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ABSTRACT
Senescence is classically defined as a state of permanent cell-cycle arrest. Senescence
can occur in response to various stresses, which have been shown to act mainly through
the activation of a DNA damage response (DDR). Senescence is characterised not solely
by a cell-cycle arrest but also by increased production of Reactive Oxygen Species (ROS)
and the development of a Senescence-Associated Secretory Phenotype (SASP). SASP
components include growth factors, cytokines, chemokines and immune modulators and
have been shown to contribute to senescence in an autocrine manner but also impact on
the tissue microenvironment trough paracrine effects. Several studies have linked the
SASP with immune surveillance suggesting that Natural Killer cells, monocytes and T
lymphocytes CD4+ can effectively eliminate senescent cells. However, the interaction
between neutrophils (the first innate immune responders to infection or injury) and cellular
senescence has not yet been investigated.
In this thesis, I have shown that neutrophils induce premature senescence in human
fibroblasts in a telomere-dependent manner. My data indicates that hydrogen peroxide
released by neutrophils damages telomeric DNA, thereby accelerating the rate of
telomere shortening and contributing to the early onset of senescence. Consistently, pretreatment with the antioxidant enzyme catalase, prevents neutrophil-induced telomere
shortening and premature senescence. In addition, overexpression of the catalytic subunit
of telomerase (hTERT), which maintains telomere length in cultured fibroblasts, is able to
bypass neutrophil-induced premature senescence.
In accordance with my in vitro results, I have shown that following acute liver injury (using
CCl4) which is characterised by neutrophil infiltration, mouse hepatocytes show increased
markers of telomere dysfunction, which can be prevented by neutralisation of neutrophils.
Importantly, I have found that during the ageing process or after injection with
lipopolysaccharide (LPS), mouse livers experience increased neutrophil infiltrations which
positively correlate with markers of telomere-dysfunction.
Finally, I have shown that senescent cells secrete factors which act as a neutrophil
chemoattractant and that neutrophils preferentially induce cell-death in senescent cells
but not young cells. These data suggest for the first time that neutrophils play an
important role in the immune clearance of senescent cells.
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Altogether, my data propose that neutrophils act as a double-edged sword: on one hand,
they can induce senescence by accelerating telomere shortening; on the other hand, they
can be recruited to sites where senescent cells are present and accelerate their specific
clearance.
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1 CHAPTER 1 - INTRODUCTION
1.1 Cellular senescence
1.1.1 Definition
For a long time, it was believed that strains of human cells could be cultivated infinitely in
vitro under adequate cell culture conditions (Carrel and Ebeling 1921). However, more
than 6 decades ago, Hayflick and Moorhead in 1965 described an interesting
phenomenon, which redefined this concept by observing human diploid cell strains in vitro
(Hayflick and Moorhead 1961, Hayflick 1965). In fact, in opposition from previous work,
they discovered that human diploid cells have a finite lifetime determined by their potential
for cell doublings. This breakthrough observation ended the dogma that every vertebrate
cell grown in vitro is immortal.
At the time, they proposed to distinguish a “cell strain” which has a limited number of
passages from a “cell line” which is immortal by serial sub-cultivations (Hayflick and
Moorhead 1961, Hayflick 1965). This discovery was later named the Hayflick limit
characterised by the stage when cells can no longer divide in culture after a period of
normal cell proliferation and are thought to be play an important role in the aging process
in organisms.
From that point, replicative senescence is achieved in culture when cells lose their ability
to divide by reaching the maximum of population doubling of a given cell strain. Although
senescent cells do not divide, they remain viable for many months, even years (Wang,
Lee et al. 1994).
Subsequently, other groups studying cellular senescence have shown that cellular
senescence could be triggered prematurely
induced premature senescence

in response to various stresses (stress-

or SIPS) such as H 2O2, hyperoxia, or tert-

butylhydroperoxide (Toussaint, Medrano et al. 2000).
Two possible apparently antagonistic roles have been proposed for cellular senescence:
1) on one hand, senescence could be a mechanism to stop tumorigenesis (Sager 1991)
(act as a tumour suppressor mechanism), a feature which seems to be a beneficial
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aspect of cellular senescence. 2) Senescence is proposed to impact negatively on tissue
regeneration during age. Therefore, senescence is considered a double edge mechanism;
on one hand with a protective effect against cancer, but on the other hand a driver of
organismal ageing.
These apparently contradictory concepts can be explained by the antagonistic pleiotropy
theory proposed by Williams in 1957 (Williams 1957) . This theory proposes that genes
can have beneficial effects on young organisms with the purpose of increasing fitness but
have deleterious effects at later ages (Seshadri and Campisi 1990, Campisi 2001,
Krtolica, Parrinello et al. 2001, Coppé, Kauser et al. 2006). In addition, Kirkwood proposed
the disposable soma theory, which suggests a trade-off between reproduction and ageing
because organisms put energy resources into reproduction and maintenance of germ
cells, while neglecting maintenance of somatic tissues. This ultimately results in somatic
tissue degeneration (Kirkwood 2005).
In recent years, data has accumulated suggesting that senescence is a natural powerful
anti-cancer mechanism (Serrano, Lin et al. 1997, Campisi 2001, Campisi 2013) and
numerous studies implicates senescence (which reduces tissue homeostasis and
exhausts their regenerative capacity) in the ageing process and age-related pathology
(Krishnamurthy, Torrice et al. 2004, Herbig, Ferreira et al. 2006, Jeyapalan and Sedivy
2008).
Senescent cells have been shown to accumulate with age within a variety of tissues
(Dimri, Lee et al. 1995, Jeyapalan, Ferreira et al. 2007); however, this data does not really
demonstrates causality. Recently, scientists at the Mayo Clinic (USA) have generated a
mouse model where cells expressing the senescence marker p16ink4a could be
eliminated by apoptosis (via activation of caspase 8) upon administration of the synthetic
drug AP20187. Baker and colleagues showed that clearance of senescent cells can delay
age related tissue dysfunction and improve healthspan in a progeroid mouse model
(Baker, Wijshake et al. 2011). Furthermore, the same group showed that clearance of
senescent cells in wild-type mice led to increased healthspan and lifespan suggesting that
senescent cells are contributing to the ageing process (Baker, Childs et al. 2016).
New evidence suggests that cellular senescence has others beneficial effects beyond
tumour suppression. Recent studies have demonstrated a role for senescence in directing
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wound healing (Demaria, Ohtani et al. 2014) and in mammalian embryonic development
(Muñoz-Espín, Cañamero et al. 2013, Storer, Mas et al. 2013).
Recent studies have shown that the immune system is involved in the clearance of
senescent cells to prevent their accumulation (Xue, Zender et al. 2007, Krizhanovsky, Yon
et al. 2008, Sagiv, Biran et al. 2013). Therapies using pharmacological agents which can
directly kill senescent cells (senolytics) were shown to have positive effects during ageing
in mice, improving frailty and cardiac function (Zhu, Tchkonia et al. 2015, Chang, Wang et
al. 2016, Zhu, Tchkonia et al. 2016).
To conclude, since its discovery, the knowledge on cellular senescence is expanding, and
seems to uncover multiple functions with both beneficial and detrimental effects.
Understanding the mechanisms that drive senescence is therefore of high interest and will
allow the scientific community to resolve questions in the ageing field.
1.1.2 Causes of senescence
Cellular senescence can be triggered by various stresses, which can be divided into two
major categories based on the kinetics of senescence induction chronic and acute.
Chronic senescence is a consequence of accumulation of cellular stress damage trough
time including the gradual replication-induced senescence (which is thought to be driven
by gradual telomere attrition). Acute induction of senescence occurs within a short period
of time by an extreme stress and seems to be part of an orchestrated biological process
which allows a growth arrest in response to certain stimuli known as stress-induced
premature senescence (SIPS) (Campisi and d'Adda di Fagagna 2007, Kuilman,
Michaloglou et al. 2010) and Oncogene-Induced Senescence (OIS). OIS occurs as a
response to unbalanced mitogenic signals and is triggered with a fast kinetics and a
defined stimulus (Blagosklonny 2003).
In this section, I will describe some of the key triggers of senescence in detail.
1.1.2.1 Telomere attrition
Telomeres, which were discovered by Elisabeth Blackburn (Blackburn and Gall 1978) are
non-coding, specialised complexes at the end of linear natural eukaryotic chromosomes
(Blackburn 1991). Telomeres are a highly conserved sequence of nucleotides (5`10

TTAGGG-3` in mammals) repeated in tandem with an average length at birth of 11
kilobases with a 3` single strand G-rich telomeric strand overhang (McElligott and
Wellinger 1997). This 3` overhang is believed to invade the duplex part of the telomere to
form a DNA displacement loop or D-loop resulting in a change of conformation of
telomeric DNA into large duplex loop (t-loop) (Griffith, Comeau et al. 1999), which protects
the 3`end from nucleolytic attack (Blackburn 1991, d'Adda di Fagagna, Teo et al. 2004)
(Figure 1.1). The function of the t-loop is to protect the chromosome from end-to-end
fusions, which may lead to loss of integrity and instability of the chromosomes. The
formation of the t-loop involves proteins with DNA binding domain such as TRF2 (Stansel,
de Lange et al. 2001) which is implicated in remodelling the telomeres. Later on, other
proteins were found to play an addition role in the formation of the t-loop and work as a
complex collectively named shelterin. This complex is specific for telomeric repeats
TTAGGG and uniquely qualified to recognise telomeres. The shelterin complex is
composed of the protein telomeric repeat-binding factor 1 (TRF1), TRF2 and protection of
telomeric protein 1 (POT1), TRF1 interacting nuclear factor 1 interacting nuclear factor 2
(TIN2), Tripeptidyl peptidase 1 (TPP1) and telomeric repeat-binding factor 2-interacting
protein 1 (Rap1), which protects the telomeres from DNA damage. Such protected
telomeres are called “cap” (de Lange 2001, de Lange 2005) (Figure 1.1).
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Figure 1.1 Schematic representation of the protected telomere structure (Calado and
Young 2008).
Telomeres are at the extremities of chromosome DNA. The telomeric 3′ end terminates as a singlestranded, G-rich overhang able to generate a t-loop, in which the overhang invades the telomeric double
helix, remodeling the DNA into a large duplex loop. Telomeres are capped by at least 6 proteins (TRF1,
TRF2, TPP1, POT1, TIN2, and Rap1), collectively known as shelterin, that physically shield the DNA (de
Lange 2005). TRF1, TRF2, and TPP1 specifically recognize and bind to double-stranded TTAGGG repeats;
POT1 binds to the single-stranded telomeric overhang (de Lange 2005, Xin, Liu et al. 2007)19,20; TIN2 and
Rap1 are also part of the shelterin complex. The shelterin complex allows discrimination of telomeres from
normal double-stranded DNA breaks; lack of shelterin permits telomeres to be identified as double-stranded
DNA breaks and triggers DNA-damage response (de Lange 2005).

Like the rest of the genome, telomeric DNA is replicated before the cells divide; however,
the DNA polymerases cannot initiate the synthesis of DNA in a 3’–5’ without a RNA primer
(for the synthesis of Okazaki fragments on the lagging strand). Once the replication is
completed, this short RNA is removed and the Okazaki fragments are then connected by
DNA ligase to form an unbroken strand. However, at the chromosome end, on the last
Okasaki fragment, once the RNA primer is removed it cannot be replaced with DNA
because of the absence of the 3’OH end necessary for the DNA polymerase to start the
synthesis, leading to the loss of terminal nucleotides (Okazaki, Okazaki et al. 1968,
Balakrishnan and Bambara 2013). Hence, 25 to 200 bases of the lagging strand are not
copied at each cell cycle. This is known as “the end replication problem”, which leads to
progressive telomere shortening (Levy, Allsopp et al. 1992) and ultimately to telomere
uncapping and supposedly disruption of the t-loop (Levy, Allsopp et al. 1992).
To explain the Hayflick limit, the involvement of telomeres was first hypothesised
independently by two scientists (Olovnikov 1971, Watson 1972, Olovnikov 1973). Later,
12

Harley and colleagues observed for the first time in 1990, using southern blot to measure
the length of terminal DNA fragments, a decrease of telomeric DNA in human fibroblasts
cultured in vitro for several passages. However, it was still unknown if this shortening was
causal in replicative senescence (Harley, Futcher et al. 1990).
Later on, Bodnar and colleagues, confirmed that shortening of the telomeres was
responsible for cellular senescence by showing that ectopic expression of the catalytic
subunit of telomerase leads to cellular immortalisation by preventing telomere shortening
and replicative senescence (Bodnar, Ouellette et al. 1998).
Telomerase, discovered by Carol Greider and Elisabeth Blackburn in 1985 (Greider and
Blackburn 1985), is a ribonucleoprotein DNA polymerase which elongates and maintains
telomeres in eukaryotes. Telomerase contains a telomerase reverse transcriptase (TERT)
protein and a telomerase RNA template (TERC) that is specific to the repeated telomere
sequence (Greider and Blackburn 1989, Weinrich, Pruzan et al. 1997, Beattie, Zhou et al.
1998).
Studies using immortalised cell lines, primary tumours, adult germlines and normal
somatic cell culture show that the telomerase activity is linked to cellular immortality (Kim,
Piatyszek et al. 1994). In fact, in somatic culture or benign tumour culture, telomerase
activity is repressed, whereas it is detectable in highly proliferative cells (germline and
cancer cells) (Wright, Piatyszek et al. 1996).
Hence, based on these studies, it was proposed that telomere shortening was a counting
mechanism which determines the number of population doublings of cell culture working
like a replication clock (Harley, Futcher et al. 1990, Bodnar, Ouellette et al. 1998). When
telomere shortening becomes critical, the t-loop is disrupted and the DNA damage
response is triggered to induce senescence (d'Adda di Fagagna, Reaper et al. 2003,
Takai, Smogorzewska et al. 2003). However, data from von Zglinicki has shown that, the
shortening of telomeres was not only due to the end-replication problem and that
additional factors impacted on the rate of shortening of telomeres. Indeed, they showed
that the telomere-shortening rate in a cell culture is not constant: it varies from cell to cell
in response to oxidative stress and intrinsic heterogeneous anti-oxidant defences (von
Zglinicki, Saretzki et al. 1995, Vaziri, West et al. 1997, von Zglinicki, Pilger et al. 2000)
(von Zglinicki 2001, von Zglinicki 2002) . In parallel, while oxidative damage in the bulk of
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the genome is efficiently repaired, telomeres are less efficiently repaired, accumulating
single-stranded DNA breaks. This resulted in accelerated telomere shortening (Petersen,
Saretzki et al. 1998). Therefore, the authors hypothesised that telomeres work as sensors
for genome instability, and under oxidative stress short telomeres trigger senescence to
potentially remove damaged, cancer-prone cells (von Zglinicki 2001, von Zglinicki 2002).
Telomere heterogeneity has been observed by quantitative FISH in metaphases from
bone marrow cells (Lansdorp 2009). Moreover, it has been shown that cellular
senescence is highly heterogeneous, with a fraction of cells spontaneously dropping-out
of the cell cycle early on before the Hayflick limit being reached. Cell sorting of these
prematurely senescent cells revealed that these have shorter telomeres and show
evidence for increased mitochondrial dysfunction and oxidative stress (Passos, Saretzki
et al. 2007). This led to the suggestion that random telomere damage induced by
oxidative stress could contribute to the heterogeneity observed during cellular senescence
(Martin-Ruiz, Saretzki et al. 2004, Lansdorp 2009). Moreover, telomere dysfunction can
be initiated and can trigger a senescence response by the presence of individual short
telomeres within the cell (Hemann, Strong et al. 2001, Herbig, Ferreira et al. 2006).
Together, these data have highlighted a role for telomeres as protectors of the integrity of
DNA. Afterwards, it has been demonstrated that telomere-binding proteins play a role in
the stability of telomeres. When telomeres become unprotected due to loss of telomere
binding proteins, it has been speculated that this contributes to the loss of the t-loop
conformation and the free ends of the telomeres are detected by the cell DNA repair
machinery as DNA double strand breaks (DSB) and trigger a DNA damage response (de
Lange 2002). Besides, experiments from Stansel and colleagues have shown that TRF2
is involved in the T-loop formation, since impairment of the DNA binding of TRF2 in vivo
caused cell death via activation of ataxia telangiectasia mutated ATM and p53 (Stansel,
de Lange et al. 2001). Further evidence using super-resolution microscopy confirmed that
the formation and/or the maintenance of t-loops is dependent on TRF2 since its deletion
turns t-loops into linear telomeres (Doksani, Wu et al. 2013).

In addition, telomere

uncapping through inactivation of the telomeric protein TRF2 engages a senescence
response via recruitment of known DNA damage proteins and activates a DDR
(Karlseder, Broccoli et al. 1999, Hiroyuki, Agata et al. 2003, Oh, Wang et al. 2003).
This response involves recruitment of DNA repair factors to the site of the damage and
the activation of checkpoint pathways, which will impair cell cycle progression (Figure 1.2)
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(d'Adda di Fagagna, Reaper et al. 2003, Gire, Roux et al. 2004, Herbig, Jobling et al.
2004). Studies have indicated that DSB can be visualised as foci containing the
phosphorylated form of the histone variant H2AX (γ-H2AX). In addition, foci contain as
well DNA damage factors such as proteins involved in the recognition, repair and
signalling. Such foci are named telomere dysfunction induced foci (TIF) (d'Adda di
Fagagna, Reaper et al. 2003, Hiroyuki, Agata et al. 2003, Herbig, Jobling et al. 2004).

Figure 1.2 The DNA-damage response (Campisi and d'Adda di Fagagna 2007).
When critically short telomeres or DNA double-stranded breaks occurs, they are sensed by protein
complexes such as replication protein A (RPA) and replication factor C (RFC) but also by the MRN complex
(MRE11-RAD50-NBS1). Then, upstream protein kinases like ataxia telangiectasia mutated (ATM) and Rad3 related (ATR) become activated leading to phosphorylation of the histone variant H2AX. Then, a series of
proteins are recruited in order to transduce the signal and optimise repair activities by other proteins through
adaptors like 53BP1 and others DNA-damage response proteins. The signal is transduced by downstream
kinases such as checkpoint 1 (CHK1) and CHK2 culminating in the activation of effector molecules like
transcription factor p53. P53 transcribes p21, a cyclin kinase inhibitor, which contributes to cell cycle arrest.
The duration of the arrest will depend on the nature of the damage: if it is minor, the DNA is repaired and
the cell-cycle can continue but if cells are not able to cope with the damage this may lead to a permanent
cycle arrest (or senescence) or apoptosis (d'Adda di Fagagna, Reaper et al. 2003, Hiroyuki, Agata et al.
2003, Gire, Roux et al. 2004, Herbig, Jobling et al. 2004, Nakamura, Chiang et al. 2008).
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Telomere dysfunction can be triggered by mechanisms other than replicative exhaustion
or loss of telomere-binding proteins; in fact, our group and others have shown that
telomeres are sensitive to genotoxic and oxidative stress inducing an unresolved DSB
leading to a permanent DDR. Such foci located at the telomeres are called telomere
associated foci (TAF). Data indicate that these are persistent (long-lived), can occur
independently of telomerase activity and expression of telomere-binding protein TRF2 and
increase with age irrespective of telomere length (Fumagalli, Rossiello et al. 2012, Hewitt,
Jurk et al. 2012). Mechanistically, it has been shown that presence of TRF2 inhibits ligase
IV, preventing non-homologous end joining (NHEJ), thereby eliciting a persistent DNA
damage response (Fumagalli, Rossiello et al. 2012).
Consistent with this notion, conditional overexpression or deletion of TRF2 results to
ligase IV-dependent telomere fusions (van Steensel, Smogorzewska et al. 1998, Celli and
de Lange 2005). In budding yeast, when damage is induced at the telomeric regions,
inhibition of DNA repair is due to suppression of the recruitment of the ligase IV to
mediate non homologous end joining (NHEJ) (Fumagalli, Rossiello et al. 2012).
Since these discoveries, TAF have been found to occur during ageing in liver and
intestinal crypts (Hewitt et al. 2012), lung (Birch et al. 2015), in the aorta from aged and
hypercholesterolemic mice (Roos, Zhang et al. 2016) and to be induced as a result of lowgrade chronic inflammation driven by NF-kB (Jurk, Wilson et al. 2014). Furthermore,
treatment with drugs known to eliminate senescent cells reduced the frequency of TAF
positive cells (Roos, Zhang et al. 2016) indicating that TAF are a marker of cellular
senescence.
Altogether, this data suggest that telomere dysfunction is a key player in the initiation of
the senescence program. Furthermore, telomere dysfunction can be induced by
shortening or by induction of DSBs in telomere repeats occurring irrespectively of
telomere length. The mechanisms mediating the DDR will be described in detail later on.
1.1.2.2 Non-telomeric DNA damage senescence
DNA damage is not restricted to the telomeric regions; it occurs over the whole genome.
In response to damage, specialised sensor molecules come to the site and communicate
the information via signalling pathways to trigger a DDR (Shiloh 2006).
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γH2AX foci have been reported on mitotic chromosomes before and after the cell cycle in
human cells, suggesting an adaptation mechanism and the possibility that cells are able
to divide with unrepaired damage (Syljuåsen, Jensen et al. 2006). An additional study
supports this idea and has shown that persistent DSB accumulate over time; When a
threshold level is reached (10 to 20 DSBs), the DDR is fully activated and triggers
senescence (Deckbar, Birraux et al. 2007). Additionally, a study by Nakamura et al. has
shown that when cells are close to senescence they contain similar numbers of foci
across the entire genome (Nakamura, Chiang et al. 2008).
When the DNA damage such as DSBs overcome the DNA repair mechanisms, cells
trigger the senescence program leading them to a prolonged cell cycle arrest (Di
Leonardo, Linke et al. 1994).
Evidence from SIPS studies have shown that critical DNA damage through the entire
genome can be caused by different agents such as UV, ethanol, gamma irradiation and
genotoxic drugs, which will generate SSBs and DSBs and then trigger a permanent cell
cycle arrest (Toussaint, Remacle et al. 2002).
However, regarding the actions of these agents, which induce DNA damage to the entire
bulk of the genome, it is likely that both non-telomeric and telomeric DNA damage
contribute to the senescent phenotype. Indeed, DSB molecular markers have been shown
to share similar DNA damage response whether they localise at the telomeres or on the
rest of the genome (d'Adda di Fagagna, Reaper et al. 2003).
It is worth considering that the location of the DNA damage may be the limiting factor: for
instance, studies have indicated that only 1 dysfunctional telomere is sufficient to induce
cellular senescence (d'Adda di Fagagna, Reaper et al. 2003, Gire, Roux et al. 2004,
Sedelnikova, Horikawa et al. 2004, Zou, Sfeir et al. 2004). More recently it has been
suggested that activation of a DDR at 5 telomeres is necessary to induce senescence
(Kaul, Cesare et al. 2012).
In addition, studies from our group and others have shown that DNA damage foci
(detected by γH2AX) can be found in replicative senescent cells as well as stressinduced senescent cells in the entire genome (telomeric and non-telomeric regions).
Using live cell imaging to track the focus lifespan, our group has reported that short-lived
focus number is relatively constant during senescence (Passos, Nelson et al. 2010,
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Hewitt, Jurk et al. 2012). Besides, it was shown that these short-lived foci were mostly due
to an increased reactive oxygen species (ROS) production during senescence (since
antioxidants are able to prevent them) and are believed to contribute to develop and
stabilise the senescent phenotype (Passos, Nelson et al. 2010).
Overall, DSB are generated following high levels of DNA damage both at telomeric
regions and within the rest of the genome. If this damage is not repaired correctly, then
lesions lead to irreparable DNA damage, which will engage a persistent DNA damage
response and eventually trigger the onset of senescence.
1.1.2.3 Mitochondrial dysfunction, oxidative stress and reactive oxygen
species (ROS) induce senescence
Oxygen was discovered in the 18th century by Karl W Schelle and Joseph Priestley.
Initially, they described it as a gas which triggers combustion but later realised that it was
involved in respiration and essential for survival. Later still, Lavoisier named this gas
oxygen, which means “acid producer”, and conducted experiments showing that
disproportionate oxygen levels were toxic to life.
The mechanism mediating oxygen toxicity was first discovered by Rebeca Gerschman
and colleagues in 1954. They showed that oxygen toxicity shared the same mechanism of
action with ionizing radiation (X-rays) : the formation of oxidising radicals (free radicals)
(Gerschman, Gilbert et al. 1954). Afterwards, work from Dehnam Harman linked free
radicals (eg. •OH and O2.-), which are highly reactive molecules bearing an impaired
electron, with ageing. He proposed that free radicals were produced by cells through
oxygen metabolism by the respiratory enzymes containing metals such as iron,
manganese and cobalt (Harman 1956). Only later, the theory was reinforced by the
discovery of superoxide dismutase (SOD) from bovine erythrocytes, an enzyme which
catalyses the superoxide anion (O2−.) into water and hydrogen peroxide (McCord and
Fridovich 1969). This work demonstrated that a superoxide anion was produced in living
cells, since an enzyme existed which detoxified it. In 1972, Harman updated his free
radical theory of ageing and proposed that mitochondria have a major role in ageing since
they are the major sources of oxygen free radicals, contain their own DNA (mtDNA),
which is found in close proximity to the electron transport chain (where oxygen free
radicals are generated) and is relatively unprotected when compared to the nuclear
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genome (Harman 1972). Oxidative stress is the result of an imbalance between free
radical production and expression of antioxidant defences (Cadenas and Davies 2000).
Mitochondria are the organelles responsible for energy production in the form of ATP,
which is derived from utilisation of oxygen in eukaryotes. Generation of ROS in
mitochondria occurs in the electron transport chain, resulting from electron leakage and
reaction with oxygen, which forms a superoxide anion (Hanukoglu, Rapoport et al. 1993,
Barja 1999). Consequently, the superoxide anion can be converted into hydrogen
peroxide (H2O2) by mitochondrial superoxide dismutase enzyme (SOD2). Hydrogen
peroxide can diffuse past the outer mitochondrial membrane and lead to damage in other
cellular compartments such as the cytoplasm and the nucleus. (Cadenas and Davies
2000).
To maintain functional mitochondria, cells require multiple processes, such as
mitochondrial fusion and fission, mtDNA repair and clearance of damaged mitochondria
via autophagy (mitophagy) (Youle and van der Bliek 2012, Randow and Youle 2014,
Scheibye-Knudsen, Fang et al. 2015). Due to their prokaryotic origin, mitochondria
contain their own mitochondrial DNA (mtDNA) which resides inside the mitochondria and
encodes for components of the electron transport chain (Prachar 2010). Mitochondrial
DNA is considered to be a major target of the oxidative environment and may be
subjected to mutations which can cause over time mitochondrial dysfunction (Golden and
Melov 2001, Park and Larsson 2011). In fact, mtDNA mutations have shown to contribute
to numerous human diseases such as neurodegenerative diseases, muscle atrophy,
cardiomyopathy, renal failure and premature ageing (Park and Larsson 2011).
Early studies have shown a causal link between oxidative stress and replicative
senescence. Depending on the levels of oxygen in the atmosphere, senescence could be
modulated: under low oxygen conditions the replicative lifespan of human fibroblasts is
extended (Packer and Fuehr 1977, Chen, Fischer et al. 1995) whereas under high levels
of oxygen, cells can enter premature senescence (von Zglinicki, Saretzki et al. 1995). In
addition, treatment with exogenous H2O2, or inhibition of antioxidant enzymes such as the
copper-zinc-containing SOD (SOD1) induces senescence (Chen and Ames 1994, Chen,
Bartholomew et al. 1998, Blander, de Oliveira et al. 2003). One explanation could be that
oxidative stress can damage several cell components such as DNA, proteins and lipids
(Chen, Bartholomew et al. 1998, Sitte, Merker et al. 2000). ROS, especially the hydroxyl
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radical (•OH), oxidises DNA bases, leading to single and double strands breaks (SSB and
DSB) (Cooke, Evans et al. 2003). Highly cytotoxic lesions such as double stranded breaks
trigger a DNA damage response which activate cell-cycle checkpoints, stopping the cell
cycle and finally inducing the senescence program if the damage is persistent (Khanna
and Jackson 2001, van Gent, Hoeijmakers et al. 2001, Jackson 2002). Furthermore,
telomeres can be targeted by ROS leading to accelerated telomere loss and ultimately to
irreversible growth arrest (von Zglinicki 2002). Telomeres contain guanine triplets which
are very susceptible to oxidative modification leading to the formation of 8-oxo-7,8dihydro-2‘-deoxyguanosine (8-oxodG) (Henle, Han et al. 1999, Oikawa, Tada-Oikawa et
al. 2001). Moreover, studies indicate that the repair of SSBs at the telomeres is less
efficient than that in the rest of the genome (Petersen, Saretzki et al. 1998). Accumulation
of SSBs at telomeres can then contribute to accelerated telomere shortening upon cell
division. Furthermore, exposition of hyperoxia induces DNA strand breaks with similar
effects caused by H2O2 (Cacciuttolo, Trinh et al. 1993) which has been shown to induce
SSBs and DSBs with a slow repair rate (Driessens, Versteyhe et al. 2009).
Data from our group and others have shown that mitochondrial dysfunction, ROS and
damage are linked together to establish the growth arrest observed during cellular
senescence. Indeed, following a DDR, the activation of signalling pathway involving
p53/p21CIP1/WAF1 contributes to mitochondrial dysfunction and increased ROS (Macip,
Igarashi et al. 2002). Then ROS will enter in a positive feedback loop leading to more
short-lived DNA damage foci and maintain a persistent DNA damage response (Macip,
Igarashi et al. 2002, Passos, Nelson et al. 2010). Consistent with a role for ROS in the
maintenance and stability of senescence, treatment with antioxidants such as N-acetyl
cysteine (NAC) and phenyl-α-tert-butyl nitrone (PBN) was able to partially prevent the cellcycle arrest (Macip, Igarashi et al. 2002, Macip, Igarashi et al. 2003, Passos, Nelson et al.
2010).
Finally, very recent data from our group highlighted the involvement of mitochondria in the
development of pro-inflammatory and pro-oxidant features of senescence. Eliminating
mitochondria within the cells via an artificial system (involving overexpression of Parkin
and widespread mitophagy) resulted in the suppression of certain senescent phenotype
features of s while maintaining a permanent cell cycle arrest (Correia‐Melo, Marques et al.
2016). Moreover, a new pathway has been described linking an activation of a DDR and
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mitochondrial dysfunction and ROS generation via the mTORC1 signalling cascade
(Correia‐Melo, Marques et al. 2016).
However, recent data have put into question the idea that ROS is a driver of ageing and
has shown a conflicting role for ROS in the ageing process (Hekimi, Lapointe et al. 2011).
For example, increased ROS production by manipulation of antioxidant molecules
extends lifespan in yeast and Caenorhabditis elegans (Doonan, McElwee et al. 2008, Van
Raamsdonk and Hekimi 2009, Mesquita, Weinberger et al. 2010). In mice, genetic
manipulations to increase ROS and oxidative damage or increase antioxidant molecules
did not affect neither the mean nor the maximum lifespan (Van Remmen, Ikeno et al.
2003, Pérez, Van Remmen et al. 2009). These results led researchers to rethink the free
radical theory of ageing initially proposed by Harman.
Nevertheless, as previously mentioned, mitochondrial dysfunction is observed during
cellular senescence, in response to several stimuli such as telomere dysfunction,
genotoxic stress, and oncogene activation (Hutter, Unterluggauer et al. 2002, Passos,
Saretzki et al. 2007, Lu and Finkel 2008). During senescence, mitochondrial dysfunction
is reflected by increased ROS, increased mitochondrial mass and a decreased
mitochondrial membrane potential (Saretzki, Murphy et al. 2003, Passos, Saretzki et al.
2007). In addition, recent work has shown that induction of mitochondrial dysfunction
using mitochondrial inhibiting drugs or downregulation of mitochondrial sirtuins can cause
a distinct type of senescence-associated secretory phenotype which was termed by the
authors as MiDAS (mitochondria dysfunction–associated senescence). This secretory
phenotype did not depend on the IL-1α/NF-B arm that regulates the “traditional” SASP
(Wiley, Velarde et al. 2016).
Finally, since the updated theory by Harman (Harman 1972), a large number of studies
have shown that mitochondrial dysfunction (characterised by increased ROS production
and low adenosine triphosphate (ATP) (Green, Galluzzi et al. 2011)) is a hallmark of
ageing (López-Otín, Blasco et al. 2013).
1.1.2.4 Oncogene -induced senescence
As described briefly above, senescence is an anti-tumour mechanism triggered upon
aberrant activation of proliferative pathways involving oncogenes in normal cells.
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Oncogene activation occurs when cells are transformed following mutations and become
unregulated with aberrant mitotic signals.
It has been reported that a senescence response can be triggered by oncogene activation
termed oncogene-induced senescence (OIS). The first evidence of OIS was
demonstrated by Serrano et al. in 1997. The authors suggested that following oncogene
activation such as overexpression of ras, a premature senescence response is triggered
involving downstream proteins of the DDR leading to a permanent growth arrest in a p53
and p16 dependent manner. Thus, OIS has been proposed as a major safeguard against
transformation (neoplasia) (Serrano, Lin et al. 1997). Later, other oncogenes were
described to be involved in OIS, such as RAF, BRAF, MOS, MEK and RAC1 (d'Adda di
Fagagna 2008). Once activated, these oncogenes trigger a constitutive mitogen-activated
protein (MAP) kinase-signalling pathway leading to abnormal transcriptional activation and
expression of growth promoting genes like the c-Myc transcription factor (Sears and
Nevins 2002). Consequently, these hyper-replication rates of DNA are associated with
DNA replication stress, generate DSBs and activate a DDR and cell cycle arrest
(Bartkova, Rezaei et al. 2006, Di Micco, Fumagalli et al. 2006).
In addition, work by Peeper has highlighted that OIS occurred in naevi (Michaloglou,
Vredeveld et al. 2005). Moles are non-malignant tumours including melanocytes with
oncogenic mutations in BRAF (V600E). Overexpression of the latter in human
melanocytes induces a senescence response with a cell cycle arrest and display
hallmarks of senescence (especially p16). In this study, authors have reported that the
senescence response was not due to telomere attrition since they did not observe any
telomere shortening in situ (comparing naevi to surrounding tissues) (Michaloglou,
Vredeveld et al. 2005). However, later it was reported that the majority of the cells in naevi
contained dysfunctional telomeres with the presence of telomere dysfunction-induced
DNA damage foci (TIF) and expression of a persistent DDR (Suram, Kaplunov et al.
2012).
Besides, Pospelova et al. using microscopy to detect foci together with comet assay have
reported that treatment with sodium byturate in fibroblasts overexpressing ras engaged a
DDR without actual physical DNA damage. This phenomenon is called pseudo-DNA
damage, and could be a marker of hyper-proliferation and activated stress signalling
pathways (Pospelova, Demidenko et al. 2009). Another mechanism for OIS has been
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reported using an activated ras gene (V12ras) through oxidative damage caused by
endogenous H2O2 produced by mitochondria which are rescued under low oxygen
conditions (Lee, Fenster et al. 1999). As reported, high levels of ROS induce oxidative
damage of abasic DNA sites, created SSBs and DSBs which ultimately trigger
senescence (Passos, Saretzki et al. 2007).
Therefore, OIS is a mechanism of response to oncogene activation, which leads to a
deregulation of DNA replication, replication stress, activation of a DDR and eventually a
permanent cell cycle arrest.
1.1.2.5 Epigenetic modifications
Senescence occurs with drastic phenotypic changes and altered regulation of genes.
Genes are under the regulation of epigenetic mechanisms including modifications of
histones, DNA methylation, and alterations of chromatin structure. It has been reported,
that chromatin regulation and structural changes could be involved during ageing and
later on senescence (Ryan and Cristofalo 1972, Narita, Nũnez et al. 2003) with the
presence of altered chromatin in the form of senescence–associated heterochromatin foci
(SAHF). SAHF contain different markers of heterochromatin such as hypoacetylated
histones, increased HP1, and are depleted from the histones found in euchromatin (K9AcH3 and K4M-H3) and exhibit high levels of macroH2A (Zhang, Poustovoitov et al. 2005,
Funayama, Saito et al. 2006). Moreover, macroH2A, HIRA, ASF1 and UBN1 have the
ability to silence gene expression (Adams 2007, Changolkar, Singh et al. 2008).
SAHF formation relies on an intact Retinoblastoma protein (pRb) pathway, which may
control the nucleation of heterochromatin at specific sites followed by histone
methyltransferases and recruitment of HP1 on the histones of E2F target promoter genes.
Then the E2F promoters are methylated on lysine 9 to form a “lock”, preventing the
transcription machinery to access the site (Dillon and Festenstein 2002, Trimarchi and
Lees 2002). Hence, the E2F responsive genes upon senescence undergo chromatin
changes from euchromatin to heterochromatin and may contribute to the irreversibility of
the cell cycle arrest (Narita, Nũnez et al. 2003). Heterochromatin instability caused by
histone deacetylase inhibitors (HDACi) in cells has been shown to induce a senescent-like
phenotype independent of telomere shortening. This data suggests that chromatin
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modifications can trigger a premature permanent cell cycle arrest (Ogryzko, Hirai et al.
1996).

1.2 Signalling pathways of senescence
Several studies indicate that the DDR is a central initiating factor in cellular senescence,
irrespectively of the inducing stimuli. The DDR has been shown to be responsible for
stress-induced (Passos, Nelson et al. 2010) oncogene-induced (Suram, Kaplunov et al.
2012) and replicative senescence (d'Adda di Fagagna, Reaper et al. 2003).
Our genome is constantly under attack from endogenous and exogenous insults (approx.
100000 per cell per day) which can be detrimental to cells (Hoeijmakers 2009). Hence,
the cells have developed mechanisms for sensing and repairing those breaks to maintain
the genome integrity and avoid uncontrolled transformation (neoplasia). If the damage is
fixed, then the cells are able to resume proliferation, however, if the DNA repair machinery
fails, then the cells can undergo apoptosis (programmed cell death) or trigger the
senescence response program. Hence, following DSB, a DNA damage response arises
which acts rapidly and precisely through a set of regulated mechanisms. In the first place,
sensor proteins are recruited to the site of the lesions and transduce the signal through
mediators (Sousa, Matuo et al. 2012) to finally induce the cell cycle via DNA damage
“checkpoints” which act as safeguards to ensure integrity of the genome (Abraham 2001).
Cells transduce DNA damage breaks through a family of proteins containing a
serine/threonine kinase activity. All members contain a catalytic domain typical of the lipid
kinase phosphatidylinositol 3-kinase domain (PI3K) at their carboxyl termini, and for that
reason are named PI3K-like protein kinases (PIKK). Among the PIKK proteins family, in
mammalian cells, ataxia telangiectasia mutated (ATM) and ATM- and Rad3-related (ATR)
play a critical role in the amplification of the signal. ATM is mutated in the human
autosomal recessive disorder ataxia-telangiectasia (A-T) causing genome instability
(Savitsky, Bar-Shira et al. 1995, Derheimer and Kastan 2010). Later on, ATR was
discovered using a database searching for proteins which contain PI3K domains
(Cimprich, Shin et al. 1996). Upon DSB, ATM is mainly associated with DNA-dependent
protein kinase (DNA-PKcs) which is involved in the repair of DSB upon genotoxic stress
or in V(D)J recombination in non-homologous end-joining (NHEJ) (Dobbs, Tainer et al.
2010, Nagasawa, Little et al. 2011). ATR is mainly activated by SSB and has been
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proposed to function in coordination with ATM during the process of DSB resection
following the recruitment of RPA and ATRIP and in replication stress (collapse forks
replication) (Shiotani and Zou 2009, Flynn and Zou 2011).
After a DSB, ATM is rapidly recruited and becomes activated at the site of the damage
(Andegeko, Moyal et al. 2001). Activated ATM is detected by the presence of
autophosphorylation at Ser1981 that causes formation of two active monomers and
provides ATM with its kinase activity (Bakkenist and Kastan 2003). Once activated, ATM
will start to phosphorylate different substrates, one of the most potent is the
phosphorylation of the histone H2AX (γH2A.X) on the serine 139 residue (Rogakou, Boon
et al. 1999). ATM also interacts with the sensor protein MDC1 (mediator of DNA damage
checkpoint protein 1), which binds to γH2A.X and allows a positive feedback loop,
expanding the phosphorylation of further γH2A.X. This can then spread from the initial
break and form foci (Rogakou, Boon et al. 1999, Stucki, Clapperton et al. 2005, Lou,
Minter-Dykhouse et al. 2006, Meier, Fiegler et al. 2007, Savic, Yin et al. 2009).
In addition, γH2A.X has been reported to be a substrate for ATR in response to singlestranded DNA breaks and replication stress (Ward and Chen 2001, Ward, Minn et al.
2004). Moreover, DNA-PK has been reported to be able to phosphorylate H2AX during
DNA fragmentation or under hypertonic conditions after irradiation (Reitsema, Klokov et
al. 2005, Mukherjee, Kessinger et al. 2006). Generally, phosphorylation of H2AX is a
major player in the DDR and has been reported to be activated after ionising radiation by
all players cited above (Wang, Wang et al. 2005).
Apart from γH2A.X, ATM interacts with other key substrates, for example the MRN
complex (MRE11-RAD50-NBS1) which is a sensor of DSB, and is involved in the
recruitment of ATM to the site of damage (Dupre, Boyer-Chatenet et al. 2006). ATM is
also involved in the phosphorylation of mediator proteins which amplify the signal such as
p53-binding protein-1 (53BP1) (under the regulation of γH2A.X) to accumulate into foci
(Fernandez-Capetillo,

Chen

et

al.

