counted using the T20 automated cell counter, first every 7 days for the first 3
weeks, and then every 14 days for the last 4 weeks, in order to determine their growth
curve. From the results, Ibrutinib did not exert any effect on the proliferation of either
IPF or NFC fibroblasts.

The fact that the growth curve for both groups of IPF cells did not differ much
from one another suggests that Ibrutinib might not have an effect on preventing
senescence of pulmonary fibrosis fibroblasts. Results for the NFC cells revealed
an irregular and inconsistent growth curve for both the Ibrutinib treated and the
DMSO control groups. This may have been due to technical or other errors. From
this result, it is inconclusive the effect of Ibrutinib in normal lung fibroblasts
although it appears to have no effect on their proliferation as there is no significant

difference in growth between the treated and untreated groups (Figure 3-17). It
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is acknowledged that control samples other than the DMSO treated IPF or NFC
cells should have been used in this experiment. For example, cells previously
shown to have escaped senescence upon treatment with Ibrutinib (Althubiti et
al., 2016) could have been used as a positive control. Also, it is important to note
that tissue specificity as well as variation between donor samples could also
account for differences in drug response. All experiments were carried out using
triplicate samples A, B and C.

m

NFC
0.3uM Ib DMSO 0.3uM Ib DMSO

: - -

Figure 3-18 SA B-Gal staining of pulmonary fibroblasts
Senescence associated 3-galactosidase (SA B-Gal) staining of pulmonary fibroblasts
that had either been treated with Ibrutinib or DMSO for 52 days. Cells were stained for
16 hours with B-galactosidase at pH 6.0. All cells were clearly senescent as seen by
their positive SAB-Gal staining and flattened out morphology. Samples were in
triplicates, A, B and C.

On day 52 of the cell culture, IPF and NFC cells were stained with [3-
galactosidase at pH 6.0 (Senescence associated B-galactosidase) in order to

assess the effect of BTK inhibition on senescence in these cells. The cells all
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showed signs of senescence as evidenced by their flattened and enlarged shape,
as well as positive staining for B-galactosidase at pH 6.0 (Figure 3-18). There
was no distinction between the different experimental groups and their controls
in their SA B-gal staining and senescence. From this result, we also concluded
that BTK inhibition had no differential effect on the establishment of senescence
in fibrotic fibroblasts and that fibroblasts from normal and IPF patients senesced

at similar rates.

Cell pellets were also collected from different population doublings of these
Ibrutinib treated IPF or NFC cells, and were used for Western blot analysis. The
Western blot data (not shown) indicated that Ibrutinib did not have an effect on
the senescence of these cells, as there was no differential expression of
senescence markers between treated and untreated cells, further agreeing with
the cell count and SA B-Gal data previously obtained. B2MG could be detected
in the samples but only at minimal levels, while p16 and p53 could not be
detected. The protein concentration from these samples were however very low
and it was difficult to accurately load the samples and quantify the bands from
the Western blot.

3.4.1.2 BTK INHIBITION AND SENOLYTIC ACTIVITY

Recent studies by our lab have identified an interaction between BTK and p53 in
senescence and apoptotic responses (Althubiti et al., 2016; Rada et al., 2017).
Furthermore, other studies have recently shown that senescent cells can be
selectively killed using drugs that target the Bcl-2 family of anti-apoptotic proteins
(Chang etal., 2016; Zhu et al., 2016; Zhu et al., 2017) and these drug compounds

have been collectively called “senolytics”.

Since lbrutinib inhibits BTK, which has been shown to modulate the apoptotic
and senescence responses of p53 (Althubiti et al., 2016), we tested this inhibitor
alongside a novel senolytic drug (ABT-263 or Navitoclax) to see if Ibrutinib could
interfere with the effect of the senolytic drugs. When senescent and proliferating
cells from different cell models were treated with the BTK inhibitor Ibrutinib and
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ABT-263, a proposed senolytic drug, Ibrutinib on its own was not found to be
senolytic and when combined with ABT263, the differences though statistically
significant, as in the case of EJp16 and shDEP1 cells, were minimal and do not
show biological relevance (Figure 3-19).
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Figure 3-19 Effect of Ibrutinib on senescent cell viability
Proliferating and senescent EJp53 (A), EJp16 (B), EJp53shDEP1 (C) and HT1080p21-
9 (D) cells were treated with ABT263 and Ibrutinib for 24 hours, after which MTS assay
was performed. Percentage cell viability was calculated and presented using
GraphPad Prism 7.0 software and paired t tests were used to determine statistical
significance. Ibrutinib alone was not senolytic but in combination with ABT-263, led to
more senescent cell death although not enough to be considered synergistic.
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3.4.2 THE ROLE OF DEP1 IN CELLULAR SENESCENCE

Investigation of some of the potential novel markers of senescence identified in
our lab, using immunohistochemistry, Western blot and gPCR as reported in
previous sections have shown an overexpression of some of these proteins in
aged and diseased tissues. In order to further characterize the role of the DEP1
protein, one these novel markers, in cellular senescence, gene silencing studies
were carried out. sShRNA for DEP1 was stably transfected into EJp53 cells and
this was confirmed by Western blot (Figure 3-20 B). Tetracycline was washed off
these EJp53 shDEP1 cells along with EJp53 control cells, in order to induce
senescence. Proliferating and senescent cells were cultured in 6cm? plates and
counted for two weeks using the T20 automated cell counter (Figure 3-20 A).
DEP1 inhibition increased cell proliferation in control EJp53 cells but had no
effect on the onset or maintenance of senescence in these cells as seen by the
cell count. A colony formation assay also showed an increase in the ability of the
proliferating EJp53shDEP1 cells to form colonies, with more than three times the
number of colonies in the control EJp53 cells (Figure 3-20 C and D), also
agreeing with data from the cell counts. These results indicate that although
DEP1 plays a role in the proliferation of normal cells, it does not have any
significant effect on the senescence growth arrest.
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Figure 3-20 Gene silencing studies on DEP1 protein in EJp53 cells
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shRNA for DEP1 was transfected into EJp53 cells and cells were selected with
puromycin to generate stably transfected cell lines. shDEP1 cells were counted along
with the control EJp53 cells for 14 days (A) and Western blot was used to confirm the
silencing of DEP1 in these cells (B). Proliferating EJp53 shDEP1 cells increased in
proliferation compared to the control EJp53 cells while the senescent cells showed no
significant change in growth. A Ratio paired t test was used to show statistical
significance in the cell count at p<0.05. The shDEP1 cells also formed up to three
times more colonies than the non-transfected control cells (C and D). The colony
formation assay was done in triplicates and a two-tailed unpaired t test showed
statistical significance. GraphPad Prism 7.0 was used to analyse the data.
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3.4.3 THE ROLE OF B2MG IN CELLULAR SENESCENCE

Beta 2-Microglobulin (B2MG) was found to be overexpressed in aged skin and
brain as well as in fibrotic liver tissues, further validating it as a potential marker
of senescence. We decided to further investigate its involvement in cellular

senescence.
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Figure 3-21 Gene silencing studies on B2MG protein in EJp53 cells
EJp53 cells were transfected with shRNA for B2MG and the cells were selected with
puromycin to generate stably transfected shB2MG cells. shB2MG cells were counted
along with control EJp53 cells for 14 days (A) while Western blot was used to confirm

the silencing of B2MG in these cells (B). Proliferating control EJp53 cells showed
increase in growth compared to the EJp53 shB2MG cells while the senescent cells
showed no sign of proliferation. A Ratio paired t test was used to show statistical
significance in the cell count at p<0.05. Control EJp53 cells also formed up to seven
times more colonies than the shB2MG cells (C and D). The colony formation assay
was done in triplicates and a two-tailed unpaired t test showed statistical significance.
Data analysis was done using GraphPad Prism 7.0.
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In order to understand better the role B2ZMG in senescence, sShRNA for this gene
was transfected into EJp53 cells and the cells were selected using 4 ug/ml of
puromycin for 2 weeks in order to generate a stably transfected cell line.
Knockdown of B2MG was confirmed by Western blot (Figure 3-21 B). The
proliferating shB2MG cells and EJp53 control cells were counted for 16 days
along with their senescent counterparts (Figure 3-21 A). This was done to assess
the involvement of B2MG in the attainment, maintenance or reversal of the
permanent arrest seen in senescence. Silencing B2MG did not have any effect
on the senescence of these EJp53 cells as the proliferating cells continued to
double in number up to day 16 and did not senesce, although the control EJp53
cells grew at a higher rate than the shB2MG cells. The senescent cells showed
no signs of proliferation nor reversal of senescence and remained growth
inhibited for the entire 16 days. Colony formation assay showed that shB2MG
cells were unable to form as many colonies as the control EJp53 cells, having
about five times less number of colonies (Figure 3-21 C and D). This result
agreed with data from the cell count and suggests that silencing B2MG
decreased cell proliferation in growing cells but did not contribute to the
senescence cell cycle arrest. It is not known why this is the case and further

research will need to be carried out to fully understand this occurrence.
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3.5 DISCUSSION

Novel markers of senescence preferentially expressed on the surface of
senescent cells over non-senescent ones were identified in our lab using
proteomic screening, and further confirmed by Western blot analysis of the
membrane fraction of senescent cell lysates (Althubiti et al.,, 2014). This was
done in response to the lack of specificity of currently available senescence
markers. Here we further validate and characterise these novel markers by
defining in which specific senescence-related condition each of these markers is
best expressed. The information obtained here will offer guidance on the use of
these markers as diagnostic tools for senescent cell detection and also on
therapeutic strategies for the elimination of senescent cells through the targeting

of these novel markers.

Results from our findings are summarised in Table 3.1 and show that seven of
these novel senescence markers namely B2MG, STX4, DEP1, NTAL, EBP50,
ARMCXS3 and BTK are overexpressed in either aged or diseased tissues from
mice or human. Their expression however, may be both tissue and disease
specific. Our data suggests, for instance, that B2MG, STX4, DEP1 and BTK are
highly induced in fibrotic lesions and thus could be prognostic markers or
therapeutic targets for fibrotic disease. Also, B2MG is overexpressed in aged
brain and skin tissues but not in aged muscle and liver tissues, showing that its
expression is tissue specific and could serve as a marker for ageing in some but
not all tissues. EBP50 on the other hand was upregulated in aged skin and brain
but downregulated in liver, muscle and the eyes. It could be that EBP50 levels
decrease with age in some of these tissues. Also, B2MG was downregulated in
aged muscle and aged liver, while ARMCX3 and p16 were downregulated in the
aged eyes. In the lung cancer samples however, p16 was negative for all 7

patients.

Overall, the data obtained from the screening of these tissues suggests that
some of the novel markers could serve as markers of ageing in certain tissues
but are not universal markers for ageing. Nevertheless, owing to the
overexpression of these novel markers in senescent cells and the involvement of

senescence in ageing, fibrosis and cancer, the upregulation of some of these
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markers in ageing and disease might be indicative of cellular senescence in the
pathology of these conditions. It is interesting to see that the CDK inhibitor p16
was downregulated in lung cancer, while all other markers tested were
upregulated. Altered p16 expression has been reported in non-small cell lung
cancers and correlates with poor patient outcomes (Vos et al., 1995; Gazzeri et
al., 1998; Huang et al., 1999; Groeger et al., 1999; Tam et al., 2013). Since we
did not have a record of the patients’ treatment history, it is not known if the
tissues could have undergone therapy induced senescence. Also, as it is a well
postulated notion that the senescence barrier has to be overcome for malignancy
to occur (Hanahan & Weinberg, 2011), it could mean that senescence growth
arrest was indeed overcome in the lung cancer but other elements of senescence
such as the SASP still linger and are being detected by these novel markers
which are not necessarily cell cycle inhibitors. It would therefore be useful to study
the relationship between the senescence secretome and markers like STX4,
DEP1 and BTK.

Bruton’s Tyrosine Kinase (BTK), one of the markers identified which already has
inhibitors in the market for the treatment of B-Cell malignancies (Hendriks et al.,
2014; Hutchinson & Dyer, 2014), was found to have no differential effect on the
senescence of pulmonary fibroblasts from IPF patients and normal subjects. The
growth rate of fibroblasts from the lbrutinib treated groups did not differ from
those treated with only DMSO (Figure 3-17) and the cells all senesced by day 52
regardless of disease or treatment, as evidenced by the positive SA B-Gal
staining (Figure 3-18). The BTK inhibitor Ibrutinib was also not found to be
senolytic in the cells tested and although it contributed to more senescent cell
death when used in combination with ABT-263, this was not biologically
significant. It is however likely that BTK inhibition could find applications in other
senescence-related diseases other than lung fibrosis. Inhibiting BTK could
therefore interfere with the senescence response and prevent the accumulation
of senescent cells. Further studies will be needed to adequately characterise all

of these novel markers of senescence across more tissues and diseases.

Silencing of DEP1 and B2MG in EJp53 cells using shRNA revealed that these

two markers did not prevent or reverse the permanent cell cycle arrest in these
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cells but instead had opposite effects on cell proliferation (Figure 3-20 and Figure
3-21). While shDEP1 caused increased proliferation in growing EJp53 cells,
shB2MG reduced the rate of proliferation in these cells but neither shRNA had
an effect on the senescent cells. It is however noted that these results are still
considered preliminary due to the fact that the appropriate control ShRNA was
not used in these experiments. The non-transfected EJp53 cells were used as
the controls instead of shLuciferase cells. This was due to unavailability of this
shRNA at the time of carrying out these experiments. It also would have been
best to check that B2ZMG and DEP1 were knocked down not only at the protein
level but also at the mRNA level. In the future, these points should be taken into

account when designing gene silencing experiments.