2002).

MDC1

is

another

central

mediator

phosphorylated by ATM and binds similarly to γH2A.X, then recruits other proteins to the
site of the lesion (eg. BRCA1 and 53BP1) (Coster and Goldberg 2010).
To ensure repair upon DSB, ATM and ATR activate cell cycle checkpoints to stop or slow
down the cell cycle progression via two principal signalling axes: ATM / checkpoint kinase
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2 (CHK2) and ATR/ checkpoint kinase 1(CHK1) pathways (Bartek and Lukas 2003).
CHK2 is phosphorylated by ATM on threonine (T) T68, then homodimerised,
autophosphorylated and becomes activated (Ahn, Li et al. 2002, Oliver, Paul et al. 2006).
Once activated, CHK2 dissociates and phosphorylates many targets implicated in the cell
cycle in order to stop it, including the p53 tumour suppressor (Chehab, Malikzay et al.
2000, Shieh, Ahn et al. 2000), Cdc25 family phosphatases (Blasina, de Weyer et al.
1999), E2F1 (Stevens, Smith et al. 2003) and BRCA1 (Lee, Collins et al. 2000). Chk2 is
mainly responsible in the activation of a S/G1 arrest (Matsuoka, Huang et al. 1998,
Blasina, de Weyer et al. 1999, Chehab, Malikzay et al. 2000). CHK1 is phosphorylated by
ATR under the control of two mediator proteins TopBP1 and Claspin (Lee, Kumagai et al.
2003, Delacroix, Wagner et al. 2007). Activated CHK1 inhibits members of the Cdc25
family phosphatases by phosphorylation (Blasina, de Weyer et al. 1999, Falck, Petrini et
al. 2002) and cyclin-B–Cdk1(Kramer, Mailand et al. 2004) inducing a G2/M cycle arrest
(Liu, Guntuku et al. 2000). Both axes converge to inhibit the Cdc25 family phosphatases
causing a rapid arrest, followed later by the activation of the p53-p21 pathway that will
stabilise the cell cycle arrest. This two-step mechanism is believed to ensure genomic
stability by preventing additional damage while generating a stable cell cycle arrest by p21
(Mailand, Falck et al. 2000, Turenne, Paul et al. 2001).
In the following section, I will describe the three main pathways involved in the cell cycle
arrest involving activation of cyclin kinase inhibitors.
1.2.1 p53 –p21pathway
Eukaryotic cells respond to DNA damage by halting their cell cycle progression at G1, S,
and/or G2 phase. This results from activation of cell cycle checkpoints, which are signal
transduction pathways that generate signals to inhibit key cell cycle regulators, most
notably the cyclin-dependent kinase (Cdk) complexes that govern cell cycle progression
(Elledge 1996, Bartek and Lukas 2001).
TP53 has been characterised as the “master gene” or “guardian of the genome” because
of its key involvement in various functions such as cell cycle arrest, DNA repair, apoptosis
and cellular senescence (Zilfou and Lowe 2009). TP53 encodes the protein p53 which
contains among its various domains a DNA binding domain and acts as a transcription
factor which can bind to many different targets (Yee and Vousden 2005). Inactivation of
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p53 and/or mutation in the TP53 gene is present in various types of cancer resulting in
accumulation of damaged cells and cancer promotion (Petitjean, Mathe et al. 2007).
ATM and ATR upon DNA damage can directly interact with p53 in response to ionising
radiation and UV light, respectively (Kastan, Zhan et al. 1992, Khanna and Lavin 1993,
Tibbetts, Brumbaugh et al. 1999). It has been reported that, p53 is activated through
phosphorylation by ATM on Ser-15 and ATR on both Ser-15 and Ser-37 (Banin, Moyal et
al. 1998, Khanna, Keating et al. 1998). Once p53 is activated, p53 is stabilised by a
further phosphorylation by CHK1 and/or CHK2 on Ser-20, which engages the dissociation
of the complex p53-Mdm2; Mdm2 is a protein involved in the degradation of p53 by the
proteasome (Haupt, Maya et al. 1997, Chehab, Malikzay et al. 1999, Shieh, Ahn et al.
2000).
Once fully activated, p53 will induce the expression of the cyclin-dependent kinase (Cdk)
inhibitor p21

Waf1/Cip1/Sdi1

(El-Deiry, Tokino et al. 1993, el-Deiry, Harper et al. 1994), which

belongs to the Cip/Kip family which regulates the activity of the Cdks including p27 Kip1and
p57 Kip2 (Sherr and Roberts 1999). Cdks are mainly responsible for the control of cell cycle
transitions and are composed of a catalytic subunit (Cdk) and a regulatory cyclin which
activates Cdk (Pavletich 1999). In non-transformed cells, p21 is a common inhibitor of
cyclin kinases and is part of a quaternary complex with a cyclin, a Cdk and the repair
factor proliferating cell nuclear antigen (PCNA) (Xiong, Zhang et al. 1992, Zhang, Xiong et
al. 1993). Among its plethora of targets, p21 inhibits the cyclin E/Cdk2 complex resulting
in a G1 arrest (Brugarolas, Chandrasekaran et al. 1995). Furthermore, the complex
p21/cyclin E/Cdk2 inhibits and activates the anti-tumour pRb which binds the transcription
factor E2F. E2F is a critical checkpoint of the G1/S transition and regulates the
transcription of genes involved in DNA replication (Ohtani, DeGregori et al. 1995, Geng,
Eaton et al. 1996).
In addition, it has been shown that inactivation of pRb can be triggered by cyclin D /Cdk4
(Resnitzky and Reed 1995, Connell-Crowley, Harper et al. 1997) and cyclin D/Cdk6 under
the regulation of p21 (Sherr 1994, LaBaer, Garrett et al. 1997, Medema, Klompmaker et
al. 1998, Alt, Gladden et al. 2002)
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1.2.2 P16-pRb pathway
A second barrier preventing cell growth following DNA damage or dysfunctional telomeres
has been elucidated with the discovery of p16INK4a in budding yeast by Manuel Serrano.
P16 acts as an inhibitor of Cdk4/6 /cyclin D, which can also activate pRb by maintaining
its hypophosphorylated state (Serrano, Hannon et al. 1993, Alcorta, Xiong et al. 1996,
Hara, Smith et al. 1996, Stein, Drullinger et al. 1999).
Later other members of the p16 family where identified: p16 INK4a (MTS1, CDK4I and
CDKN2), p15INK4b (MTS2), p18INK4c, and p19INK4d (Roussel 1999). However, the role of
p16 in senescence is still debated, since studies have shown that telomere dysfunction
during senescence does not engage the p16 pathway (Herbig, Jobling et al. 2004).
However, the latter aspect is still being debated: Firstly, p16 levels have been reported to
increase with telomere shortening and could be reversed by telomerase expression
suggesting that p16 is activated by telomere dysfunction (Alcorta, Xiong et al. 1996, Hara,
Smith et al. 1996, Beauséjour, Krtolica et al. 2003). Secondly, using a dominant negative
system of TRF2 which uncaps telomeres, p16 levels are increased but with a slow
kinetics compared to induction of p53 and p21.This study suggests that p16 could be a
backup mechanism if the arrest fails from the p53/p21 pathway (Jacobs and de Lange
2005).
A different study reinforced that idea; by showing, that p16 could act in a p53 independent
manner since cells deficient of p53 still expressed p16 (Macip, Igarashi et al. 2002,
Beauséjour, Krtolica et al. 2003). The authors demonstrated that p16 could trigger a cell
cycle arrest in the absence of p21/p53 pathway. In addition, they proposed that the
senescence response triggered by telomere dysfunction is reversible and depends on the
p53 status. However, when p16 is expressed, it acts as “point of no return” and ensures
the irreversibility of cell proliferation even if pRB is inactivated (Beauséjour, Krtolica et al.
2003, Mirzayans, Andrais et al. 2010). In addition, Alcorta et al proposed that once
dephosphorylated by CDK2/4/6 through p21, pRb could interact with transcription factors
allowing the transcription and the increase of p16. Hence, the growth arrest would be a
two-step process with a fast p21 increase followed by a decrease upon senescence and a
late increase of p16 which can remain highly expressed for months (Alcorta, Xiong et al.
1996, Hara, Smith et al. 1996, Mirzayans, Andrais et al. 2010). Others proposed that p16
could represent a hallmark of a differentiation program that is switch on in senescent
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cells, since p16 expression is up regulated at late stages of senescence and p16 is
increased in terminal differentiation of neuronal cells (Lois, Cooper et al. 1995, Stein,
Drullinger et al. 1999).
In addition, depending on the cell type and the species from which the cells derive, the
p16 response varies. For example, in IMR90 fibroblasts the pathway p16-pRb is strongly
involved regarding the cell cycle arrest, whereas in BJ (neonatal foreskin) fibroblasts or in
in mouse embryonic fibroblast (MEFs), the p16-pRb pathway is poorly used or
dispensable (Serrano, Lin et al. 1997, Beauséjour, Krtolica et al. 2003, Lowe and Sherr
2003). It has been reported that an intact Rb pathway is required for SAHF formation
since inactivation of p16 or Rb counteracts its formation (Narita, Nũnez et al. 2003).
SAHF, as mentioned previously, is implicated in the chromatin silencing of E2F target
genes involved in proliferation (Lowe and Sherr 2003, Narita, Nũnez et al. 2003). In
addition, upon expression of oncogenic ras, p16 and p53 have been reported to induce a
cell cycle arrest in G1 in human and primary murine fibroblasts (Serrano, Lin et al. 1997).
Therefore, p21 and p16 are both upregulated in human senescent cell but the
mechanisms by which they are triggered may be independent and occur with different
kinetics (Figure 1.3).

Figure 1.3 Senescence controlled by the p53 and p16–pRb pathways (Campisi and d'Adda
di Fagagna 2007).
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Senescence inducing signals due to stress usually engage either the p53 or the p16–retinoblastoma protein
(pRb) tumour suppressor pathways. Some signals, such as oncogenic RAS engage both pathways. p53 is
negatively regulated by the E3 ubiquitin-protein ligase HDM2 (MDM2 in mice), which facilitates its
degradation, and HDM2 is negatively regulated by the alternate-reading-frame protein (ARF). Active p53
establishes the senescence growth arrest in part by inducing the expression of p21, a cyclin-dependent
kinase (CDK) inhibitor that, among other activities, suppresses the phosphorylation therefore the
inactivation of pRb. Senescence signals that engage the p16–pRb pathway generally do so by inducing the
expression of p16, a CDK inhibitor that prevents pRb phosphorylation and inactivation. pRb halts cell
proliferation by suppressing the activity of E2F, a transcription factor that stimulates the expression of genes
that are required for cell-cycle progression. E2F can also curtail proliferation by inducing ARF expression,
which engages the p53 pathway. Therefore, there is reciprocal regulation between the p53 and p16–pRb
pathways.

1.2.3 p38 (MAPK) pathway
The MAPKs kinases are a family of proteins including p38 mitogen-activated protein
kinase (MAPK), ERK (extracellular signal-regulated kinases) and JNK (c-Jun-N-terminal
kinases). They are implicated in various signalling events upon exposure to extracellular
stimuli. P38 and JNK are mostly involved in response to the activation of the innate and
adaptive immune system, genotoxic compounds, UV light and ionizing irradiation,
whereas ERK is mostly induced by mitogens (Kyriakis and Avruch 1996, Herrlich, Karin et
al. 2008, Junttila, Li et al. 2008).
Once triggered, the MAPK cascade signals through MAPK kinase kinase (MAP3Ks) then
MAPK kinases (MKK) like MKK3, MKK4 and MKK6 which can phosphorylate and activate
directly p38 (Ashwell 2006). Once activated, p38 has been shown to have a role in cell
proliferation and can trigger a cell cycle arrest in G1-S in response to telomere shortening,
ROS and ras expression (Lin, Barradas et al. 1998, Deschênes-Simard, Gaumont-Leclerc
et al. 2013).
P38 was reported to be activated in a model of oncogenic ras induced senescence in
primary BJ fibroblast (Wang, Chen et al. 2002). Moreover, overexpression of active MMK3
and MMK4 leading to the constitutive activation of p38 is able to induce senescence, and
inactivation of the latter alleviates ras induced senescence in this model. The authors
suggested that p38 activation via the MEK-ERK pathway is required for ras induced
senescence (Wang, Chen et al. 2002). P38 has been shown to be activated in response
to telomere shortening in human senescent fibroblasts (since expression of TERT
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suppressed its activation) as well as “culture shock” due to inadequate culture conditions
in a telomere independent manner in MEFs. Using a dominant negative of the upstream
kinase MKK6, authors observed an increase of population doublings compared to
controls, suggesting that p38 is required for telomere dependent senescence (Iwasa, Han
et al. 2003). Additionally, upon treatment with H2O2, indirect immediate p38 activation was
observed and p38 level could stay elevated for up to 8 days after treatment, under the
regulation of MKK3 and MKK6. In these conditions, the authors proposed that p38
activation induces senescence as a result of the accumulation of damage caused by
ROS-induced damage (Kurata 2000, Iwasa, Han et al. 2003). In addition, further work has
shown that p38 activation induces a cell cycle arrest dependent on pRb but not p53, since
senescence can still occur in p53 deficient cells. However, induction of p53, p21 and p16
has been observed in ras induced senescence (Ferbeyre, de Stanchina et al. 2000) in
response to p38 activation as p38 can phosphorylate p53 directly (Bulavin, Demidov et al.
2002, Iwasa, Han et al. 2003).
Consequently, the p38 MAPK pathway is a third known mechanism involved in the
regulation of the cell cycle, which can lead to cellular senescence in response to certain
stimuli.

1.3

The senescence phenotype

While senescent cells cannot respond to mitogenic stimuli (Cristofalo, Phillips et al. 1985),
they remain viable and stable for a long period in vitro and in vivo. Hence, they develop
specific features over time, which will be summarised in the following section.
1.3.1 Growth arrest and morphological changes
The most obvious change that occurs when cells are close to senescence is the reduction
of the rate of cell division over serial passages until finally they stop dividing in a mostly
G1 or rarely G2 permanent cell cycle arrest (Di Leonardo, Linke et al. 1994, Herbig,
Jobling et al. 2004, Wada, Joza et al. 2004).
Along with the absence of cell division, morphological changes occur which can be seen
directly under the microscope: cells become larger, flatter, increase their nuclear size,
RNA, protein, lipids and lysosomes, whereas synthesis of DNA and motility are
significantly reduced (Cristofalo, Doggett et al. 1989, Cristofalo and Pignolo 1993).
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Senescent cells become also multi-nucleated, polyploid and vacuolated (Comings and
Okada 1970, Matsumura 1980, Cristofalo and Pignolo 1993). In addition, senescent cells
exhibit an increased sensitivity to cell contact in culture, thereby limiting their saturation
density and reaching a stable density which remains for long period of time (Pignolo,
Rotenberg et al. 1994).
1.3.2 Resistance to apoptosis
The term apoptosis describes a morphological form of cell death that is known under the
name of “programmed cell death” and was first studied in the nematode Caenorhabditis
elegans (Horvitz 1999). Apoptosis is an essential component of various processes
including embryonic development, physiological cell turnover, immune reaction and is a
powerful anti-cancer mechanism occurring following extreme stress (Norbury and Hickson
2001, Green and Evan 2002). Apoptosis is mainly driven by caspases such as caspase-3,
caspase-6 and caspase-7 which engage the cleavage of substrates like poly ADP ribose
polymerase (PARP) and nuclear proteins, causing drastic morphological and biochemical
changes leading to cell death (Slee, Adrain et al. 2001).
The last step of apoptosis relies on neighbouring macrophages that will rapidly engulf and
digest cellular debris without inflammatory reaction therefore preventing a secondary
necrosis (Kurosaka, Takahashi et al. 2003). Senescent cells are usually referred to
apoptosis resistant against genotoxic stress such as serum deprivation, UV irradiation and
actinomycin D (Wang 1995, Seluanov, Gorbunova et al. 2001). A study by Wang, using
serum deprivation in senescent fibroblasts, has reported neither DNA fragmentation nor
loss of cell viability after 1 month of culture, whereas young cells became apoptotic after
24h. This resistance was linked to the presence of bcl2 (B-cell lymphoma 2) which
remained expressed in senescent cells contributing to the survival after long term serum
deprivation (Wang 1995). Bcl2 is an anti-apoptotic membrane protein expressed in the
outer membrane of mitochondria and belongs to a protein family containing anti-apoptotic
and pro-apoptotic members classified by the presence of BCL-2 homology domains (BH14) (Nguyen, Millar et al. 1993, Kuwana and Newmeyer 2003, Chipuk, Bouchier-Hayes et
al. 2006). Members of the pro-apoptotic group such as BAX and BAK are constitutively
expressed but only active when apoptosis is triggered and play a role in mitochondria
outer membrane permeabilisation (MOMP) leading to the release of cytochrome c and
caspases (Von Ahsen, Waterhouse et al. 2000).
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It has been shown more recently that the apoptotic resistance is dependent on the
stabilisation of p53, which is impaired in senescent cells in response to DNA damage.
(Seluanov, Gorbunova et al. 2001). This lack of stabilisation could be a result of an
impairment of upstream regulators of p53 such as DNA-PK and PARP, which are
downregulated during senescence (Salminen, Helenius et al. 1997). In addition, it was
reported that although overlapping, p53 posttranslational modification patterns vary in
response to DNA damage and senescence (Webley, Bond et al. 2000). Consequently,
senescent cells switch the death pathway from apoptosis toward necrosis which is a
passive, unprogrammed cell deathwhich can increase inflammation in the milieu (Moallem
and Hales 1998, Fiers, Beyaert et al. 1999). In parallel, a study using UV-induced
senescence in BJ fibroblasts has shown similar results regarding apoptosis resistance
(Yeo, Hwang et al. 2000).
Apoptosis and senescence are the two main mechanisms involved in cell fate upon
extreme stress; however, it is still unclear what drives one way or the other.
1.3.3 Senescence associated secretory phenotype (SASP)
Although senescent cells can no longer divide through the cell cycle, they are still
metabolically active. In fact, the senescent phenotype is associated with drastic changes
at the transcriptome and secretome levels, developing the so called senescence
messaging secretome (SMS) or senescence associated secretory phenotype (SASP)
(Coppé, Patil et al. 2008, Kuilman, Michaloglou et al. 2008, Rodier, Coppe et al. 2009).
The SASP components are composed of soluble and insoluble factors secreted by the
senescent cells such as inflammatory, growth and remodelling factors that can alter the
extracellular environment. The SASP is thought to have evolved as a way to activate and
recruit immune cells, potentially contributing to the clearance of senescent cells (Xue,
Zender et al. 2007, Krizhanovsky, Yon et al. 2008, Kang, Yevsa et al. 2011, Hoenicke and
Zender 2012). Recent data also indicates that senescent cells present at sites of woundhealing are important for wound repair due to secretion of platelet-derived growth factor
AA (PDGF-AA) (Demaria, Ohtani et al. 2014). However, it has been reported that chronic
exposure to the SASP can result in induction of senescence in neighbouring cells by
bystander effect in vitro and in vivo (Nelson, Wordsworth et al. 2012, Acosta, Banito et al.
2013) and promote local tumorigenesis (Krtolica, Parrinello et al. 2001, Parrinello, Coppe
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et al. 2005, Liu and Hornsby 2007, Coppé, Patil et al. 2008, Kuilman, Michaloglou et al.
2008).
Additionally, chronic inflammation is associated with normal ageing with an increase of
pro-inflammatory mediators detected in the blood of old individuals (Bruunsgaard 2006,
Maggio, Guralnik et al. 2006, Freund, Orjalo et al. 2010). SASP factors, such as
interleukin 6 (IL-6), IL-8, monocyte chemoattractant protein-1 (MCP-1) and matrix
metalloproteinases (MMPs) increase in tissues with ageing and are linked with systemic
inflammation and tissue dysfunction (Brod 2000, Freund, Orjalo et al. 2010).
Furthermore, the inflammatory response from senescent cells upon upregulation of p53
has been shown to have a role in insulin resistance (Minamino, Orimo et al. 2009). In
addition, IL-8 and IL-6 have been shown to induce epithelial-to-mesenchymal transitions
(EMTs), which increase cells motility, angiogenesis and promote tumour growth (Tamm,
Kikuchi et al. 1994, Sparmann and Bar-Sagi 2004).
On the other hand, the SASP has beneficial effects: IL-8, IL-6, and the chemokine growthregulated oncogene 1 (Gro-1) have been reported to be involved in an autocrine feedback
loop which stabilises the permanent cell cycle arrest (in a p53 dependent manner) (Yang,
Rosen et al. 2006, Acosta, O'Loghlen et al. 2008, Kuilman, Michaloglou et al. 2008) .
Another major role of the SASP is to communicate with the immune system through
factors such as IL-8 and IL-6 which drive infiltration of immune cells involved in the
clearance of senescent cells (Xue, Zender et al. 2007, Krizhanovsky, Yon et al. 2008,
Kang, Yevsa et al. 2011). This area of research will be explained in more detail later on.
Mechanistically, the SASP is dependent on persistent DDR that can occur upon several
stimuli, especially for the two principal SASP factors IL6 and IL-8 (Rodier, Coppe et al.
2009). Moreover, they have shown that ATM, NSB1 and CHK2 are required but not p53
or pRb suggesting that the induction of the SASP is not dependent on the growth arrest
per se but on the signalling of the DDR (Rodier, Coppe et al. 2009). In agreement with
these results, overexpression of p21 or p16 triggers senescence without a DDR and a
SASP (Coppe, Rodier et al. 2011). Nevertheless, in some cases and depending on the
stimuli, senescence is triggered by a SASP independently of DDR (Muñoz-Espín,
Cañamero et al. 2013, Storer, Mas et al. 2013).
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Importantly, regarding the large catalogue of SASP factors, the SASP is not universal and
the composition varies depending on the cell type and on specific senescence stimuli
(Coppé, Patil et al. 2008).
The NF-κB family transcription factors have been reported to be important in the
regulation of secretory components in senescence (Hardy, Mansfield et al. 2005, Acosta,
O'Loghlen et al. 2008, Kuilman, Michaloglou et al. 2008, Orjalo, Bhaumik et al. 2009). NFκB regulates many inflammatory genes such as Toll-like receptors (TLR) and cytokines
(Vallabhapurapu and Karin 2009). Moreover, several studies have involved the NF-κB
pathway with the development of the SASP and reinforce the role of this transcription
factor family in the ageing process (Passos, Nelson et al. 2010, Osorio, Bárcena et al.
2012, Jurk, Wilson et al. 2014). Activation of p38MAPK has been shown to be involved in
the development of the SASP without a DDR via NF-κB (Freund, Patil et al. 2011).
Overall, the SASP can have both positive and negative effects. It is involved in tissue
repair and removal of senescent cells, but can also induce tissue dysfunction. In order to
counteract its negative effects, strategies to eliminate senescent cells or reduce the SASP
are being developed with the purpose of delaying or preventing age related diseases
(Childs, Durik et al. 2015).
1.3.4 Markers of senescence
Regarding the complexity of the cellular senescence response, which can be triggered by
different stimuli, and considering the various types of cellular senescence, nowadays, no
universal marker that unequivocally detects senescent cells has been identified. Hence, a
combination of different markers is usually used to detect the presence of senescent cells.
These will be detailed below.
Senescent cells are blocked in a permanent cell cycle arrest, meaning they are incapable
of synthesising DNA. Therefore, assays to measure DNA synthesis have been developed
such as 5-bromo-2-deoxyuridine (BrdU) or 3H-thymidine incorporation, 5-ethynyl-2’deoxyuridine (edU) or by immunostaining for proteins like Ki-67 and PCNA (Lawless,
Wang et al. 2010). However, these markers are not able to distinguish between senescent
cells and quiescent cells and/or postmitotic cells.
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Senescence-Associated Beta-Galactosidase (SA-β-Gal) is a histochemical staining
marker which is detectable in most senescent cells at PH 6.0 (Dimri, Lee et al. 1995) and
reflects the increased lysosomal biogenesis observed in senescent cells (Lee, Han et al.
2006). However, upon long term culture at high confluence, false positive SA-β-Gal can
be detected (Severino 2000). Furthermore, it can be detected in conditions of serum
starvation and in immortalised cultures (Cristofalo 2005). This method requires fresh
tissues, which limits its applicability. Its detection in tissues is technically challenging and
has generated contradictory results. Despite its limitations, this marker is probably the
most commonly used in the senescence field.
The CDKi p16 and p21 involved in the pathways stopping the cell cycle are commonly
used to identify senescent cells (McConnell, Starborg et al. 1998, Chang, Watanabe et al.
2000, Krishnamurthy, Torrice et al. 2004, Collado, Gil et al. 2005). P16 is believed to be a
robust marker of mammalian ageing and senescence since it is widely expressed in
human cells, mouse cells and in a variety of tissues (Krishnamurthy, Torrice et al. 2004).
Nevertheless, in some cases, p16 levels vary depending on the cell type and have been
detected in pre- senescent cells (Beauséjour, Krtolica et al. 2003, Itahana, Zou et al.
2003).
Senescent cells through the regulated transcription factor E2F complex (by pRb and CDK)
is silencing genes involved in DNA replication, resulting in intense chromatin remodelling.
Such modifications in the nucleus show a dot-like pattern (SAHF) which can be detected
using immunofluorescence with 4′,6-diamidino-2-phenylindole (DAPI) (Narita, Nũnez et al.
2003). However, this feature is species and cell type dependent, and has not been
observed universally (Narita, Nũnez et al. 2003).
Senescence is mainly triggered by a permanent DDR (Di Leonardo, Linke et al. 1994,
d'Adda di Fagagna 2008), therefore markers of DNA damage are good indicators of DNA
lesions such as γ-H2AX and p53-binding protein-1 (53BP1) (Fernandez-Capetillo, Chen et
al. 2002). However, it has been reported that senescence can occur without a DDR via
the P38MAPK pathway (Freund, Patil et al. 2011) which is thus used as a marker of
senescence (Debacq-Chainiaux, Boilan et al. 2010).
Another robust marker of senescence is the presence of telomere-associated foci (TAF)
which can be detected by co-localisation between DNA damage response proteins such
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as γ-H2AX and 53BP1 and telomeres. TAF have been shown to increase in various
tissues with age in humans and mice (d'Adda di Fagagna, Reaper et al. 2003, Hiroyuki,
Agata et al. 2003, Herbig, Jobling et al. 2004, Hewitt, Jurk et al. 2012, Jurk, Wilson et al.
2014, Birch, Anderson et al. 2015, Wilson, Jurk et al. 2015).
Because senescent cells develop a SASP over time, cytokines such as IL-6 and IL-8 are
recently been used as markers which reflect the last stage of the senescence program
(Acosta, O'Loghlen et al. 2008, Coppé, Patil et al. 2008, Kuilman, Michaloglou et al. 2008,
Rodier, Coppe et al. 2009).
Furthermore, ROS measurements are used as a marker of mitochondrial dysfunction
which is involved in senescence (Chen and Ames 1994, Chen, Bartholomew et al. 1998,
Lee, Fenster et al. 1999, Passos, Nelson et al. 2010).
Moreover, new markers have been identified following proteomic screening of plasma
membrane-associated proteins expressed in senescent cells.

Authors have identified

more than 100 proteins, 10 of which were validated in vitro and in vivo. However further
studies are required in order to understand the function of these new markers and validate
them (Althubiti, Lezina et al. 2014).
As mentioned, depending on the stimuli that trigger the cell cycle arrest, the species and
cell types, the senescent phenotype is plastic to some extent. Hence, to date there is not
a universal marker to detect senescent cells but several need to be used together to
identify such cells.

1.4 The role of senescence in vivo
Since the discovery by Hayflick in 1965, work has been done to demonstrate that cellular
senescence is not an in vitro artefact but physiologically relevant. Hayflick hypothesised
that senescence could be a reflection of ageing and later on, it was shown by others to be
implicated in oncogenesis. It was confirmed later with the demonstration of OIS and the
fact that in cancer p16 and p53 are among the most mutated proteins. Hence, as it was
suggested that senescence is a major tumour suppressor mechanism, but recent data
have shown that senescence can have other physiological roles and participate in several
other processes such as development, wound healing, fibrosis and ageing (Krizhanovsky,
Yon et al. 2008, Jun and Lau 2010, Muñoz-Espín, Cañamero et al. 2013, Storer, Mas et
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al. 2013, Demaria, Ohtani et al. 2014). These different roles of senescence in vivo will be
examined in the next subchapters.
1.4.1 The role of senescence in cancer
Senescence is considered as a potent tumour barrier responding to mutations of
oncogenes and tumour suppressor genes. Indeed, a number of studies on cancer has
provided evidence for OIS in vivo (Braig, Lee et al. 2005, Chen, Trotman et al. 2005,
Collado, Gil et al. 2005, Michaloglou, Vredeveld et al. 2005). In these studies, OIS was
important to prevent lymphoma development involving chromatin modification via the
histone methyl transferase Suv39h1 on histone H3 lysine 9 (H3K9) (Braig, Lee et al.
2005). Another study using an inducible mouse model of K-ras has shown that senescent
cells were detected mainly in premalignant cells but not once the tumour was formed
(Collado, Gil et al. 2005). Human naevi (moles) are benign tumours found in the skin and
are composed of senescent melanocytes due to oncogenic mutation of BRAF (V600E)
which overexpressed p16 and stain positive for SA-β-Gal (Michaloglou, Vredeveld et al.
2005). A complementary study has shown that OIS in naevi is caused by telomere
dysfunction driven by replication stress (Suram, Kaplunov et al. 2012). In addition, it has
been shown that loss of the tumour suppressor gene Pten can induce OIS in the prostate
under the control of p53 (Chen, Trotman et al. 2005).
On the other hand, senescent cells develop a SASP, which has the ability to modify the
surrounding microenvironment, enhance cellular proliferation and cancer in neighbouring
cells (Krtolica, Parrinello et al. 2001, Parrinello, Coppe et al. 2005, Bavik, Coleman et al.
2006, Liu and Hornsby 2007). The first evidence was demonstrated by Krtolica which has
shown that senescent fibroblasts co-cultured in direct or indirect contact induced a
hyperproliferation of mutated epithelial cells for p53 and RAS. Dual injection of senescent
fibroblasts and preneoplastic epithelial cells has been shown in vivo to cause neoplastic
progression and tumorigenesis. The authors reported for the first time, that the
microenvironment created by the senescent cells via the SASP is cancer-prone (Krtolica,
Parrinello et al. 2001).
Moreover, a very recent study in cancer using mice exposed to chemotherapeutic drugs
followed by elimination of senescent cells has shown a reduction of several short- and
long-term effects of the drugs, including bone marrow suppression, cardiac dysfunction
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and cancer recurrence with an increased physical activity and strength. This study
highlights the relationship between senescent cells and chemotherapy treatment
(Demaria, O'Leary et al. 2017).
Overall, these studies demonstrate that senescence acts as a powerful anti-tumour
mechanism in vivo but can also promote tumorigenesis potentially through the SASP.
1.4.2 The role of senescence in ageing and age-related diseases
The first observed evidence that senescent cells are driving tissue ageing was provided
by a study using a progeroid genetic mouse model of accelerated ageing (BubR1crossed
with inducible ink-attac) where p16ink4a positive cells were cleared from tissues following
administration of a drug. BubR1 is a key player of the spindle assembly checkpoint protein
regulating the accurate segregation of the chromosome during mitosis by inhibiting Cdc20
from activating the anaphase-promoting complex/cyclosome (APC/C) (Malureanu,
Jeganathan et al. 2009). This study showed that p16 positive cells were contributing to
premature ageing in tissues such as skeletal muscle, eyes and fat. While in this mouse
model elimination of p16 positive cells improved several features of health span, it did not
increase lifespan (Baker, Wijshake et al. 2011). However, very recent data from the same
group using the same system to clear senescent cells from tissues but in WT mice, has
shown a beneficial effect on healthspan and lifespan extension. They observed upon
clearance, an improvement of age-dependent fat tissue dysfunction and a reduction of
inflammation in skeletal muscle and kidney (Baker, Childs et al. 2016).
Several other studies implicate cellular senescence in the ageing process. For example, a
recent study has shown that muscle satellite cells which are quiescent at a young age,
can undergo senescence in a p16-dependent manner at older age. Upon injury, p16positive satellite cells cannot regenerate and silencing of p16 in satellite cells rescues
their regenerative capacity (Sousa-Victor, Gutarra et al. 2014). This study demonstrated
that senescence plays a role in sarcopenia, a feature of ageing characterised by loss of
muscle mass and function (Renault, Thorne et al. 2002, Arthur and Cooley 2012).
Furthermore, data from studies on adipocytes has linked senescence and obesity. It was
reported that adipose tissue from obese subjects present hallmarks of senescence in vivo
in both human and mice (Minamino, Orimo et al. 2009, Tchkonia, Morbeck et al. 2010).
Also, a study on diabetes, using a high fat diet in an adipocyte-specific p53 deficiency
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mouse model has shown evidence that senescent adipocytes lead to insulin resistance
(Minamino, Orimo et al. 2009).
In addition, senescent cells have been linked with several age-related diseases such as
glaucoma, osteoarthritis and atherosclerosis (Martin, Brown et al. 2004, Liton, Challa et al.
2005, Zhou, Perez et al. 2006).
Additionally, p16-dependent senescence was shown to play a role in another stem cell
compartment: the hematopoietic system. Using a mouse knock out for p16, the authors
have observed an improvement in the regenerative capacity and in the proliferation of
hematopoietic stem cells (HSCs) (Janzen, Forkert et al. 2006). Furthermore, p16 was
shown to increase with age in HSCs, regulate the HSC pool (homing) and increase
apoptosis under stress conditions.
Altogether, these studies demonstrate that p16 induced senescence in both stem and
progenitor cells and contributes to a decline in regenerative capacity during ageing.
Another feature of ageing is chronic low grade inflammation or “inflammaging” which
occurs in absence of infection named sterile inflammation which is a high risk of death in
the elderly (Franceschi and Campisi 2014). Chronic Inflammation has been reported in
most age-related diseases and one of the explanation could be due to the presence of
senescent cells and the SASP, and notably the production of pro-inflammatory cytokines
such as IL-6 (Rodier, Coppe et al. 2009, Coppé, Desprez et al. 2010). Indeed, IL-6 is one
of the major cytokines secreted in age-related pathologies, engaging a potent chronic
immune response and linked to morbidity (Maggio, Guralnik et al. 2006). Furthermore,
telomere dysfunction and cell senescence have been shown to be increased with age in a
mouse model of low grade chronic inflammation (nfkb1−/−). Moreover treatment with antiinflammatory compounds reduces the levels of senescent cells indicating that
inflammation is driving cellular senescence (Jurk, Wilson et al. 2014).
Taken altogether, these data indicate that accumulation of senescent cells within the
tissue is closely involved with tissue dysfunction and multiple age-related disorders.
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1.4.3 The role of senescence during development
Recently, a new surprising role for cellular senescence has been revealed: senescent
cells were detected during mammalian development (Muñoz-Espín, Cañamero et al.
2013, Storer, Mas et al. 2013). These two studies came with a change in the way to
define senescence. The classical view of senescence is called chronic senescence
whereas the one observed during development and wound healing is called acute. Acute
senescence seems to be a programmed process whereas chronic senescence is more
stochastic and could be a response to the accumulation of various stresses in the cells
(van Deursen 2014).
In the study from Muñoz-Espín and colleagues, senescent cells were observed in the
mesonephros and the endolymphatic sac of the inner ear between day 12.5 to 14.5 with a
transient increase in cells positive for SA-β-Gal, and SAHF and negative for the
proliferation marker Ki-67, which disappeared at day 15. This development program was
shown to be p21 dependent but independent of p53 and DNA damage. Furthermore, they
observed abundant infiltration of macrophages at day 14.5 which correlated with the
presence of senescent cells suggesting that senescence preceded macrophage
recruitment (Muñoz-Espín, Cañamero et al. 2013). Macrophages have been reported to
be involved in the clearance of OIS cells (Xue, Zender et al. 2007, Kang, Yevsa et al.
2011), however the process leading to their recruitment is not completely understood and
it has been speculated that secreted factors from senescent cells are likely to be involved
(Xue, Zender et al. 2007).
The other study from Storer et al. focusing on the apical ectodermal ridge during limb
formation, led to similar observations at day 11.5 of development. The presence of SA-βGal activity, high levels of p21 and SAHF but neither p16 nor DNA damage were
detected. Moreover, associated with the presence of these acute senescent cells, was the
detection of macrophages, which could potentially be involved in the clearance of
senescent cells. To note, although genes involved in the regulation of the SASP where
detected, neither IL-6 nor IL-8 were upregulated suggesting a primitive version of
senescence intended to act during particular development stages contrasting with the
long lasting chronic senescent state (Storer, Mas et al. 2013).
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These new data opened a new landmark in the senescence field and challenged the view
that senescence evolved solely as a tumour suppressive mechanism.
1.4.4 The role of senescence in wound healing /injury repair
Tissue repair of wounding and injury is a complex process whose role is to maintain
homeostasis and provide defence against pathogens while being repaired. Wound healing
is a coordinated process including four different phases composed by hemostasis,
inflammation, proliferation and remodeling. Upon injury, along with inflammation and
infiltration of immune cells, fibroblasts differentiate to myofibroblasts which proliferate and
secrete ECM proteins to support tissue repair (Li and Wang 2011). However, if the
secretion of ECM is not correctly regulated then this can turn to chronic wound healing
followed by fibrosis which is observed in lungs, liver, hearts and kidneys (Bataller and
Brenner 2005, Stramer, Mori et al. 2007, Wynn 2008).
Fibrosis is involved in multiple chronic age related pathologies and may result in organ
failure (Ziesche, Golec et al. 2013). The lungs are subject to fibrosis with age with the
most aggressive case called Idiopathic pulmonary fibrosis (IPF) (Leung, Cho et al. 2015).
Recent evidence has shown that in response to injury, the myofibroblasts (the major
effectors of fibrosis (Hinz, Phan et al. 2012)) undergo cellular senescence and persist in
the fibrotic regions of aged mice. These persistent senescent cells have a major role in
the pathogenesis of IPF by blocking the fibrosis resolution via elevated ROS production,
impairment of antioxidant defences and acquisition of an apoptosis–resistant phenotype
(Hecker, Logsdon et al. 2014).
In addition, fibroblasts derived from IPF human patients were found to be predisposed to
senescence and have been shown to accumulate at the wound repair site and be involved
in the blockade of fibrosis resolution in older individuals (Raghu, Weycker et al. 2006,
Yanai, Shteinberg et al. 2015).
On the other hand, two independent studies have shown that in order to limit fibrosis,
stellate cells differentiate into myofibroblasts, proliferate, then undergo senescence and
accumulate at the site of tissue repair (Krizhanovsky, Yon et al. 2008, Fitzner, Muller et al.
2012). Krizhanovsky et al showed that in mice upon injection of the damaging agent
carbon tetrachloride (CCl4) in the liver, hepatic stellate cells (HSC) become activated,
differentiate into myofibroblasts, proliferate and secreted ECM to create a fibrotic scar.
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Then, in response to the high proliferation, a senescence response is triggered resulting
in the accumulation of senescent HSCs at the site of damage. These senescent HSC
secrete some SASP components involved in the upregulation of MMPs (ECM degrading
enzymes) and down regulation of ECM genes therefore limit fibrosis (Krizhanovsky, Yon
et al. 2008).
Furthermore, in order to facilitate the resolution of fibrosis, these senescent cells
upregulate genes involved in immune surveillance. During fibrosis, immune cells infiltrate
at the site of damage (fibrotic scar) and are found in close proximity with senescent cells,
especially natural killer cells (NK cells) which are involved in their clearance
(Krizhanovsky, Yon et al. 2008).
Moreover, another study using a model of dibutyltin dichloride (DBCT) induced chronic
pancreatitis in rat, has shown that cellular senescence is involved in pancreatic
fibrogenesis. In this study, Fitzner and colleagues have shown that upon injury, pancreatic
stellate cells become activated and proliferate, then triggered the senescence program to
limit fibrosis and are finally cleared by lymphocytes to resolve the inflammation (Fitzner,
Muller et al. 2012).
To note, senescent cells are not required for the healing per se since it occurs in mice null
for p53 and p16 however with lower kinetics (Krizhanovsky, Yon et al. 2008, Jun and Lau
2010).
This data suggests that senescent cells could be beneficial to start the remodelling
process by limiting the proliferation of activated HSCs but if they become persistent, they
could develop acute fibrosis and promote the development of chronic diseases
(Krizhanovsky, Yon et al. 2008, Yanai, Shteinberg et al. 2015).
Another study in skin wound healing has shown similar results. Authors have reported that
upon injury, fibroblasts differentiate into myofibroblasts, then secrete ECM to repair the
damaged tissue. Once repaired, these cells trigger a senescence program in order to limit
the fibrosis response (Jun and Lau 2010). Senescence in that particular case is due to a
matricellular protein CCN1 (CYR61) expressed at sites of injuries. CCN1 induces
senescence by direct binding to the integrin α6β1 and to cell surface heparin sulfate
proteoglycans resulting via downstream signals to increase ROS production and a DDR,
activation of p53 and p16. Knock in mice for a mutated version of CCN1 are unable to
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induce senescence and injection of CCN1 rescues the senescence phenotype and
resolution of the fibrosis (Jun and Lau 2010).
In addition, a new study using an inducible genetic mouse model (p16-3MR) where p16
positive cells can be removed upon treatment has shown that indeed senescent cells
were involved in wound healing. These senescent cells trough the SASP are secreting
PDGF-A which promotes myofibroblast differentiation to ensure a fast closure of the
wound. When the mice where fed with the drug to remove senescent cells, the kinetics of
wound closure was slower, and fibrosis occurred (Demaria, Ohtani et al. 2014).

1.5 The immune system
1.5.1 Introduction
The immune system is a complex interactive network of lymphoid organs, cells, humoral
and inflammatory factors. The main function of the immune system is to protect our
tissues against infections from pathogenic microorganisms. Hence, the resolution of an
infection is a multistep process and starts with the recognition of “foreign” molecules and
distinction from the organism’s own molecules. Once identified, an immune response is
triggered to remove the “foreign” molecules.
The immune system is divided in two parts determined by their order of action and
specificity. The first line of defence, named the innate immunity, provides a physical,
chemical and microbiological barrier. This first step involves a large number of specialised
cells such as neutrophils, monocytes, and macrophages. The innate system is
evolutionary conserved among species and is essential for survival (Buchmann 2014).
The second line of defence, the adaptive immunity, is only present in higher species. This
response involves specialised cells, the lymphocytes which provide a memory for
subsequent exposure to insure a rapid response against a repeated threat (Ahmed and
Gray 1996).
In the early stages of infection, activated macrophages release cytokines into the blood
stream that will go into the bone marrow and trigger the release of millions of neutrophils
into the circulation. Then, neutrophils, attracted by pro-inflammatory molecules, transit to
the site of infection in order to kill the micro-organisms, then undergoe apoptosis to be
cleared by macrophages (Kolaczkowska and Kubes 2013). Additional cells have the
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potential to kill: natural killer cells. These cells have the morphology of lymphocytes but do
not need a specific antigen to kill via perforins and granzymes to induce apoptosis in the
targets (Vivier, Tomasello et al. 2008).
1.5.2 Immune clearance of senescent cells
Several

recent

studies

suggest

that

the

SASP

has

an

important

role

in

immunosurveillance. It has been suggested that the SASP contributes to the recruitment
and activation of immune cells, leading to clearance of senescent cells (Gasser, Orsulic et
al. 2005, Xue, Zender et al. 2007, Krizhanovsky, Yon et al. 2008, Hoenicke and Zender
2012).
A study using human and mouse non-tumour cell lines have shown that following DNA
damage and activation of a DDR, NKG2D ligands are upregulated. NKG2D ligands are
recognised by NK cells and activated CD8+T cells. Furthermore, they have shown that
inhibition of ATM using siRNA exhibited reduced NKG2D ligand expression suggesting an
ATM dependency (Gasser, Orsulic et al. 2005).
Later-on, a study from Lowe et al have shown using transplantation in an immune
deficient nude mice of hepatoblasts transduced with ras GFP (HrasV12)

with a p53

inducible system, that reactivation of p53 induced a senescence phenotype in these cells
associated with an up regulation of inflammatory cytokines (Xue, Zender et al. 2007).
Among them, cytokines such as CSF1, MCP1, CXCL1 and IL-15 can attract
macrophages, neutrophils and NK cells. In addition, they noticed an up-regulation of
adhesion molecules which facilitated immune recognition and removal of senescent cells
and tumours (Xue, Zender et al. 2007). This study suggests that the immune system is
activated by senescent cells leading to clearance of potentially tumorigenic cells.
A recent study has shown that induction of OIS in hepatocytes by overexpression of
oncogenic NrasG12V, led to induction of a SASP, which activated an immune response
(Kang, Yevsa et al. 2011). The authors then demonstrated that impaired immune
surveillance of senescent hepatocytes resulted in the development of murine
hepatocellular carcinomas (HCCs), thus demonstrating that senescence surveillance is
important for tumour suppression in vivo. This study determined that CD4+ T-cells as well
as macrophages but not Kupffer cells (which are the resident macrophages in the liver)
were involved in the clearance of senescent hepatocytes (Kang, Yevsa et al. 2011).
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Furthermore, Lowe and colleagues have proposed that during chronic liver damage and
fibrosis, hepatic stellate cells undergo senescence in order to restrict fibrosis progression
(Krizhanovsky, Yon et al. 2008). These cells were found in close proximity with NK cells
and expressed components for NK cell recognition (CD58, ICAM1 and NK cell receptors
ligands (MICA, ULBP2 and PVR)) and IL-8. The authors have demonstrated that NK cells
are responsible for clearance of the senescent activated stellate cells via granule
exocytosis (Krizhanovsky, Yon et al. 2008, Sagiv, Biran et al. 2013).
A new study has shown that cells undergoing OIS experience massive modifications of
histone H3K27Ac enhancers along with SASP genes to promote their expression
(Tasdemir, Banito et al. 2016). This occurs under the regulation of cofactors such as the
bromo and extra terminal domain (BET) proteins in this particular case the transcriptional
coactivator BRD4. Further, they have shown that using ChIP-Seq and gene ontology
analysis for BRD4 there is a significant enrichment for genes related to NFκB including
SASP key components such as IL8, IL1α, IL1β and several MMPs. Importantly, when they
inhibited BRD4 with a pharmacological drug, the SASP was suppressed and immune
clearance was impaired but not the other features of senescence (Tasdemir, Banito et al.
2016).
Altogether, these studies suggest that specialised cells from the immune system are
involved in clearance of senescent cells in cases of pre-malignant cells and non-cancer
pathologies.
Although senescent cells can be cleared by the immune system, they accumulate with
age within the tissues. Hence, one explanation could be that senescent cells have
developed strategies to evade the immune system via secretion of anti-inflammatory
molecules or up/down regulation of receptors (Coppé, Desprez et al. 2010, Freund, Orjalo
et al. 2010). This can be coupled with a rate of accumulation of senescent cells which is
greater than the removal rate by the immune system. Moreover it has been reported that
the immune system becomes impaired with age (Nikolich-Zugich 2008, Wang, Geiger et
al. 2011) and immune cells themselves undergo senescence (Effros and Pawelec 1997,
Rajagopalan and Long 2012). Taking together, these changes could explain why
senescent cells remain and accumulate with age.
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1.5.3 The role of neutrophils in ageing and disease
1.5.3.1 Neutrophils and immune response
Multicellular organisms are constantly challenged to survive against micro-organisms like
bacteria and fungi causing infections. Phagocytes are specialised cells able to engulf and
kill invading pathogens to protect the host. They constitute the first line of defence of the
innate immune system. In humans, neutrophils have a segmented nucleus and contain
granules and secretory vesicles (Borregaard 2010). They count for 50 to 70% of all
circulating leukocytes and are continuously generated in the bone marrow from myeloid
precursor lineages from hematopoietic stem cells (Manz and Boettcher 2014). The
process is controlled by granulocyte colony stimulating factor (GCSF) (Lieschke, Grail et
al. 1994), under the control of interleukin-17A (IL-17A) (Ley, Smith et al. 2006) which is
regulated by interleukin IL-23 (IL-23) produced by resident macrophages and dendritic
cells. During inflammation, terminally differentiated neutrophils infiltrate the tissue, kill
pathogens, undergo apoptosis and are finally removed by macrophages and dendritic
cells (Ortega-Gómez, Perretti et al. 2013).
Neutrophils possess 3 types of granules containing pro-inflammatory proteins formed
during maturation from the bone marrow to the blood stream (Borregaard 2010, Häger,
Cowland et al. 2010, Galli, Borregaard et al. 2011, Lefort, Rossaint et al. 2012). The
primary azurophilic granules contain myeloperoxidase (MPO), neutrophil elastase (HNE),
antimicrobial factors, lysosomal-associated membrane protein 3 (LAMP3) and CD63. The
secondary granules (specific) contain lactoferrin, MMP-9, CD66b and the adhesion
molecule CD11b (or Mac-1). The gelatinase granules (secretory) contain matrix
metalloproteinase 9 (MMP9), gelatinase, plasma proteins, nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase), CD11b and CD35 (CR1) (Borregaard,
Sehested et al. 1995, Borregaard and Cowland 1997).
The distinction between the granules relies on their content composition (Lominadze,
Powell et al. 2005) and their mobilisation upon activation (Borregaard and Cowland 1997).
1.5.3.2 Neutrophil activation mechanism
In sites of inflammation, both bacterial and host cells produce large amounts of
inflammatory signals stimulating endothelial cells near the site of inflammation. Stimulants
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like bacterial derived lipopolysaccharides (LPS) and the peptide N-formyl-methionylleucyl-phenylalanine (fMLP) as well as host derived chemoattractants, cytokines such as
IL-8 or tumour necrosis factor (TNF-α), interleukin 1β (IL-1β) and IL -17 activate
endothelial cells to produce adhesion molecules such as E-selectins and β2-integrins
(Borregaard 2010). This contributes to the recruitment of circulating neutrophils via
interaction with their surface proteins: P-selectin glycoprotein ligand-1 (PSGL-1) and Lselectin (Kansas 1996, McEver and Cummings 1997). These interactions, combined with
blood flow leads to neutrophil rolling onto the surface of activated endothelial cells. This is
followed by stronger attachment via ICAM and β2-integrins expressed by endothelial
cells, leading to neutrophil arrest and transmigration through the blood vessel (see Figure
1.4) (Campbell, Hedrick et al. 1998, Ley, Laudanna et al. 2007). Once arrived to the site
of inflammation or infection, neutrophils can then initiate their oxidative burst, by releasing
reactive oxygen species onto the environment (Baggiolini and Clark-Lewis 1992,
Goldfinger, Han et al. 2003, Xu, Wang et al. 2003).
The concentration of the chemoattractant present has a critical role in the recruitment and
activation of neutrophils. For example, even low concentration of the most abundant
chemokines such as IL-8 stimulates L-selectin and integrins, a medium concentration can
initiate the oxidative burst and the highest one can induce degranulation of neutrophils
(Figure 1.4) (Ley 2002). The concept of neutrophil priming was then introduced, where
neutrophils are exposed to low concentrations of chemoattractants which prepare
neutrophils to be ready to respond quickly to a second insult, such as LPS or fMLP
(Guthrie, McPhail et al. 1984).
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Figure 1.4 Adapted from (Amulic, Cazalet et al. 2012): Neutrophil recruitment to sites of
inflammation.
The circulating neutrophil recognises signs of inflammation and migrates to areas where its antimicrobial
arsenal is needed for the elimination of infection. (a) Close to the inflammatory sites, stimulated endothelial
cells expose a class of molecules, the selectins, which serve to capture circulating neutrophils and tether
them to the endothelium; (b) Selectin- mediated rolling along chemoattractant gradients then ensues,
followed by (c) integrin- mediated firm adhesion. Subsequently, the neutrophil traverses through the
endothelium and arrives at the site of inflammation. Here, the neutrophil releases cytokines that recruit other
immune cells and it begins to implement its antimicrobial agenda. Among the processes employed are
engulfment of microbes via receptor- mediated phagocytosis, release of granular antimicrobial molecules
through degranulation, and formation of neutrophil extracellular traps (NETs).

Neutrophils can eliminate pathogens by three known mechanisms: 1) They can
phagocytose microorganisms by encapsulation in phagosomes: then the killing occurs by
ROS or antibacterial proteins present in the granules after fusion of these granules with
the phagosomes (Borregaard 2010); 2) The antibacterial proteins can also be released in
the extracellular milieu (degranulation) (Lacy 2006); 3) Finally, neutrophils can release
neutrophil extracellular traps (NETs) when they are strongly activated. These NETs are
composed of a mix of chromatin, proteins (histones) and enzymes such as MPO and
neutrophil elastase which can immobilise pathogens by trapping them, thereby preventing
spreading of the infection (Brinkmann, Reichard et al. 2004).
After activation and elimination of pathogens, neutrophils increase the expression of
CXCR4 which triggers their relocation back to the bone marrow to be eliminated (Suratt,
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Petty et al. 2004). Furthermore, they can also undergo senescence or apoptosis within the
vasculature and be removed by resident macrophages (Shi, Gilbert et al. 2001, Hong,
Kidani et al. 2012).
1.5.3.3 Neutrophils and cancer
A

recent

study

where

a

hepatocellular

carcinoma

(HCC)

was

induced

by

diethylnitrosamine (DEN) in a mouse model of low grade inflammation and accelerated
ageing (Jurk, Wilson et al. 2014, Wilson, Jurk et al. 2015) (nfkb1 -/-) demonstrated that
neutrophils are involved in HCC by inducing telomere dysfunction. HCC develops on the
background of cirrhosis caused by fibrosis and subsequently chronic inflammation with
released cytokines / chemokines such as IL-6 (Schutte, Bornschein et al. 2009, Taniguchi
and Karin 2014). Along with the disease, neutrophils and macrophages infiltrate the tissue
in order to resolve the inflammation and protect surrounding cells from ROS secreted by
neutrophils (Shi, Gilbert et al. 2001, McDonald and Kubes 2012).
Hence, chronic inflammation

is associated with persistent recruitment of neutrophils

which has been shown to induce DNA damage in hepatocytes via ROS, thus leading to
the development of HCC (Wilson, Jurk et al. 2015). Furthermore, treatment with an antioxidant butylated hydroxyanisole (BHA) or using a neutrophil-depleting antibody (Ly6G in
a mouse model) has been shown to stop the progression of HCC (Wilson, Jurk et al.
2015).
Another study, using repetitive UV radiation in mice to initiate primary cutaneous
melanomas, has shown that neutrophils promote tumour progression by facilitating
metastatic progression (Bald, Quast et al. 2014). Neutrophil infiltration was triggered by
high mobility group box 1 (HMGB1) released from damaged keratinocytes and driven by
Toll like receptor (TLR4). Indeed, the inflammatory response is known to stimulate
angiogenesis and promote evasion of melanoma cells towards endothelial cells leading to
perivascular invasion (Bald, Quast et al. 2014).
Interestingly, HMGB1 belongs to the alarmin family which functions normally intracellularly
but is also secreted in response to cellular stress or damage resulting in an innate
immune response (Wang, Bloom et al. 1999, Bianchi 2007). In the context of cellular
senescence, a recent study has shown that HMGB1 is secreted rapidly after a variety of
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senescence inducing-stimuli and is essential for optimal secretion of SASP components
such as IL-6 and MMP-3 (Davalos, Kawahara et al. 2013).
While neutrophils have been implicated in cancer, not much is known about their role in
ageing and their connection to cellular senescence. In this work, I hypothesised that
neutrophils can accelerate the onset of cellular senescence and potentially contribute to
ageing. This hypothesis will be explored through the following aims:
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1.6 Aims
Different stressors have been described to induce a premature senescence response
mainly due to DNA damage, dependent and independent of telomeres. This response is
predominantly mediated by a DDR and its effectors, which will eventually lead to a
persistent DSB and trigger a permanent cell cycle arrest. Recent data has shown the
connection between cells from the immune system and senescent cells, mainly involved
in their clearance. Additional data from cancer studies in mice have highlighted the
implication of neutrophil infiltration in the development of HCC. However, the role of
neutrophil in senescence is largely unknown; therefore, the main aim of the study was to
study the relationship between neutrophils infiltration and bystander damage in
surrounding healthy cells.
 The first aim of the study was to determine whether short-term co-culture of young
proliferating human fibroblasts with neutrophils led to cellular senescence and
investigate the mechanisms involved.
 The second goal was to understand if this phenomenon occurred in vivo following
immune infiltration in response to the stress induced by a damaging agent in the
liver.
 The last aim was to understand whether senescent cells through the SASP can
communicate with neutrophils and determine if they are involved in their clearance.
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2 CHAPTER 2 – MATERIAL AND METHODS
2.1 Chemicals and Reagents
Unless stated otherwise, all chemicals were obtained from Sigma-Aldrich Company Ltd
(Poole, Dorset, UK).

2.2

Buffers and Solutions
0.5% Triton™ X-100, 0.5% BSA,

PGB-Triton

0.25% fish skin gelatin in PBS.
Hybridization

buffer

telomere probe

including

the 70% deionised formamide, 25mM
MgCl2, 1 M Tris pH 7.2, 5% blocking
reagent (Roche,Welwyn, UK), 4ng/μl
Tel-Cy-3 telomere specific labelled
peptide nuclei acid probe (CCCTAA)
(Panagene, F1002-5),

in distilled

H2O
FISH wash buffer

70% formamide in 2 X SSC

Citrate buffer pH 6.0

29.41g of trisodium citrate, 1L of
distilled H2O (pH 6.0 adjust with HCL)

2 X SSC

17.53g of NaCl, 8.82g of sodium
citrate, 1L of H2O (pH7.0 adjust with
HCl)

RIPA

150mM NaCl, 1% Triton™ X-100,
0.5% sodium deoxycholate, 0.1%
SDS and 50mM Tris pH8.0.
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Haematoxylin

5g haematoxylin, 40ml glacial acetic
acid, 0.5g sodium iodate, 300 ml
glycerin, 50g aluminium potassium
sulphate, in 700 ml H2O.
10mM Tris, 150mM NaCl and 0.25%

TBS-Triton

Triton™ X-100, (pH 7.0 adjusted with
HCl)

Table 1 Buffers and solutions

2.3 Cell Culture
Human Cell Lines

Human embryonic lung MRC5 fibroblasts were obtained from ECACC (Europe Collection
of Cell Culture) (Salisbury, UK). MRC5 fibroblasts were used for molecular and cellular
biology analysis at a population doubling (PD) range of 16-25 for stress-induced
senescence or as a starting point for reaching replicative exhaustion (replicative
senescence). Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM),
supplemented with 10% heat inactivated foetal bovine serum (FBS) (Biosera, Ringmer,
UK), 100μg ml-1 streptomycin, 100 units ml-1 penicillin and 2mM L-glutamine, incubated in
a humidified atmosphere at 37°C with 95% air and 5% CO2 (complete medium, classic
conditions).
To note, when the cells were co-cultured with neutrophils, they were incubated in a
humidified atmosphere at 37 °C with 3% (v/v) O2 and 5% (v/v) CO2.
IMR90 (gift from Peter Adams.)
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IMR90 cells (Coriell) were grown in DMEM, high glucose supplemented with 20% FBS,
2 mM L-glutamine and 100 μg ml−1 penicillin–streptomycin and incubated at 37 °C with 3%
(v/v) O2 and 5% (v/v) CO2. IMR90 fibroblasts were used for molecular and cellular
biology analysis at a population doubling (PD) range of 25-35 for stress-induced
senescence.
Reporter cell line (gift from Glyn Nelson)
MRC5 fibroblasts stable reporter cell line was generated retro-virally using plasmid pGAcGFP-53BP1c. In all experiments, cells were used at a PD range between 25-32. Cells
were cultured in a complete medium and classic conditions.
MRC5 fibroblasts hTERT (gift from Gabriele Saretzky).
MRC5 cells were transfected retro-virally at PD 30 with the human catalytic subunit
(TERT) of the enzyme telomerase.
In this study, cells were used at two different PDs, an early PD (65) and a more advanced
one (PD 154). Cells were cultured in complete medium and classical conditions.
Mouse cell lines
Mouse Neutrophil Isolation:
Briefly, bone marrow was extracted from the femur and tibia of C57BL/6 (WT) and nfkb1-/mice by flushing with HBBS –Ca2+ with 5% serum. Neutrophils were isolated by percoll
gradient (62%) and purity was established by Ly6G and CD11b (BD biosciences) flow
cytometry (BD FACS cantoII).
Hepatocyte Isolation:
Hepatocytes were isolated from the livers of WT and nfkb1-/- mice by digestion with
collagenase clostridium histolyticum then filtered through a 70μm cell strainer.
Cells were collected by centrifugation (500 rpm for 3 minutes), washed 3 times in Krebs
Ringer buffer and then re-suspended in Williams medium E with 10% serum (WME,
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Gibco) and plated onto collagen coated plates (type I 17 collagen, BD Biosciences). After
4 hours, medium was removed and cells were cultured in fresh 10% or 0.5% Williams
Medium E.
Hepatocyte and neutrophil co-culture and ROS production:
WT and nfkb1-/- hepatocytes were plated on collagen coated transwell plates then cocultured with WT or nfkb1-/- neutrophils +/- a 3μm transwell insert (ThinCert, Griener) at a
1:1 ratio for 18 hours. Intracellular ROS of hepatocytes and isolated neutrophils ws
measured following incubation with 10µM difluorofluorescein diacetate (h2DCFDA) (FITC
488 mm), 5µM dihydroehidium (DHE) (Rhodamine, 594nm) or 5µM Cell Rox Orange for
30 min at 37°C. Median fluorescence intensity was measured by flow cytometry. Up to
10,000 events were analysed on FACSan/ FACS Canto II (BD, Oxford, UK) using Flowjo
software (FlowJo, Inc).
2.3.1 Cryogenic storage
Exponentially growing adherent cells were trypsinised (when at 70-80% confluence) with
Trypsin-EDTA (Sigma, Cat.Number T3924). Trypsin was neutralized with the addition of
pre-warmed media and cells centrifuged at 150g for 5 minutes at room temperature. The
supernatant was removed and cells were re-suspended in foetal calf serum (FCS)
containing 10% (v/v) dimethyl sulfoxide (DMSO) at a density of 1x10 6 cells/ml. One mL
aliquots of cell suspension was immediately transferred to cryovials and placed in a
NalgeneTM Cryo freezing container filled with isopropanol (Thermo Scientific #51000001) . Cells were placed at -80°C for 24 hours to allow gradual freezing, before being
transferred to liquid nitrogen for long-term storage.
2.3.2 Resuscitation of frozen cells
Cryovials were removed from the liquid nitrogen storage bank and immediately thawed for
1-2 minutes at 37°C. Cells were then seeded into a 75 cm2 flask with 20 mL pre-warmed
growth medium. After 24 hours, the growth medium was exchanged to remove DMSO
and cell debris.
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2.3.3 Calculating cell density and population doublings
Cell concentration was calculated at each passage (at confluence 70-80%) using a Fuchs
Rosenthal haemocytometer (VWR international, UK) with 20 μl of suspended cell solution.
Using an optical standard microscope (DMIL, Leica Microsystems, UK), the average of
three random counts of 8 adjacent squares was then determined which corresponds to
the number of cells in x104/ml. Then, the total number of cells is calculated by multiplying
the density by the total volume of suspension (ml).
To obtain the PD, both the number of cells harvested, and the number of cells seeded is
necessary. The following equation is then applied: PD = X + (ln(N1 / N2))/ln2
PD = Population Doubling
X = Previous PD
N1 = Number of cells harvested
N2 = Number of cells seeded

2.4

Induction of DNA damage

2.4.1 X-Ray irradiation
MRC5 fibroblasts at early PD (20-30), IMR90 PD (30-35) and MRC5 mCherry-53BP1c
(25-30) reporter cells were seeded onto 6/12 well plates (Corning) 24 hours prior to
irradiation. Cells were then exposed to X-ray irradiation (IR) (X-Rad 225, Precision X-Ray
INC, N-BRANFORD, CT USA) with different doses (10Gy for IMR90 or 20Gy for MRC5).
Following treatment, the medium was changed immediately to prevent further damage
from residual compounds generated by IR.
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2.4.2 Chemical-induced senescence
Stress-induced senescence was also induced by treating cells with 400μM hydrogen
peroxide (H2O2) (SIGMA, H1009) for 1 hour in serum free medium, followed by washes of
PBS (2 X 5 minutes) at 37°C, then re-incubated in complete classic growth medium.
2.4.3 Replicative senescence
Replicative senescence was reached through replication exhaustion and confirmed by
>80% of cells being positive for Sen-β-Gal, negative for replication marker (Ki67) and less
than 0.5 Population doublings for at least 4 weeks.

2.5 Treatments
2.5.1 During co-culture (hepatocytes and fibroblasts cells)
2.5.1.1 Catalase
In order to assess the impact of H2O2 released by neutrophils on neighboring cells, we
administrated during co-culture the H2O2-specific scavenger catalase at 100UI/ml.
Following the 3 days co-incubation time, the catalase and the neutrophils were removed
and the MRC5 fibroblasts were exponentially cultured until replicative senescence.
2.5.1.2 Recombinant elastase
Mice hepatocytes and neutrophils isolated from the bone marrow were co-cultured in the
presence of 40 nM recombinant elastase for 24 hours in Williams Medium E (Natural
human Neutrophil Elastase protein (ab91099)).
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2.5.1.3 Neutrophils
2.5.1.4 Lipopolysaccharide (LPS)
Depending on the experiment, the desired concentration of freshly isolated neutrophils
from venous blood (from middle-aged healthy donors) were primed with LPS (derived
from Escherichia coli serotype O26:B6), at 100 ng ml−1 for 1 hour at 37°C in the dark at
3% O2.
2.5.2 Inhibitors used on replicative senescent cells
2.5.2.1 Inhibition of mTORC1
In order to inhibit mTORC1, replicative senescent MRC5 fibroblasts were treated with
100nM rapamycin for 10 days before being harvested for analysis. Growth medium was
changed 3 times a week. Cells were cultured in serum-free medium for 24 hours before
collection of conditioned media. Control cells were treated with the same volume of
DMSO.
2.5.2.2 P38 MAPK inhibitor
In order to suppress the activation of MAPKAP kinase-2 and the phosphorylation of heat
shock protein (HSP) 27 in response to IL-1, replicative senescent MRC5 fibroblasts were
treated with 10μM SB203580 for 10 days before being harvested for analysis. Growth
media was changed 3 times a week. Cells were cultured in serum-free medium for 24
hours before collection of conditioned media. Control cells were treated with the same
volume of DMSO.
2.5.2.3 Clorgyline, MAO-A inhibitor
In order to inhibit monoamine oxidation A (MAO-A), replicative senescent MRC5
fibroblasts were treated with 1µM clorgyline (Eli Lilly, UK) for 10 days before being
harvested for analysis. Growth media was changed 3 times a week. Cells were cultured in
serum-free medium for 24 hours before collection of conditioned media. Control cells were
treated with the same volume of deionized water.
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2.6

Co-culture experimental procedure

All co-culture experiments were done using MRC5 fibroblasts at an early PD (16-26). 24
hours before the experiment, cells were harvested, counted and 2 x105 cells were seeded
in a T25 flask (Corning). Cells were cultured in classical conditions. On the first day of the
co-culture, freshly isolated neutrophils were primed with 100 ng/ml LPS for 1 hour at
37°C, 3% O2 in the dark. After 1 hour incubation, primed neutrophils were centrifuged at
1000 RPM to wash remaining LPS and 1x106 neutrophils were mixed with the MRC5
fibroblasts on a ratio of 1:5 fibroblasts:neutrophils. In some conditions, catalase (100
UI/ml) was added to the suspension for the duration of the co-culture. As controls, MRC5
fibroblasts were cultured with either catalase alone or with neutrophils not primed with
LPS. Every 24 hours, neutrophils were removed by aspiration and fibroblasts were
washed once with pre-warmed media prior to the addition of fresh neutrophils from a
different middle-aged healthy donor for a further 24 hours of co-incubation. This
procedure was repeated once or for 3 consecutive days. On the last day, neutrophils were
removed, and the fibroblasts were passaged and transferred onto new T150 flasks until
they reached replicative senescence.
For the duration of the experiment (1 or 3 consecutive days), the co-cultured cells were
incubated at 3% O2 at 37°C. Subsequent to neutrophil removal, fibroblast were returned
to normal and classical culture conditions.

2.7 Live cell imaging
For live-cell time-lapse microscopy, 10x104 MRC5 fibroblasts, IMR90 or MRC5 mCherry
53bp1c cells were seeded into a 6-well plate glass coverslip bottomed dishes (Mattek),
and incubated for 24 hours to let the cells adhere to the glass substratum. Then,
depending on conditions cells, were IR with 20Gy and imaged 10 days post IR. Non
irradiated, early PD cells were used as controls.
Images were taken every 10 minutes for 24 hours using a 20X objective apochromat air
(NA=0.8). A 2 X 2 tile scan was set up to follow cells over a larger area using Z-stacks
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over 10 μm. Acquisition was done using a Zeiss Spinning Disk confocal microscope
equipped with a QuantEM 5125C camera and Axiovision software (Zeiss). Cells were
incubated at 37°C in a humidified environment with 3% O 2 and 5% CO2.
To assess the viability of the cells in the clearance assay during co-culture with
neutrophils, PI was added to the cell suspension (0,2mg/mL). To detect the PI by
fluorescence, an argon laser 561 with a Cy3 filter was used.
DNA damage foci (DDF) from live-cell time-lapse microscopy were counted manually
using ImageJ. Cells positive for PI were counted manually for each field using ImageJ.

2.8 Measurement of DNA damage: Comet assay
10x104 cells were trypsinised and centrifuged at 1600rpm, supernatant was discarded and
cells were resuspended in 500μl 10% DMSO in FBS. Cells were then frozen at -80°C in a
Cryo freezing container filled with isopropanol (Thermo Scientific #5100-0001). On the
day of the experiment, cells were defrosted on ice then washed with cold PBS and
centrifuged at 4°C at 700g for 5 minutes. The supernatant was removed and cells were
resuspended in 0.7% LMP agarose at 37°C to a final concentration of 2 x 105 cells/ml.
70μl of cell/agarose mix was placed on slides coated in 1% agarose between a cover-slip
in duplicate for each condition, care was taken to avoid bubbles. Slides were then placed
at 4°C for 10 mins to allow the gel to set. Coverslips were removed and the slides were
placed in lysis buffer (2.5M NaCl, 100nM EDTA, 10nM Tris, 250nM NaOH 10% DMSO,
1% Triton X-100) for 1 hour at 4°C. Slides were then washed twice in cold PBS.
Alkaline buffer
Slides were places for 40 minutes in alkaline buffer (300mM NaOH, 1mM EDTA) at 4°C to
denature DNA. Samples were subjected to electrophoresis for 30 minutes at 25V at 4°C
in the alkaline buffer.
Neutral buffer
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Samples were subjected to electrophoresis for 30 minutes at 25V at 4°C in Tris-borate
EDTA (TBE) buffer.
Visualisation
After electrophoresis, slides were washed twice in cold PBS, 500μl of 1000x Sybr Gold
(Invitrogen) in tris-borate EDTA (TBE) buffer was added to each gel and slides were
incubated for 40 mins in a dark humid chamber. Slides were washed twice in MilliQ water
and allowed to dry. Samples were imaged using an Olympus BX51 widefield microscope
with Olympus UPlanFL 20x/0.50 air objective. Comets were scored using Comet assay IV
(Perceptive Instruments Ltd., Haverhill, Suffolk, United Kingdom). Each experiment was
run in duplicate, on two separate gels and an average reading for the two gels was
quantified.

2.9 Metaphase generation
Metaphase spreads from MRC5 fibroblasts were prepared at different time points (0, 4, 8
and 16 days after co-culture) by treatment of subconfluent cells with 10µg ml−1 colcemid
for 24 hours at 37 °C, followed by addition of 60mM KCl for 15min at RT and fixation in
ethanol:acetic acid (3:1) as described (Passos, Saretzki et al. 2007). Slides were air-dried
and stored in boxes in the dark at RT.

2.10 Senescence associated β Galactosidase activity assay
Senescence-Associated β Galactosidase assay is a common marker used to detect
senescent cells as described previously (Dimri et al., 1995). Briefly, cells on coverslips
were washed with PBS and fixed with 2% paraformaldehyde and 0.2% glutaraldehyde
solution for 5 minutes at room temperature. Following PBS washes (twice for 5 minutes),
cells were incubated in SA-β-Gal staining solution (150mM NaCl, 2mM MgCl2, 40mM citric
acid, 12mM NaPO3, 400 µg/mL X-gal, 2.1mg/mL potassium hexacyanoferrat (II) trihydrate
and 1.65mg/mL potassium hexacyanoferrat (III) trihydrate), pH 6.0 (for human cells) at
37°C in the dark overnight.
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Cells were then washed three times for 5 minutes in PBS and then mounted onto glass
microscope slides with ProLong® Gold Antifade Mountant with DAPI (Invitrogen,
P36935).
Using a Leica DM5500B microscope and a Leica DFC420 camera using LASAF software,
random fields (20X objective) were imaged and cells were scored either positive (dark
blue staining) or negative for SA-β Gal staining.

2.11 Flow cytometry
Prior to any measurement and to ensure the optimum performance and reproducibility of
the flow cytometer (Partec, http://www.partec.com), a calibration was performed using
fluorescent microbeads. Each measurement was assessed in duplicate or triplicate and
1x104 cells (events) were analysed per measurement.
2.11.1 Measurement of reactive oxygen species
2.11.1.1

Dihydroethidium

Dihydroethidium (DHE) is a blue fluorescent dye that when oxidised through binding to
superoxide anions forms a red fluorescent product which intercalates with DNA.
Cellular superoxide intensities were determined by harvesting and incubating ~ 2.5 X105
live cells with 10µM of DHE (Invitrogen, Cat. Number D1168) in serum-free DMEM for
30min at 37°C in the dark. Cells were centrifuged at 1600 RPM for 2 minutes, the
supernatant was discarded, and cell pellet was re-suspended in 2ml serum-free DMEM.
Measurements of the median fluorescence intensity were determined via flow cytometry
using the red fluorescence channel (FL3 channel).
2.11.1.2

MitoSOX

Mitochondrial superoxide levels were as well determined using the same procedure as for
DHE staining, however live cells were incubated with 5 µM of MitoSOX™ Red (Life
Technologies-Invitrogen, 50 µg vial) for 10 minutes. Median fluorescence intensity was
determined using the same red fluorescence channel.
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2.11.2 Measurement of cell death
2.11.2.1

Propidium iodide/Annexin V

Cell viability was determined after 24 hours of co-culture using Propidium iodide (PI) in
conjunction with Annexin V to establish if cells are viable, apoptotic, or necrotic through
differences in plasma membrane integrity and permeability. Annexin V will specifically
stain early apoptotic cells, whereas PI will stain late apoptotic and necrotic cells.
According to the manufacturer’s recommendations (eBiosciences), supernatants and
corresponding cells were collected for each condition. Cells were then resuspended in
100µl of Annexin V buffer (eBiosciences (Hatfield, UK)), and 1 µl of FITC-Annexin V was
added to the cells. After 10 minutes of incubation in the darkness at room temperature
(RT), 1 µl/ml of PI was added to the cell suspension and immediately analysed by flow
cytometry. Measurements of the median fluorescence intensity were determined via flow
cytometry using the red fluorescence channel (FL3 channel) for PI and green
fluorescence channel FL1 for Annexin V.

2.12 Immunology
2.12.1 Extraction of polymorphonulcear leukocytes and monocytes from whole blood
2.12.1.1

Isolation of peripheral neutrophils

(Neutrophils were obtained

from Marie-Helene Ruchaud-Sparagano expertise, John

Simpson’s group)
Neutrophils from healthy volunteers were isolated from whole blood by means of dextran
sedimentation and fractionation over discontinuous Percoll gradients as follows. Briefly,
leukocytes were isolated from citrated whole blood obtained by venipuncture of healthy
volunteers. After centrifugation of blood at 300g with no brake for 20 minutes and removal
of platelet-rich plasma, leukocytes were separated from erythrocytes by dextran
sedimentation by using 6% dextran T500 (Dextran T500 from Pharmacosmos). The
leukocyte-rich upper layer was then fractionated by using isotonic Percoll Plus (GE
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Healthcare, 17-5445-01), and polymorphonuclear leukocytes (PMN) and mononuclear
leukocytes were harvested from the 70 to 81% and 55 to 70% interfaces. PMN were
washed in HBSS without Ca2+/Mg2+ by centrifugation at 200g for 5 minutes and counted
then adjusted to 1 million/ml.
Only samples yielding 95% or greater neutrophil purity (assessed by means of
morphological analysis using a cytospin and Giemsa staining) and 95% or greater viability
(assessed by means of trypan blue exclusion) were used.

2.12.1.2

Monocyte Isolation & Culture

Mononulear cells from the 55/70 layer of the Percoll density gradient were washed and
counted. Then cells were resuspended at 4x106/ml in RPMI and plated in a 6 well plate at
37°C/ 5% CO2 for 1 hour. Cells were then washed thoroughly and fresh RPMI containing
10% autologous serum was added then left to mature over 6-7 days in the incubator until
they were fully differentiated.
2.12.1.3

Viability of cells

The viability of the neutrophils was assessed by Trypan Blue (Gibco, Life Technologies,
0.4%) staining, which allows the discrimination between viable and non-viable cells.
Immediately after extraction of the PMN, 100 µL of cell suspension was mixed with 5 µL of
trypan blue solution and applied to a haemocytometer. Then, the cells were counted and
discriminated between white and blue cells (live cells with intact cell membranes are not
coloured). The viability is sorted by calculating the ratio between live and dead cells. In all
experiments, 95% or greater viability was used.
This procedure was also used to determine viability of neutrophils after different
incubation periods at various oxygen levels (3% and 20 %) and treatments.
2.12.1.4

Control of neutrophil preparation purity

The control of purity of the preparation is done using a cytospin (Shandon, cytospin 3).
150 µl of cell suspension (~500,000 cells/ml) was loaded into a cytospin chamber and
centrifuged for 3 minutes at 300g. Slides were allowed to dry, and were then fixed for 10
minutes with acetone followed by Giemsa solution staining for another 10 minutes.
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Following two washes with water, slides were air dried and mounted with DPX. Cell purity
was assessed by counting 100 cells under the microscope by means of morphological
analysis. In all experiments, 95% or greater purity was used.
2.12.2 Chemotaxis experiments
The method used to measure the chemotactic response of the PMN is based upon
migration of cells under agarose gel described by (Nelson, Quie et al. 1975). This
technique allows both chemotaxis and spontaneous migration toward a chemoattractant.
Slides were prepared and coated with 0.5% gelatin then 5 ml of mix composed by
agarose, gelatin, 25% BSA and DMEM was pour onto the slides. Once dried, the slides
were stored at 4° C. On the day of the experiment, 3 wells were cut onto the slide: fresh
PMN was resuspended at 2.5x106/ml in DMEM-1%BSA and 10µl was transferred to each
central well. Then, chemoattractant or media alone was placed on the other well. After 2
hours of incubation at 37° C for 2 hours, the slides were fixed in 2.5% paraformaldehyde
overnight, stained with Giemsa for 10 minutes and mounted in DPX. Slides were analysed
under a computer image analysis (Image-Pro software, Image-Pro Software, Rockville,
MD, USA). Neutrophil chemotaxis was determined by measuring the distance between
the origin and the leading edge of cells migrating towards the chemoattractant, and
subtracting the distance of migration between the origin and the leading edge of cells
migrating towards medium alone (corresponding to random migration).
2.12.3 Measurement of superoxide anion release by neutrophils
The release of superoxide anions by freshly isolated neutrophils in response to fMLP (10 -7
M) was measured using cytochrome c reduction assay as previously described (RuchaudSparagano, Walker et al. 2000). Cells were pre-incubated with LPS, PMA or HBSS
containing Ca2+ and Mg+2 , or platelet-activating factor (positive control) for 60 minutes, in
the presence of 1% autologous serum, before stimulation with fMLP (100 nM). For each
sample, a control with superoxide dismutase (200 U) was included to verify the specificity
of cytochrome c reduction by superoxide anions. After 15 minutes incubation at 37°C, the
reaction was stopped immediately by placing the cells on ice then centrifuged at 10,000 g
for 3 minutes. The superoxide dismutase reduction of cytochrome c was then determined
for each supernatant by measuring the absorbance at 550 nm using a BMG Fluostar
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Optima plate reader (BMG Labtech Ltd, Aylesbury, UK). Results are expressed as nmole
of O2 - per million neutrophils, using the extinction coefficient of 21 x 103 M-1 cm-1.
2.12.4 Amplex red measurement
Reactions containing 50 μM Amplex Red reagent (AR), 0.1 U/ml HRP, H2O2, and
conditioned media, were prepared in the dark. 40ul of HRP working stock (10 U/ ml) and
10ul of AR working stock (1 mM) were pipetted to each well in triplicate (or media for the
blank + LPS (100ng/ml)) of a 96-well black bottom microplate containing freshly isolated
neutrophils at different concentrations. Fluorescence was measured in a fluorescence
microplate reader (FLUOstar Omega, BMG Labtech) using excitation in the range of 530–
560 nm and emission detection ~590 nm at 37°C for 2h.