Biomarker discovery is an important and yet challenging field in biomedical
science research (de Jesus & Blasco, 2012), and more so the discovery of
markers of senescence, owing to the erratic gene expression changes observed
in senescent cells (Coppe et al., 2010; Young et al., 2013; Sharpless & Sherr,
2015). Available senescence markers are non-specific and therefore not reliable.
Our newly characterized markers of senescence are expressed varyingly but
consistently across different tissues and diseases. They could therefore be used
either alone or in combination with other markers as tissue specific and disease
specific markers of senescence and ageing. A universal senescence marker will
need to be very robust and exclusive to the senescent state (Lawless et al., 2010;
Matjusaitis et al., 2016). A suitable biomarker should be able to distinguish
between senescent and non-senescent cells in vitro and in vivo. Its expression
should be detectable regardless of sample preparation. The novel markers tested
in this study have been detected both in fresh cells or tissues, as well as in FFPE
samples, giving them an advantage over a marker like the SA-B-Gal which relies
on enzymatic activity in fresh or frozen samples. The expression of a senescence
marker if at all in non-senescence states should be very minimal and easy to
exclude in assays. B2MG for instance is overexpressed in other conditions such
as renal disease, therefore its use as a senescence marker may need to be
accompanied by tests to exclude renal disease. Nonetheless, a reliable and
consistent combination of markers such as the ones identified in our laboratory

and listed in this study, would be valuable to research on senescence and ageing.
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CHAPTER 4 TARGETING SENESCENT CELLS WITH
MOLECULARLY IMPRINTED POLYMERS (MIPs) AND
ANTIBODY-DRUG CONJUGATES (ADCs).

The elimination of senescent cells is increasingly being explored as a therapeutic
strategy towards healthspan improvement and for the management of several
age-related diseases, including cancer. The deleterious effect of the senescence
secretome arising from long term accumulation of senescent cells has been
linked to many diseases, making the targeting of these cells a crucial and novel
strategy for fighting cancer, fibrosis and various age-related pathologies (Baker
et al., 2011; Naylor et al., 2013; Baker et al., 2016; Chang et al., 2016; Demaria
et al., 2017; Baar et al., 2017; de Magalhdes & Passos, 2017).

This study aims to use Molecularly Imprinted Polymers (MIPs) (Canfarotta et al.,
2016a; Smolinska-Kempisty et al., 2016) and Antibody-Drug Conjugates (ADCs)
(Casi & Neri, 2012) to target senescent cells, thereby defining novel detection
and therapeutic strategies for age-related diseases and cancer. These

nanoparticle sized MIPs are also referred to as nanoMIPs.

Proteins preferentially expressed on the surface of senescent cells were
previously identified (Althubiti et al., 2014) through proteomic analysis of the
membrane fraction of senescent cell lysates. Some of these proteins can
potentially be targeted for drug delivery into senescent cells, owing to the
extracellular positioning of their epitopes. The work presented here combines the
specificity and selectivity of MIPs and ADCs for senescent cell membrane-bound
targets and the potency of cytotoxic drugs to bring about senescent cells
detection and clearance.

Having seen an overexpression of Beta 2 Microglobulin (32M or B2MG) in
senescent cells and in older tissues (Althubiti et al., 2014), and also due to the
external positioning of its epitope, MIPs and ADCs were generated to target the
extracellular portion of this protein for the purpose of detection as well as drug

delivery into senescent cells.
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4.1 MODELS OF CELLULAR SENESCENCE USED FOR MIPs AND
ADC TARGETING

Models of cellular senescence used for the MIPs and ADC experiments were the
EJpl6 (Macip et al., 2002), EJp21 (Fang et al., 1999) and EJp53 (Sugrue et al.,
1997) bladder cancer cells, which have a tetracycline on/off system that enables
them senesce upon overexpression of p16, p21 or p53 respectively (Figure 4-1).
These cells are a handy model of premature senescence since they can become
senescent and display the characteristic features 3-4 days after tetracycline

removal.
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Figure 4-1 SA B-Gal and Western blot validation of EJ senescent cell models.
Senescent EJpl6, EJp21 and EJp53 bladder cancer cells display growth arrest, a
flattened, enlarged morphology and stain positive for the senescence associated [3-
galactosidase (SA B-Gal) compared to their proliferating counterparts (A). They also
overexpress pl6, p21 and p53 respectively as observed by Western blotting (B). -
actin is used as loading control.
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Western blot analysis of the EJpl16, EJp21 and EJp53 bladder cancer cells,
showed a higher expression of B2MG and DEP1 proteins in senescent cells than
in proliferating ones (Figure 4-2 and Figure 4-3), confirming the first observation
by Althubiti and colleagues (Althubiti et al.,, 2014). The expression of these
proteins was found to be greater in the EJp16 model than in the EJp21 or EJp53
cellular models, although the latter two models displayed a more distinct typical
senescence morphology in culture than the EJp16 cells. Because of this, EJp16

were chosen as the main model of senescence for this study.
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Figure 4-2 Western blot analysis of B2MG in EJ models of senescence.
Western blot bands showing B2MG protein expression in EJpl16, EJp21 and EJp53
cells with B-actin used as a loading control (A). Senescence was induced by culturing
cells without tetracycline for 4 days. The corresponding fold change of the quantified
protein bands are also shown (B). Results are from three independent experiments
and are presented as mean = SD. Unpaired two-tailed student’s t test analysis
indicates statistical significance in B2MG expression for EJp16 cells at p<0.05.
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More than a two-fold increase in the expression of B2ZMG was observed in
senescent EJpl6 cells and this was statistically significant, while B2MG
expression in EJp53 and EJp21 cells did not reach statistical significance at
p<0.05 (see Figure 4-2). DEP1 expression was also higher than two-folds in the
senescent EJpl6 cells, about two-folds in EJp53 cells, and only a little more than

a fold increase in EJp21 cells. None of these was however statistically significant

at p>0.05 (see Figure 4-3).

A. EJp16 Cells EJp53 Cells EJp21 Cells
P S P S P S
B-Actin e — —

P = Proliferating S = Senescent

B. EJp16 Cells EJp53 Cells EJp21 Cells
6- 4- 1.5-
5 T
© 03- [
2 4 2 D 1.0-
g P P
S 3- S 2- 5
© o o
2 2] o S 0.5-
m 1- l
LD 1 I8
0- 0- 0.0-

Il Proliferating Senescent

Figure 4-3 Western blot analysis of DEP1 protein expression in EJ cells.
Expression of DEP1 protein in proliferating and senescent EJp16, EJp21 and EJp53
cells by Western blot, using B-actin as loading control (A). Senescence was induced by
growing cells without tetracycline for 4 days. Corresponding quantification of the
protein bands are shown as fold change (B) although with no statistical significance at
p<0.05 using student’s t test. Results are from three independent experiments and are
presented as mean * SD.
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4.2 OPTIMIZATION OF MIP BINDING ASSAYS

Proliferating and senescent EJp16 cells were incubated with Fluorescein-tagged
MIPs that were designed to target an extracellular epitope of the B2MG protein.
Beta-2 Microglobulin (B2MG) is a low molecular weight protein with 99 amino
acid residues in length and has sequence homology to immunoglobulins, with
seven strands of B sheets (Bernier, 1980; Trinh et al., 2002) (see Figure 4-4).

Figure 4-4 Structure of human histocompatibility antigen HLA-A and
B2Microglobulin
Schematic representation of the structure of HLA-A2 showing the positions of the a,
az, az and 32:M domains (A). The crystal structure (B) and surface presentation (C) of
B2M are also shown, with the epitope used for MIPs design indicated in magenta near
the C-terminal (B and C). Structure adapted from (Bjorkman et al., 1987), using
PyMOL 1.0.
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B2MG is a component of the major histocompatibility complex class | (MHC 1)
molecules of the immune system and participates in the presentation of peptide
antigens to immune cells (Smith et al., 2015; Filiano & Kipnis, 2015; Zhang et al.,
2016). B2MG makes up the non-covalently bound light chain of the class | human
leukocyte antigen (HLA class I) complex and is an important cell surface structure
(Bernier, 1980; Trinh et al., 2002). MIPs were generated to target an epitope at
the C terminal of B2MG, representing amino acids 101 — 115, with sequence
RVNHVTLSQPKIVKW, highlighted in magenta in Figure 4-4 B and C.

Different experiments were performed in order to ascertain the optimal conditions
for efficient and reproducible MIP binding assays. Similarly to antibodies, the
concentration, wash steps, as well as incubation time was found to affect the
sensitivity and fluorescence signal obtained from Fluorescein-tagged B2MG
MIPs, as observed by fluorescence microscopy (see Figure 4-6, Figure 4-9,
Figure 4-10 and Figure 4-20) and FACS binding assays (see Figure 4-7, Figure
4-8 and Figure 4-16).

A 1.5 dilution (20%) of B2MG-targeted MIPs (0.38mg/ml stock), tagged with
fluorescein molecules, was made using culture medium, and added to cells
grown and well attached in 6-well plates. The MIP particles were seen to bind
indiscriminately to cells at this high concentration (see Figure 4-6). Also, the
fluorescence intensity observed in images taken 6 hours later was reduced in
comparison to images taken after 30 minutes and after 1 hour. However these
images did not reveal sufficient information about the specificity of the MIPs as
the 20% concentration was too high and the particles were seen floating around
in a non-specific manner within the culture media. To curb this problem, it was
decided that the MIPs’ final assay concentration and the incubation times would
have to be adjusted. Wash steps were also included in the protocol where

necessary to remove unbound MIPs.

In addition to Beta 2 Microglobulin (B2MG), MIPs were equally designed to target
the extracellular epitope of the density enhanced phosphatase (DEP1) which was
also found to be overexpressed on the surface of senescent cells. A schema for
the application of MIPs in the detection and elimination of senescent cells is

proposed by the model in Figure 4-5.
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Figure 4-5 A schematic representation of senescent cell targeting by molecularly imprinted polymers (MIPS).
Fluorescently-tagged MIPs can be used to identify protein markers on the surface of senescent cells for diagnostic purposes (A). Toxic drug
compounds can also be conjugated to MIPs and be delivered into senescent cells (B), to kill these cells after binding to cell surface markers

and being internalized in the senescent cells.
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Figure 4-6 Fluorescence microscope images of 20% B2MG MIPs in EJp16 cells.

Fluorescein-tagged B2MG MIPs diluted 1:5 (20%) in DMEM cell culture medium were

added to EJp16 cells grown in 6-well plates. Fluorescence microscope images were

taken after 30minutes, after 1 hour and after 6 hours. The above figure shows images

taken using the green interference (GIF) filter, with the microscope light on (Light) and
with the lights switched off (Fluorescence). Control samples had no MIPs.
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Figure 4-7 FACS binding assay with 20% B2MG MIPs in EJp16 cells.
EJp16 cells were incubated (stained) with Fluorescein-tagged B2MG MIPs diluted 1:5
in FACS buffer, in polystyrene FACS tubes, on ice. The samples were read by flow
cytometry after 5, 10, 20, 30 and 60 minutes. Unstained control samples were used to
gate the histograms and the percentage of positive cells recorded (A). Fold changes of
the mean fluorescence intensity (MFI) of senescent cells over proliferating cells were
also calculated and graphs plotted using GraphPad Prism software (B). Results are
from a single experiment in duplicates and are presented as mean + SD.
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A modified antibody binding assay protocol was also used to detect the binding
of these fluorescein-tagged B2MG MIPs by Flow Cytometry and the samples
were read using the FITC channel. In the initial experiment, proliferating and
senescent EJpl6 cells were collected and incubated with a 1:5 (20%)
concentration of MIPs, diluted in FACS buffer (2% FBS in PBS) on ice. In this
experiment, the MIPs were applied as a leave-on stain and samples were read
after 5, 10, 20, 30 and 60 minutes. Similarly to what was observed using the
fluorescence microscope, this concentration of MIPs was too high to be able to
detect any significant difference between senescent and proliferating cells by
FACS, as all cells stained very positive for FITC (see Figure 4-7).
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Figure 4-8 FACS binding assay for 15% B2MG MIPs in EJp16 cells.
EJpl16 cells stained with MIPs for 6 hours were washed and their fluorescence
measured by FACS. Unstained control samples were used to gate the histograms (A).
Fold changes of the mean fluorescence intensity of senescent cells over proliferating
cells were calculated (B). Results from a single experiment in duplicates are presented
here as mean + SD. There was no statistical significance in the fold change at p<0.05.
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Next, proliferating and senescent EJp16 cells were incubated with 15% B2MG-
targeted MIPs in a 6-well plate for 6 hours at 37°C. 300ul of the MIPs solution
was added to cells in 1,700ul of culture media, bringing the final volume to 2ml.
The control samples were incubated with 300y of distilled water instead of MIPs,
at 37°C for 6 hours. After 6hrs, all cells were collected using trypsin and washed
with 2ml of PBS by centrifugation, to remove unbound MIPs (Figure 4-8). Cell
pellets were re-suspended in FACS buffer before samples were read by FACS

and the fluorescence measured.
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Figure 4-9 Fluorescence microscope images of 2% and 5% MIPs in EJp21 cells.
Fluorescein-tagged B2MG MIPs were added to senescent and proliferating EJp21 cells
in 6-well plates, in 2% and 5% concentrations. Cells were incubated at 37°C for 2
hours before being imaged. These lower concentrations provided a better view of the
particles although still with no observable difference between senescent and
proliferating cells due to the presence of unbound MIPs particles floating in the culture
medium.

In order to obtain a more sensitive detection of B2MG-targeted MIPs by
fluorescence microscopy or FACS, the concentration of MIPs used was further
decreased to 5% and 2% (1:20 and 1:50 dilution). In the following experiments,

EJp21 cells were used instead of EJpl6 because they displayed a more
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distinctive morphology when senescent. Proliferating and senescent EJp21 cells
were incubated with the MIPs at 37°C for 2 hours before images were taken on

the fluorescence microscope (see Figure 4-9).