2.13 Mice
2.13.1 Mouse groups and treatments
2.13.1.1

Ageing Colony

A long established colony of inbred C57Bl/6 (ICRFa) mice (n=10/group) were fed ad
libidum, with constant access to water, and culled at 3, 15 or 30 months of age, as
described in (Wang et al., 2009; Cameron et al., 2011).
2.13.1.2

Mice and models of liver injury using N-Nitrosodiethylamine

(DEN) provided by Derek Mann
Experiments on C57BL/6 (WT) and nfkb1-/- mice were performed under approval from the
Newcastle ethical review committee and a UK Home Office licence. Nfkb1-/- mice were a
gift from Prof J.Caamano (UK). 15 days old mice were given 30mg/kg DEN in 0.9%
saline by intraperitoneal injection (I.P) to induce liver cancer. For acute DEN treatment, 8week-old mice were given 100mg/kg by I.P to induce liver DNA damage.
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2.13.1.3

Models of rodent acute liver injury using carbon tetrachloride

(CCl4) provided by Derek Mann (Moles, Murphy et al. 2014)
Wt, tlr2−/− (Takeuchi, Hoshino et al. 1999, Moles, Murphy et al. 2014), tlr4−/− (Hoshino,
Takeuchi et al. 1999), and s100a9−/− (Manitz, Horst et al. 2003) mice were provided by
Prof M. Karin, Prof E. Seki and Prof N. Hogg. Single intraperitoneal injection of CCl 4 at a
dose of 2 μl (CCl4: olive oil, 1:1 [v:v])/g body weight was administered for 8, 24, 48, and
72 hours to 8–10 week old male littermates. Mice were pre-treated with Ly-6G or IgG
control antibody for 12 h before CCl4 injection. Animals were culled at 48 hours postCCl4 injection. At least five animals were used per treatment group.
2.13.1.4

Models of rodent liver sublethal LPS injury provided by Derek

Mann (Moles, Sanchez et al. 2013)
Mice (8-10 weeks old; C57BL/6) were purchased from Harlan Laboratories (Indianapolis,
Indiana). Pure LPS (InvivoGen, San Diego, CA) was administered by intraperitoneal
injection injection at a dose of 300 µg/animal for 24 hours.
2.13.2 Housing of mice
All animal husbandry and experimental procedures were performed in compliance with
the Animals (Scientific Procedures) Act 1986 (ASPA). Mice were housed in a
temperature-regulated environment (20±2˚C) with a 12 hour light/dark cycle, with lights
turned on at 7 am.
2.13.3 Mouse tissue collection and preparation
All tissues were placed in 10% neutral buffered formalin (VWR, 9713.9010) immediately
after dissection. After fixation, tissues were dehydrated through a series of graded ethanol
baths, before being treated with xylene, followed by paraffin embedding.
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2.14 Immunostainings
2.14.1 Immunofluorescence staining on fixed cells
Fixation
Cells were grown on sterile coverslips until they reached 80% confluency, washed with
PBS and fixed with 2 % paraformaldehyde (PFA) (VWR, 9713.9010) for 5 minutes at RT.
Once fixed, cells were washed twice for 5 minutes in PBS and immediately stored at 80°C for long term preservation.

Permeabilisation
Fixed cells were incubated for 45 minutes in PBG-Triton (Table 1) at RT, whilst shaking
on an orbital shaker at 80 RPM.
Immunofluorescent staining
Cells were incubated with a primary antibody (Table 2) diluted in PBG-Triton in a
humidified chamber overnight at 4°C. The next day, cells were washed three times for 5
minutes in PBG-Triton, and then incubated with a secondary antibody (Table 2) for 45
minutes to 1 hour at RT in the dark (using aluminium foil to wrap the plates). Finally, cells
were washed three times for 5 minutes in PBS before mounting the coverslips onto glass
microscope slides with ProLong® Gold Antifade Mountant with DAPI (Invitrogen,
P36935). Coverslips were analysed using a Leica DM5500B microscope and images
were captured with a DFC360FX camera using LASAF software (Leica) or on a Leica
DMi8 wide field fluorescence (inverted) with different objectives depending on the
experiment using LASX software. In some cases, z stacks were taken.
2.14.1.1.1.1

Protein

TABLE 2: PRIMARY ANTIBODIES FOR IMMUNOFLUORESCENCE ON CELLS

Host

Anti-Ki67 (Abcam, Rabbit polyclonal

Specificity

Dilution

Human

1:250

ab15580)
Mouse
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Anti-phosphohistone

Mouse monoclonal

Human

1:200

rabbit polyclonal

Human

1:250

γH2A.X

(Ser139) (Millipore,
05-636)
anti-53BP1
antibody

4 μg ml−1
Mouse

(NB100-904 Novus
Biologicals)

Table 2 Primary antibodies for Immunofluorescence on cells

2.14.1.1.1.2

TABLE 3: SECONDARY ANTIBODIES FOR IMMUNOFLUORESCENCE ON CELLS

Protein

Host

Specificity

Dilution

Anti-rabbit

Goat

Rabbit

1:2000

Goat

Mouse

1:2000

Fluoresceinconjugated
secondary antibody
AlexaFluor

594

(Invitrogen,
A21213)
Anti-mouse
Fluoresceinconjugated
secondary antibody
AlexaFluor

488

(Invitrogen,
A21042)

Table 3 Secondary antibodies for Immunofluorescence on cells
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N.B: All wash steps were carried out with gentle shaking on an orbital shaker at 70RPM
and all antibody incubations steps carried out in a dense plastic humidifier chamber.
2.14.2 Telomere-FISH on fixed Cells following immunofluorescence
Fluorescence in situ hybridisation (FISH) is a technique that uses fluorescent probes to
detect specific parts of chromosomes. In this case, the probe used is design to bind to the
telomeric repeats (TelC-Cy5, Panagene, Korea).
After immunofluorescence described above using γH2A.X and the corresponding
secondary antibody, cells were washed twice for 5 minutes in PBS and FISH was applied.
Cells were fixed for 30 minutes with a mix of methanol: acetic acid (3:1) then dehydrated
through graded cold ethanol solutions (70, 90, and 100%) for 3 minutes each in a humidify
chamber and finally air-dried. Cells were incubated in pre-warmed PBS at 37°C for 5
minutes and fixed again with pre-warmed 4% PFA for 2 minutes. Samples were washed
twice for 5 minutes in PBS and dehydrated in the same ethanol gradient mentioned
previously. The coverslips were allowed to air dry and were then denaturated in a
hybridization buffer including the telomere probe (Table 1) at 80°C for 10 minutes, placed
into a humidifier chamber and incubated for a minimum of 2 hours at RT.
Coverslips were washed three times for 10 minutes with FISH wash buffer (table 1)
followed by three washes of 5 minutes in 0.05% TBS-Tween. Finally, coverslips were
dehydrated again in cold ethanol series, air-dried and cells were mounted using
ProLong® Gold Antifade Mountant with DAPI (Invitrogen, P36935).
Coverslips were analysed with a 63X objective (oil, NA=1.4) using a Leica DM5500B
microscope and images were captured with a DFC360FX camera using LASAF software
(Leica) or on a Leica DMi8 wide field fluorescence (Inverted) using LASX software. A Z
stack of 12 µm was acquired (with a minimum of 50 optical slices) per image.
Quantification of DNA damage foci and telomere-associated foci (i.e. co-localisation
between γH2AX and telomeres) was performed blinded using ImageJ software.
For the metaphase spreads, cells were rehydrated twice for 5 minutes in PSB then
dehydrated with the ethanol series mentioned above. Slides were allowed to air dry before
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the hybridisation buffer was applied. All subsequent steps are the same as in the
procedure mentioned above
Acquisition was done on a 100X (NA=1.4) oil objective, Z stacks of 5 μm through the
entire chromosomes of each cell was performed using a Leica DMi8 wide field
fluorescence (inverted) equipped with a Hamamatsu C11440-22 camera.
2.14.3 Immunostainings on paraffin embedded tissues

2.14.3.1

Using rabbit primary antibodies

Tissue sections of 3μm were cut and placed onto slides coated with 4% APES, then
incubated overnight at 37°C. Sections were deparaffinised in Histoclear (National
diagnostics, USA) twice for 5 minutes followed by hydration series of a gradient of ethanol
(100, 90, 70%, twice for 5 min, 5minutes and 5minutes, respectively) then wash twice for
5 minutes in distilled H2O. Then, an antigen retrieval step was performed by incubating
the sections in 0.01M citrate buffer pH 6.0 (Table 1) for 4 minutes in a microwave oven at
800W, followed by 10 minutes at 400W. Sections were cooled down on ice for 20 minutes
and washed twice with distilled water. Sections were then incubated for 30 minutes in
blocking reagent (Normal goat serum (NGS) (Vector labs, VECTASTAIN Elite ABC HRP
Kit (Peroxidase, Rabbit IgG)) (diluted 1:60 in 0.1% bovine serum albumin (BSA) in PBS)
followed by incubation with the primary antibody (table 4) (diluted in the blocking reagent)
at 4°C in a humidified chamber. Sections were washed in PBS three times for 5 minutes
and incubated with secondary antibody diluted in the blocking solution (table 5) for 45
minutes. For anti-γH2A.X antibody, sections were incubated with a biotinylated secondary
antibody (1:200) in blocking solution (goat anti-rabbit biotinylated (Vector labs,
VECTASTAIN Elite ABC HRP Kit (Peroxidase, Rabbit IgG)) for 30 minutes at RT.
Sections were washed three times for 5 minutes in PBS then incubated with avidin DCS
(Vector Lab, A-2011) (1:500 in PBS) for 30 minutes. Sections were finally washed three
times for 5 minutes in PBS and mounted with ProLong® Gold Antifade Mountant with
DAPI (Invitrogen, P36935). Acquisition was done using a Zeiss Spinning Disk confocal
microscope equipped with a QuantEM 5125C camera and Axiovision software (Zeiss).
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2.14.4 Protocol for mouse primary antibodies
Immunostainings using primary mouse antibodies on mouse tissue were done with the
Mouse on mouse kit (M.O.M basic kit (Vector Lab, BMK-2202)) according to the
manufacturer instructions. Briefly, tissues were blocked in the M.O.M blocking reagent
diluted in TBS-Triton for 1 hour at RT. Sections were then washed twice for 5 minutes in
PBS and then incubated with the primary antibody (Table 4) in the M.O.M diluent in TBSTriton overnight at 4°C. Then sections were washed in PBS three times for 5 minutes and
incubated with an Alexa Fluor conjugated secondary antibody (table 5) (1:1000). Sections
were finally washed three times for 5 minutes in PBS and mounted with ProLong® Gold
Antifade Mountant with DAPI (Invitrogen, P36935). Acquisition was done using a Zeiss
Spinning Disk confocal microscope equipped with a QuantEM 5125C camera and
Axiovision software (Zeiss).
2.14.5 ImmunoFISH on tissues (γH2A.X-TeloFISH) staining on paraffin embedded
tissues
In some conditions, immunofluorescence staining was coupled with FISH. After incubation
with avidin DCS, sections were washed three times for 5 minutes in PBS then crosslinked
with a solution of 4% PFA in PBS for 20 minutes at RT followed by three PBS washes for
5 minutes. Sections were then dehydrated using a graded cold ethanol solutions (70, 90,
100%) for 3 minutes each in a humidified chamber and finally air-dried. Then sections
were denaturated in a hybridisation buffer including the telomere probe (Table 1) at 80°C
for 10 minutes, placed into a humidified chamber and incubated for a minimum of 2 hours
at RT. Slides were washed three times for 10 minutes with FISH wash buffer (table 1)
followed by 10 minutes wash with 2 X SSC (table 1) and three PBS washes for 10
minutes. Finally, sections were mounted using ProLong® Gold Antifade Mountant with
DAPI (Invitrogen, P36935).
Sections were analysed with a 63X objective (oil, NA=1.4) using a Leica DM5500B
microscope and images were captured with a DFC360FX camera using LASAF software
(Leica) or on a Leica DMi8 wide field fluorescence (Inverted) using LASX software
equipped with a Hamamatsu C11440-22 camera. A Z stack of 12 µm was acquired (with a
minimum of 50 optical slices) per image. Quantification of DNA damage foci and
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telomere-associated foci (i.e co-localisation between γH2AX foci and telomeres) were
analysed blinded using ImageJ software.
2.14.5.1.1.1

TABLE 4: PRIMARY ANTIBODIES FOR IMMUNOFLUORESCENCE ON TISSUE

Protein

Host

Specificity

Dilution

Phospho-Histone

Rabbit monoclonal

Human

1:200

H2A.X (serine 139)
Mouse
(Cell

Signalling,
Rat

#9718)

Monkey

Anti-PCNA
antibody

Mouse

Human

1:1000

[PC10]

(ab29)

Table 4 Primary antibodies for Immunofluorescence on tissue

2.14.5.1.1.2

TABLE 5: SECONDARY ANTIBODIES FOR IMMUNOFLUORESCENCE ON TISSUE

Protein

Host

Specificity

Dilution

Anti-Mouse IgG
(H+L), Alexa Fluor®
647
Invitrogen, A-21235
Biotinylated antiRabbit IgG (H+L)

Goat
Polycloncal

Mouse

1:1000

Goat

Rabbit

1:200

(VECTASTAIN Elite ABC
Kit)

PK-6101

–

Vector Laboratories
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Fluorescein-labelled
Avidin DCS (
Vector Laboratories,
A-2011
)

N/A

1:500

Table 5 Secondary antibodies for Immunofluorescence on tissue

2.14.6 Q-FISH
Q-FISH analysis of telomere-FISH was performed on fixed cells after chromosome
preparation (see above for procedure to generate metaphases) in order to distinguish
individual chromosomes. Acquisition was done on a 100X (NA=1.4) oil objective, Z stacks
of 5 μm through the entire chromosomes of each cell was performed using a Leica DMi8
wide field fluorescence (inverted) equipped with a Hamamatsu C11440-22 camera. For
each individual cell, Z projections were created using imageJ software and the oval tool
was used to create a circle to measure the integrated density of individual telomeres
signal. A minimum of 10 metaphase spreads were analysed for each condition.

2.15 Immunohistochemistry
2.15.1 IHC on paraffin embedded tissue

Tissue sections of 3μm were cut and placed onto slides coated with 4% APES, then
incubated overnight at 37°C. Sections were deparaffinised in Histoclear (National
diagnostics, USA) twice for 5 minutes followed by hydration series in a gradient of ethanol
(100, 70%) twice for 5 minutes, then endogenous peroxidase was blocked in a solution of
Methanol/ 2% hydrogen peroxide for 15 minutes then tissues sections were washed for 5
minutes in PBS. Antigen retrieval was performed using Proteinase K (20µg/ml) in a
humidified atmosphere at 37°C, followed by one wash in PBS for 5 minutes. Then, slides
were mounted in sequenza and avidin / biotin (ref: SP-2001, Vector laboratories) were
blocked for 20 minutes each followed by a blocking solution incubation for 20 minutes with
swine serum in PBS (1:5). Sections were incubated with the primary antibody Rat antimouse monoclonal NIMP-R14 (ref: ab2557-50 Abcam) (1:200) overnight at 4°C. The next
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day, slides were washed in PBS three times for 5 minutes followed by secondary antibody
incubation for 90 minutes at RT with goat anti-rat biotin conjugated Ac 1:200 (ref: STAR
80B, Serotec). Then, three PBS washes were performed for 5 minutes each and 3 drops
of Vector ABC tertiary (ref: PK 7100 Vector laboratories) was applied for 30 minutes
followed by 5 minutes wash in PBS. Detection was performed with DAB mix (ref: SK 4100
Vector laboratories) according to the manufacturer’s instructions for 5-10 minutes (visual
detection). Sections were then briefly washed with PBS and counterstained with Meyers
haematoxylin for 10 seconds and washed in tap water for 10 seconds. Finally, tissue
sections were rehydrated in ethanol graded series for 5 minutes each (50, 70,100%) and
twice for 5 minutes in Histoclear then mounted in Pertex (ref: 00811, Histolab).
Slides were analysed with a Nikon E800 Wide field (upright) microscope and images were
captured with a Leica DFC420 camera using the LAS software (Leica) on a 20X objective
(air, NA=0.5). Levels of positive staining were determined by quantifying the number of
cells stained per field and generating an average from 10 randomly captured images for
each animal.

2.16 Statistical analysis
Data are expressed as the mean ± SD, mean ± S.E.M or median ± range, where
appropriate. Where data were normally distributed, statistically significant differences
between two groups were evaluated using an independent samples two-tailed t-test and
significant differences between groups were assessed using ANOVA. Where data were
not normally distributed, statistically significant differences between two groups were
evaluated using the Mann-Whitney U test and the Gehan-Breslow test. P values < 0.05
were considered significant. Data were analysed using GraphPad Prism version 7.0,
GraphPad Software, San Diego California USA, www.graphpad.com and IBM SPSS
statistics version 19 and using Sigma plot version 12.5 from Systat Software, Inc., San
Jose California USA, www.systatsoftware.com.
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2.17 Ethics statement
All work complied with the guiding principles for the care and use of laboratory animals.
The project was approved by the Faculty of Medical Sciences Ethical Review Committee,
Newcastle University. Project license number 60/4102.
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3 CHAPTER 3 - Neutrophils induce senescence in human fibroblasts and
mouse hepatocytes in a ROS dependent manner
3.1

Effects of Neutrophil exposure to LPS and survival in culture

Neutrophils are the main actors involved in microbial killing during infections and for that
purpose they produce large amounts of reactive oxygen species such as hydrogen
peroxide and superoxide anion, which are very harmful to host tissues (Botha, Moore et
al. 1995, Partrick, Moore et al. 1996). Hence, activation of neutrophils is tightly regulated
with exogenous and endogenous mediators released during infection (Ferrante, Kowanko
et al. 1992, Serhan, Chiang et al. 2008). Furthermore, LPS (lipopolysaccharides) which is
a bacterial endotoxin has been shown to prime neutrophils resulting in enhanced
respiratory burst in response to a second stimulus such as N-Formylmethionyl-leucylphenylalanine (fMLP) or opsonised zymosan. The range of LPS used is from 0.01 to 100
ng/ml, with a maximum response after one hour incubation (Doerfler, Danner et al.).
In this chapter, I aimed to investigate the role of neutrophils as potential inducers of
cellular senescence. In order to conduct these investigations, I first needed to establish
the best concentration of LPS to prime neutrophils.
For that reason, I tested a range of LPS doses from 0.1 ng/ml to 100 ng/ml (physiological
range) following stimulation, to determine which concentration was the best at inducing
superoxide release for our future experiments. We measured the superoxide release
using the cytochrome c reduction assay in adherent neutrophils upon pre-incubation with
a LPS dose of 0.1 to 100 ng/ml for one hour followed by exposure to a second stimulus
(zymosan). Figure 3.1 a shows that the best response was obtained with priming the
neutrophils for 1h with 100 ng/ml LPS. I therefore decided to use 100 ng/ml LPS to prime
the neutrophils for future experiments.
To further confirm the release of ROS produced by human neutrophils upon treatment
with LPS for 1 hour, I performed the Amplex Red (AR) assay (Molecular Probes). AR is a
fluorescent probe that reacts with hydrogen peroxide and can be used to determine the
rate of hydrogen peroxide release by neutrophils. Data indicates that neutrophils primed
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for 1h with LPS show a sharp increase in Amplex Red fluorescence, indicative of
increased hydrogen peroxide release (Figure 3.1 b).
Upon exposure to LPS, neutrophils have been shown to activate Toll like receptor 4
(TLR4), a pattern recognition receptor involved in innate immune activation. TLR4
activation has been shown to result in NF-κB activation (Sabroe, Jones et al. 2002) and
the generation of ROS (Sabroe, Prince et al. 2003). Hence, we measured using flow
cytometry the surface expression of TLR4 on neutrophils following exposure to 100 ng/ml
LPS and found a significant increased compare to the untreated cells (Figure 3.1 c). As
expected, exposure of neutrophils to 100 ng/ml LPS for 1h led to the production and
release of IL-8 (a pro-inflammatory cytokine and NF-κB target) measured by ELISA, as
shown in Figure 3.1 d and as previously described (Baggiolini and Clark-Lewis 1992).
Following the characterisation of neutrophils to LPS, I evaluated the viability of neutrophils
in culture in order to establish the best conditions for future co-culture experiments.
It has been previously reported that neutrophils undergo spontaneous apoptosis under
20% O2 (ambient oxygen) and that their survival was improved under low oxygen
conditions (Walmsley, Print et al. 2005). Consistent with this, we observed that neutrophils
survival was significantly improved using low oxygen conditions (Figure 3.1 e).
All these data taken together show that neutrophils primed with 100 ng/ml LPS have an
enhanced response (oxygen burst) after exposure to a second stimulus and low oxygen
preserves their viability. For these reasons, we decided to use these conditions for our
further experiments.
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Figure 3.1 Neutrophils release superoxide and IL-8 upon LPS exposure. In collaboration
with Dr M-H Ruchaud-Sparagano.
(a) Neutrophils were left to adhere into 24-well plates for 30 min before exposure to various concentrations
of LPS. Cells were then stimulated with autologous serum-opsonised zymosan in the presence of
cytochrome c and the superoxide dismutase-inhibitable reduction of cytochrome c was then determined as
described earlier. Values are mean±SEM from seven separate experiments. *P<0.05 using Tukey’s multiple
comparison test.

(b) Graphs show means release of H 2O2 using Amplex red, au/min/300 000 neutrophils

(n=1) after LPS treatment for 1h at 37°C. (c) Freshly isolated neutrophils were preincubated with LPS (100
ng ml−1) before labelling with PE-anti-TLR-4 antibodies or PE-isotype control antibodies. Gating was
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performed using side and forward scatters. Mean fluorescence intensity (MFI) obtained with each isotype
control was subtracted from the mean fluorescence intensity obtained with each corresponding antibody.
Results are expressed as net mean fluorescence intensity (MFI) from four independent experiments, each
performed in triplicates, with error bars representing SEM. *P<0.05 by Tukey’s analysis. (d) Undiluted cell
supernatants were taken after incubation of neutrophils with LPS (100 ng ml−1) for 20 h and the amount of
IL-8 was measured by ELISA. Values are mean±SEM of five independent experiments. Statistical test
performed using Tukey’s multiple comparison test. (e) Mean number ± SEM of % neutrophils viability
cultured at 3% O2 an 20% O2 for 24h counted by trypan blue exclusion method (N=3).Statistical test
performed using a two tailed test (*P ≤0.05).

3.2

Neutrophils induce a DDR in human fibroblasts

Inflammation is an active well-regulated mechanism which acts in host defences against
infectious agents and injury. The inflammatory response is essential for the maintenance
of tissue homeostasis and initiated by the release of specific molecular patterns which will
result in recruitment of immune cells which subsequently infiltrate tissues (Nathan 2002).
Neutrophils, which are part of the innate immunity, are among the first responders to be
recruited in order to neutralise the deleterious agents and phagocyte cellular debris. Once
the agents are eliminated, the resolution of inflammation is initiated by downgrading the
pro-inflammatory factors, which results in a reduction to basal levels of infiltrating immune
cells and in the occurrence of tissue remodelling (Serhan, Brain et al. 2007).
In order to kill pathogens, immune cells possess a range of “weapons”, such as the
production of ROS and potent proteases, which can damage and kill surrounding cells.
For this reason, the inflammatory response is normally acute in order to protect the tissue
against unwanted collateral side effects.
Indeed, using a mouse model of low-grade chronic inflammation, it has been shown that
an elevated, chronic, inflammatory phenotype is detrimental, accelerating ageing (Jurk,
Wilson et al. 2014). These mice (NF-B1-/-) develop telomere dysfunction, increased
cellular senescence in a variety of tissues and have a decreased tissue regeneration,
which importantly can be rescued by the anti-inflammatory drug ibuprofen. Besides, the
authors have reported an increase of a plethora of pro-inflammatory cytokine such as IL-6
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as well as recruitment of immune cells such as T-cells and neutrophils in the liver, lung
and kidneys. Elevated inflammatory factors have been linked to sterile inflammation which
results in increased recruitment of immune cells into the tissue without actual infection
and is linked to many diseases such as gout, arthritis, pulmonary fibrosis, atherosclerosis
and Alzheimer’s (Rock, Latz et al. 2010).
In addition, we have shown using the same mouse model that upon injection of a
carcinogen, neutrophils rapidly infiltrate the liver and promote the development of
hepatocellular carcinoma by increasing ROS in hepatocytes and DNA damage (Wilson,
Jurk et al. 2015).
Therefore, we sought to ask whether human neutrophils could induce DNA damage in
cells and in the long-run contribute to premature cell senescence. Hence, I designed an
experiment using young fibroblasts and human neutrophils freshly isolated from the blood
of middle-aged healthy volunteers.
Young MRC5 fibroblasts were co-cultured in direct contact with neutrophils for 24 hours in
hypoxic conditions (3% O2) using the ratio 1:5 (1 fibroblast for 5 neutrophils). The reason
behind keeping neutrophils at 3% O2 is because i) 3% O2 is an oxygen tension closer to
physiological oxygen levels in vivo; ii) it has been shown that neutrophil viability is
enhanced for longer period of time compared to normoxic conditions (Sharon, Kathryn et
al. 2000, Walmsley, Print et al. 2005). 3%O2 has been described to decrease significantly
neutrophil apoptosis after 20h in culture (Sharon, Kathryn et al. 2000, Walmsley, Print et
al. 2005). In order to mimic what happens physiologically, prior to the start of the coculture, neutrophils were primed with LPS (100 ng/mL) for 1 hour at 37°C. Priming
neutrophils is known to enhance the respiratory burst in response to a second stimulus
such as the formyl-methionyl-leucyl-phenylalanine (FMLP) or phorbol myristate acetate
(PMA) (Guthrie, McPhail et al. 1984). Finally, the rationale behind using a 1:5 ratio is
because we observed that clusters of 4-7 neutrophils could be detected surrounding
individual hepatocytes in the liver of aged mice and after LPS injection (see chapter 4).
Also, previous work examining the role of neutrophils in elimination of cancer cells had
used similar ratios (Yan, Kloecker et al. 2014).
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I first observed a significant increase in 53BP1 foci, a marker of the DDR associated with
double stranded breaks in MRC5 fibroblasts following neutrophil co-culture when
compared to the controls (Figure 3.2 a,b,d).
Then, to evaluate if the presence of neutrophils impacted on cellular proliferation of
fibroblasts, I immunostained the fibroblasts with the proliferation marker Ki67 (Figure 3.2
a,c,d). Results show that, upon co-culture there is no significant difference in the % of
Ki67 positive cells when compared to the controls (Figure 3.2 a,c,d). This suggests that
neutrophils do not impact on fibroblast proliferation.
Previous work from our lab has shown that senescence is characterised by persistent
DNA damage foci (Passos, Nelson et al. 2010). Live-cell imaging analysis of senescent
MRC5 fibroblasts expressing a reporter for DDR protein 53BP1 has shown that at least
50% of foci are longed-lived lasting for more than eight hours. In order to determine
whether neutrophils can impact on focus lifespan, I conducted under the same conditions
as previously described, live-cell imaging using MRC5 cells expressing the fusion protein

pG-Ac-53BP1c-mcherry which allows us to track the formation of DNA damage foci over
time (Hewitt, Jurk et al. 2012).
I found that human fibroblasts which had been cultured with neutrophils for 24h (with 1h
LPS priming) show a significant increase in focus lifespan per cell per hour when
compared to MRC5 cells alone (Figure 3.2 e,f). These results suggest that an unknown
factor potentially secreted by the neutrophils in enhancing the formation rate of DDR foci.
In summary, these results indicate that 24h co-culture with neutrophils is sufficient to
induce a DNA damage response in young fibroblasts, with an increased formation rate.
However, this small increase in DDR does not seem sufficient to induce a cell-cycle
arrest- since there was no significant difference in the % of Ki67 positive cells.
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Figure 3.2 Neutrophils induce a DDR in human fibroblasts.
Young MRC5 cells were co- cultured in vitro for 24h at 3% 02 with isolated human neutrophils from young
healthy volunteer (average age 40). (a) Representation of direct co-culture between human fibroblasts and
neutrophils. (b) Mean number ± SEM of 53BP1 foci per nucleus of control and co-culture (*=P ≤0.001 using
a two-tailed t-test; N=3). (c) Percentage of Ki-67 positive nuclei in human fibroblasts 24h after co-culture
with neutrophils, data are mean ± standard deviation;10 images taken from random planes.; N=1. (d)
Representative images of 53BP1 400x (nucleus: DAPi, 53BP1: red) and Ki-67 200x (nucleus: DAPi, Ki67:
green; images are from a single Z plane). (e) Mean number ± SEM of 53BP1 foci formation rates in
bystander MRC5-mcherry- 53BP1 cells. MRC5 were cultured alone (control) or with primed neutrophils with
LPS (1h) (co-culture) for 24 hours prior to imaging. Box plots indicate median, upper and lower quartiles
(boxes), upper and lower centiles (whiskers) and outliers (dots). Significant difference between co-culture
and control is (*=P ≤0.001, N=22 for control and N=36 for co-culture). (f) Representative images of MRC5mcherry- 53BP1 reporter cells fluorescence in young MRC5 cell nucleus, control are above and co-culture
cells are in the bottom. Time is expressed in minutes. Images are compressed z stacks over 4.5 µm to
capture the entire nuclear volume. Statistical analysis performed using One Way ANOVA or two tailed test.
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3.3

Extracellular hydrogen peroxide impacts on neutrophil induced DDR

Since neutrophils are able to produce superoxide and H2O2 following appropriate
activation, mostly driven by NADPH oxidase (Robinson 2008), we decided to test whether
ROS are involved in the induction of the DDR observed previously.
To test this hypothesis, I performed a direct co-culture of human fibroblasts and isolated
neutrophils for 24h in the presence of a recombinant catalase (an extra-cellular H2O2
scavenger) (Figure 3.3 a).
I found that catalase is able to completely rescue the increase in 53BP1 in human
fibroblasts co-cultured with primed neutrophils (Figure 3.3 a,b,d ). Then, to evaluate if coculture impacted on cellular proliferation, I conducted immunofluorescence for the
proliferation marker Ki67 (Figure 3.3 a,c,e). Preliminary data shows no effects of
neutrophils on % of Ki67, but surprisingly, a slight decrease in the % of Ki67 positive cells
upon treatment with catalase; however, this will have to be confirmed independently since
only 1 experiment was performed.
To sum up, these results suggest that the extracellular ROS produced by neutrophils
contributes to the DDR observed in young fibroblasts. However, it is still unclear whether
catalase is quenching extracellular ROS generated by neutrophils, or if it is having other
effects in fibroblasts.
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Figure 3.3 ROS may impact on human neutrophil induced DDR on fibroblasts.
Young MRC5 cells were co- cultured in vitro for 24h at 3% 02 with isolated human neutrophils from young
healthy volunteer (average age 40). (a) Representation of direct co-culture between human fibroblasts and
neutrophils using extracellular catalase (100 UI/ml) for 24h. (b) Representative images of 53BP1 400x
following 24h co-culture using catalase (nucleus: DAPi, 53BP1: red). (c) Representative images of Ki67
200x following 24h co-culture using catalase (nucleus: DAPi, Ki67: green; images are from a single Z
plane). (d) Mean number ± SEM of 53BP1 foci per nucleus of young MRC5 control, co-cultured, control +
catalase and co-cultured +catalase (*=P ≤0.001; N=3, Mann-Whitney Rank Sum Test). (e) Percentage of Ki67 positive nuclei in human fibroblasts 24h after co-culture with neutrophils and catalase (100UI/ml), data
are mean ± SD of 10 planes; N=1 (variation comes from 3 technical repeats). Scale bar represent 10 µm.
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3.4

Neutrophil elastase contributes to a DDR

Another possible contributor to the neutrophil-mediated bystander effects is the secretion
of proteases, particularly neutrophil elastase (NE). Evidence has shown that NE is linked
to fibrosis and contributes to extracellular matrix damage in skin (Chua, Dunsmore et al.
2007, Takeuchi, Gomi et al. 2010). Furthermore, studies in lungs have implicated NR in
the pathophysiology of acute lung injury, since it can destroy a large variety of
extracellular matrix and plasma proteins which can be attenuated by using the inhibitor
sivelestat (Kawabata, Hagio et al. 2002).
In order to test if neutrophil elastase could be involved in the induction of DDR in human
fibroblasts, I exposed early PD human MRC5 fibroblasts with isolated human neutrophils
in the presence or absence of 40nM NE inhibitor sivelestat (Figure 3.4 a) (Kazuhito,
Mayumi et al. 1991).
I observed that treatment with the neutrophil elastase inhibitor during the co-culture
reduced the number of 53BP1 foci when compared to the co-culture without treatment.
(Figure 3.4 b, d)

Then, to evaluate if these co-culture conditions impacted on cellular

proliferation, I conducted immunofluorescence against proliferation marker Ki-67 (Figure
3.4 c, e). Results indicate that upon co-culture with neutrophils there is no difference in
the % of Ki67 positive cells when compared to the controls.
Interestingly, our results indicate that other mechanisms apart from ROS released by the
neutrophils could be involved in the generation of DNA damage in young fibroblasts.
However, our results are limited, since I did not evaluate if the inhibitor is impacting on the
activity of NE, or if NE is being secreted by neutrophils in these conditions. Furthermore, it
is possible that the inhibitor is having effects on ROS generation by neutrophils. These
hypotheses will have to be experimentally tested before any definitive conclusions can be
reached.
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Figure 3.4 Human neutrophil elastase contributes to the DDR.
Young MRC5 cells were co- cultured in vitro for 24h at 3% 02 with isolated human neutrophils from young
healthy volunteer (average age 40) (a) Scheme of fibroblasts + 40nM per well elastase inhibitor (sivelestat)
co-cultured in direct contact with neutrophils. (b) Representative images of 53BP1 400x following 24h coculture using catalase (nucleus: DAPI, 53BP1: red). (c) Representative images of Ki67 200x following 24h
co-culture using catalase (nucleus: DAPI, Ki67: green; images are from a single Z plane). (d) Mean number
± SEM of 53BP1 foci per nucleus of young MRC5 control, co-cultured, control + sivelestat and co-cultured
+sivelestat (*=P ≤0.001; N=3, Mann-Whitney Rank Sum Test). (e) Percentage of Ki-67 positive nuclei in
human fibroblasts 24h after co-culture with neutrophils and sivelestat, data are mean ± SD of 10 planes;
N=1 (variation comes from 3 technical repeats). Scale bar represent 10 µm.
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3.5

Co-culture with MRC5 and neutrophils for 3 days is sufficient to induce
premature senescence

Previous data has shown that direct co-culture of MRC5 fibroblasts with activated
neutrophils lead to increased 53BP1 foci and a small but significant increase in 53BP1
formation rate without affecting cell proliferation. This led me to speculate whether
neutrophil-induced DNA damage would be sufficient, at later stages, to induce premature
senescence. Previous data indicated that upon injection of carbon tetrachloride (CCl 4),
which induces liver damage and subsequent neutrophil infiltration, neutrophils are usually
cleared from tissues 72h after acute damage (Moles, Murphy et al. 2014). For that reason,
I decided to mimic these conditions in vitro by co-culturing fibroblasts with neutrophils for
3 consecutive days. To avoid neutrophil cell-death (which occurs in culture conditions
after 24h), I replaced neutrophils every day with freshly isolated neutrophils from similarly
middle-aged healthy donors. Furthermore, in order to better maintain neutrophil viability, I
cultured neutrophils at 3% O2. Finally, in order to test the role of ROS in the process,
neutrophils and fibroblasts were co-cultured in the presence or absence of extracellular
catalase.
After three days of co-culture the neutrophils were removed (and the extracellular
catalase) and the MRC5 fibroblasts were cultured until replicative senescence at 20% O2.
At each cell passage cell numbers were recorded in order to calculate the population
doublings (Figure 3.5 b).
Results from the growth curves show that upon co-culture with neutrophils (primed and
non-primed), MRC5 fibroblasts enter senescence prematurely when compared to the
untreated controls. However, when neutrophils were LPS-primed, the effects on the
replicative lifespan were more pronounced (Figure 3.5 b,c). Importantly, pre-treatment
with the enzyme catalase prevented this effect, suggesting that it is mediated via
hydrogen peroxide release by the neutrophils (Figure 3.5 b,c).
Since these were independent cultures and cells were passaged at different time points, it
was not feasible to determine the variability between experiments at each time point.
However, I calculated the % of change in replicative lifespan for each experiment. Results
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show that co-culture with neutrophils primed with LPS resulted in around 12% decrease in
the replicative lifespan of human fibroblasts, which could be rescued by extracellular
catalase. Non-primed neutrophils had a milder, albeit significant, effect (5%) (Figure 3,5c).
Since I used neutrophils from different middle-aged donors, I made sure that similarly
aged donors were used in all the experiments (Figure 3.5 d, Table 1).
In summary, these data indicate that short-term co-culture with neutrophils for 3 days is
able to reduce significantly the lifespan of MRC5 fibroblasts in a ROS dependent manner.
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Figure 3.5 Co-culture of human neutrophils and fibroblast for 3 days is sufficient to induce
premature senescence in fibroblasts in a ROS-dependent manner.
(a) Representation of in vitro direct co-culture between young MRC5 with fresh isolated 1h LPS primed
human neutrophils replaced every 24h from different middle-aged donor for 3 days at 3% 02 with or without
catalase, then the neutrophils and the catalase were removed and MRC5 fibroblasts cells were cultured
2

until replicative senescence at 20% 0 . (b) MRC5 Fibroblasts were expanded until the cells reached
replicative senescence with different conditions: black line represents control cells, grey line represents
control cells + catalase (100UI/ml), green line represents fibroblasts treated with nonprimed neutrophils, red
line represents the fibroblasts treated with neutrophils activated for 1h with 100ng/ml LPS, blue line
represents the fibroblasts treated with neutrophils activated for 1h with 100ng/ml LPS + catalase (100UI/ml)
for 72h. Cumulative population doubling curves of each independent experiment is represented. Each cell
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passage is indicated by a point with the corresponding number of cumulative population doubling (N=3).
Blue arrow indicates the last day of the co-culture (day 3). (c) Graph expressed in % change of replicative
lifespan normalised to the control (control are considered 0) using the last population doubling point for each
condition, colour legend is indicated on the left side of the graph. Statistical analysis performed using One
Way ANOVA; *P<0.05. (d) Graph represent the mean of the 3 different donors age for each independent coculture (co-); Statistical analysis performed using One Way ANOVA; n.s (non-significant) P>0.05.