Washed Proliferating EJp21 Washed Senescent EJp21

Light Fluorescence Light Fluorescence

2% MIPS Control

5% MIPS

Figure 4-10 Fluorescence microscope images of MIPs in EJp21 cells after wash
steps.

MIPs were washed off cells two hours after incubation and cells were re-incubated at
37°C for another 2 hours before images were taken. Washing off unbound MIPs gave
clearer images and the 2% concentration was more sensitive than the 5%
concentration of MIPs.

Although the culture media appeared clearer than in the 20% concentration, there
was still no observable difference in MIPs binding between senescent and
proliferating cells when viewed under the fluorescence microscope. To further
address this problem, the culture media which contained MIPs was aspirated off
and cells were gently washed with warm media to remove unbound MIPs before
replacing the media. Samples were returned to the incubator and images re-
taken after another two hours (4 hours incubation in total). The MIPs which
remained after the wash step were bound to cells and could be seen distinctly
around the membrane of the enlarged senescent cells (Figure 4-10). B2MG-

targeted MIPs also showed greater affinity for the membrane of senescent cells
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than that of proliferating cells, as images showed more particles surrounding the
senescent cell membranes. Cells with the 2% MIPs concentration gave less non-
specific binding when compared to the 5% concentration (see Figure 4-10), and
this concentration was finally chosen for the experiments.

4.3 FLUORESCEIN-TAGGED B2MG MIPs BIND TO SENESCENT
CELLS IN VITRO AND ARE INTERNALIZED
4.3.1 FLUORESCENCE AND CONFOCAL MICROSCOPY OF MIPs
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Figure 4-11 More B2MG MIPs bind to senescent EJp21 cells than proliferating
cells
B2MG-targeted MIPs show a greater affinity for the membrane of senescent cells than
that of non-senescent cells (A). Images were taken 4 hours after MIPs incubation and
after a wash step. Fluorescent MIP patrticles were quantified using Image J software
and the data plotted on a graph using GraphPad Prism software (B). Results are from
three experimental replicates, presented as mean = SD. A two-tailed unpaired t test
shows statistical significance at p<0.005.

Particle Count
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The introduction of a wash step to the protocol was found to improve the
specificity of the MIPs and enhance visualization of the membrane-bound
fluorescently-tagged MIPs. Also, the 2% concentration (1:50 dilution) was found
to offer better sensitivity than higher ones, giving a better and more optimized
detection method (see Figure 4-11). Hence this concentration of MIPs was used
for subsequent experiments. More B2MG-targeted MIPs were bound to the
membrane of senescent cells than the membrane of proliferating cells (Figure
4-11). The results show that B2ZMG can be targeted using fluorescent MIP

particles, enabling the identification of senescent cells.

Proliferating EJp21 Senescent EJp21

Figure 4-12 Confocal microscope images of B2MG-targeted MIPs in EJp21 cells.
Proliferating and senescent EJp21 cells which had been incubated with B2ZMG MIPs
and cultured for a total of 16 days were fixed and stained with DAPI. Fluorescein-
tagged MIPs accumulate more within the senescent EJp21 cell and surround its
nuclear membrane, compared to that of the proliferating cells.

These EJp21 cells with bound MIPs were further cultured for 16 more days before
being fixed, stained with DAPI and imaged with the confocal microscope, in order
to determine whether MIPs would remain in senescent cells for long periods of
time. Confocal microscope images of these cells revealed an abundance of
nanoMIPs internalised within the senescent cells compared to proliferating ones

(Figure 4-12). The cells were fixed and stained with DAPI to visualise the nucleus,
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using a modified immunofluorescence protocol, and more fluorescein-tagged
nanoMIPs were seen accumulated within the cell and surrounding the nuclear
membrane of the senescent EJp21 cell compared to proliferating cells. This
showed that the MIPs were able to preferentially bind to and become internalized
within senescent cells than in their proliferative counterparts. We concluded that
these B2MG-targeted MIPs could therefore be used to detect the presence of

senescent cells in culture.

B2MG-targeted MIPs were equally tested in the EJp16 senescent cell model in
order to further assess the selectivity of the MIPs for different senescent cells.
EJpl6 cells were incubated with MIPs for 4 hours, after which the media was
aspirated off, cells gently washed with warm media and fresh media replaced
before imaging. MIP particles also showed a greater affinity for the membrane of
senescent cells than that of the non-senescent EJpl16 cells. Upon quantifying
these images, senescent EJpl6 cells had a higher particle count than the

proliferating cells (see Figure 4-13).
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Figure 4-13 Fluorescence microscope images of 2% B2MG MIPs in EJp16 cells
MIPs show a higher affinity for senescent EJp16 cells than proliferating cells as more
fluorescent particles are seen retained in the senescent samples after the wash step
(A). Particles in images from triplicate samples were quantified using Image J software
and graphs plotted with GraphPad Prism software (B). Results are presented as mean
+ SD and a two-tailed unpaired t test shows statistical significance at p<0.005.
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Proliferating and 4 days senescent EJpl6 cells were also seeded on coverslips
and incubated with B2MG-targeted MIPs at 37°C for 24 hours. The cells were
thereafter fixed with formalin and stained with DAPI to enable visualization of the
nucleus with confocal microscopy. Confocal images of these EJpl6 cells
revealed the presence of MIPs in the cytoplasm of senescent cells whereas no

particles were detected in the proliferating cell samples (see Figure 4-14).

B2MG MIPs DAPI Merge

Proliferating

Senescent

Figure 4-14 Confocal microscope images of B2MG-targeted MIPs in EJp16 cells
Fluorescein-tagged MIPs are seen in the cytoplasm of senescent EJp16 cells and
outside the nuclear membrane. No MIPs were detected in the proliferating EJp16 cells.

Old and young formalin fixed, paraffin embedded mice skin tissues obtained from
the Shared Ageing Research Models (shARM) facility at the University of
Sheffield were used for the detection of senescent cells in tissue by
immunofluorescence using MIPs. A modified protocol of immunofluorescence

revealed the presence of B2ZMG-targeted MIPs in old mice skin tissue while no
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MIPs were detected in the skin tissue from the young control animal (see Figure
4-15). This further demonstrates the potential of these B2MG-targeted MIPs to

detect the presence of senescent cells in tissue samples in vitro.
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Figure 4-15 Confocal microscope images of B2ZMG-MIPs in mouse skin tissue
Formalin fixed paraffin embedded skin tissues from old (27 months old) and young (2
months old) mice were screened for the presence of senescent cells, by staining with

fluorescein-tagged B2MG MIPs, using a modified immunofluorescence method.
Confocal microscopy revealed the presence of fluorescent nanoMIPs in the older
animal but not in the young one (A). Image J software was used to quantify the
nanoMIPs particles (B).
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4.3.2 B2MG-TARGETED MIPs BIND TO SENESCENT CELLS BY FLOW
CYTOMETRY

Having found the 1:50 (2%) concentration of MIPs to be more sensitive for the
detection of senescent cells by fluorescence and confocal microscopy, this
concentration was also used for FACS binding assays in the EJ cells (see Figure
4-16). The B2MG MIPs had a greater binding affinity for senescent EJp16 cells
than the other cell models used (Figure 4-16 B), consistent with the higher
expression of the protein in these cells (see Figure 4-2). Histograms show 90.3%
FITC positive senescent EJpl16 cells, while EJp53 and EJp21 senescent cells
were 27% and 12.5% FITC positive respectively. Calculation of their mean
fluorescence intensities (MFI) showed more than a two-fold, significant increase
in MIPs binding to senescent EJpl16 cells compared to the other two models,
which had very little fold increase in their MFI and were not statistically significant.
This further backs the results previously obtained from fluorescence and confocal
microscopy and suggests that FACS may not be sensitive enough to detect
differences in senescent cells with low B2MG expression, such as EJp21 and
EJp53.
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Figure 4-16 FACS binding of 2% B2MG-targeted MIPs in EJ cells
Fluorescein-tagged MIPs bind preferentially to senescent cells as shown by the percentage of positive cells on the histogram (A). Fold changes
of the mean fluorescence intensities (MFI) of samples are plotted using GraphPad Prism software (B). Results are from three independent
experiments and are presented as mean = SD. A two-tailed unpaired t test shows statistical significance in the EJp16 model at p<0.05.

157



4.4 FLUORESCEIN-TAGGED DEP1 MIPs BIND TO SENESCENT

CELLS IN VITRO

Following the success with the B2MG-targeted MIPs, MIPs were also generated

against the external epitope of mammalian density enhanced phosphatase 1

(DEP1) or PTPRJ. DEP1 MIPs bound preferentially to senescent cells as shown

by the percentage of FITC-positive cells on the histogram. Additionally, upon

calculating their mean fluorescence intensities (MFI), all senescent cells showed

a significant fold increase in MFI than proliferating cells (see Figure 4-17).
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Figure 4-17 FACS binding of 2% DEP1-targeted MIPs in EJ cells
DEP1 MIPs bind more to senescent cells than proliferating cells as seen by the
percentage of FITC-positive cells on the histogram (A). Fold changes of the mean
fluorescence intensities (MFI) of samples are also presented (B). The results are from
three independent experiments and are represented as mean + SD. A two-tailed
unpaired t test shows statistical significance at p<0.05.
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4.5 MIPS ARE BIOCOMPATIBLE AND NON-CYTOTOXIC

In order to ascertain whether MIPs are safe and non-toxic, the biocompatibility

and cytotoxicity of nanoMIPs was evaluated by Propidium lodide (PI) staining.

The effect of these MIPs on the cell cycle and on cell death was assessed using

the EJ senescent cell models. 10% and 1% dilutions of nanoMIPs were added to

cells and incubated at 37°C for 12 hours and for 24 hours.

- MIPs (12h)

Proliferating

Elp16 Cells

Senescent

T N

o s .

EJp21 Cells
Proliferating
T T
1 e,
] I
1 R
F | ]

Senescent

o . . .. ...

Proliferating

EJp53 Cells

Senescent

2.9%

+ MIPs 1:100 (12h)

= 0.7%

- RN

+ MIPs 1:10 (12h)

. . O

13.9%

Figure 4-18 Cell cycle analysis of EJ cells incubated with MIPs for 12 hours.
Cell cycle analysis of EJ cells incubated with nanoMIPs for 12 hours. MIPs were not
toxic to these cells. Images show percentage cell death by the sub G1 population.
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The results from flow cytometry indicate that the nanoMIPs on their own are not
toxic to cells and do not have any effect on the cell cycle or DNA content (see
Figure 4-18 and Figure 4-19).
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Figure 4-19 Cell cycle analysis of EJ cells incubated with MIPs for 24 hours
Cell cycle analysis of EJ cells incubated with nanoMIPs for 24 hours. Percentage cell
death in the sub G1 population are indicated. MIPs were not found to be cytotoxic.
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Figure 4-20 EJp21 cells incubated with 2% MIPs remain viable after several days
MIPs show biocompatibility and had no effect on cell viability or proliferation when
imaged up to 8 days after incubation.

EJp21 cells incubated with 2% B2MG MIPs remained viable for several days and
images were taken up to 8 days later (see Figure 4-20). The proliferating cells
continued replicating as normal and were passaged every 3 days, while the
senescent cells remained growth arrested but still viable. The fluorescence
intensity of the fluorescein-tagged B2MG MIPs was found to decrease with time.
Cell samples imaged after four hours had greater fluorescence than images
taken after 24 hours, 48 hours and 192 hours. Cell samples imaged at 192 hours
had the least visible MIPs fluorescence signal (see Figure 4-20). This suggests
that the incubation time should also be taken into consideration when using
fluorescent-tagged MIPs for detection in vitro, since the fluorescence of these

MIPs decreased as the hours passed.
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Figure 4-21 EJp21 cells incubated with 5% MIPs are still viable after 8 days
EJp21 cells incubated with 5% MIPs remained viable after 8 days and continued
proliferating. The MIPs were found to be biocompatible and non-toxic to the cells.

Proliferating and senescent EJp21 cells which had been incubated with a 5%
(1:20) dilution of B2MG MIPs were similarly cultured for several days to assess
the biocompatibility and toxicity of the MIPs. Images taken up to 8 days after
incubation show that the cells remained viable and the presence of the MIPs had
no toxic effect on the cells (see Figure 4-21).
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Colony formation assays were also carried out in both EJp16 and EJp21 cells
that were incubated with B2MG MIPs, in order to further assess the toxicity of the
MIPs. For the assay, 500 cells were seeded in 6cm? plates and incubated with
2% MIPs for 14 days. Cells carrying MIPs showed no difference in their ability to
form colonies when compared to control cells without MIPs. Cells with MIPs and
control cells without MIPs both proliferated and formed colonies in a similar
manner (see Figure 4-22), indicating that the MIPs did not affect the ability of
single cells to form colonies. Also, cells were frozen down and stored in -80°C.
Weeks later, these same cells were resuscitated and cultured as normal and the

MIPs did not affect their recovery rate (data not shown).
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Figure 4-22 Colony Formation assays in EJ cells incubated with MIPs
The presence of 2% B2MG-targeted MIPs did not impair the ability of single
proliferating EJp21 or EJp16 cells to form colonies. Results here are from two
independent experiments in duplicates and are shown as mean * SD.
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4.6 FLUORESCENTLY TAGGED B2MG MIPS DETECT SENESCENT
CELLS IN VIVO

Having seen the potential for senescent cell detection by B2MG-targeted MIPs
in vitro, the MIPs were also employed to try to detect senescent cells in vivo,
using old mice as a model of senescence and ageing. Old and middle aged wild
type C57/BL6J mice ranging in age from 24 months to 11 months were used for
the study, along with 2 months old wild type C57/BL6J mice as their young
controls. B2MG-targeted nanoMIPs tagged with fluorescent molecules were
either applied topically to an area of shaved skin on the mice due to the high
B2MG expression observed in mouse skin tissues by Western blotting, or were
administered intravenously after which the mice were imaged using the IVIS

Spectrum imaging system (PerkinElmer Inc.).
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Figure 4-23 Detection of senescent cells by topically applied fluorescein-MIPs
B2MG-targeted MIPs were applied topically to an area of shaved skin on the back of
mice and animals were imaged 24 hours later. Results show higher fluorescence
intensity in the 17 months and 8 months old animals than in the young 3 month old
animals. Two mice were used per group and results are from a single study, presented
as mean + SD. A two-tailed unpaired t test shows statistical significance in total radiant
efficiency between the 8 month old mice and the young mice at p<0.05.
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In the course of this study, different fluorophores were tested for use as
fluorescent tags for the B2MG nanoMIPs, to enable imaging and to optimize the
technique for the detection of senescent cells in vivo. Total fluorescence signals
were quantified in units of radiant efficiency by measuring similar whole abdomen
regions of interest on the 2D epi-fluorescence images acquired from mice.
Analyses were carried out using the Living Image software (version 4.5.2,
PerkinElmer Inc.). Fluorescein-tagged nanoMIPs (see Figure 4-23) were initially
employed to identify B2ZMG expressing senescent cells in aged mice. However,
due to the low wavelength (Excitation 492nm, Emission 512nm) of this
fluorophore and the interference of background tissue autofluorescence, the
signal obtained from the images were indistinct and noisy (Figure 4-23), making
it difficult to tell the actual signal from background autofluorescence. Thus, a
higher wavelength fluorophore was sought for use as the fluorescent tag for these
nanoMIPs in order to obtain a more distinct signal from in vivo imaging. Alexa
Fluor 647 was selected as a fluorescent tag since it had a much higher
wavelength than the previously used fluorescein. Fluorescence signals obtained
were more distinct than that obtained from fluorescein-tagged MIPs. Aged, old

and young mice aged 24 months, 13 months and 2 months were used for this

study.
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Figure 4-24 Detection of senescent cells by topically applied Alexa Fluor-MIPs
Alexa Fluor647-tagged B2MG MIPs were applied to an area of shaved skin on the
back of aged, old and young mice. 2D epi-fluorescence images were captured (A)

using the IVIS Spectrum imaging system and total fluorescence signals were quantified
in units of radiant efficiency (B). Result presented is from a single experiment using
one animal per age group.
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The MIPs were first applied topically to an area of shaved skin on the back of
mice and images were taken after 24 hours (see Figure 4-24) using the IVIS
Spectrum imaging system. The results did not show a consistent difference in
total radiant efficiency between the older animals and the young control animal
as the signals from the 24 month old mouse was less than the others. This
suggested that the topical application of MIPs did not differentiate between young
and aged skin. In order to check for non-specific binding of non-targeted MIPs,
another control experiment was set up using Alexa Fluor-tagged control MIPs
imprinted with a different molecule, targeting trypsin rather than B2MG (Figure
4-25). In this experiment, three 13 months old mice were used. One of the mice
was painted topically with a solution of Alexa Fluor-tagged B2MG MIPs, another
was painted with a solution of Alexa Fluor647-tagged control MIPs, while the third

mouse was imaged without any MIPs being applied.
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Figure 4-25 In vivo imaging of mice after topical application of MIPs
B2MG and non-targeted control MIPs were applied topically to an area of shaved skin
on the back of mice and the animals were imaged after 24 hours. The untreated control
animal was imaged without having any MIPs applied (A). Fluorescence signals were
guantified and plotted in units of radiant efficiency (B).

The mouse treated with B2ZMG MIPs gave off higher fluorescence signals than
the mouse treated with control MIPs as well as the untreated control animal.

Contrary to what was expected, the trypsin imprinted MIPs also gave off high
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fluorescence signals although at a lower intensity than the B2MG-targeted MIPs.
This indicated that trypsin was not a good choice of control MIPs. Trypsin is
generally considered a digestive enzyme but it is also active in various cellular
processes including development and fibrocyte differentiation (White et al.,
2013). Also, trypsin gene expression has been reported in the spleen, liver,
kidney, and brain of normal mice (Koshikawa et al., 1998), making it a poor
template molecule for control MIPs in vivo. The fluorescence signals were

quantified and presented in units of radiant efficiency (Figure 4-25 B).
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Figure 4-26 Detecting senescent cells with intravenous Alexa Fluor647-MIPs
A solution of Alexa Fluor647-tagged nanoMIPs was administered intravenously, 5ml/kg
body weight, to aged, old and young mice. Animals were imaged after 2 hours, in the
prone (A) and supine (B) positions and their fluorescence signals quantified and
presented as total radiant efficiency. Images are from a single experiment with one
animal per age group.
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The MIPs were next administered via intravenous route by tail vein injection, in
an effort to see if they could detect systemic differences in the expression of
senescent cells between young and old mice. 2D epi-fluorescence images of the
animals were taken both in the prone and supine positions (see Figure 4-26). In
both images, the 24 month old mouse had a higher total radiant efficiency than
the 13month and 2month old mice, with the fluorescence signal increasing

distinctly with age in the supine position compared to the prone position.

To rule out what could be background tissue autofluorescence in these images,
an untreated control animal was introduced into the next study. Three animals,
one aged 15 months and two aged 2 months, were used for this experiment. The
15 month old animal and one 2 month old young control animal were given
intravenous Alexa Fluor-tagged B2MG nanoMIPs and imaged after two hours.
The second 2 month old animal was imaged without being administered any
MIPs (see Figure 4-27).
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Figure 4-27 Fluorescent B2MG MIPs detect senescent cells in old but not young
mice
Intravenously administered Alexa Fluor647-tagged B2MG MIPs were preferentially
retained by senescent cells in the old animal and not in the young controls, both
treated and untreated (A). Total fluorescence signals were quantified and are shown in
units of radiant efficiency (B). The result is from a single experiment with one animal in
each age group.
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The 2 month old treated animal emitted a fluorescence signal that was
comparable to the background signal from the untreated control 2 month old
animal. This result indicated that there were no senescent cells in the young
animal as both control animals of the same age emitted minimal fluorescence
signals. The 15 month old animal, on the other hand, emitted signals that were

more than four times that of the two young animals (Figure 4-27).

a. Prone b. Prone C. Supine

a. Prone b. Prone c. Supine

(B.)

Figure 4-28 Mouse whole-body micro-CT and fluorescence imaging tomography
Representative 3D whole-body micro-CT (A) and fluorescence imaging tomography
(FLIT) (B) images showing the localization of fluorescent signals (arrows) obtained

from the 15 month old mouse treated with intravenous Alexa Fluor647-tagged B2MG

nanoMIPs. Signals appear to be coming from the right lung, right kidney and jejunum
areas.
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Representative 3D whole-body micro computed tomography (micro-CT) as well
as fluorescence imaging tomography (FLIT) (see Figure 4-28 A and B) images
of the 15 month old animal were acquired using the QuantumFX and IVIS
Spectrum micro-CT scanner (PerkinElmer Inc.) respectively, in order to localize
the signal source. The signals appeared to be from the right lung and right

kidneys as well as the jejunum.
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Figure 4-29 In vivo imaging of senescent cells using DyLight™ 800-labelled MIPs
2D epi-fluorescence images of old and young mice with 1V injected DyLight™ 800-
labelled MIPs along with their untreated controls from same age group (A). The pair of
treated 16 months old animals gave off higher signals while the untreated 11 month old
control mice had no fluorescence signal. One of the young treated animals emitted
fluorescence signal while the other along with its untreated control emitted no signal. A
3D registration and signal localization of DyLight™ 800-labelled B2MG MIPs in a 16
month old mouse is shown (B).
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The Alexa Fluor-tagged MIPs offered more clear and distinct fluorescence
signals compared to the previously used fluorescein-labelled MIPs. However,
upon imaging the untreated control animal, there was still some background
tissue autofluorescence observed at this wavelength (Figure 4-27). As a result of
this, a much higher wavelength of fluorophore was sought, in order to completely
eliminate background noise. The DyLight™ 800 NHS Ester was next used to
label the B2ZMG nanoMIPs.

This near-infrared fluorophore allowed for better imaging and image analysis,
with little or no background autofluorescence detected. A pair each of 16 months
old mice and 2 months old mice were used for this experiment along with old and
young untreated control mice (see Figure 4-29). The old treated group of animals
emitted higher fluorescent signals than the young treated groups. The old and
young untreated control animals on the other hand, gave off no fluorescence
signals, as did one of the young treated animals (Figure 4-29), suggesting the
absence of senescent cells in this young mouse. A 3D best-case registration to
micro-CT and organ atlas was performed for the 16 month old mice with the
highest fluorescence signal. The signal here appeared to come from the left
abdominal cavity, as can be seen from 3D registration for both the prone and
supine positions (Figure 4-29 B). Organ atlas analysis suggested this to be

coming from the jejunum.

After imaging in the prone position, mice were humanely culled and quickly
dissected open, to reveal the internal organs. Ex vivo imaging was done in the
supine position and the total fluorescence signal from animals were quantified
and presented as total radiant efficiency (see Figure 4-30). Animals in the old and
young treated groups were in duplicates while single animals were used for each
of the untreated controls. The older treated animals had total radiant efficiency
that was more than three times that of the younger animals (Figure 4-30),
consistent with the MIPs being able to bind to B2MG-expressing senescent cells

in vivo.

All image analyses and 3D reconstruction of images using Alexa Fluor and
DyLight™ 800-labelled MIPs were obtained with the help of Dr. Michael Kelly and

Justyna Janus, of the Preclinical Imaging Unit, Centre for Core Biotechnological
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Services (CBS), University of Leicester. One of the limitations of this study was
the small sample size. More animals could be added to increase the study power
and give better statistical significance to the experimental data. Due to time
constraints, it was not possible to repeat these in vivo imaging experiments using
DEP1 MIPs.
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Figure 4-30 Mice ex vivo imaging in supine position using DyLight™ 800 MIPs
Mice were dissected and their ex vivo organs imaged in the supine position. Total
radiant efficiency of fluorescence signals is shown. Results for the treatment groups
are presented as mean + SD. The old and young untreated controls only had a single
animal each. Unpaired t test shows statistical significance in total radiant efficiency
between the 16 months old treatment group and the 2 months old treated group at
p<0.05.
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4.7 MIPs TARGETED DRUG DELIVERY INTO SENESCENT CELLS

We have shown that MIPs can detect senescent cells in vitro and possibly also
in vivo. This could be exploited to design anti-senescent therapies. In order to
investigate the potential ability of B2MG-targeted MIPs to selectively bind to and
deliver drugs into target cells as hypothesized, several drug compounds were
tested for their toxic effect on senescent cells (see Figure 4-31). Propidium lodide
staining was used to assess cell viability and the percentage of dead cells were
recorded. This was done in order to identify the best candidate to use as a toxic
payload inside the MIPs. After screening drug compounds, the antimicrobial
peptide Gramicidin (Liou et al., 2015), as well as the reported senolytic
compounds ABT-263 (Navitoclax) (Chang et al., 2016; Zhu et al., 2016) and
Dasatinib (Zhu et al., 2015) were selected as a potential candidates for drug

delivery into senescent cells using MIPs.

The EJpl6 senescence model was used for the drug delivery assays because
this model had a higher expression of B2ZMG by western blot (see Figure 4-2)
and by FACS (see Figure 4-16) when compared to the other models of cellular
senescence previously used. Also, the drugs selected were chosen because of
their toxic effect on EJp16 cells (see Figure 4-31) and the potential to be slowly
released from MIPs into these cells, enhancing their toxic effect. In future studies,
other cell models of senescence besides the EJ Cells, such as models of
replicative senescence, radiation-induced senescence, oxidative stress-induced
senescence and other chemically-induced senescent cells could also be used to
confirm the robustness of our therapeutic tools.

In order to test the targeted delivery of toxic drugs, 5uM of MIP-Drug conjugates
for ABT-263, Dasatinib and Gramicidin were screened on EJp16 cells in 24-well
plates and samples were assayed using the MTS cell viability assay. The 48 hour
MIP-Dasatinib treatment was found to kill more senescent cells compared to
other drugs and incubation times tested (see Figure 4-32). The 5uM MIP-
Dasatinib conjugates killed 18.5% proliferating cells and 50.7% senescent cells,
while the free drug killed 37% proliferating cells and 9.2% senescent cells (see
Figure 4-32 and Figure 4-33 A).
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Figure 4-31 Screening of drug compounds for targeted delivery into cells using MIPs
Drug compounds were tested by Propidium lodide staining using the BD FACSCanto™ |l, for their toxicity in senescent cells in order to pick the
most potent toxic payload for targeted drug delivery into senescent cells. These results are from a single experiment done in duplicates, and
are represented as mean * SD.
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Figure 4-32 MTS cell viability assay for 5uM MIP-Drug complexes in EJp16 cells
Proliferating and senescent EJp16 cells were treated with 5uM of Drugs conjugated
with B2MG-targeted MIPs in 24-well plates. Some samples had MIP-drug complexes,
some had free drug and others received MIPs only. Some sample wells had distilled
water and were used as a control to normalize all other treatment groups. Samples
were incubated at 37°C for 6 hours, 24 hours and 48 hours, after which MTS reagent
was added, incubated for 1 hour and plates were read on the Hidex Sense Plate
Reader. These results are from a single experiment done in four replicates, and are

represented as mean + SD.