Date

Gender

Age

Neutrophil

co-culture

purity (%)
16/02/2016 f

42

98.1

1

17/02/2016 f

35

98.6

1

18/02/2016 f

37

97.3

1

09/02/2016 f

38

98.5

2

10/02/2016 m

52

96.3

2

11/02/2016 m

32

97.9

2

02/02/2016 f

32

97.4

3

03/02/2016 f

46

96.8

3

04/02/2016 f

31

97

3

Table 6 Neutrophil quality after extraction from the venous blood from middle-aged healthy
donors
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3.6

Senescent markers are upregulated after short-term neutrophil exposure

In order to confirm that neutrophils can induce premature senescence in MRC5 fibroblasts
I used well-described markers to characterise the phenotype (Lawless, Wang et al. 2010).
In accordance with the growth curves, MRC5 fibroblasts that were co-cultured with
neutrophils experienced a significant decrease in the proliferation marker (Ki-67) at 22
days (Figure 3.6 a,b) . This was observed both with primed neutrophils as well as nonprimed neutrophils. Importantly, the phenotype was rescued to the level of controls when
catalase was added (Figure 3.6 a,b).
Next, I performed senescence-associated β galactosidase activity (Sen--Gal) at pH 6
staining at several time points (8, 15 and 22 days) in MRC5 fibroblasts after co-culture.
Data shows a tendency for an increase 15 days after co-culture and a significant increase
22 days after co-culture with neutrophils primed with LPS (Figure 3.6 a,c). Importantly,
catalase significantly reduced the effect (Figure 3.6 a,c).
Increased ROS is a hallmark of cellular senescence (Macip, Igarashi et al. 2002, Macip,
Igarashi et al. 2003, Passos, Saretzki et al. 2007, Passos, Nelson et al. 2010). In order to
determine the impact of neutrophils on ROS generation in MRC5 fibroblasts, I measured
ROS using flow cytometry in MRC5 fibroblasts 22 days after co-culture using ROSindicator probes MitoSOX and DHE. Both fluorescent probes detect superoxide anions in
living cells; however the MitoSOX probe detects superoxide within the mitochondrial
matrix. MitoSOX data indicates that three days co-culture with LPS primed neutrophils
leads to a significant increase in ROS production of MRC5 fibroblasts (Figure 3.6 d). To
note, there is a tendency for an increase with un-primed neutrophils when compared to
the controls (Figure 3.6 d) and catalase treatment significantly rescues the increase. DHE
measurements indicate a tendency for an increase in ROS production in both conditions
where fibroblasts were co-cultured with primed or un-primed neutrophils. Interestingly,
using DHE measurement, catalase was also found to significantly decrease the level of
ROS when compared to three days co-culture with primed neutrophils (Figure 3.6 e). The
differences between dyes may be a reflection of the fact that ROS in senescent MRC5
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fibroblasts has been shown to be of mitochondrial origin (Correia‐Melo, Marques et al.
2016).
Altogether, these results suggest that the hydrogen peroxide released by neutrophils
during the three days of co-culture is sufficient to induce senescent markers at later time
points.
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Figure 3.6 Senescent markers are upregulated at 21 days post-culture with neutrophils.
(a) (Right) Representative images of Ki-67 staining in non-treated MRC5 fibroblasts and MRC5 fibroblasts
+catalase, MRC5 fibroblasts +neutrophils –LPS, MRC5 fibroblasts + neutrophils +LPS, MRC5 fibroblasts +
neutrophils +LPS +catalase 22 days post co-culture. Scale bar: 10 μm (blue:DAPI ; green : Ki67). (Left)
Representative images of Sen-β-Gal staining 22 days after co-culture MRC5 fibroblasts +/- neutrophils +/LPS +/- catalase (light blue-DAPI; darker cytoplasmic blue- Sen-β-Gal) Scale bar: 50 μm. (b) Graph
represents % Ki67-positive nuclei for each condition 22 days after co-culture, data are mean±s.e.m (n=3,
One Way ANOVA; *=P<0.001). (c) Quantification of mean number of Sen-β-Gal-positive cells (%) for all
conditions 8, 15 and 22 days after co-culture, data are mean±s.e.m. (n=3, One Way ANOVA; *=P<0.03).
(d,e) MitoSOX and DHE ratio intensities 22 days post co-culture in MRC5 fibroblasts for all conditions
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measured by FACS (fold change compare to control (MRC5 non-treated)), mean ± s.e.m., (n=3, One Way
ANOVA; *=P<0.02.and using a two-tailed t-test for DHE; N=3*=P ≤0.05).

3.7

Neutrophil co-culture induces DNA damage, TAF and telomere shortening
after 8 days in human fibroblasts

Telomere dysfunction, characterised by co-localisation of DDR proteins and telomeres is
a feature of cellular senescence (d'Adda di Fagagna, Reaper et al. 2003). Importantly,
data indicates that contrary to genomic DNA damage, telomeric DNA damage can’t be
easily repaired and induces a persistent DDR which can contribute to cellular senescence
(Hewitt, Jurk et al. 2012).
In order to investigate if neutrophil co-culture accelerated telomere dysfunction, I analysed
by Immuno-FISH co-localisation between DNA damage response protein H2A.X and
telomeres.
I found that human fibroblasts which had been cultured with neutrophils (both with and
without LPS priming) show significantly increased telomere-associated foci (TAF) when
compared to untreated controls (Figure 3.7 a,b,d). Importantly, pre-treatment with the
enzyme catalase prevented this effect, suggesting that the effect is mediated via
hydrogen peroxide release (Figure 3.7 a,b,d). Similarly, total DNA damage foci and DNA
breaks measured by alkaline COMET assay increased in fibroblasts which had been cocultured with neutrophils and the effect was rescued by catalase (Figure 3.7 c,e).
In summary, these results suggest that hydrogen peroxide released by neutrophils
contributes to general DNA damage, but also to telomere dysfunction.
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Figure 3.7 Co-culture of human neutrophils and fibroblasts for 3 days is sufficient to
induce DNA damage at telomeres in fibroblasts in a ROS-dependent manner.
(a) Representative images of γH2A.X immuno-FISH in MRC5 fibroblasts 8 days after co-culture with
different treatments. Images are Huygens (SVI) deconvolved Z projections of 10-μm stacks taken with a ×63
oil objective. White arrows indicate colocalization, and colocalizing foci are amplified in the right panel
(amplified images are from single Z planes where colocalization was found). Scale bar=10 μm (red:
telomeres, green: γH2A.X). (b) Percentage of γH2A.X foci colocalizing with telomeres (%TAF) in MRC5
fibroblasts 8 day post co-culture. (c)Total number of γH2A.X foci in human fibroblasts 8 day post co-culture.
(d) Total number of γH2A.X foci colocalizing with telomeres (TAF) in MRC5 fibroblasts 8 day post coculture. (e) Alkaline comet assay results of different parameters 8 days after co-culture. Graph shows % tail
intensity, MRC5 treated for 1h with H2O2 was used as an internal control. (f) Representative images of
comets for each condition. Data are mean ± SEM of n=3. Statistical analysis performed using One Way
ANOVA, * P<0.05.

3.8

Neutrophil co-culture induces accelerated telomere shortening in
fibroblasts

Previous experiments have shown that fibroblasts co-cultured with neutrophils induce
telomeric and non-telomeric DNA damage in fibroblasts. However, it is still unclear
whether damage at telomeres is a contributor to cellular senescence in this particular
experimental setting. In order to further investigate the role of telomeres in neutrophilinduced senescence, I co-cultured neutrophils and early passage human MRC5
fibroblasts as previously described. I collected cells at different time points following
recovery and generated metaphase spreads followed by telomere FISH (Figure 3.8 a).
This method allowed me to accurately measure individual telomere length of cells at
different points in time.
My results show that co-culture of neutrophils with human fibroblasts accelerates the rate
of telomere shortening between days 4 and 16, which could be prevented by the action of
catalase (Figure 3.8 b,c,d,e).
These results support a model by which short-term exposure to neutrophils generate
single-stranded breaks via ROS in young fibroblasts, which upon cell division results in a
accelerate telomere loss ultimately resulting in premature senescence. Similar effects
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were shown by others upon exposure to mild-stress (von Zglinicki, Saretzki et al. 1995,
Petersen, Saretzki et al. 1998).
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Figure 3.8 Co-culture of human neutrophils and fibroblasts for 3 days induces telomere
shortening in fibroblasts in a ROS-dependent manner.
(a) Representative images of metaphase spreads hybridized with telomeric immuno-FISH at d0 from MRC5
fibroblasts, images are Z projections of 5-μm stacks taken with a ×100 oil objective. Scale bar=10 μm (red:
telomeres, blue: DAPI). (b) Histograms represent individual telomere FISH intensity measured by Image J
for each condition 4 day after co-culture; day 0 control (before co-culture) is indicated on the top with a grey
dotted line representing the median > 100 telomeres per condition (baseline). Red dotted lines represent
median > 100 telomeres per condition. (c) Histograms represent telomere intensity for each condition 16
day after co-culture. Red dotted lines represent median > 100 telomeres per condition; grey dotted line
represents median at day 0, blue dotted line represents the median of the control at day 16. Histograms
expressed in frequencies of events of telomere fluorescence (AU: arbitrary unit). (d) Graph represents the
telomere shortening rate from d0 to d16 for each condition, each line correspond to the linear regression of
the medians normalised to the control at day 0 (considered at 100%). (e) Graph represents the % of
telomere FISH signal loss per day calculated from the linear equation of each condition (Y=ax+b). Statistical
analysis performed using Mann-Whitney tests for the histograms show significant difference in telomere
intensity between control and co-culture with neutrophils + and – LPS, and co-culture with neutrophils +LPS
and co-culture with neutrophils +LPS +catalase (P<0.05) (n=3). Statistical analysis performed using One
Way ANOVA, * P<0.050.

3.9

Expression of hTERT is able to counteract neutrophil-induced premature
senescence

In order to establish if telomere shortening was playing a causal role in the process, I
used MRC5 fibroblasts expressing the catalytic subunit of the enzyme telomerase
(hTERT), which have a relatively constant telomere lengths irrespectively of cell division
(Ahmed, Passos et al. 2008).
In these cells, co-culture with neutrophils as previously described, did not result in any
changes in population doublings over a period of 60 days (Figure 3.9 a,b). Interestingly,
the results were the same independently of the PD of the hTERT expressing MRC5
fibroblasts (which ranged from PD60-160). Thus, in these particular settings, neutrophils
were not able to induce premature senescence in hTERT MRC5 fibroblasts. This
indicates that neutrophil-induced senescence seems to be telomere dependent.
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Figure 3.9 Co-culture of human neutrophils and fibroblasts ectopically expressing hTERT
does not induce premature senescence.
(a) Representation of in vitro direct co-culture between young MRC5 with fresh isolated human neutrophils
replaced every 24h for 3 days at 3% 02, then the neutrophils were removed and hTERT MRC5 were
cultured for 65 days at 20% 02. (b) MRC5 Fibroblasts were expanded until the cells reached the same
length of culture as in the conditions with neutrophils (65 days) with 2 different conditions: black line
represents the control cells (untreated); red line represents the fibroblasts treated with neutrophils activated
for 1h with 100ng/ml LPS for 72h (replaced every day). Each cell passage is indicated by a point and the
number of cumulative population doubling (n=4).
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3.10 Discussion

Acute inflammation is a well-orchestrated program which results in infiltration of
different immune cells. Once inflammation is resolved, immune cells are phagocytosed
and homeostasis is resumed (Serhan and Savill 2005).
Neutrophils are a type of polymorphonuclear infiltrating leucocyte which play a major
role during infection and resolution of the inflammation via a role in the clearance of
extracellular pathogens (Serhan, Chiang et al. 2008, Mayadas, Cullere et al. 2014).
Meanwhile, this simple view has evolved, and there is evidence that neutrophils are
implied in different functions such as activation and regulation of innate and adaptive
immunity via the secretion of a broad repertoire of cytokines (Mantovani, Cassatella et
al. 2011). Neutrophils have been shown to be involved in the resolution of
inflammation via production of pro-resolving lipid mediators such as leukotriene B4
(LTB4) and resolvins (Serhan, Chiang et al. 2008). In addition, neutrophils are
important players in chronic inflammation occurring in the lungs and have been
implicated in the persistence of chronic obstructive pulmonary disease (COPD)
(Weathington, van Houwelingen et al. 2006). Moreover, neutrophils are involved in
“sterile inflammation” which is a type of inflammation which occurs in the absence of
infection. This response is part of the wound healing response, in which, upon tissue
injury, neutrophils are recruited to clear debris accumulated during the process (Kono
and Rock 2008).
Neutrophils, because of their primary functions in the fight against pathogens, contain
pore forming molecules, hydrolytic, and oxidative compounds which can cause serious
secondary damage to the microenvironment (Segal 2005). Long term inflammation
state could lead to the development of chronic inflammation and later-on numerous
disorders such as fibrosis and ultimately cancer (Rybinski, Franco-Barraza et al.
2014). Thus, excess recruitment of neutrophils to sites of sterile inflammation can be
detrimental and contribute to various diseases (Imaeda, Watanabe et al. , Liu, Han et
al. 2006)
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Neutrophil infiltration has been shown to contribute to the development of various
human cancers including colorectal, renal, gastric, ovarian and hepatocellular
carcinoma (Dumitru, Lang et al. 2013, Wilson, Jurk et al. 2015). Furthermore,
secretion of pro-inflammatory cytokines by tumour cells such as CXC-chemokines and
notably IL-8, are powerful neutrophil chemoattractants (Inoue, Slaton et al. 2000,
Venkatakrishnan, Salgia et al. 2000, Huang, Chen et al. 2015). Furthermore,
recruitment of neutrophils by hepatocytes upon injury is responsible for the induction of
genotoxic stress and telomere lesions in the microenvironment contributing to the
development of hepatocellular carcinoma (Farazi, Glickman et al. 2003, BegusNahrmann, Hartmann et al. 2012).
While neutrophils have been shown to play a role in disease, not much is known about
the role of neutrophils in the ageing process. Chronic inflammation has been shown to
induce premature senescence via increased production of ROS and telomere
dysfunction (Jurk, Wilson et al. 2014), however, mechanistically it is still unclear how
inflammation results in ROS generation. One possibility, which I tested in this project,
is that inflammation results in recruitment of neutrophils to tissues causing ROSmediated telomere-dysfunction. Consistent with this hypothesis, my data shows that
mild damage caused by neutrophils (within a period of 3 days) in young cells is
sufficient to accelerate the rate of telomere shortening and induce premature
senescence. Furthermore, expression of the catalytic subunit of telomerase can
rescue the effect, indicating that telomeres are the limiting factor in neutrophil-induced
cellular senescence.
My results are consistent with previous studies which have shown that activated
neutrophils induce single-stranded breaks in a plamacytoma cancer cell line and
induce DNA damage and oxidative DNA lesion 8-hydroxydeoxyguanosine (8-OHdG) in
respiratory tract epithelial cells, in a ROS dependent manner both in vitro and in vivo
(Shacter, Beecham et al. 1988, Knaapen, Schins et al. 2002). Nevertheless, in both
studies, phorbol myristate acetate (PMA) was used to activate neutrophils. PMA is a
direct activator of protein kinase C which elicits a respiratory burst leading to
degranulation and release of large amounts of H2O2. To avoid this potential oxidative
burst caused by the PMA, we decided to only prime the neutrophils with LPS (100
ng/ml) (Figure 3.1). After exposure to a second stimulus (such as opsonized zymosan
or phorbol-myristate acetate), primed neutrophils play a critical role in endothelial cell
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injury by enhancing the response of ROS release (respiratory burst) (Smedly,
Tonnesen et al. 1986). Consistent with our results, priming neutrophils with 100 ng/ml
LPS for 1h gives the maximal response with further enhanced activation of TLR4 and
IL-8 released (Figure 3.1) (Smedly, Tonnesen et al. 1986, Aida and Pabst 1990).
However, besides ROS, neutrophils contain a multitude of antimicrobial proteins,
cytotoxic substances and proteases which can also be involved in the induction of the
DDR such as myeloperoxidase (MPO) and neutrophil elastase (NE) (Faurschou and
Borregaard 2003). MPO and NE are involved in the formation of NETs composed of
chromatin filaments assembled with proteases and proteins. The formation of NETs is
a

way to

kill extracellular pathogens developed by innate

immune

cells

(Papayannopoulos, Metzler et al. 2010, Pinegin, Vorobjeva et al. 2015). Presence of
NETs have been linked to several conditions including autoimmune diseases such as
Lupus erythematosus and their presence is associated to a bad prognostic
(Villanueva, Yalavarthi et al. 2011).
Our data shows that sivelestat, an inhibitor of the protease neutrophil elastase is able
to rescue neutrophil-induced DNA damage in MRC5 fibroblasts (Figure 3.3 a,b,d).
However, more experiments are required to understand if NETs are generated under
co-culture, and how elastase impacts on the DDR. Given that the presence of
extracellular catalase also inhibits the DDR, it is possible that elastase inhibition also
affects ROS generation, through yet unknown mechanisms.
While all experiments resulted in neutrophil-induced premature senescence, I
observed considerable heterogeneity between independent experiments. This may be
the result of using donors of different age and gender, despite the fact that I ensured
that donors were within the same age range throughout experiments. It is also
possible that stronger effects would be observed if I used a higher ratio of
neutrophils/recipient cells, however, the use of 1:5 ratio was based on previous
published data (Yan, Kloecker et al. 2014) and on our observation that neutrophil
(detected with anti-NIMP antibody) cluster around individual hepatocytes at a similar
ratio.
The results obtained with catalase (Figure 3.3, 3.5, 3.6, 3.7 and 3.8) suggest that
extracellular ROS produced by the neutrophils are responsible for accelerated
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telomere shortening and, subsequently, premature senescence. Previous work had
shown a relationship between ROS and accelerated telomere shortening (Petersen,
Saretzki et al. 1998, Oikawa and Kawanishi 1999, von Zglinicki 2000). Telomeres are
thought to be favoured targets of oxidative attack due to their high content of guanine,
which is highly susceptible to oxidative modifications (Oikawa and Kawanishi 1999).
Studies have shown that mild oxidative stress causes single-stranded breaks to
preferentially accumulate at telomeres, which upon cell division result in accelerated
telomere shortening (Petersen, Saretzki et al. 1998, von Zglinicki 2000). Moreover,
treatments with antioxidants, expression of antioxidant enzymes and therapies
targeting ROS specifically produced in mitochondria have been shown to decelerate
the rate of telomere shortening (Saretzki, Murphy et al. 2003, Serra, von Zglinicki et al.
2003, Passos, Saretzki et al. 2007).
Additionally, evidence suggests that oxidative damage at telomeres can result in the
displacement of shelterin proteins TRF1 and TRF2 from telomere regions. This may
be another mechanism by which oxidative stress contributes to telomere dysfunction
(Opresko, Fan et al. 2005). Furthermore, telomere regions have been shown to be
less well repaired than other regions in the genome, inducing a persistent DNA
damage response (Hewitt, Jurk et al. 2012). This may be due to the fact that the
shelterin component TRF2 plays a role in the inhibition of Non Homologous End
Joining (NHEJ) (Fumagalli, Rossiello et al. 2012). TRF2 and RAP1 have been shown
to prevent the action of DNA-PK, a double-stranded break repair complex protein and
inhibit ligase-IV-mediated end joining (Bombarde, Boby et al. 2010).
Telomere dysfunction driven by ROS results in the activation of a DNA damage
response at telomeres, resulting in cellular senescence (d'Adda di Fagagna, Reaper et
al. 2003). Induction of senescence also results in increased intracellular ROS.
Previous work has shown that activation of p53 and p21 (Macip, Igarashi et al. 2002,
Macip, Igarashi et al. 2003) results in increased intracellular ROS which act as
intracellular signals to maintain the cell-cycle arrest. Mitochondrial-derived ROS have
been proposed to play a role in the stabilisation of cellular senescence via the
generation of further DNA damage as part of a positive feedback loop (Passos, Nelson
et al. 2010). Consistently with this concept, we found that fibroblasts exposed to
neutrophils had increased mitochondrial ROS generation, as well as increased
genomic DNA damage.
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Altogether, my data is consistent with a model by which neutrophils produce mild ROS
which leads to DNA damage in cells and accumulation of single stranded breaks at
telomeres which still allows cellular proliferation (Petersen, Saretzki et al. 1998). With
cell division (following neutrophil removal), telomere shortening rates are enhanced,
resulting in activation of a DDR at telomeres and premature senescence, via activation
of cyclin-kinase inhibitors p21 (Wright and Shay 1992) and later on p16 (Beauséjour,
Krtolica et al. 2003, Jacobs and de Lange 2005). When telomerase is expressed,
telomeres are better maintained and neutrophil induced senescence is bypassed
(Figure

3.10).

Figure 3.10 Short-term neutrophil exposure with MRC5 fibroblasts triggers premature
senescence via telomere shortening in a ROS dependent manner.
(Left) Classical condition of telomere shortening driven by the cellular division and the “end-replication
problem” which trigger a permanent DNA damage response and cellular senescence. (Middle) short-term
neutrophil exposure accelerates telomere shortening in a ROS-dependent manner via generation of singlestranded DNA breaks at telomere regions. (Right) MRC5 overexpressing catalytic subunit of telomerase
(hTERT) upon neutrophil exposure bypass senescence via maintenance of telomere length.
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4 CHAPTER 4 - Neutrophil infiltration increases with age and induces
telomere dysfunction in mice

In the previous chapter we demonstrated in vitro that short-term co-culture with primed
LPS neutrophils can induce premature senescence of young MRC5 fibroblasts in a ROS
dependent manner. The data suggests that the extracellular ROS produced by the
neutrophils can accelerate telomere erosion and shorten replicative lifespan.
Telomere-Associated Foci (TAF) can be easily detected in tissues by immunoFISH and
are characterized by co-localisation between DDR proteins such as H2A.X and telomere
regions. TAF have been shown to be a marker of telomere dysfunction and cellular
senescence in both human and mouse tissues and have been shown to occur due to
exposure to oxidative stress and DNA damaging agents (Hewitt, Jurk et al. 2012). It has
been shown that TAF frequencies increase with age in mouse liver hepatocytes, intestinal
crypts and in the lung (Hewitt, Jurk et al. 2012, Birch, Anderson et al. 2015). Moreover,
recent work from our lab has shown that patients with inflammatory lung diseases such as
IPF, Bronchiectasis and COPD have increased number of TAF in airway epithelial cells
(Birch, Victorelli et al. 2016). In addition, TAF have been shown to increase in a mouse
model of low grade chronic inflammation. This phenomenon was shown to be ROSdependent since treatment with antioxidants rescued the phenotype (Jurk, Wilson et al.
2014), however, mechanistically it is still unclear how chronic inflammation drives
telomere dysfunction. Furthermore, the role of neutrophils in the induction of senescence
in vivo has not been investigated. For these reasons, I hypothesised that short-term
recruitment of neutrophils to liver results in telomere-dysfunction and potentially cellular
senescence in vivo.

4.1

Mouse neutrophils induce a DDR in isolated hepatocytes

In order to investigate the role of neutrophils in liver senescence, I first conducted ex-vivo
experiments. I isolated neutrophils and hepatocytes from young wild-type mice and cocultured them for 24 hours. Furthermore, I tested whether direct contact was required by
co-culturing the cells in the same plate or by using transwells (Figure 4.1 a).
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I found that short-term co-culture of neutrophils and hepatocytes resulted in increased
53BP1 foci in hepatocytes (Figure 4.1 b,e). Furthermore, I found that hepatocytes cocultured with neutrophils had increased ROS (measured by fluorescent probes DHE and
Cell ROX) when compared to untreated controls (Figure 4.1 c,d). This effect occurred
irrespectively of cells being in the same plate or using transwells, suggesting that soluble
factors derived from neutrophils drive DDR and ROS in hepatocytes.

Figure 4.1 Mouse neutrophils induce a DDR and increased ROS in isolated adult mouse
hepatocytes.
(a) Scheme showing direct and indirect contact using transwells for co-culture of isolated hepatocytes and
neutrophils isolated from mouse’ bone marrow (b) Mean number ± SEM of 53BP1 foci per nucleus of control
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and co-culture with and without transwells (P ≤0.01; n=3). (c,d) Graphs showing mean fluorescence
intensity ± SD (n=3) of ROX and RHE (measure of ROS production) in hepatocytes co-cultured with
neutrophils (direct and indirect contact). (e) Representative images of 53bp1 (nucleus: DAPi, 53bp1: red).
Statistical significance was determined using One Way ANOVA, *P<0.05, **P<0.01 compared to control.

4.2 Mouse recombinant neutrophil elastase induce a DDR in isolated
hepatocytes
According to our previous results showing that the DDR in co-culture with neutrophils
using an elastase inhibitor (sivelestat) is significantly decreased, we next tested whether
neutrophil elastase could contribute to the DDR in hepatocytes. For that purpose, primary
hepatocytes were first isolated from young wild-type mice and cultured in the presence or
absence of mouse recombinant elastase (40 nM per well which has been shown
previously to promote lung tumor growth (Houghton, Rzymkiewicz et al. 2010)) for 24h.
Data shows that following culture with mouse recombinant elastase there is a significant
increase in 53BP1 foci compared to the controls (P ≤0.05) (Figure 4.2).
Taken together with the previous findings using the elastase inhibitor sivelestat, these
results indicate that elastase may be also involved in bystander effects mediated by
neutrophils. However, further investigations need to be conducted to determine how
elastase impacts on hepatocytes and the physiological relevance of these results.
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Figure 4.2 Recombinant mouse neutrophil elastase induces a DDR in isolated adult mouse
hepatocytes.
Graph shows the mean number ± SEM of 53BP1 foci per nucleus of control and recombinant elastase
(40nM per well) in mouse primary hepatocytes. Statistical significance was determined using an unpaired ttest, *P<0.05, n=3.

4.3 Neutrophil infiltration increases with age in the liver
Based on my in vitro results showing that three day co-culture with primed neutrophils
induce a premature senescence in MRC5 fibroblasts when compared to the controls, I
next sought to understand if neutrophils could be involved in ageing in vivo. One of the
most common features of ageing is inflammation (López-Otín, Blasco et al. 2013).
Neutrophils are the main actors of the innate immune system, and communicate via
cytokines and chemokines (Borregaard 2010) which have been shown to be increased in
old tissues. Hence, I measured the levels of neutrophil infiltration in the liver of young (3
months) and old wild-type mice (24 months) using immunohistochemistry staining for
Nimp-R14, which binds to Ly6G anchored protein present at the surface of neutrophils. I
found that with age, the number of neutrophils significantly increases in the liver (Figure
4.3 a, b). Interestingly, I observed that neutrophils formed clusters surrounding individual
hepatocytes.
Based on the fact that senescent cells increase with age in liver (Wang et al. 2009; Hewitt
et al. 2012) and have been shown to produce neutrophil chemoattractants, it is possible
that senescent cells are involved in the recruitment of neutrophils. However, it is also a
possibility that other stimuli unrelated to senescence result in neutrophil recruitment and
subsequently induce senescence as we have demonstrated in vitro. In order to test the
latter hypothesis, I investigated the relationship between liver injury, neutrophil infiltration
and telomere dysfunction using different mouse models. These results will be described in
the next subchapters.
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Figure 4.3 Neutrophil infiltrations increase with age in the liver of C57Bl/6 mice.
(a) Graph shows average of NIMP-1+ cells in the liver per field of WT mice 3-24 months of age. (b)
Representative images at 200× magnification show liver neutrophil infiltration in 3-24 months of WT mice,
black arrow denotes Nimp-1+ cell (neutrophil). Data are mean number ± SEM*=P ≤0.02 using an unpaired
two-tailed t-test; n=5).

4.4 LPS injection induces TAF and neutrophil infiltration in the liver
Having shown that co-culture of neutrophils with hepatocytes in vitro increases DNA
damage foci and ROS in the latter, I next wanted to investigate if induction of liver
inflammation and subsequent neutrophil infiltration was associated with an increased
DDR. In order to test this, young wild-type mice (8-10 weeks old; C57BL/6) were injected
with LPS at a dose of 300 g/animal and culled 24 hours later. Furthermore, livers were
collected and analysed for the presence of neutrophils, H2A.X and TAF.
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I first found that upon injection of LPS, there was a significant increase in the mean
number of neutrophils per field of vision in liver tissue compared to untreated control mice
(Figure 4.4 a,b,c). Then, I performed immuno-FISH staining for TAF in association with
PCNA (a proliferation marker), on hepatocytes following LPS injection (24h later). It has
been reported that upon infection, following an acute immune response, fibrosis and
remodelling occurs in the liver (Tanaka and Miyajima 2016) . Thus, I counted the TAF and
γH2A.X foci only in PCNA negative cells in order to avoid dividing cells, which are positive
for γH2A.X (Hudson, Kovalchuk et al. 2011). To note, injection of LPS in these conditions
did not trigger cellular proliferation and I observed a very low number of cells positive for
PCNA (data not shown). I found a significant increase in the mean number of TAF per
nucleus and % of cell positive for TAF in PCNA negative hepatocytes following injection
with LPS compared to the control (untreated mice) (Figure 4.4 e,f). Interestingly, the mean
number of total H2A.X foci per hepatocyte in mice injected with LPS compared to
controls did not change significantly (Figure 4.4 g) suggesting that telomeres are
potentially more sensitive to LPS induced injury. Altogether, this data indicates that 24
hours after injection of LPS, neutrophil infiltrations in the liver are increased as well as
telomere-dysfunction in non-proliferating hepatocytes.
However, at this point we cannot establish causality between neutrophil recruitment and
telomere-damage, since LPS results in the recruitment of several innate immune cells and
is not exclusive to neutrophils (Steinmüller, Srivastava et al. 2006, Chakraborty, Zawieja
et al. 2013, Movita, van de Garde et al. 2015). Consequently, further experiments are
needed to establish the role of the neutrophils in the induction of telomere dysfunction in
vivo.

113

114

Figure 4.4 24h LPS injection in young wild type mice increases neutrophil infiltration in the
liver and TAF in hepatocytes.
(a) Scheme of the experimental conditions of WT mice injected with LPS and sacrificed after 24h. (b)
Average of NIMP-1+ cells field (x400) in mouse liver; black arrow represents a neutrophil (data are
mean±s.e.m n=4/6, ***=P<0.001 using a two-tailed unpaired t-test). (c) Representative pictures at 400×
(liver); Scale bar=100 μm. (d) Representative images of γH2A.X immuno-FISH in hepatocytes 24h after
injection with LPS. Images are Huygens (SVI) deconvolved Z projections of 10-μm stacks taken with a ×63
oil objective and colocalizing foci are amplified in the right panel, blue arrows indicate the TAF (amplified
images are from single Z planes where colocalization was found). Scale bar=10 μm (red: telomeres, green:
γH2A.X). (e) Total number of γH2A.X foci colocalizing with telomeres (TAF) in in mouse hepatocytes PCNA
negative cells 24h after injection with LPS (data are mean±s.e.m n=4/6, *=P<0.05 using a two-tailed
unpaired t-test).(f) Percentage of γH2A.X foci colocalizing with telomeres (%TAF) in mouse hepatocytes
PCNA negative cells 24h after injection with LPS (data are mean±s.e.m n=4/6, *=P<0.05 using a two-tailed
unpaired t-test). (g) Total number of γH2A.X foci in mouse hepatocytes PCNA negative cells 24h after
injection with LPS; data are mean±s.e.m. of n=4/6.

4.5 Impairment of neutrophil recruitment following carbon tetrachloride
(CCl4) injection reduces TAF
4.5.1 Using tlr2 -/- mice model
Having shown that 24h after LPS injection neutrophils infiltrate the liver and this correlates
with a significant increase in damaged hepatocytes, we next designed an experiment with
the purpose of investigating the specific role of neutrophils in induction of senescence
during liver injury.
The first strategy used to impair neutrophil recruitment was the tlr2-/- mouse model (Moles,
Murphy et al. 2014). Previous work had demonstrated a specific role for TLR2 in the
recruitment of neutrophils after CCl4-induced liver injury. Tlr2-/- mice show significantly
reduced neutrophil infiltrations in the liver 24h after injury, since TLR2 was shown to be
required for the chemokine gradient generated by resident macrophages to recruit
neutrophil to the site of injury (Moles, Murphy et al. 2014).
In this experiment, I used the well-established model of induction of liver fibrosis via the
drug carbon tetrachloride (CCl4), which induces lipid peroxidation and ultimately necrosis
of the cells (de Toranzo, Gomez et al. 1978).
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Both wild-type (WT) and tlr2 -/- mice were injected with CCl4 and mice were culled at 8h,
48h and 72h post injection (Figure 4.5 a).
Following injury, I observed for WT and tlr2 -/- mice a tendency for an increase of PCNA
positive hepatocytes at 48 and 72h, indicating increased compensatory proliferation and
remodelling (Figure 4.5 b,d).
Then, I found that the mean number of TAF and the % of hepatocytes positive for TAF (in
PCNA negative cells) had a tendency for an increase in WT mice following injection with
CCl4 (from 8 to 72h) (Figure 4.5 b,c,e,g). However, in tlr2 -/- mice the mean number of
TAF (Figure 4.5 c,e) and the % of hepatocytes containing TAF (Figure 4.5 c,g) increased
from 0 to 48h but remained the same at 72h, suggesting that the presence of neutrophils
may be involved in the induction of telomeric DNA damage in surrounding hepatocytes.
Similar patterns were observed for H2A.X alone upon CCL4 injury, however, no
differences were seen between wild-type and tlr2-/-.
Neutrophil-mediated bystander effects may be involved in the generation of TAF in
hepatocytes upon exposure to the damaging agent CCl4.
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Figure 4.5 TLR2 deletion decreases TAF and total gH2A.X foci in mouse hepatocytes
following CCl4 injection (a model of liver fibrosis).
(a) Scheme of the experimental conditions of WT and tlr2 -/- mice injected with CCl4 and culled after 8, 24
and 72h. (b) Representative images of γH2A.X immuno-FISH in hepatocytes 72h after injection with CCl4.
Images are Huygens (SVI) deconvolved Z projections of 10-μm stacks taken with a ×63 oil objective. Scale
-/-

bar=10 μm (blue: PCNA, red: telomeres, green: γH2A.X). (c) Amplified colocalizing foci in WT and tlr2 ,
white arrows indicate the TAF (amplified images are from single Z planes where colocalization was found).
Scale bar=10 μm (red: telomeres, green: γH2A.X). (d) Average of PCNA + hepatocytes per field (x630) in
mouse liver. (e) Total number of γH2A.X foci colocalizing with telomeres (TAF) in in mouse hepatocytes
PCNA negative cells 24, 48 and 72h after injection with CCl4. Data are mean±s.e.m. of n=3. (f) Total
number of γH2A.X foci in mouse hepatocytes PCNA negative cells 24, 48 and 72h after injection with CCl4;
data are mean number ±s.e.m. of n=3. (g) Percentage of γH2A.X foci colocalizing with telomeres (%TAF) in
mouse hepatocytes PCNA negative cells 24, 48 and 72h after injection with CCl4. All data are mean±s.e.m.
of n=3.
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4.5.2 Using a Ly6G neutralizing antibody
Having shown that impairment of neutrophil chemotaxis following CCl 4 injection in tlr2 -/mice leads to a decrease in telomere dysfunction in hepatocytes, I then used another
more specific strategy to impair neutrophil recruitment to the site of damage.
Using a similar experimental design with the toxic drug CCl4, we used the neutralising
neutrophil antibody Ly6G, which allows a depletion of circulating neutrophils (Moles,
Murphy et al. 2014).
In this scenario, mice were pre-treated with Ly6G for 12h before CCl4 injection (Single
intraperitoneal injection of CCl4 at a dose of 2 μl/g body weight), and mice were sacrificed
8h and 48h after injection (Figure 4.6 a).
Following injury, I observed a tendency for an increase in PCNA positive hepatocytes at 8
and 48h for both mice treated with Ly6G and mice treated with isotype control (IgG),
indicating increased compensatory proliferation and remodelling (Figure 4.6 b). The mean
number of H2A.X foci per hepatocyte increased after injury but was significantly reduced
upon neutrophil neutralisation (Figure 4.6 c,d).
Then, I found that the mean number of TAF and the % of hepatocytes positive for TAF
increased after injury in IgG-treated mice but was significantly reduced in the mice
depleted from neutrophils (Figure 4.6 c,e,f). For the reasons stated previously, only PCNA
negative cells were quantified.
Hence, inhibition of neutrophil infiltration using Ly6G neutralising antibody in response to
CCl4 treatment reduces both general DNA damage and telomere-specific DNA damage in
surrounding

hepatocytes

while

maintaining
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a

normal

remodelling

response.
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Figure 4.6 Neutralisation of neutrophil infiltration decreases TAF and total gH2A.X foci
in mouse hepatocytes following CCl4 injection (a model of liver fibrosis).
(a) Scheme of the experimental conditions of WT injected with CCl4 +/- Ly6G and culled after 8, 48h.
(b) Average of PCNA + cells field (x630) in mouse liver after injection with CCl4 +/- Ly6G at 8 and 48h.
(c) Representative images of γH2A.X immuno-FISH in hepatocytes 48h after injection with CCl4 +/Ly6G. Images are Huygens (SVI) deconvolved Z projections of 10-μm stacks taken with a ×63 oil
objective. Scale bar=10 μm (red: telomeres, green: γH2A.X). (d) Total number of γH2A.X foci in
mouse hepatocytes PCNA negative cells 8 and 48h after injection with CCl4 +/- Ly6G; data are
mean±s.e.m of n=3 (*=p<0.05 using a two-tailed unpaired t-test). (e) Total number of γH2A.X foci
colocalizing with telomeres (TAF) in mouse hepatocytes PCNA negative cells 8 and 48h after injection
with CCl4 +/- Ly6G. Data are mean±s.e.m. of n=3 (*=p<0.05 using a two-tailed unpaired t-test). (f)
Percentage of γH2A.X foci colocalizing with telomeres (%TAF) in mouse hepatocytes PCNA negative
cells 8 and 48h after injection with CCl4 +/- Ly6G. Data are mean±s.e.m. of n=3.
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4.6 Discussion
In response to pathogenic attacks and tissue injury, the organism has developed a
mechanism named inflammation which involves a large number of steps and cell
types in order to repair tissue and restore homeostasis (Shaw and Martin 2009). One
of the major actions is the recruitment and accumulation of innate immune cells
namely neutrophils and macrophages (Shaw and Martin 2009). Due to neutrophils
primary function to eliminate pathogens, they generate various ROS including
superoxide (O2·-, hydrogen peroxide (H2O2), hypochlorous acid (HOCl) and nitric
oxide (NO·) (Forman and Torres 2002, Winterbourn and Kettle 2013). Hence, the
trafficking of these cells is tightly controlled; however repeated tissue damage and
regeneration may result in an augmentation of macrophages and neutrophils
recruitment delaying their clearance, thus leading to an increase of ROS production
(Bian, Guo et al. 2012). On the long term, this leads to chronic inflammation and
results in tissue damage. Presence of unwanted neutrophils in the tissue is linked
with tissue dysfunction, development of cancer and fibrosis in the lungs and liver
(Houghton 2013, Wilson, Jurk et al. 2015).
The liver is an essential central organ connecting the guts and the circulatory system.
It is exposed continuously to bacteria, toxins and food derived antigens. The main
function of the liver is insured by hepatocytes which represent 70 to 85 % of the cell
liver population. Hepatocytes are mainly responsible for protein synthesis, glycogen
storage, detoxification and secretion of bile. Because of its vital functions, the liver is
somehow vulnerable to diseases and pathogenesis such as fatty liver, viral hepatitis,
cirrhosis and hepatocellular carcinoma (Starley, Calcagno et al. 2010). Those
diseases are generally associated with liver inflammation and necrosis which imply
neutrophil infiltration and poor prognostic.
With ageing, organisms tend to develop a chronic inflammation, which increases risk
factors for morbidity and mortality in the elderly (Alafuzoff, Helisalmi et al. 2000).
This kind of Inflammation can be partially explained by the accumulation in the tissue
of senescent cells which have been shown to produce pro-inflammatory factors
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collectively known as the “SASP” which have been show to induce tissue damage
(Coppé, Desprez et al. 2010). In some cases, senescent cells communicate with
immune cells and up-regulate their receptors to recruit them in order to be cleared
(Burton and Krizhanovsky 2014). These studies are in agreement with our findings
that neutrophil infiltration increases with age in the liver of WT mice. This suggests
two possible scenarios which are not mutually exclusive. Firstly, as senescent cells
accumulate with age within tissues (Wang, Jurk et al. 2009, Hewitt, Jurk et al. 2012)
neutrophils could be recruited to clear them. In fact, previous data has shown that
other immune cells such as natural killer cells, T-cells and macrophages are involved
in the clearance of senescent cells (Gasser, Orsulic et al. 2005, Xue, Zender et al.
2007, Krizhanovsky, Yon et al. 2008, Hoenicke and Zender 2012). However, it is also
possible that with ageing, a decline in the immune system, results in impaired
clearance of senescent cells by the immune cells, resulting in both the accumulation
of senescent cells and enhanced recruitment of immune cells by components of the
SASP.
The second scenario is that age-dependent changes in tissues or increased
infections result in the release of chemoattractant factors which lead to the
recruitment of neutrophils or other immune cells and these contribute to senescence
as a collateral damage. In fact, my results so far both in vitro and in vivo are more
supportive of the latter scenario, since limiting recruitment of neutrophils in liver
fibrosis models reduces telomere-dysfunction- a known marker and inducer of
cellular senescence. However, all my experiments were conducted in young animals
which have a fully functional immune system. Future experiments should investigate
the impact of neutrophil clearance in ageing animals.
Our data using ex-vivo hepatocytes and neutrophils extracted from the bone marrow
indicates that co-culture induces a DDR with an enhanced response with direct
contact compared to indirect contact (Figure 4.1). Thus, we can speculate that factors
secreted from neutrophils are linked to this process since in our experiment
neutrophils with indirect contact are still able to induce a DDR in co-culture
hepatocytes.
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The impact of senescent cells in the recruitment of neutrophils or their potential
involvement in the clearance of senescent cells has also not been fully investigated.
However, data indicates a potential role in the process of apoptosis. Data shows that
apoptotic hepatocytes can attract neutrophils via the secretion of CXC chemokines
(Faouzi, Burckhardt et al. 2001). Once neutrophils are recruited, they may adhere via
their surface molecules such as LFA-1 and Mac-1 to ICAM-1 on the hepatocyte (Ito,
Abril et al. 2006). This attachment will lead to degranulation and neutrophil oxidative
burst (Shappell, Toman et al. 1990). In addition, a plethora of molecules released
during inflammation such as IL-6, IL-8, TNFα, IL-1α are involved in the simulation of
the oxidative burst. They could also enhance the response to N-formyl-peptides
(Elbim, Bailly et al. 1994).
In this work, I used two models to neutralise neutrophil migration:
The Ly6G neutralising antibody has been shown to be specific to neutrophils (Daley,
Thomay et al. 2008) with little effect on macrophages and CD3+ lymphocytes
(Wilson, Jurk et al. 2015). Consistent with our results, in a cancer study using a
mouse model of low-grade inflammation nfkb1-/-, it was demonstrated that neutrophils
promote the induction of TAF in hepatocytes which were rescued by limiting
neutrophil infiltrations using Ly6G (Wilson, Jurk et al. 2015).
The Tlr2-/- mouse model failed to recruit neutrophils upon injury due to the defective
chemokine CXCL-2 expressed by resident hepatic macrophages (Moles, Murphy et
al. 2014). However, we cannot exclude that other roles of TLR2 may impact on
neutrophil or hepatocyte functions relevant for the induction of senescence.
Interestingly, our data show that neutrophil depletion (via Ly6G or deletion of Tlr2)
has no effect on the proliferative response after liver injury (Figure 4.5 and 4.6) in
agreement with previous published work (Moles, Murphy et al. 2014). In the Tlr2-/mouse model, I only observed trends but no statistically significant differences, which
is probably a consequence of the low number of animals used (n=3). However, I am
planning as part of future work to increase the number of animals per group, in order
to reach more reliable conclusions.
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CCl4 can be very pathogenic, because once metabolized in the liver it is transformed
into trichloromethyl radical (CCl3*) which reacts with DNA, proteins and lipids and will
ultimately trigger mutations to develop HCC. Then, CCl3* is oxygenated to form
trichloromethylperoxy radicals (CCl3OO*) which initiate lipid peroxidation and
abolition of membrane permeability leading to mitochondrial dysfunction and further
cell damage (Weber, Boll et al. 2003).
My data shows that neutrophil infiltration increases in the liver with ageing in mice.
This could be attributed to the chronic inflammation occurring with age, leading to
increased secretion of pro-inflammatory factors such as IL-6 and IL-8 which may
attract neutrophils (Franceschi and Campisi 2014). Infiltrating neutrophils might
further damage cells with ROS and other secreted compounds leading to generation
of increased DNA damage and ultimately, senescence. However, others have
proposed that the SASP and recruitment of immune cells could have beneficial
effects. For instance, it was shown that during chronic liver damage, fibrosis was
restricted by NK cells clearing stellate senescent cells (Krizhanovsky, Yon et al.
2008). In addition, in mice where cancer is induced using oncogenic NrasG12V , CD4
T cells and monocytes/macrophages were responsible for clearance of premalignant tumour cells (Xue, Zender et al. 2007, Kang, Yevsa et al. 2011). In these
studies it was reported that senescent activated stellate cells downregulate
extracellular matrix genes and upregulated genes involved in immune recognition for
NK cells such as NK cell receptor ligands (MICA, ULBP2 and PVR), adhesion
molecules including intercellular adhesion molecule-1 (ICAM-1) and cytokines such
as IL-6, IL-11 and IL-8. Neutrophils express receptors such as LFA-1 which is known
to bind to ICAM-1 (Dustin and Springer 1988) and IL-8 which belongs to the CXC
chemokines which have been shown to attract and activate neutrophils (Baggiolini,
Dewald et al. 1994, Hammond, Lapointe et al. 1995).
Therefore, it is possible that senescent cells can also attract neutrophils within the
tissue and could be involved in their clearance, however, evidence is lacking.
Actually, neutrophils by their primary functions to eradicate pathogens are able to
perform phagocytosis; degranulation and activate oxygen burst and release NETs
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(Kolaczkowska and Kubes 2013). These functions could be many ways that can be
involved in the process of clearance of senescent cells. In the next chapter, I
investigated the impact of senescent cells in the recruitment of neutrophils as well as
their potential role in clearance of senescent cells.