Next, based on this promising data, Dasatinib was selected for further screening
and the incubation time was reduced from 48 hours to 24 hours, while the drug
concentration was increased to 10uM and 20uM (Figure 4-33 B and C). This was
done in order to assess the maximum dose of the free drug that would exert a
selective toxic effect on senescent EJpl6 cells. 10uM of MIP-Dasatinib
conjugates killed 33.6% of proliferating cells and 84.6% of senescent cells, while
10uM free Dasatinib killed 19.8% proliferating cells and 21.6% senescent cells.
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The 20uM concentration of MIP-Dasatinib conjugates on the other hand was
found to kill 11.4% proliferating cells and 83% senescent cells, while the 20uM
free drug killed 55.5% of senescent cells but did not appear to be toxic to the
proliferating cells. These results indicate the potential of B2ZMG-targeted MIPs to

enhance drug delivery into senescent cells and selectively kill them. However,
these experiments will need to be further optimized.
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Figure 4-33 Drug delivery into senescent cells using 5uM, 10uM and 20pM MIP-
Dasatinib Complex
Proliferating and senescent EJp16 cells were treated with 5uM MIP-Dasatinib
conjugates in 24-well plates for 48 hours (A) (see Figure 4-32). The drug concentration
was afterwards increased for subsequent experiments to 10puM (B) and 20uM (C) and
samples were incubated at 37°C for 24 hours. Results presented are from a single

experiment in four replicates and are represented as mean = SD. A two-tailed paired t
test shows statistical significance at p<0.05, p<0.005 and p<0.0005 as indicated.
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4.8 ANTIBODY-DRUG CONJUGATES (ADCs) SELECTIVELY KILL
SENESCENT CELLS

In an effort to further validate our novel markers of senescence and to ascertain
their usefulness in targeted therapy for senescent cells, antibody-drug
conjugates (ADCs) were produced to target B2ZMG on the surface of senescent
cells. ADCs are renowned for their potency and selectivity for intended targets,
due to the specificity of the monoclonal antibodies used as well as the cytotoxicity
of the drug compounds they carry (Perez et al., 2014). With the help of our
collaborators, ABZENA and Leicester Drug Discovery and Diagnostics (LD3),
B2MG ADCs coupled with the cytotoxic drug Duocarmycin were manufactured

for the targeted clearance of senescent cells in vitro.

The EJpl6 senescence model was used to test the ADCs because they
overexpressed B2MG better than the other models of senescence used (see
Figure 4-2 and Figure 4-16). Cell samples used for the assays included
senescent and proliferating EJp16. EJp53 cells were transfected with B2MG
cDNA for overexpression of the protein and used as a positive control sample for
the protein expression. EJp16 cells could not be used for transfection because
they are grown in the selection antibiotic needed for the cDNA plasmid and are
therefore resistant. The expression of exogenous B2MG can be comparable to

that expressed by senescent EJpl16 cells used (see Figure 4-34).
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Figure 4-34 Western Blot analysis of EJp53 cells transfected with B2MG cDNA

B2MG was overexpressed in EJp53 cells and samples were collected over 6 days to

check for protein expression levels by western blot. Non-transfected proliferating and
senescent EJp53 as well as EJpl6 cells were also assessed.
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The cell viability assays after treatment with ADCs were carried out in 96-well
plates, using the CellTiter-Glo® Luminescent Cell Viability Assay reagent. Three
types of B2MG ADCs were supplied and screened in order to pick the best
conjugate (Figure 4-35). The B2MG monoclonal antibody alone was also used
as a negative control (Figure 4-35 D). B2ZMG ADC 2 was found to be the most
potent against senescent cells. This result suggests that targeting B2ZMG with
ADCs could be a novel therapeutic strategy for the clearance of senescent cells
in vivo. The ADC cell viability assays and data analyses were performed by Dr.

Ana Sousa Manso of the Leicester Drug Discovery and Diagnostics (LD3).
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Figure 4-35 Antibody-drug conjugates targeting B2MG kill senescent cells
ADCs against B2MG target and selectively kill senescent cells over proliferating cells.
Three different B2MG ADCs were designed and tested (A, B, C), while the B2MG
monoclonal antibody only was used as a negative control (D). B2MG ADC 2 (B) was
found to be the most potent against senescent cells, also killing the B2ZMG
overexpressed control cells more than proliferating cells.
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4.9 DISCUSSION

The ability to identify or visualize specific biological markers and targets for
diseases and to design therapeutics for them has been invaluable to the
management of many ailments. Targeted therapies have been used for the
treatment of cancer and several other diseases because of their specificity and
their high efficacy. Cellular senescence is implicated in the pathology of many
diseases due to the deleterious effects of accumulated senescent cells and their
secretome in tissues of the body. Senescent cells have therefore been targeted
in numerous interventions aimed at lifespan and healthspan improvement, mostly
through genetic manipulations (Baker et al., 2011; Kirkland & Tchkonia, 2015;
Moreno-Blas et al., 2018) and more recently by the use of senolytic drug
compounds (Zhu et al., 2015; Zhu et al., 2016; Chang et al., 2016; Zhu et al.,
2017; Lehmann et al., 2017; Pan et al., 2017). However, despite these efforts
and progress made so far, senescent cells still prove difficult to target in humans
due to the fact that there isn’t a specific bio-marker for the identification of
senescent cells. Common markers used to identify senescent cells are not
exclusive to the senescent state and could therefore lead to false positives if used
as sole determinants of cellular senescence. It has therefore been necessary to
discover novel bio-markers of senescence which could be used either alone or
in combination with other markers to accurately identify senescent cells in vivo

and in vitro.

49.1 BETA-2 MICROGLOBULIN AS A MARKER OF SENESCENCE

Here we present Beta-2 Microglobulin (32Microglobulin, B2M, B2M or B2MG) as
a novel marker of senescence, which can potentially be used for imaging as well
as for the therapeutic targeting and clearance of senescent cells. We also
establish for the first time the use of molecularly imprinted polymer nanoparticles
(nanoMIPs) and antibody-drug conjugates (ADCs) as proof-of-concept for the
targeted clearance of senescent cells through the targeting of B2MG. Our results
show that B2MG-targeted MIPs can be used to identify senescent cells both in
culture and in vivo, and that B2MG MIPs or antibody-drug conjugates can

potentially be used therapeutically for the targeted clearance of senescent cells.
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4.9.2 BIO-DISTRIBUTION, CYTOTOXICITY AND BIOCOMPATIBILITY OF
MIPs

Not much is currently known about the bio-distribution and clearance of MIPs
from the body when applied in vivo. A study by Hoshino and colleagues has
shown that MIP nanoparticles did not produce toxicity in liver, lung or kidneys of
mice 2 weeks after intravenous administration (Hoshino et al., 2010). They also
found upon analysis of each organ that the MIPs accumulated more in the liver.
They postulated that these MIPs were cleared from the animal’s blood by the
liver's mononuclear phagocytes. In the in vivo images presented in our study, the
high fluorescent signals appear to come from the lungs, kidneys and jejunum
areas, some of which are clearance routes. We can postulate here that more
B2MG targeted MIPs bind to senescent cells in older animals, where they
accumulate and are retained in their organs compared to the younger animals,
which have less MIPs bound and readily clear out unbound MIPs, hence giving
less signals. In the Hoshino group study, a high concentration of MIPs (30mg/kg)
was used in order to achieve efficient capturing of a toxic peptide in the blood
stream. In our study, we used 1.9mg of B2ZMG-targeted nanoMIPs per kg body
weight of mice to achieve in vivo imaging of accumulated senescent cells, further
reducing any potential toxicity that could have arisen from the use of higher
concentrations of these MIPs.

In addition to the B2MG nanoMIPs being non-cytotoxic in vitro, no immunogenic
response was observed in mice 2 hours after intravenous administration or 24
hours after topical application of B2MG-targeted MIPs and control MIPs.
Research by Gagliardi and colleagues has also shown that MIP nanoparticles
are biodegradable, displaying a decrease in mean diameter over time. They
demonstrated in their study that about 50% - 54% residual diameter of the MIP
nanoparticles they used remained after 30 days (Gagliardi et al., 2017). It would
be useful to follow up on our study and establish how biodegradable these B2MG
nanoMIPs are. It is also acknowledged that long term toxicity studies need to be
carried out to ascertain the long-term toxic effect of in vivo usage of these B2ZMG

nanoMIPs and to also understand their bio-clearance from the body.
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MIPs are a stable and inexpensive tool for the detection and targeting of cellular
markers. MIPs could be a more robust alternative to antibodies due to their ease
of production and adaptation, cost effectiveness, high stability — eliminating cold
chain logistics, as well as their long shelf life. We have found these MIPs to be
biocompatible, non-toxic to cells in the long-term and non-toxic to animals in the
short-term. It is possible that MIPs could find applications in the nearest future in
disease diagnosis, for assessing or measuring ageing, or even to predict which
patients would respond to senolytic therapy for a specific disease.

4.9.3 TARGETED SENOLYTIC THERAPY USING MIPs AND ADCs

MIPs have the potential to be used as selective carriers for drug delivery into cells
by binding to target molecules on the cell’s surface once more data is obtained
about their safety and efficacy in vivo. Our results show that B2MG nanoMIPs
enhance drug delivery into target senescent cells, killing these cells significantly
more than their proliferating counterparts. The MIP-Drug complex was found to
be 24 times more effective than the free senolytic drug alone (see Figure 4-33).
In the future, this could be a useful novel approach to the clearance of senescent
cells and consequently, treatment of many diseases of ageing, but it currently
provides proof-of-principle data for targeted clearance of senescent cells using
B2MG as the target.

Also, antibody-drug conjugates (ADCs) designed to target B2MG on the surface
of senescent cells significantly killed more senescent cells than proliferating cells.
Several ADCs are already being used in clinical trials and some have already
been approved for the treatment of various diseases (Gébleux & Casi, 2016; Sau

et al., 2017). Thus, clinical trials of a senolytic ADC might not be out of reach.

These data together not only demonstrate the suitability of B2ZMG as a marker of
senescence, but also establish the ability of MIPs and ADCs to target and
eliminate senescent cells by releasing a toxic payload into these B2MG
overexpressing cells. It is worthy of note also that in a study by Zhang and
colleagues, they used an antibody-dependent cell-mediated cytotoxicity (ADCC)
approach to target B2Microglobulin for the treatment of multiple myeloma (Zhang

et al., 2016). Their study presented 2M as a potential target for multiple
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myeloma (MM) treatment and also suggested combining the anti-p2M antibodies

with existing MM treatment regimes.

B2MG mRNA Expression DEP1 mRNA Expression

Madian(3197.1

Figure 4-36 Basal mRNA expression of B2MG and DEP1 in human tissues
The basal expression levels of B2MG and DEP1 mRNA in human tissues are shown
here. The basal expression of B2ZMG in tissues is much higher compared to DEP1, as

the B2MG protein is expressed in all nucleated cells, except red blood cells.
Data obtained from BioGPS, a publicly available free gene annotation portal
(http://ds.biogps.org/?dataset=GSE1133&gene=567) and
(http://ds.biogps.org/?dataset=GSE1133&gene=5795).

We propose the use of B2MG-targeted MIPs and ADCs for the therapeutic
clearance of senescent cells. We also propose that they could potentially be used
in combination with other existing therapeutic strategies to combat age-related
diseases, including cancers. Due to the high basal expression of B2MG in several
tissues (see Figure 4-36), its usage as a therapeutic target should be limited to
conditions showing a high overexpression of the protein to avoid off target effects.
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DEP1 could be a more suitable senescence marker and therapeutic target for
age-related diseases and cancers due to its low basal expression in tissues. The

DEP1 protein needs to be further researched into for this purpose.

In future studies, it would be worthwhile to carry out additional validation of the
selectivity and specificity of these MIPs in vitro and in vivo. Additional
experiments could include using commercially available antibodies alongside the
MIPs in flow cytometry. Western blot could also be carried out to compare the
binding of MIPs onto a nitrocellulose membrane with antibodies targeting similar
protein epitopes. Additionally, control MIPs which do not target any senescence
or ageing associated proteins, or empty non-targeting MIPs, could be used

alongside the B2ZMG and DEP1 MIPs in both in vivo and in vitro experiments.
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CHAPTER 5 THE EFFECT OF BTK INHIBITION ON AGEING

Elimination of senescent cells has been shown, in several recent studies, to
reduce symptoms associated with ageing and also to extend lifespan and
healthspan (Baker et al., 2011; Baker et al., 2016; Chang et al., 2016; Demaria
et al., 2017; Baar et al., 2017). Previous studies carried out in our laboratory
identified the Bruton’s tyrosine kinase (BTK) as one of the proteins
overexpressed in senescent cells (Althubiti et al., 2014). This finding led to further
studies which demonstrated that Ibrutinib, a BTK inhibitor, was able to ameliorate
symptoms associated with ageing (improved physical activity) (Althubiti, 2015)
and extend lifespan in Drosophila melanogaster (unpublished data). These
results were in line with the first report by Honigberg and colleagues using mouse
models of autoimmune disease, which showed that Ibrutinib suppressed
collagen-induced arthritis and reduced the levels of circulating autoantibodies in
arthritic mice, and also reduced renal disease as well as the production of
autoantibodies in a mouse lupus model (Honigberg et al., 2010). In vitro studies
in our laboratory further showed that BTK phosphorylates p53 and modulates its
apoptotic and senescence related activities, as inhibition of BTK reduced p53
expression and also blocked p53-induced senescence (Althubiti et al., 2016),
while reducing the activity of MDM2 (Rada et al., 2017).