125

5 CHAPTER 5 - Neutrophils are recruited by senescent cells and
selectively kill them
5.1 Neutrophil chemotaxis assay using young and senescent conditioned
media

Chemotaxis of neutrophils is regulated by molecules called chemokines through a
gradient from the blood to the tissues (Kolaczkowska and Kubes 2013).
Once cells become senescent, they display with time a SASP including secretion of
several cytokines and chemokines (Coppé, Desprez et al. 2010). Other groups have
shown that macrophages and natural killer cells are found in vivo in close proximity
with senescent cells and are involved in their clearance (Burton and Krizhanovsky
2014), however, the role of neutrophils in the process has not been explored.
Hence, I hypothesised that senescent cells are able to recruit neutrophils via SASP
components. In order to investigate this hypothesis, I collected conditioned media
from young (early PD) and replicatively senescent fibroblasts and performed an
assay to measure the chemotaxis of neutrophils called “the sub-agarose method”
(Ruchaud-Sparagano, Drost et al. 1998) (Figure 5.1 a).
Figure 5.1 b,c shows the migration of human neutrophils towards the chemoattractant
fMLP which recruits neutrophils to sites of bacterial infection and contributes to their
subsequent activation in tissue. This positive control indicates that the robustness of
the technique. Then, data from comparison between senescent cells and young cells
shows that neutrophils migrate preferentially towards senescent cells (Figure 5.1 b).
These results indicate that secreted factors from senescent cells act as a
chemoattractant for neutrophils.
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Figure 5.1 Neutrophils are attracted by conditioned media from senescent cells in a
chemotaxis assay.
(a) Scheme of neutrophil migration sub-agarose technique assay. Holes of a defined diameter and
distance are punched out of agarose gels; in one of these holes neutrophils are seeded, which migrate
underneath the agarose layer toward a chemoattractant, whereas migration toward medium alone,
conditioned media from young cells or untreated conditioned media from senescent cells serve as
control. The migration distance is expressed in µm toward indicated target. (b) Neutrophil chemotaxis
towards fMLP (100nM), conditioned media from young cells or replicative senescent cells and media
alone. Untreated freshly isolated human neutrophils were added to each central well, incubated for 2h
(data are mean±s.e.m, n=12; *=P<0.001 using Mann-Whitney rank sum test). (c) Representative
image of the positive control (fMLP) and HBSS media following 2h incubation, cells are stained with
Giemsa (x20).
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5.2 Chemotaxis using senescent conditioned media treated with SASP
inhibitors with neutrophils

Then, we used well-described drugs which have been shown to reduce the levels of
molecules composing the SASP such as rapamycin and SB 203580 (MAPK p38
inhibitor) (Freund, Patil et al. 2011, Marina, Lixin et al. 2012, Herranz, Gallage et al.
2015, Laberge, Sun et al. 2015, Correia‐Melo, Marques et al. 2016). After 10 days
treatment of replicatively senescent MRC5 cells with rapamycin and p38 inhibitor, we
collected the conditioned media. Data shows that neutrophil migration towards
conditioned media from senescent MRC5 cells treated with rapamycin or SB 203580
is reduced around 80% and 60% respectively (n=3 and n=2) compared to untreated
senescent MRC5 cells (Figure 5.2). This data suggests that components from the
SASP released by senescent MRC5 cells are involved in the attraction and
recruitment of neutrophils.

Figure 5.2 Treatment of senescent cells with SASP inhibitors prevents the migration of
neutrophils using a chemotaxis assay.
Neutrophil chemotaxis towards fMLP (100nM), conditioned media from replicative senescent cells +/treatment with p38 inhibitor (SB203580) and rapamycin for 10 days. Untreated freshly isolated human
neutrophils were added to each central well, incubated for 2h, % of neutrophil migration is represented
toward each condition (data are mean±s.e.m of n=3 (*=p<0.001 using a two tail unpaired t-test).
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5.3 Live-cell imaging of co-cultures of senescent cells and neutrophils

Having found that neutrophils migrate preferentially towards senescent cells, I
investigated the hypothesis that neutrophils could be involved in clearance of
senescent cells, similarly to what has been demonstrated for other innate immune
cells such as natural killer cells and macrophages (Krizhanovsky, Yon et al. 2008,
Muñoz-Espín, Cañamero et al. 2013, Storer, Mas et al. 2013).
In order to study this phenomenon, I co-cultured freshly isolated neutrophils and
MRC5 / IMR90 irradiated with 20Gy, with a minimum of 10 days post-irradiation, and
performed live-cell imaging using a wide field microscope to determine whether
neutrophils can clear senescent cells. After 24h of co-culture, I did not observe any
clearance per se however; this could be because cells moved considerably being
difficult to track them over 24 hours. Nonetheless, I made two interesting
observations: i) the neutrophils seem to cluster around senescent cells and ii)
senescent cells cultured in the presence of neutrophils experience detachment from
the surface of the dish (Figure 5.3 a). Quantification of the mean number of detaching
cells over a period of 24h in both young and senescent fibroblasts (using fibroblasts
lines MRC5 and IMR90) confirms the initial observation (Figure 5.3. b,c).
Interestingly, I observed higher frequencies of detaching cells upon co-culture with
neutrophils in the senescent IMR90 when compared to senescent MRC5 fibroblasts. I
speculate that this difference could be due to different levels of SASP factors
secreted by these two fibroblast cell lines since unpublished data from our lab shows
that IMR90 senescent fibroblasts secrete 10 times more IL-6 and IL-8 (which are
main SASP factors) than MRC5 fibroblasts.
Then I repeated the co-culture with freshly isolated neutrophils and senescent IMR90
(induced by X-ray irradiation) and applied to the co-culture propidium iodide (PI),
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which is an intercalating agent binding to the DNA. PI can only enter into cells with
compromised membranes undergoing cell death, allowing the visualisation of dying
cells. Using this technique with live cell imaging, we observed that neutrophils were
able to kill specifically senescent IMR90 but not early passage cells during 24h coculture (Figure 5.3 d, e).
In summary, using live cell imaging my preliminary data shows that neutrophils
specifically kill senescent cells but not young cells. However, there were several
technical challenges to this methodology, particularly the fact that fibroblasts move
very quickly when in culture, making it difficult to track individual cells over a period of
24h by live-cell imaging. Therefore, I needed to apply a different methodology to
obtain quantitative measurements of cell-death due to neutrophils in both young and
senescent cell populations.
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Figure 5.3 Live-cell imaging indicates that neutrophils induce specific detachment and
cell-death of senescent cells.
(a) Representative images of an IMR90 fibroblast detaching upon co-culture with human neutrophils
over time (time in yellow expressed in minutes). (b) Graph showing the mean of detaching cells per
field (x100) upon 24h co-culture with irradiated MRC5 with 20gy (20 days post irradiation); n=1. (c)
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Graph showing the mean of detaching cells per field (x100) upon 24h co-culture with irradiated IMR90
with 20gy (20 days post irradiation); n=2. (d) Graph showing the fold change of cell death normalised
to the controls of young cells and irradiated IMR90 (20 days post irradiation) following 24h with LPS
primed neutrophils co-culture using live cell microscopy with propidium iodide. (e) Representative
images of cleared senescent 20gy irradiated IMR90 cell (20 days post irradiation) upon co-culture with
human neutrophils overtime (time expressed in minutes; red: propidium iodide).

5.4 Assessment of cell viability of young vs senescent fibroblasts following
co-culture with neutrophils

In order to obtain quantitative data of cell-death following co-culture of young (early
PD) and senescent fibroblasts, we used flow cytometry, which allows the analysis of
larger cell populations than live-cell imaging.
Cell viability is classically measured by flow cytometry using fluorescent dyes PI and
Annexin V, which are able to determine if cells are viable, apoptotic or necrotic via
differences in the integrity and permeability of the plasma membrane (Vermes,
Haanen et al. 2000). Annexin V binds to phosphatidylserine (PS) in a calciumdependent manner. PS is normally found on the intracellular side of healthy cells, but
translocates to the external side during apoptosis. Annexin V alone cannot
differentiate between apoptotic and necrotic cells, but PI will stain late apoptotic and
a necrotic cell, as it goes to the nucleus where it binds to DNA. Annexin V will
specifically stain early apoptotic cells. Therefore, using this system I should be able
to distinguish if MRC5 fibroblasts are being killed and in which manner
(apoptosis/necrosis) when co-cultured with neutrophils.
Hence, I cultured primed or non-primed neutrophils with young or senescent MRC5
cells for 24h and then measured the fibroblast viability using PI and Annexin V by
flow cytometry. Results show no effects of neutrophils on cell-death in young
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fibroblasts. (Figure 5.4 a,b,d). In contrast, results indicate that co-culture of senescent
MRC5 with primed neutrophils leads to a significant increase in PI positive cells
compared to the control (untreated cells) (Figure 5.4 a,d). However, we observe
negligible differences with Annexin V (Figure 5.4 c,d). These results indicate that
neutrophils can trigger cell-death in senescent cells by necrosis or late apoptosis
(since we detect very low number of Annexin V staining) upon 24h co-culture with
neutrophils primed with LPS at 3%O2. Then we tested whether replicatively
senescent MRC5 obtained by serial passages in culture (>60 days) could be killed by
neutrophils as we have seen with MRC5 cells irradiated with 20gy. Upon 24h coculture at 3%O2, we saw an increase in the % PI positive cells in both conditions
(Figure 5.4 a,d), however these results will need to be confirmed independently.
Altogether, this data indicates that activated neutrophils can trigger cell-death in
senescent cells. Furthermore, the results indicate that most likely necrosis is
preferred toward apoptosis.
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Figure 5.4 Human neutrophils are involved in the clearance of senescent cell but not
young cells.
(a) (Left) Flow cytometry analysis of propidium iodide (PI) staining of young apoptotic MRC5; n=3,
(Middle) 10 days post irradiation with 20Gy (senescent) apoptotic MRC5 fibroblasts; n=3 *p<0.05
using a two tailed unpaired t-test, (Right) replicative senescent apoptotic MRC5 fibroblasts; n=1;
following 24h co-culture at 3% O2 +/- neutrophils +/-LPS depending on condition, expressed in % PI
positive cells. (b) Flow cytometry analysis of Annexin-V staining of young apoptotic MRC5 fibroblasts
following 24h co-culture at 3% O2 +/- neutrophils +/-LPS depending on condition, expressed in % PI
positive cells; n=1. (c) Flow cytometry analysis of annexin-V staining of 10 days post irradiation
(senescent) apoptotic MRC5 fibroblasts following 24h co-culture at 3% O2 +/- neutrophils +/-LPS
depending on condition, expressed in % PI positive cells; n=1. (d) MRC5 cells were gated using side
and forward scatters, then using FL1 to measure Annexin V and FL3 to measure PI staining.
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5.5 Discussion

Senescent cells develop with time a SASP which may induce alteration of the
microenvironment, and promote the development of cancer (Krtolica, Parrinello et al.
2001, Acosta, O'Loghlen et al. 2008, Kuilman, Michaloglou et al. 2008).The SASP
from senescent cells contain a large range of pro-inflammatory molecules including
chemokines, cytokines, adhesion molecules and immune modulators which have the
abilities to communicate with immune cells (Freund, Orjalo et al. 2010). To note, the
SASP is cell type specific, depends on the context and the senescence stimuli
(Coppé, Patil et al. 2008). To date, it has been reported that senescent cells are able
to attract NK cells, monocytes/macrophages, and T cells which are involved in the
clearance

mechanisms.

Indeed,

two

studies

demonstrated

that

senescent

hepatocytes and hepatic stellate cells where found in close proximity with NK cells
which recognised and eliminated them (Xue, Zender et al. 2007, Krizhanovsky, Yon
et al. 2008, Sagiv, Biran et al. 2013). These studies have provided evidence
suggesting that senescent cells upregulate receptors involve in the recognition of NK
cells (activating Natural Killer cell receptor (NKG2D), MICA and ULBP2) (Sagiv, Biran
et al. 2013). Furthermore it was shown that NK cells were able to eliminate senescent
cells by granule exocytosis through perforin and granzyme which will induce cell
death (Sagiv, Biran et al. 2013) .However, regarding the plethora of molecules
composing the SASP, it is not surprising that NK cells are not the only cells to be
found in the vicinity of senescent cells. In fact, molecules such as IL-8 (CXCL8), IL-6,
GROα (CXCL1), GROβ (CXCL2), GROγ (CXCL3), MCP-1 (CCL2), MCP-4 (CCL13),
MIP-1α (CCL3), MIP-1β (CCL4), RANTES (CCL5), I-309 (CCL1), and MCP-3 (CCL7)
are also secreted (Coppé, Patil et al. 2008, Freund, Orjalo et al. 2010) and can
contribute to recruitment of monocytes/macrophages and T cells (Kang, Yevsa et al.
2011, Lujambio, Akkari et al. 2013) .
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According to my in vivo data showing that there is an increase of neutrophil infiltration
within the liver with age, I speculated that perhaps senescent cells can attract
neutrophils.
In fact, one of the most prominent expressed chemokine from the SASP is IL-8
(CXCL8) which is a strong chemoattractant for neutrophils (Mahalingam and
Karupiah 1999).
Our chemotaxis assay using conditioned media from senescent cells and young cells
indicates that neutrophils migrate preferentially toward the media from senescent
cells (Figure 5.1). This indicates that compounds secreted from senescent cells are
implicated in the recruitment of neutrophils. Additionally, our data indicates that upon
treatment of replicative senescent cells for 10 days with SB203580 (p38 inhibitor)
and rapamycin (mTOR inhibitor) the migration toward conditioned media from
senescent cells is blunted (Figure 5.2). These two inhibitors are well described to
decrease the SASP components: rapamycin inhibits the mammalian TORC1 complex
which in turn will reduce IL1α and NF-κB transcriptional activity resulting in a
decrease of the SASP components such as IL-6 and IL-8 (Laberge, Sun et al. 2015
1416). SB203580 (p38 inhibitor) has been shown to block the production of IL-1,
TNFα and IL-8 (Freund, Patil et al. 2011).
In addition, our data indicates that neutrophils seem to cluster around senescent
fibroblasts which results in detachment from the dish and eventually cell-death
(Figure 5.3). We also observed that IMR90 are more prone to cell death compared to
MRC5 fibroblasts. It is possible that recruitment of neutrophils by senescent cells is
cell-type and tissue specific. Accordingly, SASP components have been shown to be
cell-type specific, depending on the senescence induction stimuli and the expression
levels of pro-inflammatory molecules (Coppé, Patil et al. 2008). In addition,
unpublished data from our lab has shown that senescent IMR90 fibroblasts secrete
increased abundance of pro-inflammatory cytokines IL-6 and IL-8 when compared to
senescent MRC5 fibroblasts.
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I report for the first time that neutrophils are able to specifically kill MRC5 senescent
cells with very little effects on young cells (Figure 5.4). The mechanism of clearance
indicates that necrosis is preponderant toward apoptosis since we detect very little
staining for Annexin V. This result is consistent with a study using a mouse model coexpressing oncogenic Ras and inducible p53 where reactivation of p53 in the liver
was followed by infiltration of neutrophils and NK cells resulting by killing senescent
cells by necrosis but not apoptosis (Xue, Zender et al. 2007). However, it will be
necessary to perform a time course in order to determine between apoptosis and
necrosis since in our experiment we only observed after 24h co-culture.
We only observed a small increase or no effect with primed neutrophils using LPS for
1 h at 37 °C compared to untreated cells. This suggests that either during the
isolation of the neutrophils they were already activated, or the SASP compounds are
concentrated enough to fully activate the neutrophils (Figure 5.4). Upon extraction
from the whole blood, neutrophils can be primed due to the isolation protocol
resulting in changes in antigen expression and altered response to stimuli (Watson,
Robinson et al. 1992). In addition, we can speculate that IL-8 plays a role in the
killing because this chemokine has been previously shown to recruit and activate
neutrophils (Hammond, Lapointe et al. 1995). However, we cannot exclude that other
SASP components are also involved and/or senescent cells upregulate receptors
involve in recognition of the neutrophils to clear them.
Altogether, our results demonstrate for the first time that neutrophils are involved in
the clearance of senescent cells, however further work is needed to understand by
which mechanism the killing occurs and if this phenomenon can be observed in vivo.
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6 CHAPTER 6 – CONCLUSIONS

Over the years, a large number of data has been produced regarding cellular
senescence. Since its discovery in vitro, the implications of this process have been
widened from the merely “telomere clock” limiting the life of mitotic cells. New
evidence has shown that senescence is implicated in embryonic development,
tumour suppression, tissue repair and wound healing suggesting that senescence
has beneficial effects.
Recent data has demonstrated a role for the SASP in communicating with the
immune system in order to clear senescent cells. Several reports have involved NK
cells, macrophages, and LT4 cells in the senescence clearance process but
surprisingly, neutrophils, which are major components of the innate immune system,
have not been investigated. Neutrophils are the first immune cells to infiltrate the site
of damage after stress or infection. Neutrophils have been implicated in the resolution
of fibrosis and the induction of cancer; however their implication in the induction of
senescence has not been investigated. In addition, following acute stress in tissues,
neutrophils have been observed to infiltrate at sites of damage. Neutrophils because
of their nature possess a large plethora of “weapons” in order to kill pathogens and
remove cellular debris. Among them, neutrophils secreted a large amount of ROS
(namely h2O2) which are known from previous work to induce premature senescence.
Therefore, in this thesis, I hypothesised that neutrophils could induce cellular
senescence via bystander effects. I have shown that short-term co-culture for 3 days
between young fibroblasts and human neutrophils from middle-aged healthy donors
leads to a significant reduction in the replicative lifespan of human fibroblasts grown
in vitro. This occurred together with induction of several markers of cellular
senescence and induction of DNA damage. Furthermore, I observed that telomereshortening rates were enhanced and that expression of telomerase was able to
counteract the effect. Mechanistically, I have found that extra-cellular catalase was
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able to reduce both telomere shortening and DNA damage, suggesting that hydrogen
peroxide secreted by the neutrophils is responsible for the observed phenotype.
This was in accordance with the idea that short-term exposure to neutrophils
generates single-stranded breaks via ROS in young fibroblasts, which upon cell
division experience a more rapid telomere loss ultimately triggering premature
senescence. Similar effects were shown by others upon exposure to mild-stress (von
Zglinicki, Saretzki et al. 1995, Petersen, Saretzki et al. 1998).
I cannot exclude that other factors secreted by the neutrophils can play a role in this
effect since the use of an inhibitor against neutrophil elastase or the addition of
recombinant elastase was able to reduce or enhance DDR foci respectively.
Nonetheless, the mechanisms involved are not yet elucidated.
Consistent with a role for neutrophils in telomere dependent senescence, I found an
association between neutrophil infiltrations and telomere dysfunction in ageing mice
and following LPS injection. Additionally, in a model of acute liver fibrosis through
injection of CCl4, I found that inhibition of neutrophil recruitment reduced telomereassociated DNA damage.
Altogether, my results suggest that neutrophils may inadvertently induce collateral
DNA damage which will trigger gradually a premature senescence in young cells via
oxidative stress-mediated telomere dysfunction.
Finally, I asked the question if neutrophils are somehow involved in the clearance of
senescent cells similarly to what was observed with NK cells, CDT4 cells and
macrophages. My data indicates that neutrophils are preferentially recruited by
factors secreted by senescent cells and can induce cytotoxicity in senescent cells but
not in young cells. This suggests that neutrophils may be involved in the clearance of
senescent cells; however, the same mechanism can lead to the induction of damage
in young surrounding cells which may become prematurely senescent.
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Given the fact that the immune system is less efficient with age, it is also possible
that as we grow old, neutrophils are recruited to the site of where senescent cells are
present, but are not effective in eliminating them. As future work, I propose to
investigate neutrophils obtained from donors of different ages in terms of their ability
to induce cell-death in senescent cells.
To conclude, my PhD work unravelled a dual role of neutrophils in the process of
senescence. While hydrogen peroxide released by neutrophils can accelerate
telomere-dependent senescence, neutrophils may also be involved in the specific
elimination of senescent cells, through yet unclear mechanisms.

141

REFERENCES

Abraham, R. T. (2001). "Cell cycle checkpoint signaling through the ATM and ATR kinases."
Genes & Development 15(17): 2177-2196.
Acosta, J., A. O'Loghlen, A. Banito, M. Guijarro, A. Augert, S. Raguz, M. Fumagalli, M. Da
Costa, C. Brown, N. Popov, Y. Takatsu, J. Melamed, F. d'Adda di Fagagna, D.
Bernard, E. Hernando and J. Gil (2008). "Chemokine signaling via the CXCR2
receptor reinforces senescence." Cell 133(6): 1006-1018.
Acosta, J. C., A. Banito, T. Wuestefeld, A. Georgilis, P. Janich, J. P. Morton, D. Athineos, T.
W. Kang, F. Lasitschka, M. Andrulis, G. Pascual, K. J. Morris, S. Khan, H. Jin, G.
Dharmalingam, A. P. Snijders, T. Carroll, D. Capper, C. Pritchard, G. J. Inman, T.
Longerich, O. J. Sansom, S. A. Benitah, L. Zender and J. Gil (2013). "A complex
secretory

program

orchestrated

by

the

inflammasome

controls

paracrine

senescence." Nat Cell Biol 15(8): 978-990.
Adams, P. D. (2007). "Remodeling of chromatin structure in senescent cells and its potential
impact on tumor suppression and aging." Gene 397(1–2): 84-93.
Ahmed, R. and D. Gray (1996). "Immunological Memory and Protective Immunity:
Understanding Their Relation." Science 272(5258): 54-60.
Ahmed, S., J. F. Passos, M. J. Birket, T. Beckmann, S. Brings, H. Peters, M. A. BirchMachin, T. von Zglinicki and G. Saretzki (2008). "Telomerase does not counteract
telomere shortening but protects mitochondrial function under oxidative stress." J Cell
Sci 121(Pt 7): 1046-1053.
Ahn, J.-Y., X. Li, H. L. Davis and C. E. Canman (2002). "Phosphorylation of Threonine 68
Promotes Oligomerization and Autophosphorylation of the Chk2 Protein Kinase via
the Forkhead-associated Domain." Journal of Biological Chemistry 277(22): 1938919395.
Aida, Y. and M. J. Pabst (1990). "Priming of neutrophils by lipopolysaccharide for enhanced
release of superoxide. Requirement for plasma but not for tumor necrosis factoralpha." The Journal of Immunology 145(9): 3017-3025.
Alafuzoff, I., S. Helisalmi, A. Mannermaa and H. Soininen (2000). "Severity of Cardiovascular
Disease, Apolipoprotein E Genotype, and Brain Pathology in Aging and Dementia."
Annals of the New York Academy of Sciences 903(1): 244-251.

142

Alcorta, D., Y. Xiong, D. Phelps, G. Hannon, D. Beach and J. Barrett (1996). "Involvement of
the cyclin-dependent kinase inhibitor p16 (INK4a) in replicative senescence of normal
human fibroblasts." Proceedings of the National Academy of Sciences of the United
States of America 93(24): 13742-13747.
Alt, J. R., A. B. Gladden and J. A. Diehl (2002). "p21Cip1 Promotes Cyclin D1 Nuclear
Accumulation via Direct Inhibition of Nuclear Export." Journal of Biological Chemistry
277(10): 8517-8523.
Althubiti, M., L. Lezina, S. Carrera, R. Jukes-Jones, S. M. Giblett, A. Antonov, N. Barlev, G.
S. Saldanha, C. A. Pritchard, K. Cain and S. Macip (2014). "Characterization of novel
markers of senescence and their prognostic potential in cancer." Cell Death Dis 5:
e1528.
Amulic, B., C. Cazalet, G. Hayes, K. Metzler and A. Zychlinsky (2012). "Neutrophil function:
from mechanisms to disease." Annual review of immunology 30: 459-489.
Andegeko, Y., L. Moyal, L. Mitelman, I. Tsarfaty, Y. Shiloh and G. Rotman (2001). "Nuclear
retention of ATM at sites of DNA double strand breaks." Journal of Biological
Chemistry.
Arthur, S. T. and I. D. Cooley (2012). "The effect of physiological stimuli on sarcopenia;
impact of Notch and Wnt signaling on impaired aged skeletal muscle repair." Int J Biol
Sci 8(5): 731-760.
Ashwell, J. D. (2006). "The many paths to p38 mitogen-activated protein kinase activation in
the immune system." Nat Rev Immunol 6(7): 532-540.
Baggiolini, M. and I. Clark-Lewis (1992). "Interleukin-8, a chemotactic and inflammatory
cytokine." FEBS Lett 307(1): 97-101.
Baggiolini, M., B. Dewald and B. Moser (1994). "Interleukin-8 and related chemotactic
cytokines--CXC and CC chemokines." Adv Immunol 55: 97-179.
Baker, D., T. Wijshake, T. Tchkonia, N. LeBrasseur, B. Childs, B. van de Sluis, J. Kirkland
and J. van Deursen (2011). "Clearance of p16Ink4a-positive senescent cells delays
ageing-associated disorders." Nature 479(7372): 232-236.
Baker, D. J., B. G. Childs, M. Durik, M. E. Wijers, C. J. Sieben, J. Zhong, R. A. Saltness, K.
B. Jeganathan, G. C. Verzosa, A. Pezeshki, K. Khazaie, J. D. Miller and J. M. van
Deursen (2016). "Naturally occurring p16Ink4a-positive cells shorten healthy
lifespan." Nature 530(7589): 184-189.

143

Bakkenist, C. J. and M. B. Kastan (2003). "DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation." Nature 421(6922): 499506.
Balakrishnan, L. and R. A. Bambara (2013). "Okazaki Fragment Metabolism." Cold Spring
Harbor Perspectives in Biology 5(2).
Bald, T., T. Quast, J. Landsberg, M. Rogava, N. Glodde, D. Lopez-Ramos, J. Kohlmeyer, S.
Riesenberg, D. van den Boorn-Konijnenberg, C. Homig-Holzel, R. Reuten, B.
Schadow, H. Weighardt, D. Wenzel, I. Helfrich, D. Schadendorf, W. Bloch, M. E.
Bianchi, C. Lugassy, R. L. Barnhill, M. Koch, B. K. Fleischmann, I. Forster, W.
Kastenmuller, W. Kolanus, M. Holzel, E. Gaffal and T. Tuting (2014). "Ultravioletradiation-induced inflammation promotes angiotropism and metastasis in melanoma."
Nature 507(7490): 109-113.
Banin, S., L. Moyal, S. Shieh, Y. Taya, C. W. Anderson, L. Chessa, N. I. Smorodinsky, C.
Prives, Y. Reiss, Y. Shiloh and Y. Ziv (1998). "Enhanced phosphorylation of p53 by
ATM in response to DNA damage." Science 281(5383): 1674-1677.
Barja, G. (1999). "Mitochondrial Oxygen Radical Generation and Leak: Sites of Production in
States 4 and 3, Organ Specificity, and Relation to Aging and Longevity." Journal of
Bioenergetics and Biomembranes 31(4): 347-366.
Bartek, J. and J. Lukas (2001). "Mammalian G1- and S-phase checkpoints in response to
DNA damage." Current Opinion in Cell Biology 13(6): 738-747.
Bartek, J. and J. Lukas (2003). "Chk1 and Chk2 kinases in checkpoint control and cancer."
Cancer Cell 3(5): 421-429.
Bartkova, J., N. Rezaei, M. Liontos, P. Karakaidos, D. Kletsas, N. Issaeva, L.-V. F. Vassiliou,
E. Kolettas, K. Niforou, V. C. Zoumpourlis, M. Takaoka, H. Nakagawa, F. Tort, K.
Fugger, F. Johansson, M. Sehested, C. L. Andersen, L. Dyrskjot, T. Orntoft, J. Lukas,
C. Kittas, T. Helleday, T. D. Halazonetis, J. Bartek and V. G. Gorgoulis (2006).
"Oncogene-induced senescence is part of the tumorigenesis barrier imposed by DNA
damage checkpoints." Nature 444(7119): 633-637.
Bataller, R. and D. A. Brenner (2005). "Liver fibrosis." J Clin Invest 115(2): 209-218.
Bavik, C., I. Coleman, J. Dean, B. Knudsen, S. Plymate and P. Nelson (2006). "The gene
expression program of prostate fibroblast senescence modulates neoplastic epithelial
cell proliferation through paracrine mechanisms." Cancer research 66(2): 794-802.
Beattie, T. L., W. Zhou, M. O. Robinson and L. Harrington (1998). "Reconstitution of human
telomerase activity in vitro." Current Biology 8(3): 177-180.

144

Beauséjour, C., A. Krtolica, F. Galimi, M. Narita, S. Lowe, P. Yaswen and J. Campisi (2003).
"Reversal of human cellular senescence: roles of the p53 and p16 pathways." The
EMBO journal 22(16): 4212-4222.
Begus-Nahrmann, Y., D. Hartmann, J. Kraus, P. Eshraghi, A. Scheffold, M. Grieb, V.
Rasche, P. Schirmacher, H.-W. Lee, H. A. Kestler, A. Lechel, xE and K. L. Rudolph
(2012). "Transient telomere dysfunction induces chromosomal instability and
promotes carcinogenesis." The Journal of Clinical Investigation 122(6): 2283-2288.
Bian, Z., Y. Guo, B. Ha, K. Zen and Y. Liu (2012). "Regulation of the inflammatory response:
enhancing neutrophil infiltration under chronic inflammatory conditions." Journal of
immunology (Baltimore, Md. : 1950) 188(2): 844-853.
Bianchi, M. E. (2007). "DAMPs, PAMPs and alarmins: all we need to know about danger." J
Leukoc Biol 81(1): 1-5.
Birch, J., R. K. Anderson, C. Correia-Melo, D. Jurk, G. Hewitt, F. M. Marques, N. J. Green, E.
Moisey, M. A. Birrell, M. G. Belvisi, F. Black, J. J. Taylor, A. J. Fisher, A. De Soyza
and J. F. Passos (2015). "DNA damage response at telomeres contributes to lung
aging and chronic obstructive pulmonary disease." American Journal of Physiology Lung Cellular and Molecular Physiology 309(10): L1124-L1137.
Birch, J., S. Victorelli, D. Rahmatika, R. K. Anderson, K. Jiwa, E. Moisey, C. Ward, A. J.
Fisher, A. De Soyza and J. F. Passos (2016). "Telomere Dysfunction and
Senescence-associated Pathways in Bronchiectasis." Am J Respir Crit Care Med
193(8): 929-932.
Blackburn, E. and J. Gall (1978). "A tandemly repeated sequence at the termini of the
extrachromosomal ribosomal RNA genes in Tetrahymena." Journal of molecular
biology 120(1): 33-53.
Blackburn, E. H. (1991). "Structure and function of telomeres." Nature 350(6319): 569-573.
Blagosklonny, M. V. (2003). "Cell senescence and hypermitogenic arrest." EMBO Reports
4(4): 358-362.
Blander, G., R. M. de Oliveira, C. M. Conboy, M. Haigis and L. Guarente (2003). "Superoxide
Dismutase 1 Knock-down Induces Senescence in Human Fibroblasts." Journal of
Biological Chemistry 278(40): 38966-38969.
Blasina, A., I. V. de Weyer, M. C. Laus, W. H. M. L. Luyten, A. E. Parker and C. H. McGowan
(1999). "A human homologue of the checkpoint kinase Cds1 directly inhibits Cdc25
phosphatase." Current Biology 9(1): 1-10.

145

Bodnar, A. G., M. Ouellette, M. Frolkis, S. E. Holt, C.-P. Chiu, G. B. Morin, C. B. Harley, J. W.
Shay, S. Lichtsteiner and W. E. Wright (1998). "Extension of Life-Span by
Introduction of Telomerase into Normal Human Cells." Science 279(5349): 349-352.
Bombarde, O., C. Boby, D. Gomez, P. Frit, M. J. Giraud-Panis, E. Gilson, B. Salles and P.
Calsou (2010). "TRF2/RAP1 and DNA-PK mediate a double protection against joining
at telomeric ends." Embo j 29(9): 1573-1584.
Borregaard, N. (2010). "Neutrophils, from marrow to microbes." Immunity 33(5): 657-670.
Borregaard, N. and J. B. Cowland (1997). "Granules of the Human Neutrophilic
Polymorphonuclear Leukocyte." Blood 89(10): 3503-3521.
Borregaard, N., M. Sehested, B. S. Nielsen, H. Sengelov and L. Kjeldsen (1995).
"Biosynthesis of granule proteins in normal human bone marrow cells. Gelatinase is a
marker of terminal neutrophil differentiation." Blood 85(3): 812-817.
Botha, A. J., F. A. Moore, E. E. Moore, F. J. Kim, A. Banerjee and V. M. Peterson (1995).
"Postinjury neutrophil priming and activation: an early vulnerable window." Surgery
118(2): 358-364; discussion 364-355.
Braig, M., S. Lee, C. Loddenkemper, C. Rudolph, A. H. Peters, B. Schlegelberger, H. Stein,
B. Dorken, T. Jenuwein and C. A. Schmitt (2005). "Oncogene-induced senescence as
an initial barrier in lymphoma development." Nature 436(7051): 660-665.
Brinkmann, V., U. Reichard, C. Goosmann, B. Fauler, Y. Uhlemann, D. S. Weiss, Y.
Weinrauch and A. Zychlinsky (2004). "Neutrophil Extracellular Traps Kill Bacteria."
Science 303(5663): 1532-1535.
Brod, S. A. (2000). "Unregulated inflammation shortens human functional longevity."
Inflammation Research 49(11): 561-570.
Brugarolas, J., C. Chandrasekaran, J. I. Gordon, D. Beach, T. Jacks and G. J. Hannon
(1995). "Radiation-induced cell cycle arrest compromised by p21 deficiency." Nature
377(6549): 552-557.
Bruunsgaard, H. (2006). "The clinical impact of systemic low-level inflammation in elderly
populations. With special reference to cardiovascular disease, dementia and
mortality." Danish Medical Bulletin 53(3): 285-309.
Buchmann, K. (2014). "Evolution of Innate Immunity: Clues from Invertebrates via Fish to
Mammals." Frontiers in Immunology 5: 459.
Bulavin, D. V., O. N. Demidov, S. Saito, P. Kauraniemi, C. Phillips, S. A. Amundson, C.
Ambrosino, G. Sauter, A. R. Nebreda, C. W. Anderson, A. Kallioniemi, A. J. Fornace,

146

Jr. and E. Appella (2002). "Amplification of PPM1D in human tumors abrogates p53
tumor-suppressor activity." Nat Genet 31(2): 210-215.
Burton, D. G. A. and V. Krizhanovsky (2014). "Physiological and pathological consequences
of cellular senescence." Cellular and Molecular Life Sciences 71(22): 4373-4386.
Cacciuttolo, M. A., L. Trinh, J. A. Lumpkin and G. Rao (1993). "Hyperoxia induces DNA
damage in mammalian cells." Free Radical Biology and Medicine 14(3): 267-276.
Cadenas, E. and K. J. A. Davies (2000). "Mitochondrial free radical generation, oxidative
stress, and aging1." Free Radical Biology and Medicine 29(3–4): 222-230.
Calado, R. T. and N. S. Young (2008). "Telomere maintenance and human bone marrow
failure." Blood 111(9): 4446-4455.
Campbell, J., J. Hedrick, A. Zlotnik, M. Siani, D. Thompson and E. Butcher (1998).
"Chemokines and the arrest of lymphocytes rolling under flow conditions." Science
(New York, N.Y.) 279(5349): 381-384.
Campisi, J. (2001). "Cellular senescence as a tumor-suppressor mechanism." Trends in Cell
Biology 11(11): S27-S31.
Campisi, J. (2013). "Aging, cellular senescence, and cancer." Annual review of physiology
75: 685-705.
Campisi, J. and F. d'Adda di Fagagna (2007). "Cellular senescence: when bad things
happen to good cells." Nat Rev Mol Cell Biol 8(9): 729-740.
Carrel, A. and A. H. Ebeling (1921). "AGE AND MULTIPLICATION OF FIBROBLASTS." The
Journal of Experimental Medicine 34(6): 599-623.
Celli, G. B. and T. de Lange (2005). "DNA processing is not required for ATM-mediated
telomere damage response after TRF2 deletion." Nat Cell Biol 7(7): 712-718.
Chakraborty, S., D. C. Zawieja and M. Muthuchamy (2013). "LPS mediated decreases in
immune cells recruitment on or near lymphatics impairs lymphatic contractility." The
FASEB Journal 27(1 Supplement): 681.685.
Chang, B., K. Watanabe, E. Broude, J. Fang, J. Poole, T. Kalinichenko and I. Roninson
(2000). "Effects of p21Waf1/Cip1/Sdi1 on cellular gene expression: implications for
carcinogenesis, senescence, and age-related diseases." Proceedings of the National
Academy of Sciences of the United States of America 97(8): 4291-4296.
Chang, J., Y. Wang, L. Shao, R.-M. Laberge, M. Demaria, J. Campisi, K. Janakiraman, N. E.
Sharpless, S. Ding, W. Feng, Y. Luo, X. Wang, N. Aykin-Burns, K. Krager, U.
Ponnappan, M. Hauer-Jensen, A. Meng and D. Zhou (2016). "Clearance of

147

senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice." Nat
Med 22(1): 78-83.
Changolkar, L. N., G. Singh and J. R. Pehrson (2008). "macroH2A1-Dependent Silencing of
Endogenous Murine Leukemia Viruses." Molecular and Cellular Biology 28(6): 20592065.
Chehab, N. H., A. Malikzay, M. Appel and T. D. Halazonetis (2000). "Chk2/hCds1 functions
as a DNA damage checkpoint in G1 by stabilizing p53." Genes & Development 14(3):
278-288.
Chehab, N. H., A. Malikzay, E. S. Stavridi and T. D. Halazonetis (1999). "Phosphorylation of
Ser-20 mediates stabilization of human p53 in response to DNA damage."
Proceedings of the National Academy of Sciences 96(24): 13777-13782.
Chen, Q. and B. N. Ames (1994). "Senescence-like growth arrest induced by hydrogen
peroxide in human diploid fibroblast F65 cells." Proceedings of the National Academy
of Sciences of the United States of America 91(10): 4130-4134.
Chen, Q., A. Fischer, J. Reagan, L. Yan and B. Ames (1995). "Oxidative DNA damage and
senescence of human diploid fibroblast cells." Proceedings of the National Academy
of Sciences of the United States of America 92(10): 4337-4341.
Chen, Q. M., J. C. Bartholomew, J. Campisi, M. Acosta, J. D. Reagan and B. N. Ames
(1998). "Molecular analysis of H2O2-induced senescent-like growth arrest in normal
human fibroblasts: p53 and Rb control G1 arrest but not cell replication." Biochemical
Journal 332(1): 43-50.
Chen, Z., L. C. Trotman, D. Shaffer, H. K. Lin, Z. A. Dotan, M. Niki, J. A. Koutcher, H. I.
Scher, T. Ludwig, W. Gerald, C. Cordon-Cardo and P. P. Pandolfi (2005). "Crucial
role of p53-dependent cellular senescence in suppression of Pten-deficient
tumorigenesis." Nature 436(7051): 725-730.
Childs, B. G., M. Durik, D. J. Baker and J. M. van Deursen (2015). "Cellular senescence in
aging and age-related disease: from mechanisms to therapy." Nat Med 21(12): 14241435.
Chipuk, J. E., L. Bouchier-Hayes and D. R. Green (2006). "Mitochondrial outer membrane
permeabilization during apoptosis: the innocent bystander scenario." Cell Death Differ
13(8): 1396-1402.
Chua, F., S. Dunsmore, P. Clingen, S. Mutsaers, S. Shapiro, A. Segal, J. Roes and G.
Laurent (2007). "Mice lacking neutrophil elastase are resistant to bleomycin-induced
pulmonary fibrosis." The American journal of pathology 170(1): 65-74.

148

Cimprich, K. A., T. B. Shin, C. T. Keith and S. L. Schreiber (1996). "cDNA cloning and gene
mapping of a candidate human cell cycle checkpoint protein." Proceedings of the
National Academy of Sciences 93(7): 2850-2855.
Collado, M., J. Gil, A. Efeyan, C. Guerra, A. J. Schuhmacher, M. Barradas, A. Benguria, A.
Zaballos, J. M. Flores, M. Barbacid, D. Beach and M. Serrano (2005). "Tumour
biology: Senescence in premalignant tumours." Nature 436(7051): 642-642.
Comings, D. E. and T. A. Okada (1970). "Electron microscopy of human fibroblasts in tissue
culture during logarithmic and confluent stages of growth." Exp Cell Res 61(2): 295301.
Connell-Crowley, L., J. W. Harper and D. W. Goodrich (1997). "Cyclin D1/Cdk4 regulates
retinoblastoma protein-mediated cell cycle arrest by site-specific phosphorylation."
Molecular Biology of the Cell 8(2): 287-301.
Cooke, M. S., M. D. Evans, M. Dizdaroglu and J. Lunec (2003). "Oxidative DNA damage:
mechanisms, mutation, and disease." The FASEB Journal 17(10): 1195-1214.
Coppé, J.-P., P.-Y. Desprez, A. Krtolica and J. Campisi (2010). "The senescence-associated
secretory phenotype: the dark side of tumor suppression." Annual review of pathology
5: 99-118.
Coppé, J.-P., K. Kauser, J. Campisi and C. Beauséjour (2006). "Secretion of vascular
endothelial growth factor by primary human fibroblasts at senescence." The Journal
of biological chemistry 281(40): 29568-29574.
Coppé, J.-P., C. K. Patil, F. Rodier, Y. Sun, D. P. Muñoz, J. Goldstein, P. S. Nelson, P.-Y.
Desprez and J. Campisi (2008). "Senescence-Associated Secretory Phenotypes
Reveal Cell-Nonautonomous Functions of Oncogenic RAS and the p53 Tumor
Suppressor." PLoS Biol 6(12): e301.
Coppe, J. P., F. Rodier, C. K. Patil, A. Freund, P. Y. Desprez and J. Campisi (2011). "Tumor
suppressor and aging biomarker p16(INK4a) induces cellular senescence without the
associated inflammatory secretory phenotype." J Biol Chem 286(42): 36396-36403.
Correia‐Melo, C., F. D. M. Marques, R. Anderson, G. Hewitt, R. Hewitt, J. Cole, B. M. Carroll,
S. Miwa, J. Birch, A. Merz, M. D. Rushton, M. Charles, D. Jurk, S. W. G. Tait, R.
Czapiewski, L. Greaves, G. Nelson, M. Bohlooly‐Y, S. Rodriguez‐Cuenca, A. Vidal‐
Puig, D. Mann, G. Saretzki, G. Quarato, D. R. Green, P. D. Adams, T. von Zglinicki,
V. I. Korolchuk and J. F. Passos (2016). "Mitochondria are required for pro‐ageing
features of the senescent phenotype." The EMBO Journal.

149

Coster, G. and M. Goldberg (2010). "The cellular response to DNA damage: A focus on
MDC1 and its interacting proteins." Nucleus 1(2): 166-178.
Cristofalo, V. J. (2005). "SA [beta] Gal staining: Biomarker or delusion." Experimental
Gerontology 40(10): 836-838.
Cristofalo, V. J., D. L. Doggett, K. M. Brooks-Frederich and P. D. Phillips (1989). "Growth
factors as probes of cell aging." Experimental Gerontology 24(5–6): 367-374.
Cristofalo, V. J., P. D. Phillips and K. M. Brooks (1985). "Cellular senescence: factors
modulating cell proliferation in vitro." Basic Life Sci 35: 241-253.
Cristofalo, V. J. and R. J. Pignolo (1993). "Replicative senescence of human fibroblast-like
cells in culture." Physiological Reviews 73(3): 617-638.
d'Adda di Fagagna, F. (2008). "Living on a break: cellular senescence as a DNA-damage
response." Nat Rev Cancer 8(7): 512-522.
d'Adda di Fagagna, F., P. Reaper, L. Clay-Farrace, H. Fiegler, P. Carr, T. Von Zglinicki, G.
Saretzki, N. Carter and S. Jackson (2003). "A DNA damage checkpoint response in
telomere-initiated senescence." Nature 426(6963): 194-198.
d'Adda di Fagagna, F., S.-H. Teo and S. Jackson (2004). "Functional links between
telomeres and proteins of the DNA-damage response." Genes & development 18(15):
1781-1799.
Daley, J. M., A. A. Thomay, M. D. Connolly, J. S. Reichner and J. E. Albina (2008). "Use of
Ly6G-specific monoclonal antibody to deplete neutrophils in mice." Journal of
Leukocyte Biology 83(1): 64-70.
Davalos, A. R., M. Kawahara, G. K. Malhotra, N. Schaum, J. Huang, U. Ved, C. M.
Beausejour, J.-P. Coppe, F. Rodier and J. Campisi (2013). "p53-dependent release of
Alarmin HMGB1 is a central mediator of senescent phenotypes." The Journal of Cell
Biology 201(4): 613-629.
de Lange, T. (2001). "Telomere Capping--One Strand Fits All." Science 292(5519): 10751076.
de Lange, T. (2002). "Protection of mammalian telomeres." Oncogene 21(4): 532-540.
de Lange, T. (2005). "Shelterin: the protein complex that shapes and safeguards human
telomeres." Genes & development 19(18): 2100-2110.
de Toranzo, E. G., M. I. Gomez and J. A. Castro (1978). "Carbon tetrachloride activation,
lipid peroxidation and liver necrosis in different strains of mice." Res Commun Chem
Pathol Pharmacol 19(2): 347-352.

150

Debacq-Chainiaux, F., E. Boilan, J. Dedessus Le Moutier, G. Weemaels and O. Toussaint
(2010). "p38(MAPK) in the senescence of human and murine fibroblasts." Adv Exp
Med Biol 694: 126-137.
Deckbar, D., J. Birraux, A. Krempler, L. Tchouandong, A. Beucher, S. Walker, T. Stiff, P.
Jeggo and M. Löbrich (2007). "Chromosome breakage after G2 checkpoint release."
The Journal of Cell Biology 176(6): 749-755.
Delacroix, S., J. M. Wagner, M. Kobayashi, K.-i. Yamamoto and L. M. Karnitz (2007). "The
Rad9–Hus1–Rad1 (9–1–1) clamp activates checkpoint signaling via TopBP1." Genes
& Development 21(12): 1472-1477.
Demaria, M., M. N. O'Leary, J. Chang, L. Shao, S. Liu, F. Alimirah, K. Koenig, C. Le, N. Mitin,
A. M. Deal, S. Alston, E. C. Academia, S. Kilmarx, A. Valdovinos, B. Wang, A. de
Bruin, B. K. Kennedy, S. Melov, D. Zhou, N. E. Sharpless, H. Muss and J. Campisi
(2017). "Cellular Senescence Promotes Adverse Effects of Chemotherapy and
Cancer Relapse." Cancer Discovery 7(2): 165-176.
Demaria, M., N. Ohtani, Sameh A. Youssef, F. Rodier, W. Toussaint, James R. Mitchell, R.M. Laberge, J. Vijg, H. Van Steeg, Martijn E. T. Dollé, Jan H. J. Hoeijmakers, A.
de Bruin, E. Hara and J. Campisi (2014). "An Essential Role for Senescent Cells in
Optimal Wound Healing through Secretion of PDGF-AA." Developmental Cell 31(6):
722-733.
Derheimer, F. A. and M. B. Kastan (2010). "Multiple roles of atm in monitoring and
maintaining dna integrity." FEBS letters 584(17): 3675-3681.
Deschênes-Simard, X., M.-F. Gaumont-Leclerc, V. Bourdeau, F. Lessard, O. Moiseeva, V.
Forest, S. Igelmann, F. A. Mallette, M. K. Saba-El-Leil, S. Meloche, F. Saad, A.-M.
Mes-Masson and G. Ferbeyre (2013). "Tumor suppressor activity of the ERK/MAPK
pathway by promoting selective protein degradation." Genes & Development 27(8):
900-915.
Di Leonardo, A., S. P. Linke, K. Clarkin and G. M. Wahl (1994). "DNA damage triggers a
prolonged p53-dependent G1 arrest and long-term induction of Cip1 in normal human
fibroblasts." Genes & Development 8(21): 2540-2551.
Di Micco, R., M. Fumagalli, A. Cicalese, S. Piccinin, P. Gasparini, C. Luise, C. Schurra, M.
Garre, P. Nuciforo, A. Bensimon, R. Maestro, P. Pelicci and F. d'Adda di Fagagna
(2006). "Oncogene-induced senescence is a DNA damage response triggered by
DNA hyper-replication." Nature 444(7119): 638-642.

151

Dillon, N. and R. Festenstein (2002). "Unravelling heterochromatin: competition between
positive and negative factors regulates accessibility." Trends in Genetics 18(5): 252258.
Dimri, G. P., X. Lee, G. Basile, M. Acosta, G. Scott, C. Roskelley, E. E. Medrano, M.
Linskens, I. Rubelj and O. Pereira-Smith (1995). "A biomarker that identifies
senescent human cells in culture and in aging skin in vivo." Proceedings of the
National Academy of Sciences 92(20): 9363-9367.
Dobbs, T. A., J. A. Tainer and S. P. Lees-Miller (2010). "A structural model for regulation of
NHEJ by DNA-PKcs autophosphorylation." DNA Repair 9(12): 1307-1314.
Doerfler, M. E., R. L. Danner, J. H. Shelhamer and J. E. Parrillo "Bacterial
lipopolysaccharides prime human neutrophils for enhanced production of leukotriene
B4." The Journal of Clinical Investigation 83(3): 970-977.
Doksani, Y., J. Wu, T. de Lange and X. Zhuang (2013). "Super-resolution fluorescence
imaging of telomeres reveals TRF2-dependent T-loop formation." Cell 155(2): 345356.
Doonan, R., J. J. McElwee, F. Matthijssens, G. A. Walker, K. Houthoofd, P. Back, A.
Matscheski, J. R. Vanfleteren and D. Gems (2008). "Against the oxidative damage
theory of aging: superoxide dismutases protect against oxidative stress but have little
or no effect on life span in Caenorhabditis elegans." Genes & Development 22(23):
3236-3241.
Driessens, N., S. Versteyhe, C. Ghaddhab, A. Burniat, X. De Deken, J. Van Sande, J.-E.
Dumont, F. Miot and B. Corvilain (2009). "Hydrogen peroxide induces DNA singleand double-strand breaks in thyroid cells and is therefore a potential mutagen for this
organ." Endocrine-Related Cancer 16(3): 845-856.
Dumitru, C. A., S. Lang and S. Brandau (2013). "Modulation of neutrophil granulocytes in the
tumor microenvironment: mechanisms and consequences for tumor progression."
Semin Cancer Biol 23(3): 141-148.
Dupre, A., L. Boyer-Chatenet and J. Gautier (2006). "Two-step activation of ATM by DNA
and the Mre11-Rad50-Nbs1 complex." Nat Struct Mol Biol 13(5): 451-457.
Dustin, M. L. and T. A. Springer (1988). "Lymphocyte function-associated antigen-1 (LFA-1)
interaction with intercellular adhesion molecule-1 (ICAM-1) is one of at least three
mechanisms for lymphocyte adhesion to cultured endothelial cells." The Journal of
Cell Biology 107(1): 321.

152

Effros, R. B. and G. Pawelec (1997). "Replicative senescence of T cells: does the Hayflick
Limit lead to immune exhaustion?" Immunol Today 18(9): 450-454.
el-Deiry, W. S., J. W. Harper, P. M. O'Connor, V. E. Velculescu, C. E. Canman, J. Jackman,
J. A. Pietenpol, M. Burrell, D. E. Hill, Y. Wang and et al. (1994). "WAF1/CIP1 is
induced in p53-mediated G1 arrest and apoptosis." Cancer Res 54(5): 1169-1174.
El-Deiry, W. S., T. Tokino, V. E. Velculescu, D. B. Levy, R. Parsons, J. M. Trent, D. Lin, W.
E. Mercer, K. W. Kinzler and B. Vogelstein (1993). "WAF1, a potential mediator of
p53 tumor suppression." Cell 75(4): 817-825.
Elbim, C., S. Bailly, S. Chollet-Martin, J. Hakim and M. A. Gougerot-Pocidalo (1994).
"Differential priming effects of proinflammatory cytokines on human neutrophil
oxidative burst in response to bacterial N-formyl peptides." Infection and Immunity
62(6): 2195-2201.
Elledge, S. J. (1996). "Cell Cycle Checkpoints: Preventing an Identity Crisis." Science
274(5293): 1664-1672.
Falck, J., J. H. J. Petrini, B. R. Williams, J. Lukas and J. Bartek (2002). "The DNA damagedependent intra-S phase checkpoint is regulated by parallel pathways." Nat Genet
30(3): 290-294.
Faouzi, S., B. E. Burckhardt, J. C. Hanson, C. B. Campe, L. W. Schrum, R. A. Rippe and J.
J. Maher (2001). "Anti-Fas Induces Hepatic Chemokines and Promotes Inflammation
by an NF-κB-independent, Caspase-3-dependent Pathway." Journal of Biological
Chemistry 276(52): 49077-49082.
Farazi, P. A., J. Glickman, S. Jiang, A. Yu, K. L. Rudolph and R. A. DePinho (2003).
"Differential impact of telomere dysfunction on initiation and progression of
hepatocellular carcinoma." Cancer Res 63(16): 5021-5027.
Faurschou, M. and N. Borregaard (2003). "Neutrophil granules and secretory vesicles in
inflammation." Microbes and Infection 5(14): 1317-1327.
Ferbeyre, G., E. de Stanchina, E. Querido, N. Baptiste, C. Prives and S. W. Lowe (2000).
"PML is induced by oncogenic ras and promotes premature senescence." Genes Dev
14(16): 2015-2027.
Fernandez-Capetillo, O., H.-T. Chen, A. Celeste, I. Ward, P. J. Romanienko, J. C. Morales,
K. Naka, Z. Xia, R. D. Camerini-Otero, N. Motoyama, P. B. Carpenter, W. M. Bonner,
J. Chen and A. Nussenzweig (2002). "DNA damage-induced G2-M checkpoint
activation by histone H2AX and 53BP1." Nat Cell Biol 4(12): 993-997.

153

Ferrante, A., I. C. Kowanko and E. J. Bates (1992). "Mechanisms of host tissue damage by
cytokine-activated neutrophils." Immunol Ser 57: 499-521.
Fiers, W., R. Beyaert, W. Declercq and P. Vandenabeele (1999). "More than one way to die:
apoptosis, necrosis and reactive oxygen damage." Oncogene 18(54): 7719-7730.
Fitzner, B., S. Muller, M. Walther, M. Fischer, R. Engelmann, B. Muller-Hilke, B. M. Putzer,
M. Kreutzer, H. Nizze and R. Jaster (2012). "Senescence determines the fate of
activated rat pancreatic stellate cells." J Cell Mol Med 16(11): 2620-2630.
Flynn, R. L. and L. Zou (2011). "ATR: a master conductor of cellular responses to DNA
replication stress." Trends in Biochemical Sciences 36(3): 133-140.
Forman, H. J. and M. Torres (2002). "Reactive oxygen species and cell signaling: respiratory
burst in macrophage signaling." Am J Respir Crit Care Med 166(12 Pt 2): S4-8.
Franceschi, C. and J. Campisi (2014). "Chronic Inflammation (Inflammaging) and Its
Potential Contribution to Age-Associated Diseases." The Journals of Gerontology
Series A: Biological Sciences and Medical Sciences 69(Suppl 1): S4-S9.
Freund, A., A. V. Orjalo, P.-Y. Desprez and J. Campisi (2010). "Inflammatory networks during
cellular senescence: causes and consequences." Trends in Molecular Medicine
16(5): 238-246.
Freund, A., C. K. Patil and J. Campisi (2011). "p38MAPK is a novel DNA damage responseindependent regulator of the senescence-associated secretory phenotype." The
EMBO journal 30(8): 1536-1548.
Fumagalli, M., F. Rossiello, M. Clerici, S. Barozzi, D. Cittaro, J. M. Kaplunov, G. Bucci, M.
Dobreva, V. Matti, C. M. Beausejour, U. Herbig, M. P. Longhese and F. d/'Adda di
Fagagna (2012). "Telomeric DNA damage is irreparable and causes persistent DNAdamage-response activation." Nat Cell Biol 14(4): 355-365.
Funayama, R., M. Saito, H. Tanobe and F. Ishikawa (2006). "Loss of linker histone H1 in
cellular senescence." Journal of Cell Biology 175(6): 869-880.
Galli, S., N. Borregaard and T. Wynn (2011). "Phenotypic and functional plasticity of cells of
innate immunity: macrophages, mast cells and neutrophils." Nature immunology
12(11): 1035-1044.
Gasser, S., S. Orsulic, E. J. Brown and D. H. Raulet (2005). "The DNA damage pathway
regulates innate immune system ligands of the NKG2D receptor." Nature 436(7054):
1186-1190.

154

Geng, Y., E. N. Eaton, M. Picon, J. M. Roberts, A. S. Lundberg, A. Gifford, C. Sardet and R.
A. Weinberg (1996). "Regulation of cyclin E transcription by E2Fs and retinoblastoma
protein." Oncogene 12(6): 1173-1180.
Gerschman, R., D. L. Gilbert, S. W. Nye, P. Dwyer and W. O. Fenn (1954). "Oxygen
Poisoning and X-irradiation: A Mechanism in Common." Science 119(3097): 623-626.
Gire, V., P. Roux, D. Wynford-Thomas, J.-M. Brondello and V. Dulic (2004). "DNA damage
checkpoint kinase Chk2 triggers replicative senescence." The EMBO journal 23(13):
2554-2563.
Golden, T. R. and S. Melov (2001). "Mitochondrial DNA mutations, oxidative stress, and
aging." Mechanisms of Ageing and Development 122(14): 1577-1589.
Goldfinger, L., J. Han, W. Kiosses, A. Howe and M. Ginsberg (2003). "Spatial restriction of
alpha4 integrin phosphorylation regulates lamellipodial stability and alpha4beta1dependent cell migration." The Journal of cell biology 162(4): 731-741.
Green, D. R. and G. I. Evan (2002). "A matter of life and death." Cancer Cell 1(1): 19-30.
Green, D. R., L. Galluzzi and G. Kroemer (2011). "Mitochondria and the autophagyinflammation-cell death axis in organismal aging." Science (New York, N.y.)
333(6046): 1109-1112.
Greider, C. W. and E. H. Blackburn (1985). "Identification of a specific telomere terminal
transferase activity in tetrahymena extracts." Cell 43(2): 405-413.
Greider, C. W. and E. H. Blackburn (1989). "A telomeric sequence in the RNA of
Tetrahymena telomerase required for telomere repeat synthesis." Nature 337(6205):
331-337.
Griffith, J., L. Comeau, S. Rosenfield, R. Stansel, A. Bianchi, H. Moss and T. de Lange
(1999). "Mammalian telomeres end in a large duplex loop." Cell 97(4): 503-514.
Guthrie, L. A., L. C. McPhail, P. M. Henson and R. B. Johnston, Jr. (1984). "Priming of
neutrophils

for

enhanced

release

of

oxygen

metabolites

by

bacterial

lipopolysaccharide. Evidence for increased activity of the superoxide-producing
enzyme." J Exp Med 160(6): 1656-1671.
Häger, M., J. Cowland and N. Borregaard (2010). "Neutrophil granules in health and
disease." Journal of internal medicine 268(1): 25-34.
Hammond, M. E., G. R. Lapointe, P. H. Feucht, S. Hilt, C. A. Gallegos, C. A. Gordon, M. A.
Giedlin, G. Mullenbach and P. Tekamp-Olson (1995). "IL-8 induces neutrophil
chemotaxis predominantly via type I IL-8 receptors." J Immunol 155(3): 1428-1433.

155

Hanukoglu, I., R. Rapoport, L. Weiner and D. Sklan (1993). "Electron leakage from the
mitochondrial NADPH-adrenodoxin reductase-adrenodoxin-P450scc (cholesterol side
chain cleavage) system." Arch Biochem Biophys 305(2): 489-498.
Hara, E., R. Smith, D. Parry, H. Tahara, S. Stone and G. Peters (1996). "Regulation of
p16CDKN2 expression and its implications for cell immortalization and senescence."
Molecular and Cellular Biology 16(3): 859-867.
Hardy, K., L. Mansfield, A. Mackay, S. Benvenuti, S. Ismail, P. Arora, M. J. O'Hare and P. S.
Jat (2005). "Transcriptional networks and cellular senescence in human mammary
fibroblasts." Molecular Biology of the Cell 16(2): 943-953.
Harley, C., A. Futcher and C. Greider (1990). "Telomeres shorten during ageing of human
fibroblasts." Nature 345(6274): 458-460.
Harman, D. (1956). "Aging: A Theory Based on Free Radical and Radiation Chemistry."
Journal of Gerontology 11(3): 298-300.
Harman, D. (1972). "The Biologic Clock: The Mitochondria?" Journal of the American
Geriatrics Society 20(4): 145-147.
Haupt, Y., R. Maya, A. Kazaz and M. Oren (1997). "Mdm2 promotes the rapid degradation of
p53." Nature 387(6630): 296-299.
Hayflick, L. (1965). "THE LIMITED IN VITRO LIFETIME OF HUMAN DIPLOID CELL
STRAINS." Experimental cell research 37: 614-636.
Hayflick, L. and P. Moorhead (1961). "The serial cultivation of human diploid cell strains."
Experimental cell research 25: 585-621.
Hecker, L., N. J. Logsdon, D. Kurundkar, A. Kurundkar, K. Bernard, T. Hock, E. Meldrum, Y.
Y. Sanders and V. J. Thannickal (2014). "Reversal of persistent fibrosis in aging by
targeting Nox4-Nrf2 redox imbalance." Sci Transl Med 6(231): 231ra247.
Hekimi, S., J. Lapointe and Y. Wen (2011). "Taking a “good” look at free radicals in the aging
process." Trends in cell biology 21(10): 569-576.
Hemann, M. T., M. A. Strong, L.-Y. Hao and C. W. Greider (2001). "The Shortest Telomere,
Not Average Telomere Length, Is Critical for Cell Viability and Chromosome Stability."
Cell 107(1): 67-77.
Henle, E. S., Z. Han, N. Tang, P. Rai, Y. Luo and S. Linn (1999). "Sequence-specific DNA
Cleavage by Fe2+-mediated Fenton Reactions Has Possible Biological Implications."
Journal of Biological Chemistry 274(2): 962-971.
Herbig, U., M. Ferreira, L. Condel, D. Carey and J. Sedivy (2006). "Cellular senescence in
aging primates." Science (New York, N.Y.) 311(5765): 1257.

156

Herbig, U., W. Jobling, B. Chen, D. Chen and J. Sedivy (2004). "Telomere shortening
triggers senescence of human cells through a pathway involving ATM, p53, and
p21(CIP1), but not p16(INK4a)." Molecular cell 14(4): 501-513.
Herranz, N., S. Gallage, M. Mellone, T. Wuestefeld, S. Klotz, C. J. Hanley, S. Raguz, J. C.
Acosta, A. J. Innes, A. Banito, A. Georgilis, A. Montoya, K. Wolter, G. Dharmalingam,
P. Faull, T. Carroll, J. P. Martinez-Barbera, P. Cutillas, F. Reisinger, M. Heikenwalder,
R. A. Miller, D. Withers, L. Zender, G. J. Thomas and J. Gil (2015). "mTOR regulates
MAPKAPK2 translation to control the senescence-associated secretory phenotype."
Nat Cell Biol 17(9): 1205-1217.
Herrlich, P., M. Karin and C. Weiss (2008). "Supreme EnLIGHTenment: damage recognition
and signaling in the mammalian UV response." Mol Cell 29(3): 279-290.
Hewitt, G., D. Jurk, F. D. Marques, C. Correia-Melo, T. Hardy, A. Gackowska, R. Anderson,
M. Taschuk, J. Mann and J. F. Passos (2012). "Telomeres are favoured targets of a
persistent DNA damage response in ageing and stress-induced senescence." Nat
Commun 3: 708.
Hinz, B., S. H. Phan, V. J. Thannickal, M. Prunotto, A. Desmoulière, J. Varga, O. De Wever,
M. Mareel and G. Gabbiani (2012). "Recent Developments in Myofibroblast Biology:
Paradigms for Connective Tissue Remodeling." The American Journal of Pathology
180(4): 1340-1355.
Hiroyuki, T., S. Agata and L. Titia de (2003). "DNA Damage Foci at Dysfunctional
Telomeres." Current Biology 13.
Hoeijmakers, J. H. J. (2009). "DNA Damage, Aging, and Cancer." New England Journal of
Medicine 361(15): 1475-1485.
Hoenicke, L. and L. Zender (2012). "Immune surveillance of senescent cells--biological
significance in cancer- and non-cancer pathologies." Carcinogenesis 33(6): 11231126.
Hong, C., Y. Kidani, N. A-Gonzalez, T. Phung, A. Ito, X. Rong, K. Ericson, H. Mikkola, S.
Beaven, L. Miller, W.-H. Shao, P. Cohen, A. Castrillo, P. Tontonoz and S. Bensinger
(2012). "Coordinate regulation of neutrophil homeostasis by liver X receptors in mice."
The Journal of clinical investigation 122(1): 337-347.
Horvitz, H. R. (1999). "Genetic control of programmed cell death in the nematode
Caenorhabditis elegans." Cancer Res 59(7 Suppl): 1701s-1706s.
Hoshino, K., O. Takeuchi, T. Kawai, H. Sanjo, T. Ogawa, Y. Takeda, K. Takeda and S. Akira
(1999). "Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive

157

to lipopolysaccharide: evidence for TLR4 as the Lps gene product." J Immunol
162(7): 3749-3752.
Houghton, A. M. (2013). "Mechanistic links between COPD and lung cancer." Nat Rev
Cancer 13(4): 233-245.
Houghton, A. M., D. M. Rzymkiewicz, H. Ji, A. D. Gregory, E. E. Egea, H. E. Metz, D. B.
Stolz, S. R. Land, L. A. Marconcini, C. R. Kliment, K. M. Jenkins, K. A. Beaulieu, M.
Mouded, S. J. Frank, K. K. Wong and S. D. Shapiro (2010). "Neutrophil elastasemediated degradation of IRS-1 accelerates lung tumor growth." Nat Med 16(2): 219223.
Huang, W., Z. Chen, L. Zhang, D. Tian, D. Wang, D. Fan, K. Wu and L. Xia (2015).
"Interleukin-8 Induces Expression of FOXC1 to Promote Transactivation of CXCR1
and CCL2 in Hepatocellular Carcinoma Cell Lines and Formation of Metastases in
Mice." Gastroenterology 149(4): 1053-1067.e1014.
Hudson, D., I. Kovalchuk, I. Koturbash, B. Kolb, O. A. Martin and O. Kovalchuk (2011).
"Induction and persistence of radiation-induced DNA damage is more pronounced in
young animals than in old animals." Aging (Albany NY) 3(6): 609-620.
Hutter, E., H. Unterluggauer, F. Uberall, H. Schramek and P. Jansen-Durr (2002).
"Replicative senescence of human fibroblasts: the role of Ras-dependent signaling
and oxidative stress." Exp Gerontol 37(10-11): 1165-1174.
Imaeda, A. B., A. Watanabe, M. A. Sohail, S. Mahmood, M. Mohamadnejad, F. S.
Sutterwala, R. A. Flavell and W. Z. Mehal "Acetaminophen-induced hepatotoxicity in
mice is dependent on Tlr9 and the Nalp3 inflammasome." The Journal of Clinical
Investigation 119(2): 305-314.
Inoue, K., J. W. Slaton, S. J. Kim, P. Perrotte, B. Y. Eve, M. Bar-Eli, R. Radinsky and C. P.
Dinney (2000). "Interleukin 8 expression regulates tumorigenicity and metastasis in
human bladder cancer." Cancer Res 60(8): 2290-2299.
Itahana, K., Y. Zou, Y. Itahana, J. L. Martinez, C. Beausejour, J. J. Jacobs, M. Van Lohuizen,
V. Band, J. Campisi and G. P. Dimri (2003). "Control of the replicative life span of
human fibroblasts by p16 and the polycomb protein Bmi-1." Mol Cell Biol 23(1): 389401.
Ito, Y., E. R. Abril, N. W. Bethea, M. K. McCuskey, C. Cover, H. Jaeschke and R. S.
McCuskey (2006). "Mechanisms and pathophysiological implications of sinusoidal
endothelial cell gap formation following treatment with galactosamine/endotoxin in

158

mice." American Journal of Physiology - Gastrointestinal and Liver Physiology 291(2):
G211-G218.
Iwasa, H., J. Han and F. Ishikawa (2003). "Mitogen-activated protein kinase p38 defines the
common senescence-signalling pathway." Genes to Cells 8(2): 131-144.
Jackson, S. P. (2002). "Sensing and repairing DNA double-strand breaks." Carcinogenesis
23(5): 687-696.
Jacobs, J. J. L. and T. de Lange (2005). "p16INK4a as a Second Effector of the Telomere
Damage Pathway." Cell Cycle 4(10): 1364-1368.
Janzen, V., R. Forkert, H. E. Fleming, Y. Saito, M. T. Waring, D. M. Dombkowski, T. Cheng,
R. A. DePinho, N. E. Sharpless and D. T. Scadden (2006). "Stem-cell ageing
modified by the cyclin-dependent kinase inhibitor p16INK4a." Nature 443(7110): 421426.
Jeyapalan, J. C., M. Ferreira, J. M. Sedivy and U. Herbig (2007). "Accumulation of senescent
cells in mitotic tissue of aging primates." Mechanisms of Ageing and Development
128(1): 36-44.
Jeyapalan, J. C. and J. M. Sedivy (2008). "Cellular senescence and organismal aging."
Mechanisms of Ageing and Development 129(7–8): 467-474.
Jun, J. I. and L. F. Lau (2010). "The matricellular protein CCN1 induces fibroblast
senescence and restricts fibrosis in cutaneous wound healing." Nat Cell Biol 12(7):
676-685.
Junttila, M. R., S. P. Li and J. Westermarck (2008). "Phosphatase-mediated crosstalk
between MAPK signaling pathways in the regulation of cell survival." Faseb j 22(4):
954-965.
Jurk, D., C. Wilson, J. F. Passos, F. Oakley, C. Correia-Melo, L. Greaves, G. Saretzki, C.
Fox, C. Lawless, R. Anderson, G. Hewitt, S. L. Pender, N. Fullard, G. Nelson, J.
Mann, B. van de Sluis, D. A. Mann and T. von Zglinicki (2014). "Chronic inflammation
induces

telomere

dysfunction

and

accelerates

ageing

in

mice."

Nature

communications 2: 4172.
Kang, T.-W., T. Yevsa, N. Woller, L. Hoenicke, T. Wuestefeld, D. Dauch, A. Hohmeyer, M.
Gereke, R. Rudalska, A. Potapova, M. Iken, M. Vucur, S. Weiss, M. Heikenwalder, S.
Khan, J. Gil, D. Bruder, M. Manns, P. Schirmacher, F. Tacke, M. Ott, T. Luedde, T.
Longerich, S. Kubicka and L. Zender (2011). "Senescence surveillance of premalignant hepatocytes limits liver cancer development." Nature 479(7374): 547-551.

159

Kansas, G. (1996). "Selectins and their ligands: current concepts and controversies." Blood
88(9): 3259-3287.
Karlseder, J., D. Broccoli, Y. Dai, S. Hardy and T. de Lange (1999). "p53- and ATMdependent apoptosis induced by telomeres lacking TRF2." Science 283(5406): 13211325.
Kastan, M. B., Q. Zhan, W. S. el-Deiry, F. Carrier, T. Jacks, W. V. Walsh, B. S. Plunkett, B.
Vogelstein and A. J. Fornace, Jr. (1992). "A mammalian cell cycle checkpoint
pathway utilizing p53 and GADD45 is defective in ataxia-telangiectasia." Cell 71(4):
587-597.
Kaul, Z., A. J. Cesare, L. I. Huschtscha, A. A. Neumann and R. R. Reddel (2012). "Five
dysfunctional telomeres predict onset of senescence in human cells." EMBO Rep
13(1): 52-59.
Kawabata, K., T. Hagio and S. Matsuoka (2002). "The role of neutrophil elastase in acute
lung injury." European Journal of Pharmacology 451(1): 1-10.
Kazuhito, K., S. Mayumi, S. Masafumi, I. Katsuhiro, T. Masaaki and M. Tsumoru (1991).
"ONO-5046, a novel inhibitor of human neutrophil elastase." Biochemical and
Biophysical Research Communications.
Khanna, K. K. and S. P. Jackson (2001). "DNA double-strand breaks: signaling, repair and
the cancer connection." Nat Genet 27(3): 247-254.
Khanna, K. K., K. E. Keating, S. Kozlov, S. Scott, M. Gatei, K. Hobson, Y. Taya, B. Gabrielli,
D. Chan, S. P. Lees-Miller and M. F. Lavin (1998). "ATM associates with and
phosphorylates p53: mapping the region of interaction." Nat Genet 20(4): 398-400.
Khanna, K. K. and M. F. Lavin (1993). "Ionizing radiation and UV induction of p53 protein by
different pathways in ataxia-telangiectasia cells." Oncogene 8(12): 3307-3312.
Kim, N. W., M. A. Piatyszek, K. R. Prowse, C. B. Harley, M. D. West, P. L. Ho, G. M.
Coviello, W. E. Wright, S. L. Weinrich and J. W. Shay (1994). "Specific association of
human telomerase activity with immortal cells and cancer." Science (New York, N.Y.)
266(5193): 2011-2015.
Kirkwood, T. (2005). "Understanding the odd science of aging." Cell 120(4): 437-447.
Knaapen, A. M., R. P. Schins, D. Polat, A. Becker and P. J. Borm (2002). "Mechanisms of
neutrophil-induced DNA damage in respiratory tract epithelial cells." Molecular and
cellular biochemistry 234-235(1-2): 143-151.
Kolaczkowska, E. and P. Kubes (2013). "Neutrophil recruitment and function in health and
inflammation." Nat Rev Immunol 13(3): 159-175.