The above mentioned findings about BTK prompted us to carry out in vivo studies
to assess the effect of Ibrutinib on ageing using the Zinc Metalloproteinase
STE24 deficient (Zmpste24”) mouse model of Hutchinson-Gilford progeria
syndrome (Leung et al., 2001; Bergo et al., 2002; Pendas et al., 2002; Gonzalo
et al., 2017). These fast-ageing mice were chosen for convenience, since they
display signs of ageing within only a few months. Mice were treated with the BTK
inhibitor Ibrutinib, administered bi-weekly by oral gavage, in doses of 20mg/kg
body weight in the pilot study and 10/mg/kg body weight in the main study.
Ibrutinib or PCI-32765 is an irreversible small-molecule inhibitor of BTK which
binds covalently to BTK at the cysteine-481 residue, inhibiting its kinase activity
(Honigberg et al., 2010; Hendriks et al., 2014; Davids & Brown, 2014; Aw &

Brown, 2017). It is a clinically available drug that has been approved for the
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treatment of chronic lymphocytic leukaemia (CLL) and mantle cell lymphoma
(MCL) (Hendriks et al., 2014; Hutchinson & Dyer, 2014).

The animals were dosed and assessed for clinical signs of frailty, which were
scored using a Mouse Frailty Assessment Form (Whitehead et al., 2014). Muscle
strength, anxiety levels and cognitive function were also assessed using the
Kondziela’s inverted screen test, weights lifting tests, the Elevated Plus maze
and the Barnes maze as previously described in the methods section. Animals
were allowed to reach their humane end-point and survival analysis was carried
out between the Ibrutinib treated and the control animals. The data collected
allowed us to assess changes in lifespan or healthspan in these mice due to
inhibition of BTK.

5.1 CONFIRMING THE GENOTYPE OF ZMPSTE24" MICE
Ear punches obtained from mouse identification were collected and used for
genotyping, in order to accurately select mice that had the ZMPSTE24 gene

completely knocked out (Zmpste24) for use in our study.
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Figure 5-1: Sample genotyping results for ZMPSTE24 deficient mice
Gel images show mouse samples having either wild type (***), heterozygous (*"), or
homozygous () ZMPSTE24 gene. Ethidium bromide was added to the gels to enable
visualisation. PCR Ranger 100bp DNA Ladder was used as a marker to identify the
size of the PCR products and distilled water (dH2O) was run as a blank.

185



The mice were bred as previously described in the materials and methods, and
the offsprings genotyped to determine whether they had a homozygous () or
heterozygous (*-) deletion of ZMPSTE?24 or if they had the wild type (**) gene.
Figure 5-1 shows an example of our mouse genotyping results on agarose gel
scanned using a Gel Doc. The bands display either the wild type gene at 300
base pairs (bp), the mutant gene at 220 bp, or both genes. Only homozygous
offsprings were included in the BTK inhibition study.

5.2 PILOT STUDY ON THE EFFECT OF BTK INHIBITION ON
AGEING IN ZMPSTE24 "~ MICE

To enable us study the effect of BTK inhibition on senescence and ageing in vivo,
a pilot study was first carried out using nine (9) homozygous Zmpste24 knock out
(KO) mice (Zmpste247). Five of the mice (3 females, 2 males) were administered
20mg/kg dose of Ibrutinib twice a week, while four (3 females, 1 male) were given

vehicle (distilled water with appropriate volume of DMSO) twice weekly.

5.2.1 ASSESSMENT OF MUSCLE STRENGTH IN THE PILOT STUDY
During the pilot study, animals were assessed for muscle strength using weight

lifting tests (Figure 5-2) and the Kondziela’s inverted screen test (Figure 5-3).
Animals were assessed by the weight lifting tests on the first day of Ibrutinib
treatment (Day 0) and afterwards every week for five weeks (i.e. Days 0, 7, 14,
21 and 28). Results from the weight lifting tests indicate that Ibrutinib treated mice
showed better muscle strength than the vehicle group although this was not
statistically significant (Figure 5-2 A). Zmpste24-- study animals that reached the
humane endpoint before the end of the muscle tests were withdrawn from the
study and culled humanely. The wild type (WT) cage mates of the study animals
were included in the muscle strength tests for comparison but they did not receive
drugs or any form of treatment. The weights lifting tests proved difficult to carry
out due to the amount of stress it placed on the mice. It was observed that mice
from all groups, including the wild-type, were struggling to hold on to the weights,
thus generating very variable results. This raised concerns about how much the
weight lifting test could be depended on as a measure of strength. Therefore, the
test was discontinued after 28 days, to avoid generating unreliable data due to

excessive stress on the animals.
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Figure 5-2: Strength score from mouse weight lifting tests
Weights lifting tests were conducted weekly, over five weeks (Days 0 — 28) and results
were scored. The average strength score for both Ibrutinib and vehicle treated animals
were plotted on a graph (A). This was not significant when analysed by an unpaired t
test. The weekly performance of each treatment group as well as the wild type animals
(WT) is presented (B) and results are also presented for both female (C) and male (D)
groups. The results are presented as mean + SEM.
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Figure 5-3: Strength scores from the Kondziela's inverted screen test
Measurement of muscle strength in mice was done using the Kondziela’s test. Animals
were tested weekly from Day 3 to Day 87 of Ibrutinib treatment and their strength
scores recorded. Ibrutinib treated mice showed significantly higher muscle strength
compared to the vehicle group as analysed by a two-tailed unpaired t test (A). Weekly
performance of the mice were recorded (B) and results shown by sex (C and D) along
with their body weight normalized scores (E-G). Data is shown as mean = SEM.

Results from the Kondziela’s test showed that Ibrutinib significantly improved
muscle strength in fast ageing mice (Figure 5-3 A and B), specifically in males
(Figure 5-3 C and D). When the strength scores were normalized by the animals’
body weights, the performance of the Ibrutinib treated progeroid mice was found
to be better than that of the wild type mice (Figure 5-3 E-G). In general, results
from the pilot study suggest an improvement in muscle grip and strength in

Ibrutinib treated mice over mice that were administered the vehicle.
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5.2.2 PILOT STUDY SURVIVAL ANALYSIS
The animals continued to receive treatment and remained in the study until they

reached a humane endpoint (HEP) as indicated on the Project Licence, after
which they were culled humanely. The pilot study lasted for 90 days when the
last set of animals reached their HEP. In order to determine the effect of BTK
inhibition on lifespan in Zmpste24” mice, survival analysis was done and Kaplan
Meier survival curves were generated for both the treatment and the vehicle
control groups, using GraphPad Prism software version 7.0. Ibrutinib was
however not found to improve survival or extend lifespan in these mice by the

end of the 90 days pilot study.
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Figure 5-4: Kaplan Meier survival curve for the pilot Zmpste24” mice study
Survival curves were generated for Ibrutinib treated and vehicle control group animals
from the pilot study. Ibrutinib treatment was not found to improve survival of Zmpste24-

Mice. Mean and median survival for Ibrutinib group was 43 days and 39 days
respectively, while that for the vehicle group was 53.3 days and 43.5 days respectively.
This was not statistically significant by the Log-rank (Mantel-Cox) test which gave a P
value of 0.5280.
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5.3 FULL STUDY ON THE EFFECT OF BTK INHIBITION ON AGEING
IN ZMPSTE24" MICE

A total of 38 homozygous Zmpste24 KO mice were recruited into the main study
in order to assess the effect of BTK inhibition on senescence and ageing in vivo.
The dose of Ibrutinib was reduced from 20mg/kg used in the pilot study, to
10mg/kg to reduce potential side effects. Also, we wanted to observe the effect

that a lower dose of Ibrutinib would have when taken over a longer period of time.

20 of these mice were treated with 10mg/kg dose of Ibrutinib twice weekly by oral
gavage, while 18 received the vehicle. Animals were added onto the study only
after they reached 8 weeks of age, as instructed in the Project Licence. As a
result of this, rather than starting drug treatment on all animals at the same time,
the study was designed to be staggered and was carried out over a period of 8
months. Consequently, the mice behavioural and cognitive function assessments
were carried out in four different groups by age, depending on availability of
homozygous litters. The results were then collated into one at the end of the
study.

The Project Licence only allowed these Zmpste24’ mice to be kept for a
maximum of 8 months of age since they easily developed health disorders, fragile
phenotypes and aged faster than their wild type littermates which usually live up
to 2% years of age. Therefore, an animal could only be on the study for a
maximum of 6 months if it started treatment at 8 weeks of age. In the course of
this study, mice were assessed for muscle strength, signs of clinical frailty,

anxiety-like behaviour, cognitive function (spatial memory) as well as survival.

5.3.1 ASSESSMENT OF MUSCLE STRENGTH
The Kondziela’s inverted screen test was used to assess the effect of long term

Ibrutinib administration on muscle strength in mice, having observed an
improvement in muscle strength in the pilot study. The results show no significant
differences between the two groups (Figure 5-5 A). There was a similar decrease
in muscle strength of the Zmpste24’- mice over time as the animals aged,
irrespective of the type of treatment given (Figure 5-5) and when normalized by
their body weights (Figure 5-5 C).
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Figure 5-5 Main study Kondziela’s strength scores
Strength scores from the Kondziela’s inverted screen test for the main study were
recorded and analysed using GraphPad Prism. There was no statistical significance in
total strength score between lbrutinib treatment and vehicle control groups using
student’s t tests (A). The strength scores for mice from both groups was seen to
decrease as they aged (B) and this was not different when normalized by their body
weights (C). Results are presented as mean + SEM.

5.3.2 ASSESSMENT OF CLINICAL FRAILTY IN MICE
In order to accurately assess clinical frailty in the study animals, 30 of the 31

health-related variables previously described by Jocelyne Whitehead and
colleagues (Whitehead et al., 2014) were measured. These clinical frailty

measurements included assessment  of the integument, the
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physical/musculoskeletal systems, the vestibulocochlear/auditory system, the
oculo-nasal system, the digestive system, the urogenital system, the respiratory
system, signs of discomfort as well as the body weight (see Figure 2-4). Body

surface temperature was not part of the parameters measured in these animals.

The vehicle treated mice had significantly higher frailty index scores towards the
end of their lifespan (Day 133 — Day 150) compared to the Ibrutinib treated mice
(Figure 5-6 B & C). This suggests that long-term administration of Ibrutinib
prevented late-life clinical frailty and ameliorated signs of ageing. When the total
clinical frailty scores were calculated, there was no statistically significant
difference between the two groups (Figure 5-6 A). However, the frailty scores
was similar between both groups from the start of the experiment until the last 3
weeks of the animals’ life-span (day 133 onwards) when the vehicle group
deteriorated but the Ibrutinib group did not.
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Figure 5-6 Clinical Frailty Scoring in Zmpste24’ mice
Results from clinical frailty assessments of Ibrutinib treated and vehicle control
Zmpste24’ mice showing a significant amelioration of late-life frailty in the treated
animals (B & C). Total clinical frailty scores were however not statistically significant.
Data was presented as the mean + SEM and statistical analysis done using an
unpaired t test.
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Table 5.1 Variables used to measure clinical frailty in mice. Number of cases and % of cases are shown.

NUMBER OF ANIMALS WITH INCIDENTS

PERCENTAGE OF CASES RECORDED (%)

IBRUTINIB (n=20)

VEHICLE (n=18)

IBRUTINIB (n=20)

VEHICLE (n=18)

PARAMETERS Mild | Severe | Total | Mild | Severe | Total | Mild | Severe | Total | Mild | Severe | Total
Alopecia 6 - 6 8 - 8 30 - 30 44 - 44

Loss of fur colour 10 - 10 6 - 6 50 - 50 33 - 33
Dermatitis 2 - 2 - - - 10 - 10 - - -
Loss of whiskers - - 1 1 5 - 5 - 6 6
Coat condition 7 5 12 7 5 12 35 25 60 39 28 67
Kyphosis 14 - 14 13 - 13 70 - 70 72 - 72
Tail stiffening - - - - 5 - 5 - - =
Gait disorders 4 - 4 3 - 3 20 - 20 17 - 17
Tremor 12 - 12 11 1 12 60 - 60 61 6 67
Forelimb grip strength 17 2 19 14 1 15 85 10 95 78 84
Body condition score 8 3 11 5 40 15 55 22 28 50
Hearing loss 7 1 8 1 35 5 40 44 50
Corneal Opacity 3 - 3 - 1 15 - 15 - 6
Eye discharge/swelling 6 2 8 5 3 8 30 10 40 28 17 45
Malocclusions 2 7 9 6 4 10 10 35 45 33 22 56
Vaginal/uterine/penile prolapse 4 2 6 7 1 8 20 10 30 39 6 45
Diarrhoea - - - 1 - - - - 6 - 6
Breathing rate/depth - - - 1 - 1 - - - 6 - 6
Piloerection 4 11 9 4 13 35 20 55 50 22 72

Body weight loss (20% threshold) 11 19 8 10 18 40 55 95 44 56 100

TOTAL SUM 119 37 156 | 111 37 148 | 595 185 780 | 616 209 826
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Out of the 30 variables assessed, the Zmpste24-- mice showed signs for 20 of
them, where there was an incidence recorded at least once during the study. The
results are presented in Table 5.1 as number of cases recorded and as the
percentage of mice that presented with an incidence.

5.3.3 EFFECT OF BTK INHIBITION ON ANXIETY-LIKE BEHAVIOUR IN
ZMPSTE24" MICE
Anxiety disorders have been shown to increase in ageing (Perna et al., 2015)

hence, our study animals were tested on the elevated plus maze (EPM) in order
to assess the effect of the BTK inhibitor Ibrutinib on anxiety-like behaviour in aged
mice. In the EPM test, the number of times a mouse entered into each arm of the
maze (entries made), as well as the amount of time spent there were recorded.
The number of times the mice peeked into the open arms without actually
entering in was also recorded. This information was analysed on GraphPad
Prism (Figure 5-7) and used to characterize augmented anxiety-like behaviour in
these mice. Again, this maze test was done in a staggered manner due to the
different start dates of the study animals, and results were collated at the end of

the study.

A total of 34 fast-ageing mice from the study were tested on the EPM. 18 of them
were on lbrutinib treatment while 16 were given the vehicle. A total of 19 wild-
type and heterozygous cage-mates (buddies) which were not given any
treatment were also included in the EPM tests for comparison. In the basal EPM
tests, there were 7 mice in the Ibrutinib group, 7 mice in the vehicle group and
also 7 buddies. In the EPM test done 4 weeks after treatment, there were 10 mice
in each group, while the EPM done after 12 weeks had 15 mice in the Ibrutinib
group, 10 mice in the vehicle group and 16 buddies. The results are summarised
in Figure 5-7 and indicate a reduced anxiety-like behaviour in the Ibrutinib treated
animals, consistent with the prolonged healthspan suggested by the clinical frailty
assessment. In all parameters measured, the pattern of exploration of the maze
did not change for the buddy group from baseline to 4 weeks and after 12 weeks.
Ibrutinib treated mice showed significant reduction in the number of peeks made
into the open arms after 4 weeks and 12 weeks of treatment. For unknown

reasons, the vehicle treated mice made no entries into the open arm when tested
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at 4 weeks, nevertheless, they spent more time in the open arms when tested 3

months (12 weeks) after treatment.
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Figure 5-7 Behavioural effects of Ibrutinib treatment in mice using the EPM
Anxiety-like behaviour was assessed in mice using the elevated plus maze (EPM).
There was no significant change in mice entry into the closed arms for both Ibrutinib

and vehicle groups (a & b). Ibrutinib treated mice were found to spend more time in the
open arms after 4 weeks of treatment (c), and they made more entries into the open
arm than vehicle treated mice (d). There was also a significant reduction in the number
of peeks made by the Ibrutinib treated mice into the open arm of the maze (e). Overall,
the results indicate increased anxiety-like behaviour in the vehicle group compared to
the Ibrutinib group. Statistical analyses were done using paired t tests and results are
presented as mean = SEM.
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5.3.4 EFFECT OF BTK INHIBITION ON SPATIAL MEMORY IN ZMPSTE24"
MICE
Memory loss, cognitive dysfunction and dementia are some of the symptoms

associated with ageing and are manifest in conditions such as Alzheimer’s
disease (Esiri, 2007; Attar et al.,, 2013; Yang et al.,, 2017). Barnes maze
experiments were carried out in order to test the effect of Ibrutinib therapy on
spatial memory in Zmpste24’- mice. Wild-type and heterozygous cage mates

(buddies) of the study animals were also included in the tests for comparison.

5.3.4.1 ACQUISITION TRIALS
All mice demonstrated good learning progress during the acquisition or training

phase, as can be seen by the steady reduction in their primary latency time
(Figure 5-8 A) and the time taken to enter inside the escape box or secondary

latency (Figure 5-8 B).
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Figure 5-8 Latency and entrance time of mice into target hole during acquisition
All mice demonstrated learning by the progressive decrease in their latency (A) and
time taken to enter the escape box (B). The Ibrutinib treated mice took longer to reach
and enter into the target hole except on days 2 and 5, although these differences were
not significant at p<0.05. The data is presented as mean + SEM.
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All groups of animals also had a higher frequency of nose pokes into the target
hole than into other holes on the first two days of acquisition, as shown by the

bell shaped graphs (Figure 5-9), but this pattern was lost by the third day.

Acquisition nose pokes

Day 1
59 mmm Buddy (n=186)
mmm  |brutinib (n=15)
4 mmm Vehicle (n=13)

Number of Nose Pokes

-9-8-7-6-5-4-3-2-1T123456 7890 -9-8-7-6-54-3-2-1T123456 7890 -9-8-7-6-54-3-2-1T123456 7890

Day 2

Number of Nose Pokes
N

-9-8-7-6-5-4-3-2-1T1 23456 7890 -9-8-7-6-54-3-2-1T123 4567890 -9-8-7-6-54-3-2-1T123456 7890

Day 3
2.5+
w
j)
=
o
o
L8]
w
o
=
b
o
Pu
L)
=
£
=
=
-9-8-7-6-5-4-3-2-1T1 234567890 -9-8-7-6-54-3-2-1T123456 7890 -9-8-7-6-54-3-221T123456 7890
Day 4
2.0+
w
)
o
[=]
o
L8]
w
o
=
N
o
pus
)
=
£
=
=
-9-8-7-6-5-4-3-2-1T1 234567890 -9-8-7-6-54-3-2-1T123456 7890 -9-8-7-6-54-3-221T123456 7890
Day 5

34
8
o
o
oo

@ 24
w
o
=
=
o

o 11
=)
=
=
=

0

-9-8-7-6-5-4-3-2-1T1234 567 890 -9-8-7-6-5-4-3-2-1T1234 567 890 -9-8-7-6-54-3-2-1T123 4567890
Holes

Figure 5-9 Mice nose pokes into maze holes during acquisition stage
Number of nose pokes into the Barnes maze holes show a higher frequency of target
holes pokes in the first two days. Data is presented as mean + SEM.

197



The percentage of nose pokes into the target hole (Figure 5-10) was calculated
from the total number of nose pokes recorded (Figure 5-9). This gave information
about the frequency and accuracy with which the mice were able to identify the
target hole during the learning period as the acquisition training days went by.
Mice from both treatment groups as well as the buddies showed gradual daily
improvement in their accuracy for the target hole. For unknown reasons, Ibrutinib
treated mice were found to have an increased accuracy for the target hole than
the vehicle group on days 2 and 5, while their data for the other three days were
comparable (Figure 5-10).
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Figure 5-10 Accuracy of Target Hole Identification during Acquisition
Mice from all three groups progressively learned to identify the target hole with the
Ibrutinib group identifying the hole at a higher percentage accuracy than the vehicle
group on days 2 and 5. Results are presented as mean + SEM and a paired t test was
used to determine statistical significance at p<0.05.

5.3.4.2 PROBE TRIAL
On the day of the probe trial, when the escape box was taken away from the

maze, the vehicle group exhibited reduced latency in reaching the target hole
compared to the Ibrutinib treated group (Figure 5-11 A). The result was similar
for both female and male animals (Figure 5-11 B & C). Although this was not
statistically significant, it was contrary to the observed accuracy or percentage of

nose pokes they made into the target hole during the acquisition stage (Figure
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5-10). As expected, the buddies also reached the target hole in significantly less
amount of time than either of the fast-ageing mice groups. The latency during the
probe trial is used as a measure of short-term spatial memory in mice. This result
(Figure 5-11) on its own suggests that BTK inhibition could have a negative effect

on short-term memory.
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Figure 5-11 Latency during Barnes Maze Probe Trial
During the probe trial, the vehicle treated mice reached the target hole in less time than
the Ibrutinib treated mice (A). The pattern was similar for both females (B) and males
(C) but there was no statistical significance at p<0.05 using paired t tests. The buddies
also had significantly less latency than the fast-ageing mice. Results are presented as
mean + SEM.

In agreement with the latency results, the vehicle treated mice also had a higher
number of nose pokes into the target hole during the probe trial compared to the
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Ibrutinib treated group (Figure 5-12 A). They also demonstrated a higher
percentage of nose pokes into the target hole than the lbrutinib treated mice

(Figure 5-12 B), although this was not statistically significant at p<0.05.

A. Probe Trial nose pokes
10-

0 B Buddy (n=16)
g = |brutinib (n=15)
nc3 8+ mm Vehicle (n=13)
[¢}]

n

o]

b4

[T

o]

@

K]

=

=

z

-9-8-7-6-5-4-3-2-1T1234567890 -9-8-7-6-54-3-2-1T1 23456 7890 -9-8-7-6-54-3-2-1T1234 567890

Holes
B. Probe Trial nose pokes (%)
16+
144
mm Buddy (n=16)
12- mmm  |brutinib (n=15)

10- mm Vehicle (n=13)

% of Nose Pokes

987 6543-249T123 4356172890
Holes

Figure 5-12 Mice Nose Pokes into holes during the Probe Trial
Number of nose pokes into maze holes (A) and the percentage of nose pokes (B) are
shown. Results are presented as mean + SEM.

5.3.4.3 RECALL
The recall latency, which is the time it takes for a mouse to reach the target hole

7 days after the probe trial, was recorded. This recall latency is used as a
measure of long-term memory in mice and is thought to be a true test of memory
compared to the probe trial. Although the Ibrutinib treated mice had a mean recall

latency that was comparable to the buddy group and lower than that of the vehicle

200



group, this was not statistically significant at p<0.05 (Figure 5-13 A). Interestingly,
the male Ibrutinib treated mice showed a significant reduction in their recall
latency, indicating more than a two-fold improvement in long-term memory
compared to the vehicle treated male mice (Figure 5-13 C). The reverse was the

case for the female mice (Figure 5-13 B).
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Figure 5-13 Latency during the Barnes Maze Recall tests
Total recall latency for all animal groups are presented (A). Male Ibrutinib treated mice
have a significantly lower latency than their vehicle treated counterparts (C). The
opposite was the case for female group (B). Statistical significance was determined
using paired t tests and all results are presented as mean + SEM.

On the day of the recall test, all three animal groups had more nose pokes into
the target hole and its nearby holes than the more distant holes on the maze
(Figure 5-14 A). However, the Ibrutinib treated mice demonstrated a higher
accuracy in remembering the target hole after 7 days, with 16.4% of their nose

pokes being into the target hole while the vehicle group made 13.2% nose pokes
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into the target hole (Figure 5-14 B). The recall data indicates that Ibrutinib

treatment improved long-term memory in these fast-ageing mice, specifically in

the males.
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Figure 5-14 Mice nose pokes into Barnes maze holes during Recall tests
Recall tests done 7 days after the Probe Trial showing mice nose pokes into the maze
holes (A). The Ibrutinib treated group had a higher accuracy (%) of identifying the
target hole than other groups (B). The difference in number of nose pokes at the target
hole between both groups was not statistically significant at p<0.05 using paired t test.
Data is presented as mean + SEM.

5.3.5 SURVIVAL ANALYSIS
Kaplan Meier survival curves were plotted for all animals as well as for female

and male animals separately. Ibrutinib was found to improve the maximum
lifespan of Zmpste24” mice. Similar results were also observed in both female
and male animals and the female Ibrutinib treated mice had better survival than

their male counterparts (Figure 5-15).
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Figure 5-15 Kaplan Meier survival curves for the Zmpste24” mice main study
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Survival curves were generated for all animals at the end of the main study (A) and survival was also presented by gender (B and C). Ibrutinib
treatment improved the survival of Zmpste24” mice, more in females than in males. Mean and median survival for Ibrutinib treated animals was
184.9 and 180.5 days respectively, and that of the vehicle group was 179.5 days each. The data was however not statistically significant (P=
0.2813) by the Log-rank (Mantel-Cox) test. Mean and median survival for female treated animals was 182.7 and 178 days respectively, and
that for the female vehicle group was 173.8 and 175 days respectively. Whereas the mean and median survival for male treated mice was
186.7 and 181 days, that of the vehicle group was 183 and 190 days respectively. These were also not statistically significant.

203



A. Survival Age

Age (Days)
B N
<

== |brutinib n=20

ns

180-
160- °
140 . .
|lbrutinib Vehicle
B.  Female Survival Age C.
2401 == lbrutinib n=9 260-
ns == Vehicle n=7
290 240 -
E '@ 220-
2 200 >
Q = 2 200-
@ 180 o
2 Bl 2 180-
160+ .# 160-
140 140

Ibrutinib

Vehicle

== Vehicle n=18

Male Survival Age

= |brutinib n=11
ns == Vehicle n=11

lbrutinib  Vehicle

Figure 5-16 Average lifespan for male and female study animals
Box & whiskers plots showing the average age of survival (lifespan) for all (A) female
(B) and male (C) study animals. Paired t tests were used to determine statistical

significance at p<0.05.

A box and whiskers plot of the average lifespan of study animals was presented

according to their gender (Figure 5-16) and female Ibrutinib treated mice showed

a higher average lifespan than the vehicle group (Figure 5-16 A). However, there

were no statistically significant differences in average lifespan between Ibrutinib

treated and vehicle control groups for both male and female animals.
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5.4 DISCUSSION

Ageing is a major risk factor for the development of many debilitating diseases,
including sarcopenia, cardiac dysfunction, Parkinson’s disease, Alzheimer’s
disease as well as overall clinical frailty (Rando & Chang, 2012; Howlett &
Rockwood, 2013; Whitehead et al., 2014; Cosgrove et al., 2014; Ocampo et al.,
2016; McHugh & Gil, 2018). Several anti-ageing interventions have been
explored to date with the aim of ameliorating the symptoms associated with
ageing (de Cabo et al., 2014; Kane et al., 2016; Soto-Gamez & Demaria, 2017),
although none have yet been shown to work in humans. Results from our study
show that inhibition of the Bruton’s tyrosine kinase (BTK), is able to ameliorate
symptoms of ageing and prolong both health-span and life-span in mice, and
suggest that it could be used clinically to achieve these effects.

5.4.1 IMPROVEMENT OF MUSCLE STRENGTH
Pilot study results for the Kondziela’s test showed a significant improvement in

the muscle strength of Ibrutinib treated mice over the vehicle control group.
Although variable, the results from the weights lifting tests also suggested a
considerable improvement in muscle strength in the lbrutinib treated mice over
the control group. The main study’s Kondziela’s test results however showed no
difference in muscle strength between the treatment group and control group
over time. This may have been as a result of the simultaneous running of several
behavioural tests on these mice, which caused them to lose the motivation and
perhaps strength to perform on the inverted screen. There was also a soft
bedding underneath the screen, onto which the mice could comfortably fall on if
they lost grip on the Kondziela’s inverted screen. This also might have had an
effect on the animals’ motivation to perform in this test. A more reliable test for
the assessment of muscle strength could be the use of an apparatus which
minimizes or completely eliminates all elements of emotion and behaviour, such

as the commercially available Grip Strength Meters.

5.4.2 PREVENTION OF LATE-LIFE CLINICAL FRAILTY
Signs of clinical frailty, which often manifest in old age, were measured in our

main study. The results obtained show that Ibrutinib therapy prevented late-life
frailty in mice and reduced the overall percentage cases of clinical frailty recorded
(Figure 5-6 and Table 5.1). This suggests that Ibrutinib is able to improve the
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healthspan of aged mice. It was however noticed that two animals which were
treated with Ibrutinib had mild cases of dermatitis while there were no such cases
in the vehicle group. This is not surprising, as development of rashes have been
reported as one of the adverse effects of Ibrutinib therapy (Akinleye et al., 2013;
Akinleye et al., 2014; Novero et al., 2014). There was also one mild case of tail
stiffening in the Ibrutinib treated group but this may have been an isolated case
unrelated to the treatment. Although diarrhoea has been reported as a common
adverse effect of Ibrutinib therapy (Akinleye et al., 2013; Akinleye et al., 2014;
Novero et al., 2014), none of our Ibrutinib treated study animals presented with
a case of diarrhoea. Instead, there was one case of mild diarrhoea and one mild
case of laboured breathing recorded for the vehicle group of animals. Also, there
were no spontaneous or secondary tumour formation as a result of Ibrutinib

treatment in our study.

5.4.3 REDUCED ANXIETY-LIKE BEHAVIOUR
Results from our study showed that Ibrutinib treated mice significantly reduced

the number of peeks they made into the open arm of the Elevated Plus Maze
(EPM). Instead, they were found to make more actual entries into the open arm
than the vehicle treated group, which although not statistically significant, is
suggestive of a lower anxiety-like behaviour. This is contrary to a report that
anxiety is one of the adverse effects of Ibrutinib therapy (Akinleye et al., 2014).
The relationship between anxiety and ageing has been debated for many years.
A study conducted by French researchers reported a high incidence of anxiety
and depression in older French individuals (Ritchie et al., 2004). In the UK also,
studies have reported a prevalence of anxiety and depression symptoms in the
elderly (Silveira & Allebeck, 2001; Gale et al., 2011). However, there has been
controversy around the directionality of this relationship, bordering on whether
anxiety causes ageing or ageing leads to anxiety (Kananen et al., 2010;
Verhoeven et al., 2015; Perna et al., 2015). Molecular signs of brain aging such
as short telomere length, oxidative/nitrosative stress, immune-inflammatory
stress, and AB accumulation were highly expressed in anxious subjects and
patients with panic disorders (Kananen et al., 2010; Perna et al., 2015). Also,
anxiety disorders such as generalized anxiety disorder (GAD) and social phobia
or agoraphobia (AG) have been found to be predominant in old age (Perna et al.,
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2015; Verhoeven et al., 2015). Regardless of the debate, Ibrutinib was found to
reduce anxiety-like behaviour in mice in our study, indicating an improved

healthspan which could be related to improved neurological functions.

5.4.4 IMPROVEMENT IN COGNITIVE FUNCTION
Using the Zmpste24”’- mouse model of ageing, we show that Ibrutinib therapy

improved long-term memory and cognitive function in these mice, specifically in
the males. Ibrutinib has been reported to cross the blood brain barrier, thus
explaining the possibility of its effect on the brain and hippocampus (Bernard et
al., 2015; Mason et al., 2017). There was an observed increase in latency for the
Ibrutinib treated group during the probe trial, suggesting that the drug could have
a temporary adverse effect on short-term memory. However, this was not
statistically significant. Although Ibrutinib appeared to have a deleterious effect
on short-term spatial memory in these animals, data from the recall tests show a
marked improvement in long-term spatial memory and cognitive function in
Ibrutinib treated mice, suggesting the temporary nature and reversibility of the
adverse effect. It could also be that the mice were physically worn out from the
daily acquisition trials in addition to any adverse effects of the drug that they were
not in the best shape to reach the target hole quickly during the probe trial. The
Barnes maze was our choice maze for cognitive tests because it relies on extra-
maze visual cues and does not use strong aversive stimuli, thereby inducing less
stress in the animals than other mazes used for cognitive assessment, such as
the Radial Arm maze and the water mazes (Harrison et al., 2006; Sunyer et al.,
2007; Hernandez-Rabaza et al., 2010; O'Leary & Brown, 2013; Rosenfeld &
Ferguson, 2014; Loxton & Canales, 2017).

5.4.5 INCREASED SURVIVAL
Kaplan-Meier survival curves revealed that Ibrutinib treated mice had better

average survival than the control mice, although this was not statistically
significant. Also, the female Ibrutinib-treated animals were found to have better
survival than the males. It was interesting to see that male mice treated with
Ibrutinib performed better in muscle strength and cognitive function, while the
female mice had better survival instead. Hormonal differences could have a part
to play in these occurrences and it would be worthwhile to research further into
this.
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Several adverse effects of Ibrutinib therapy have been reported during clinical
trials (Akinleye et al., 2013; Novero et al., 2014). Our study animals did not seem
to have many measurable adverse effects other than two cases of mild
dermatitis. It is therefore not certain whether the drug’s adverse effects may have
affected the performance of the mice during the study. Ibrutinib delivers off-target
inhibition of epidermal growth factor receptor, interleukin-2-inducible kinase (ITK)
and TEC family proteins besides BTK, partly explaining the adverse effects and
toxicities resulting from its use. Novel BTK inhibitors that aim to improve the
adverse effect profile without reducing efficacy are currently under development
(Aw & Brown, 2017).

208



CHAPTER 6 DISCUSSION AND CONCLUSION

6.1 DETECTION AND CLEARANCE OF SENESCENT CELLS USING
TARGETED APPROACHES AGAINST SPECIFIC MEMBRANE
MARKERS

Novel markers of senescence overexpressed on the surface of senescent cells
were identified in our laboratory, as previously described (Althubiti et al., 2014).
Results from our study indicate that seven of these markers, namely B2MG,
STX4, DEP1, NTAL, EBP50, ARMCX3 and BTK, are highly present in aged or
diseased mouse or human tissues. Their expression has, however, been
observed to not be universal but both tissue and disease specific. B2MG, STX4,
DEP1 and BTK were expressed in fibrotic lesions and could be useful as
prognostic markers or therapeutic targets for fibrotic disease. The observed
overexpression of B2ZMG in fibrotic mouse liver is in line with a previous study
which showed that B2ZMG deficient mice, which have greatly reduced CD8* and
NKT cells, were protected from liver fibrosis and damage when placed on a
choline-deficient high-fat diet (CD-HFD), alongside wild type C57BL/6 mice (Wolf
et al., 2014). This suggests that B2MG aggravates liver fibrosis possibly via direct
induction of the senescence pro-inflammatory secretome, including IL6, IL1,
CD8* and NKT cells, and could be a promising therapeutic target for inflammatory
diseases and fibrosis. The abundance of B2ZMG in older mice compared to the
young controls, as detected by fluorescent B2MG-labelled MIPs, also goes to

indicate the accumulation of senescent cells in tissues of aged animals.

Our results bring B2MG to light as a marker of cellular senescence, in addition to
some of its pro-ageing and disease biomarker functions hitherto reported in other
studies. B2MG has previously been found to be elevated in the blood of aged
humans and mice and has been recognised as a circulating factor that negatively
regulates cognitive and regenerative function in the adult hippocampus in an age-
dependent manner (Smith et al., 2015). The cerebrospinal fluid (CSF) of
Alzheimer’s disease patients (Carrette et al., 2003) and patients with HIV-
associated dementia was found to have increased levels of soluble B2MG

(McArthur et al., 1992). B2ZMG can also reportedly regulate synaptic plasticity,
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normal brain development as well as behaviour (Shatz, 2009; Lee et al., 2014).
In addition, B2ZMG is constantly shed into the serum from the surface of cells
exhibiting HLA class 1 molecules, from where it is transported to the kidneys for
excretion. In the event of renal failure, its concentration in the serum rises up to
sixty-fold. Hence, increased serum B2MG levels has also been used as an

indicator of impaired renal function (Bernier, 1980; Trinh et al., 2002).

We show for the first time that fluorescent-labelled B2ZMG-targeted nanoMIPs can
be used to detect senescent cells both in vitro and in vivo, signifying that this
could find application as a disease detection or diagnostic tool. We furthermore
show that these B2ZMG nanoMIPs as well as B2MG antibody-drug conjugates
(ADCs) can be used to targeted and kill senescent cells in vitro. The results from
our study also demonstrate that nanoMIPs are biocompatible and non-cytotoxic
in vitro and in vivo. We propose that B2ZMG and some of our other novel
senescence markers could be used first to identify and then to eliminate
senescent cells from the body using tools such as molecularly imprinted polymers
(MIPs) and antibody-drug conjugates (ADCs), which could prove valuable
therapeutics for age-related diseases, including cancers. ldentifying specific
targets is key to the selectivity of targeted therapy using MIPs or ADCs. Since
none of the currently used markers of senescence are exclusively specific to the
senescent state, there is the need for a more reliable senescence marker or a
combination of markers. Our identified markers could therefore be used either
alone or alongside others as tissue specific and disease specific markers of
senescence and ageing. Given that the cellular events and molecular pathways
that lead to senescence vary, it would be necessary to define clearly the
pharmacodynamics of each potential anti-senescence therapeutic candidate not
only to minimise off-target effects, ensure sensitivity and specificity, but to also
identify potential synergistic effects or even contraindications when they are used

in combination with other medications.
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6.2 BTK INHIBITION IMPROVES HEALTHSPAN AND LIFESPAN IN
VIVO

Using the Zmpste24”- mouse model of Hutchinson-Guildford’s progeria
syndrome (HGPS), we demonstrate here that inhibition of the Bruton’s tyrosine
kinase (BTK) by its clinically approved small molecule inhibitor Ibrutinib, prolongs
lifespan and healthspan in vivo. Progeroid mice treated with Ibrutinib showed an
increase in maximum lifespan and a reduction in age-related fithess decline.
Specifically, these mice displayed increased physical strength, improved long-
term memory and a reduction in anxiety-like behaviour. We showed that BTK
inhibition prevented late-life clinical frailty in our mouse models, signifying a
slowing down of the ageing process, while the control mice deteriorated
significantly later in life. BTK is one of the novel senescence markers identified
in our lab through mass spectrometry screening (Althubiti et al., 2014). Itis crucial
for B-cell maturation and is already a target for the treatment of B-cell
malignancies such as chronic lymphocytic leukaemia (CLL). It has previously
been shown that BTK binds to and phosphorylates p53 and MDM2, resulting in
increased p53 activity, while inhibition of BTK impaired p53-induced senescence
(Althubiti et al., 2016; Rada et al., 2017). It is worthy of note that our study animals
did not present with any spontaneous or secondary tumour formation that could

have resulted from the interruption of the tumour suppressor functions of p53.

In our study, male lbrutinib-treated mice were found to do better in cognitive
function and muscle strength assessment than the female treated mice, while the
female Ibrutinib treated mice survived longer. Sex biased genetic differences in
brain development and neurodevelopmental disorders have been reported
previously (Shi et al., 2016). More recently, gender differences have also been
reported during senescence related in vivo reprogramming, and this was thought
to be due to the anti-inflammatory effect of oestrogens (Mosteiro et al., 2018).
The liver oestrogen receptor alpha is also reported to mediate sex differences in
energy metabolism and response to diseases (Della Torre et al.,, 2018).
Moreover, inhibition of the insulin-like growth factor-1 receptor (IGF-1R) in late-
life preferentially improved lifespan and healthspan in female mice over male
mice (Mao et al., 2018). It would therefore be worthwhile to investigate the

relationship between BTK inhibition and the oestrogen receptor as well as the
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insulin-like growth factor-1 receptor in future studies, especially relating to the
prolongation of lifespan and healthspan in vivo. A recent study has shown that
mice undergo normal programmed senescence in their skeleton at late puberty
(Li etal., 2017). During the screening of our markers in mouse tissues, there was
an observed increase in senescence markers in tissues from mice that were aged
around late puberty, notably an increase in p16, STX4 and B2MG was seen in

muscle, brain and skin tissues as observed by Western blot.

6.3 CONCLUDING REMARKS

Targeting senescent cells has become necessary because of the implication of
cellular senescence in the pathogenesis of several age-related ailments,
including cancer. This research validates novel markers of senescence and
brings to light the diagnostic and therapeutic potential of molecularly imprinted
polymer nanoparticles as well as antibody-drug conjugates designed to target
these novel senescence markers. In future experiments, it would be worthwhile
to also validate the expression of these markers in a wider range of senescence
models and disease conditions in order to further characterise their function and
activities. It would also be useful to test the applications of these MIPs and ADCs

in other senescence-related disease models.

Several anti-ageing interventions have been proposed but none has been shown
to work in humans yet. Here we show that blocking BTK has an effect on ageing,
increasing both lifespan and healthspan, and propose that specific inhibitors
could be used in humans to treat progeroid syndromes and to prevent the age-
related degeneration and tissue dysfunction. This research could also be
followed up by further biochemical analyses of the tissues obtained from Ibrutinib
treated Zmpste247- mice, to better understand the various pathways responsible

for the observed effects of BTK inhibition on lifespan and healthspan.
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