160

Kono, H. and K. L. Rock (2008). "How dying cells alert the immune system to danger."
Nature Reviews Immunology 8(4): 279-289.
Kramer, A., N. Mailand, C. Lukas, R. G. Syljuasen, C. J. Wilkinson, E. A. Nigg, J. Bartek and
J. Lukas (2004). "Centrosome-associated Chk1 prevents premature activation of
cyclin-B-Cdk1 kinase." Nat Cell Biol 6(9): 884-891.
Krishnamurthy, J., C. Torrice, M. Ramsey, G. Kovalev, K. Al-Regaiey, L. Su and N.
Sharpless (2004). "Ink4a/Arf expression is a biomarker of aging." The Journal of
clinical investigation 114(9): 1299-1307.
Krishnamurthy, J., C. Torrice, M. R. Ramsey, G. I. Kovalev, K. Al-Regaiey, L. Su and N. E.
Sharpless (2004). "Ink4a/Arf expression is a biomarker of aging." J Clin Invest 114(9):
1299-1307.
Krizhanovsky, V., M. Yon, R. Dickins, S. Hearn, J. Simon, C. Miething, H. Yee, L. Zender and
S. Lowe (2008). "Senescence of activated stellate cells limits liver fibrosis." Cell
134(4): 657-667.
Krtolica, A., S. Parrinello, S. Lockett, P. Y. Desprez and J. Campisi (2001). "Senescent
fibroblasts promote epithelial cell growth and tumorigenesis: a link between cancer
and aging." Proc Natl Acad Sci U S A 98(21): 12072-12077.
Kuilman, T., C. Michaloglou, W. J. Mooi and D. S. Peeper (2010). "The essence of
senescence." Genes Dev 24(22): 2463-2479.
Kuilman, T., C. Michaloglou, L. Vredeveld, S. Douma, R. van Doorn, C. Desmet, L. Aarden,
W. Mooi and D. Peeper (2008). "Oncogene-induced senescence relayed by an
interleukin-dependent inflammatory network." Cell 133(6): 1019-1031.
Kuilman, T., C. Michaloglou, L. C. W. Vredeveld, S. Douma, R. van Doorn, C. J. Desmet, L.
A. Aarden, W. J. Mooi and D. S. Peeper (2008). "Oncogene-Induced Senescence
Relayed by an Interleukin-Dependent Inflammatory Network." Cell 133(6): 1019-1031.
Kurata, S.-i. (2000). "Selective Activation of p38 MAPK Cascade and Mitotic Arrest Caused
by Low Level Oxidative Stress." Journal of Biological Chemistry 275(31): 2341323416.
Kurosaka, K., M. Takahashi, N. Watanabe and Y. Kobayashi (2003). "Silent cleanup of very
early apoptotic cells by macrophages." J Immunol 171(9): 4672-4679.
Kuwana, T. and D. D. Newmeyer (2003). "Bcl-2-family proteins and the role of mitochondria
in apoptosis." Current Opinion in Cell Biology 15(6): 691-699.
Kyriakis, J. M. and J. Avruch (1996). "Protein kinase cascades activated by stress and
inflammatory cytokines." Bioessays 18(7): 567-577.

161

LaBaer, J., M. D. Garrett, L. F. Stevenson, J. M. Slingerland, C. Sandhu, H. S. Chou, A.
Fattaey and E. Harlow (1997). "New functional activities for the p21 family of CDK
inhibitors." Genes & Development 11(7): 847-862.
Laberge, R.-M., Y. Sun, A. V. Orjalo, C. K. Patil, A. Freund, L. Zhou, S. C. Curran, A. R.
Davalos, K. A. Wilson-Edell, S. Liu, C. Limbad, M. Demaria, P. Li, G. B. Hubbard, Y.
Ikeno, M. Javors, P.-Y. Desprez, C. C. Benz, P. Kapahi, P. S. Nelson and J. Campisi
(2015). "MTOR regulates the pro-tumorigenic senescence-associated secretory
phenotype by promoting IL1A translation." Nat Cell Biol 17(8): 1049-1061.
Lacy, P. (2006). "Mechanisms of degranulation in neutrophils." Allergy, asthma, and clinical
immunology : official journal of the Canadian Society of Allergy and Clinical
Immunology 2(3): 98-108.
Lansdorp, P. M. (2009). "Telomeres and disease." The EMBO journal 28(17): 2532-2540.
Lawless, C., C. Wang, D. Jurk, A. Merz, T. Zglinicki and J. F. Passos (2010). "Quantitative
assessment of markers for cell senescence." Exp Gerontol 45(10): 772-778.
Lee, A. C., B. E. Fenster, H. Ito, K. Takeda, N. S. Bae, T. Hirai, Z. X. Yu, V. J. Ferrans, B. H.
Howard and T. Finkel (1999). "Ras proteins induce senescence by altering the
intracellular levels of reactive oxygen species." The Journal of biological chemistry
274(12): 7936-7940.
Lee, B. Y., J. A. Han, J. S. Im, A. Morrone, K. Johung, E. C. Goodwin, W. J. Kleijer, D.
DiMaio and E. S. Hwang (2006). "Senescence-associated beta-galactosidase is
lysosomal beta-galactosidase." Aging Cell 5(2): 187-195.
Lee, J.-S., K. M. Collins, A. L. Brown, C.-H. Lee and J. H. Chung (2000). "hCds1-mediated
phosphorylation of BRCA1 regulates the DNA damage response." Nature 404(6774):
201-204.
Lee, J., A. Kumagai and W. G. Dunphy (2003). "Claspin, a Chk1-Regulatory Protein,
Monitors DNA Replication on Chromatin Independently of RPA, ATR, and Rad17."
Molecular Cell 11(2): 329-340.
Lefort, C., J. Rossaint, M. Moser, B. Petrich, A. Zarbock, S. Monkley, D. Critchley, M.
Ginsberg, R. Fässler and K. Ley (2012). "Distinct roles for talin-1 and kindlin-3 in LFA1 extension and affinity regulation." Blood 119(18): 4275-4282.
Leung, J., Y. Cho, R. F. Lockey and N. Kolliputi (2015). "The Role of Aging in Idiopathic
Pulmonary Fibrosis." Lung 193(4): 605-610.

162

Levy, M. Z., R. C. Allsopp, A. B. Futcher, C. W. Greider and C. B. Harley (1992). "Telomere
end-replication problem and cell aging." Journal of Molecular Biology 225(4): 951960.
Ley, K. (2002). "Integration of inflammatory signals by rolling neutrophils." Immunological
reviews 186: 8-18.
Ley, K., C. Laudanna, M. Cybulsky and S. Nourshargh (2007). "Getting to the site of
inflammation: the leukocyte adhesion cascade updated." Nature reviews. Immunology
7(9): 678-689.
Ley, K., E. Smith and M. Stark (2006). "IL-17A-producing neutrophil-regulatory Tn
lymphocytes." Immunologic research 34(3): 229-242.
Li, B. and J. H. C. Wang (2011). "Fibroblasts and Myofibroblasts in Wound Healing: Force
Generation and Measurement." Journal of tissue viability 20(4): 108-120.
Lieschke, G., D. Grail, G. Hodgson, D. Metcalf, E. Stanley, C. Cheers, K. Fowler, S. Basu, Y.
Zhan and A. Dunn (1994). "Mice lacking granulocyte colony-stimulating factor have
chronic neutropenia, granulocyte and macrophage progenitor cell deficiency, and
impaired neutrophil mobilization." Blood 84(6): 1737-1746.
Lin, A., M. Barradas, J. Stone, L. van Aelst, M. Serrano and S. Lowe (1998). "Premature
senescence involving p53 and p16 is activated in response to constitutive
MEK/MAPK mitogenic signaling." Genes & development 12(19): 3008-3019.
Liton, P. B., P. Challa, S. Stinnett, C. Luna, D. L. Epstein and P. Gonzalez (2005). "Cellular
senescence in the glaucomatous outflow pathway." Experimental Gerontology 40(8–
9): 745-748.
Liu, D. and P. J. Hornsby (2007). "Senescent Human Fibroblasts Increase the Early Growth
of Xenograft Tumors via Matrix Metalloproteinase Secretion." Cancer Research.
Liu, Q., S. Guntuku, X.-S. Cui, S. Matsuoka, D. Cortez, K. Tamai, G. Luo, S. Carattini-Rivera,
F. DeMayo, A. Bradley, L. A. Donehower and S. J. Elledge (2000). "Chk1 is an
essential kinase that is regulated by Atr and required for the G2/M DNA damage
checkpoint." Genes & Development 14(12): 1448-1459.
Liu, Z.-X., D. Han, B. Gunawan and N. Kaplowitz (2006). "Neutrophil depletion protects
against murine acetaminophen hepatotoxicity." Hepatology 43(6): 1220-1230.
Lois, A. F., L. T. Cooper, Y. Geng, T. Nobori and D. Carson (1995). "Expression of the p16
and p15 cyclin-dependent kinase inhibitors in lymphocyte activation and neuronal
differentiation." Cancer Res 55(18): 4010-4013.

163

Lominadze, G., D. Powell, G. Luerman, A. Link, R. Ward and K. McLeish (2005). "Proteomic
analysis of human neutrophil granules." Molecular & cellular proteomics : MCP 4(10):
1503-1521.
López-Otín, C., M. A. Blasco, L. Partridge, M. Serrano and G. Kroemer (2013). "The
Hallmarks of Aging." Cell 153(6): 1194-1217.
Lou, Z., K. Minter-Dykhouse, S. Franco, M. Gostissa, M. A. Rivera, A. Celeste, J. P. Manis, J.
van Deursen, A. Nussenzweig, T. T. Paull, F. W. Alt and J. Chen (2006). "MDC1
Maintains Genomic Stability by Participating in the Amplification of ATM-Dependent
DNA Damage Signals." Molecular Cell 21(2): 187-200.
Lowe, S. W. and C. J. Sherr (2003). "Tumor suppression by Ink4a–Arf: progress and
puzzles." Current Opinion in Genetics & Development 13(1): 77-83.
Lu, T. and T. Finkel (2008). "Free radicals and senescence." Experimental cell research
314(9): 1918-1922.
Lujambio, A., L. Akkari, J. Simon, D. Grace, D. F. Tschaharganeh, J. E. Bolden, Z. Zhao, V.
Thapar, J. A. Joyce, V. Krizhanovsky and S. W. Lowe (2013). "Non-cell-autonomous
tumor suppression by p53." Cell 153(2): 449-460.
Macip, S., M. Igarashi, P. Berggren, J. Yu, S. W. Lee and S. A. Aaronson (2003). "Influence
of Induced Reactive Oxygen Species in p53-Mediated Cell Fate Decisions."
Molecular and Cellular Biology 23(23): 8576-8585.
Macip, S., M. Igarashi, L. Fang, A. Chen, Z. Q. Pan, S. W. Lee and S. A. Aaronson (2002).
"Inhibition of p21‐mediated ROS accumulation can rescue p21‐induced senescence."
The EMBO Journal 21(9): 2180-2188.
Maggio, M., J. M. Guralnik, D. L. Longo and L. Ferrucci (2006). "Interleukin-6 in Aging and
Chronic Disease: A Magnificent Pathway." The Journals of Gerontology Series A:
Biological Sciences and Medical Sciences 61(6): 575-584.
Mahalingam, S. and G. Karupiah (1999). "Chemokines and chemokine receptors in infectious
diseases." Immunol Cell Biol 77(6): 469-475.
Mailand, N., J. Falck, C. Lukas, R. G. Syljuåsen, M. Welcker, J. Bartek and J. Lukas (2000).
"Rapid Destruction of Human Cdc25A in Response to DNA Damage." Science
288(5470): 1425-1429.
Malureanu, L. A., K. B. Jeganathan, M. Hamada, L. Wasilewski, J. Davenport and J. M. van
Deursen (2009). "BubR1 N Terminus Acts as a Soluble Inhibitor of Cyclin B
Degradation by APC/CCdc20 in Interphase." Developmental Cell 16(1): 118-131.

164

Manitz, M. P., B. Horst, S. Seeliger, A. Strey, B. V. Skryabin, M. Gunzer, W. Frings, F.
Schonlau, J. Roth, C. Sorg and W. Nacken (2003). "Loss of S100A9 (MRP14) results
in

reduced

interleukin-8-induced

CD11b

surface

expression,

a

polarized

microfilament system, and diminished responsiveness to chemoattractants in vitro."
Mol Cell Biol 23(3): 1034-1043.
Mantovani, A., M. A. Cassatella, C. Costantini and S. Jaillon (2011). "Neutrophils in the
activation and regulation of innate and adaptive immunity." Nat Rev Immunol 11(8):
519-531.
Manz, M. and S. Boettcher (2014). "Emergency granulopoiesis." Nature reviews.
Immunology 14(5): 302-314.
Marina, K., H. Lixin, L. Rong, K. V. Peter and S. Peiqing (2012). "Attenuation of TORC1
signaling delays replicative and oncogenic RAS-induced senescence." Cell Cycle.
Martin-Ruiz, C., G. Saretzki, J. Petrie, J. Ladhoff, J. Jeyapalan, W. Wei, J. Sedivy and T. von
Zglinicki (2004). "Stochastic Variation in Telomere Shortening Rate Causes
Heterogeneity of Human Fibroblast Replicative Life Span." Journal of Biological
Chemistry 279(17): 17826-17833.
Martin, J. A., T. D. Brown, A. D. Heiner and J. A. Buckwalter (2004). "Chondrocyte
senescence, joint loading and osteoarthritis." Clin Orthop Relat Res(427 Suppl): S96103.
Matsumura, T. (1980). "Multinucleation and polyploidization of aging human cells in culture."
Adv Exp Med Biol 129: 31-38.
Matsuoka, S., M. Huang and S. J. Elledge (1998). "Linkage of ATM to cell cycle regulation by
the Chk2 protein kinase." Science 282(5395): 1893-1897.
Mayadas, T. N., X. Cullere and C. A. Lowell (2014). "The multifaceted functions of
neutrophils." Annu Rev Pathol 9: 181-218.
McConnell, B., M. Starborg, S. Brookes and G. Peters (1998). "Inhibitors of cyclin-dependent
kinases induce features of replicative senescence in early passage human diploid
fibroblasts." Current biology : CB 8(6): 351-354.
McCord, J. M. and I. Fridovich (1969). "Superoxide Dismutase: AN ENZYMIC FUNCTION
FOR ERYTHROCUPREIN (HEMOCUPREIN)." Journal of Biological Chemistry
244(22): 6049-6055.
McDonald, B. and P. Kubes (2012). "Neutrophils and Intravascular Immunity in the Liver
during Infection and Sterile Inflammation." Toxicologic Pathology 40(2): 157-165.

165

McElligott, R. and R. J. Wellinger (1997). "The terminal DNA structure of mammalian
chromosomes." The EMBO Journal 16(12): 3705-3714.
McEver, R. and R. Cummings (1997). "Perspectives series: cell adhesion in vascular biology.
Role of PSGL-1 binding to selectins in leukocyte recruitment." The Journal of clinical
investigation 100(3): 485-491.
Medema, R. H., R. Klompmaker, V. A. Smits and G. Rijksen (1998). "p21waf1 can block cells
at two points in the cell cycle, but does not interfere with processive DNA-replication
or stress-activated kinases." Oncogene 16(4): 431-441.
Meier, A., H. Fiegler, P. Muñoz, P. Ellis, D. Rigler, C. Langford, M. A. Blasco, N. Carter and
S. P. Jackson (2007). "Spreading of mammalian DNA-damage response factors
studied by ChIP-chip at damaged telomeres." The EMBO Journal 26(11): 2707-2718.
Mesquita, A., M. Weinberger, A. Silva, B. Sampaio-Marques, B. Almeida, C. Leão, V. Costa,
F. Rodrigues, W. C. Burhans and P. Ludovico (2010). "Caloric restriction or catalase
inactivation extends yeast chronological lifespan by inducing H(2)O(2) and
superoxide dismutase activity." Proceedings of the National Academy of Sciences of
the United States of America 107(34): 15123-15128.
Michaloglou, C., L. Vredeveld, M. Soengas, C. Denoyelle, T. Kuilman, C. M. A. van der
Horst, D. Majoor, J. Shay, W. Mooi and D. Peeper (2005). "BRAFE600-associated
senescence-like cell cycle arrest of human naevi." Nature 436(7051): 720-724.
Minamino, T., M. Orimo, I. Shimizu, T. Kunieda, M. Yokoyama, T. Ito, A. Nojima, A. Nabetani,
Y. Oike, H. Matsubara, F. Ishikawa and I. Komuro (2009). "A crucial role for adipose
tissue p53 in the regulation of insulin resistance." Nat Med 15(9): 1082-1087.
Mirzayans, R., B. Andrais, A. Scott, M. C. Paterson and D. Murray (2010). "Single-cell
analysis of p16INK4a and p21WAF1 expression suggests distinct mechanisms of
senescence in normal human and Li-Fraumeni Syndrome fibroblasts." Journal of
Cellular Physiology 223(1): 57-67.
Moallem, S. A. and B. F. Hales (1998). "The role of p53 and cell death by apoptosis and
necrosis

in

4-hydroperoxycyclophosphamide-induced

limb

malformations."

Development 125(16): 3225-3234.
Moles, A., L. Murphy, C. L. Wilson, J. B. Chakraborty, C. Fox, E. J. Park, J. Mann, F. Oakley,
R. Howarth, J. Brain, S. Masson, M. Karin, E. Seki and D. A. Mann (2014). "A
TLR2/S100A9/CXCL-2 signaling network is necessary for neutrophil recruitment in
acute and chronic liver injury in the mouse." Journal of hepatology 60(4): 782-791.

166

Moles, A., A. M. Sanchez, P. S. Banks, L. B. Murphy, S. Luli, L. Borthwick, A. Fisher, S.
O’Reilly, J. M. van Laar, S. A. White, N. D. Perkins, A. D. Burt, D. A. Mann and F.
Oakley (2013). "Inhibition of RelA-Ser536 Phosphorylation by a Competing Peptide
Reduces Mouse Liver Fibrosis Without Blocking the Innate Immune Response."
Hepatology (Baltimore, Md.) 57(2): 817-828.
Movita, D., M. D. B. van de Garde, P. Biesta, K. Kreefft, B. Haagmans, E. Zuniga, F.
Herschke, S. De Jonghe, H. L. A. Janssen, L. Gama, A. Boonstra and T.
Vanwolleghem (2015). "Inflammatory Monocytes Recruited to the Liver within 24
Hours after Virus-Induced Inflammation Resemble Kupffer Cells but Are Functionally
Distinct." Journal of Virology 89(9): 4809-4817.
Mukherjee, B., C. Kessinger, J. Kobayashi, B. P. C. Chen, D. J. Chen, A. Chatterjee and S.
Burma (2006). "DNA-PK phosphorylates histone H2AX during apoptotic DNA
fragmentation in mammalian cells." DNA Repair 5(5): 575-590.
Muñoz-Espín, D., M. Cañamero, A. Maraver, G. Gómez-López, J. Contreras, S. MurilloCuesta, A. Rodríguez-Baeza, I. Varela-Nieto, J. Ruberte, M. Collado and M. Serrano
(2013). "Programmed Cell Senescence during Mammalian Embryonic Development."
Cell 155(5): 1104-1118.
Nagasawa, H., J. B. Little, Y. F. Lin, S. So, A. Kurimasa, Y. Peng, J. R. Brogan, D. J. Chen,
J. S. Bedford and B. P. C. Chen (2011). "Differential role of DNA-PKcs
phosphorylations and kinase activity in radiosensitivity and chromosomal instability."
Radiation Research 175(1): 83-89.
Nakamura, A., Y. Chiang, K. Hathcock, I. Horikawa, O. Sedelnikova, R. Hodes and W.
Bonner (2008). "Both telomeric and non-telomeric DNA damage are determinants of
mammalian cellular senescence." Epigenetics & chromatin 1(1): 6.
Narita, M., S. Nũnez, E. Heard, M. Narita, A. Lin, S. Hearn, D. Spector, G. Hannon and S.
Lowe (2003). "Rb-mediated heterochromatin formation and silencing of E2F target
genes during cellular senescence." Cell 113(6): 703-716.
Nathan, C. (2002). "Points of control in inflammation." Nature 420(6917): 846-852.
Nelson, G., J. Wordsworth, C. Wang, D. Jurk, C. Lawless, C. Martin-Ruiz and T. von Zglinicki
(2012). "A senescent cell bystander effect: senescence-induced senescence." Aging
cell 11(2): 345-349.
Nelson, R., P. Quie and R. Simmons (1975). "Chemotaxis under agarose: a new and simple
method

for

measuring

chemotaxis

167

and

spontaneous

migration

of

human

polymorphonuclear leukocytes and monocytes." Journal of immunology (Baltimore,
Md. : 1950) 115(6): 1650-1656.
Nguyen, M., D. G. Millar, V. W. Yong, S. J. Korsmeyer and G. C. Shore (1993). "Targeting of
Bcl-2 to the mitochondrial outer membrane by a COOH-terminal signal anchor
sequence." J Biol Chem 268(34): 25265-25268.
Nikolich-Zugich, J. (2008). "Ageing and life-long maintenance of T-cell subsets in the face of
latent persistent infections." Nat Rev Immunol 8(7): 512-522.
Norbury, C. J. and I. D. Hickson (2001). "CELLULAR RESPONSES TO DNA DAMAGE."
Annual Review of Pharmacology and Toxicology 41(1): 367-401.
Ogryzko, V. V., T. H. Hirai, V. R. Russanova, D. A. Barbie and B. H. Howard (1996). "Human
fibroblast commitment to a senescence-like state in response to histone deacetylase
inhibitors is cell cycle dependent." Molecular and Cellular Biology 16(9): 5210-5218.
Oh, H., S. C. Wang, A. Prahash, M. Sano, C. S. Moravec, G. E. Taffet, L. H. Michael, K. A.
Youker, M. L. Entman and M. D. Schneider (2003). "Telomere attrition and Chk2
activation in human heart failure." Proceedings of the National Academy of Sciences
of the United States of America 100(9): 5378-5383.
Ohtani, K., J. DeGregori and J. R. Nevins (1995). "Regulation of the cyclin E gene by
transcription factor E2F1." Proc Natl Acad Sci U S A 92(26): 12146-12150.
Oikawa, S. and S. Kawanishi (1999). "Site-specific DNA damage at GGG sequence by
oxidative stress may accelerate telomere shortening." FEBS Lett 453(3): 365-368.
Oikawa, S., S. Tada-Oikawa and S. Kawanishi (2001). "Site-Specific DNA Damage at the
GGG Sequence by UVA Involves Acceleration of Telomere Shortening." Biochemistry
40(15): 4763-4768.
Okazaki, R., T. Okazaki, K. Sakabe, K. Sugimoto and A. Sugino (1968). "Mechanism of DNA
chain growth. I. Possible discontinuity and unusual secondary structure of newly
synthesized chains." Proceedings of the National Academy of Sciences of the United
States of America 59(2): 598-605.
Oliver, A. W., A. Paul, K. J. Boxall, S. E. Barrie, G. W. Aherne, M. D. Garrett, S. Mittnacht
and L. H. Pearl (2006). "Trans‐activation of the DNA‐damage signalling protein kinase
Chk2 by T‐loop exchange." The EMBO Journal 25(13): 3179-3190.
Olovnikov, A. (1973). "A theory of marginotomy. The incomplete copying of template margin
in enzymic synthesis of polynucleotides and biological significance of the
phenomenon." Journal of theoretical biology 41(1): 181-190.

168

Olovnikov,

A.

M.

(1971).

"[Principle

of

marginotomy

in

template

synthesis

of

polynucleotides]." Dokl Akad Nauk SSSR 201(6): 1496-1499.
Opresko, P. L., J. Fan, S. Danzy, D. M. Wilson, 3rd and V. A. Bohr (2005). "Oxidative
damage in telomeric DNA disrupts recognition by TRF1 and TRF2." Nucleic Acids
Res 33(4): 1230-1239.
Orjalo, A. V., D. Bhaumik, B. K. Gengler, G. K. Scott and J. Campisi (2009). "Cell surfacebound IL-1α is an upstream regulator of the senescence-associated IL-6/IL-8 cytokine
network." Proceedings of the National Academy of Sciences of the United States of
America 106(40): 17031-17036.
Ortega-Gómez, A., M. Perretti and O. Soehnlein (2013). "Resolution of inflammation: an
integrated view." EMBO Molecular Medicine 5(5): 661-674.
Osorio, F. G., C. Bárcena, C. Soria-Valles, A. J. Ramsay, F. de Carlos, J. Cobo, A. Fueyo, J.
M. Freije and C. López-Otín (2012). "Nuclear lamina defects cause ATM-dependent
NF-κB activation and link accelerated aging to a systemic inflammatory response."
Genes & development 26(20): 2311-2324.
Packer, L. and K. Fuehr (1977). "Low oxygen concentration extends the lifespan of cultured
human diploid cells [13]." Nature 267(5610): 423-425.
Papayannopoulos, V., K. D. Metzler, A. Hakkim and A. Zychlinsky (2010). "Neutrophil
elastase and myeloperoxidase regulate the formation of neutrophil extracellular
traps." The Journal of Cell Biology 191(3): 677-691.
Park, C. B. and N.-G. Larsson (2011). "Mitochondrial DNA mutations in disease and aging."
The Journal of Cell Biology 193(5): 809-818.
Parrinello, S., J. P. Coppe, A. Krtolica and J. Campisi (2005). "Stromal-epithelial interactions
in aging and cancer: senescent fibroblasts alter epithelial cell differentiation." J Cell
Sci 118(Pt 3): 485-496.
Partrick, D. A., F. A. Moore, E. E. Moore, C. C. Barnett, Jr. and C. C. Silliman (1996).
"Neutrophil priming and activation in the pathogenesis of postinjury multiple organ
failure." New Horiz 4(2): 194-210.
Passos, J., G. Nelson, C. Wang, T. Richter, C. Simillion, C. Proctor, S. Miwa, S. Olijslagers,
J. Hallinan, A. Wipat, G. Saretzki, K. Rudolph, T. Kirkwood and T. von Zglinicki
(2010). "Feedback between p21 and reactive oxygen production is necessary for cell
senescence." Molecular systems biology 6: 347.
Passos, J., G. Saretzki, S. Ahmed, G. Nelson, T. Richter, H. Peters, I. Wappler, M. Birket, G.
Harold, K. Schaeuble, M. Birch-Machin, T. Kirkwood and T. von Zglinicki (2007).

169

"Mitochondrial dysfunction accounts for the stochastic heterogeneity in telomeredependent senescence." PLoS biology 5(5).
Pavletich, N. P. (1999). "Mechanisms of cyclin-dependent kinase regulation: structures of
cdks, their cyclin activators, and cip and INK4 inhibitors1,2." Journal of Molecular
Biology 287(5): 821-828.
Pérez, V. I., H. Van Remmen, A. Bokov, C. J. Epstein, J. Vijg and A. Richardson (2009).
"The overexpression of major antioxidant enzymes does not extend the lifespan of
mice." Aging Cell 8(1): 73-75.
Petersen, S., G. Saretzki and T. von Zglinicki (1998). "Preferential accumulation of singlestranded regions in telomeres of human fibroblasts." Exp Cell Res 239(1): 152-160.
Petitjean, A., E. Mathe, S. Kato, C. Ishioka, S. V. Tavtigian, P. Hainaut and M. Olivier (2007).
"Impact of mutant p53 functional properties on TP53 mutation patterns and tumor
phenotype: lessons from recent developments in the IARC TP53 database." Hum
Mutat 28(6): 622-629.
Pignolo, R. J., M. O. Rotenberg and V. J. Cristofalo (1994). "Alterations in contact and
density-dependent arrest state in senescent WI-38 cells." In Vitro Cellular &
Developmental Biology - Animal 30(7): 471-476.
Pinegin, B., N. Vorobjeva and V. Pinegin (2015). "Neutrophil extracellular traps and their role
in the development of chronic inflammation and autoimmunity." Autoimmunity
Reviews 14(7): 633-640.
Pospelova, T. V., Z. N. Demidenko, E. I. Bukreeva, V. A. Pospelov, A. V. Gudkov and M. V.
Blagosklonny (2009). "Pseudo-DNA damage response in senescent cells." Cell Cycle
8(24): 4112-4118.
Prachar, J. (2010). "Mouse and human mitochondrial nucleoid--detailed structure in relation
to function." Gen Physiol Biophys 29(2): 160-174.
Raghu, G., D. Weycker, J. Edelsberg, W. Z. Bradford and G. Oster (2006). "Incidence and
prevalence of idiopathic pulmonary fibrosis." Am J Respir Crit Care Med 174(7): 810816.
Rajagopalan, S. and E. O. Long (2012). "Cellular senescence induced by CD158d
reprograms natural killer cells to promote vascular remodeling." Proc Natl Acad Sci U
S A 109(50): 20596-20601.
Randow, F. and Richard J. Youle (2014). "Self and Nonself: How Autophagy Targets
Mitochondria and Bacteria." Cell Host & Microbe 15(4): 403-411.

170

Reitsema, T., D. Klokov, J. P. Banáth and P. L. Olive (2005). "DNA-PK is responsible for
enhanced phosphorylation of histone H2AX under hypertonic conditions." DNA
Repair 4(10): 1172-1181.
Renault, V., L.-E. Thorne, P.-O. Eriksson, G. Butler-Browne and V. Mouly (2002).
"Regenerative potential of human skeletal muscle during aging." Aging Cell 1(2): 132139.
Resnitzky, D. and S. I. Reed (1995). "Different roles for cyclins D1 and E in regulation of the
G1-to-S transition." Molecular and Cellular Biology 15(7): 3463-3469.
Robinson, J. M. (2008). "Reactive oxygen species in phagocytic leukocytes." Histochemistry
and Cell Biology 130(2): 281-297.
Rock, K. L., E. Latz, F. Ontiveros and H. Kono (2010). "The sterile inflammatory response."
Annual review of immunology 28: 321-342.
Rodier, F., J.-P. Coppe, C. K. Patil, W. A. M. Hoeijmakers, D. P. Munoz, S. R. Raza, A.
Freund, E. Campeau, A. R. Davalos and J. Campisi (2009). "Persistent DNA damage
signalling triggers senescence-associated inflammatory cytokine secretion." Nat Cell
Biol 11(8): 973-979.
Rogakou, E. P., C. Boon, C. Redon and W. M. Bonner (1999). "Megabase chromatin
domains involved in DNA double-strand breaks in vivo." J Cell Biol 146.
Roos, C. M., B. Zhang, A. K. Palmer, M. B. Ogrodnik, T. Pirtskhalava, N. M. Thalji, M. Hagler,
D. Jurk, L. A. Smith, G. Casaclang‐Verzosa, Y. Zhu, M. J. Schafer, T. Tchkonia, J. L.
Kirkland and J. D. Miller (2016). "Chronic senolytic treatment alleviates established
vasomotor dysfunction in aged or atherosclerotic mice." Aging Cell 15(5): 973-977.
Roussel, M. F. (1999). "The INK4 family of cell cycle inhibitors in cancer." Oncogene 18(38):
5311-5317.
Ruchaud-Sparagano, M.-H., T. R. Walker, A. G. Rossi, C. Haslett and I. Dransfield (2000).
"Soluble E-selectin Acts in Synergy with Platelet-activating Factor to Activate
Neutrophil β2-Integrins: ROLE OF TYROSINE KINASES AND Ca2+MOBILIZATION."
Journal of Biological Chemistry 275(21): 15758-15764.
Ruchaud-Sparagano, M. H., E. M. Drost, S. C. Donnelly, M. I. Bird, C. Haslett and I.
Dransfield (1998). "Potential pro-inflammatory effects of soluble E-selectin upon
neutrophil function." European journal of immunology 28(1): 80-89.
Ryan, J. M. and V. J. Cristofalo (1972). "Histone acetylation during aging of human cells in
culture." Biochemical and Biophysical Research Communications 48(4): 735-742.

171

Rybinski, B., J. Franco-Barraza and E. Cukierman (2014). "The wound healing, chronic
fibrosis, and cancer progression triad." Physiological Genomics 46(7): 223-244.
Sabroe, I., E. C. Jones, L. R. Usher, M. K. B. Whyte and S. K. Dower (2002). "Toll-Like
Receptor (TLR)2 and TLR4 in Human Peripheral Blood Granulocytes: A Critical Role
for Monocytes in Leukocyte Lipopolysaccharide Responses." The Journal of
Immunology 168(9): 4701-4710.
Sabroe, I., L. R. Prince, E. C. Jones, M. J. Horsburgh, S. J. Foster, S. N. Vogel, S. K. Dower
and M. K. B. Whyte (2003). "Selective Roles for Toll-Like Receptor (TLR)2 and TLR4
in the Regulation of Neutrophil Activation and Life Span." The Journal of Immunology
170(10): 5268-5275.
Sager, R. (1991). "Senescence as a mode of tumor suppression." Environmental health
perspectives 93: 59-62.
Sagiv, A., A. Biran, M. Yon, J. Simon, S. W. Lowe and V. Krizhanovsky (2013). "Granule
exocytosis mediates immune surveillance of senescent cells." Oncogene 32(15):
1971-1977.
Salminen, A., M. Helenius, T. Lahtinen, P. Korhonen, T. Tapiola, H. Soininen and V.
Solovyan (1997). "Down-regulation of Ku autoantigen, DNA-dependent protein
kinase, and poly(ADP-ribose) polymerase during cellular senescence." Biochem
Biophys Res Commun 238(3): 712-716.
Saretzki, G., M. Murphy and T. von Zglinicki (2003). "MitoQ counteracts telomere shortening
and elongates lifespan of fibroblasts under mild oxidative stress." Aging cell 2(2): 141143.
Savic, V., B. Yin, N. L. Maas, A. L. Bredemeyer, A. C. Carpenter, B. A. Helmink, K. S. YangIott, B. P. Sleckman and C. H. Bassing (2009). "Formation of Dynamic γ-H2AX
Domains along Broken DNA Strands Is Distinctly Regulated by ATM and MDC1 and
Dependent upon H2AX Densities in Chromatin." Molecular Cell 34(3): 298-310.
Savitsky, K., A. Bar-Shira, S. Gilad, G. Rotman, Y. Ziv, L. Vanagaite, D. A. Tagle, S. Smith,
T. Uziel, S. Sfez, M. Ashkenazi, I. Pecker, M. Frydman, R. Harnik, S. R. Patanjali, A.
Simmons, G. A. Clines, A. Sartiel, R. A. Gatti, L. Chessa, O. Sanal, M. F. Lavin, N. G.
Jaspers, A. M. Taylor, C. F. Arlett, T. Miki, S. M. Weissman, M. Lovett, F. S. Collins
and Y. Shiloh (1995). "A single ataxia telangiectasia gene with a product similar to PI3 kinase." Science 268(5218): 1749-1753.
Scheibye-Knudsen, M., E. F. Fang, D. L. Croteau, D. M. Wilson Iii and V. A. Bohr (2015).
"Protecting the mitochondrial powerhouse." Trends in Cell Biology 25(3): 158-170.

172

Schutte, K., J. Bornschein and P. Malfertheiner (2009). "Hepatocellular carcinoma-epidemiological trends and risk factors." Dig Dis 27(2): 80-92.
Sears, R. C. and J. R. Nevins (2002). "Signaling Networks That Link Cell Proliferation and
Cell Fate." Journal of Biological Chemistry 277(14): 11617-11620.
Sedelnikova, O. A., I. Horikawa, D. B. Zimonjic, N. C. Popescu, W. M. Bonner and J. C.
Barrett (2004). "Senescing human cells and ageing mice accumulate DNA lesions
with unrepairable double-strand breaks." Nat Cell Biol 6.
Segal, A. W. (2005). "How neutrophils kill microbes." Annu Rev Immunol 23: 197-223.
Seluanov, A., V. Gorbunova, A. Falcovitz, A. Sigal, M. Milyavsky, I. Zurer, G. Shohat, N.
Goldfinger and V. Rotter (2001). "Change of the Death Pathway in Senescent Human
Fibroblasts in Response to DNA Damage Is Caused by an Inability To Stabilize p53."
Molecular and Cellular Biology 21(5): 1552-1564.
Serhan, C. N., S. D. Brain, C. D. Buckley, D. W. Gilroy, C. Haslett, L. A. J. O’Neill, M.
Perretti, A. G. Rossi and J. L. Wallace (2007). "Resolution of inflammation: state of
the art, definitions and terms." The FASEB Journal 21(2): 325-332.
Serhan, C. N., N. Chiang and T. E. Van Dyke (2008). "Resolving inflammation: dual antiinflammatory and pro-resolution lipid mediators." Nat Rev Immunol 8(5): 349-361.
Serhan, C. N. and J. Savill (2005). "Resolution of inflammation: the beginning programs the
end." Nat Immunol 6(12): 1191-1197.
Serra, V., T. von Zglinicki, M. Lorenz and G. Saretzki (2003). "Extracellular superoxide
dismutase is a major antioxidant in human fibroblasts and slows telomere
shortening." J Biol Chem 278(9): 6824-6830.
Serrano, M., G. J. Hannon and D. Beach (1993). "A new regulatory motif in cell-cycle control
causing specific inhibition of cyclin D/CDK4." Nature 366(6456): 704-707.
Serrano, M., A. Lin, M. McCurrach, D. Beach and S. Lowe (1997). "Oncogenic ras provokes
premature cell senescence associated with accumulation of p53 and p16INK4a." Cell
88(5): 593-602.
Seshadri, T. and J. Campisi (1990). "Repression of c-fos transcription and an altered genetic
program in senescent human fibroblasts." Science (New York, N.Y.) 247(4939): 205209.
Severino, J. (2000). "Is β-Galactosidase Staining a Marker of Senescence in Vitro and in
Vivo?" Experimental Cell Research.
Shacter, E., E. J. Beecham, J. M. Covey, K. W. Kohn and M. Potter (1988). "Activated
neutrophils induce prolonged DNA damage in neighboring cells." Carcinogenesis.

173

Shappell, S. B., C. Toman, D. C. Anderson, A. A. Taylor, M. L. Entman and C. W. Smith
(1990). "Mac-1 (CD11b/CD18) mediates adherence-dependent hydrogen peroxide
production by human and canine neutrophils." J Immunol 144(7): 2702-2711.
Sharon, H., M. Kathryn, R. Irfan, J. B. Geoffrey, G. Andrew, H. Christopher and R. C. Edwin
(2000). "Hypoxia prolongs neutrophil survival in vitro." FEBS Letters.
Shaw, T. J. and P. Martin (2009). "Wound repair at a glance." Journal of Cell Science
122(18): 3209-3213.
Sherr, C. J. (1994). "G1 phase progression: Cycling on cue." Cell 79(4): 551-555.
Sherr, C. J. and J. M. Roberts (1999). "CDK inhibitors: positive and negative regulators of
G1-phase progression." Genes & Development 13(12): 1501-1512.
Shi, J., G. E. Gilbert, Y. Kokubo and T. Ohashi (2001). "Role of the liver in regulating
numbers of circulating neutrophils." Blood 98(4): 1226-1230.
Shieh, S.-Y., J. Ahn, K. Tamai, Y. Taya and C. Prives (2000). "The human homologs of
checkpoint kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at multiple DNA
damage-inducible sites." Genes & Development 14(3): 289-300.
Shiloh, Y. (2006). "The ATM-mediated DNA-damage response: taking shape." Trends in
Biochemical Sciences 31(7): 402-410.
Shiotani, B. and L. Zou (2009). "Single-Stranded DNA Orchestrates an ATM-to-ATR Switch
at DNA Breaks." Molecular Cell 33(5): 547-558.
Sitte, N., K. Merker, T. Von Zglinicki, T. Grune and K. J. A. Davies (2000). "Protein oxidation
and degradation during cellular senescence of human BJ fibroblasts: part I—effects
of proliferative senescence." The FASEB Journal 14(15): 2495-2502.
Slee, E. A., C. Adrain and S. J. Martin (2001). "Executioner caspase-3, -6, and -7 perform
distinct, non-redundant roles during the demolition phase of apoptosis." J Biol Chem
276(10): 7320-7326.
Smedly, L. A., M. G. Tonnesen, R. A. Sandhaus, C. Haslett, L. A. Guthrie, R. B. Johnston,
Jr., P. M. Henson and G. S. Worthen (1986). "Neutrophil-mediated injury to
endothelial cells. Enhancement by endotoxin and essential role of neutrophil
elastase." J Clin Invest 77(4): 1233-1243.
Sousa-Victor, P., S. Gutarra, L. Garcia-Prat, J. Rodriguez-Ubreva, L. Ortet, V. Ruiz-Bonilla,
M. Jardi, E. Ballestar, S. Gonzalez, A. L. Serrano, E. Perdiguero and P. MunozCanoves (2014). "Geriatric muscle stem cells switch reversible quiescence into
senescence." Nature 506(7488): 316-321.

174

Sousa, F. G., R. Matuo, D. G. Soares, A. E. Escargueil, J. A. P. Henriques, A. K. Larsen and
J. Saffi (2012). "PARPs and the DNA damage response." Carcinogenesis 33(8):
1433-1440.
Sparmann, A. and D. Bar-Sagi (2004). "Ras-induced interleukin-8 expression plays a critical
role in tumor growth and angiogenesis." Cancer Cell 6(5): 447-458.
Stansel, R. M., T. de Lange and J. D. Griffith (2001). "T-loop assembly in vitro involves
binding of TRF2 near the 3' telomeric overhang." EMBO J 20(19): 5532-5540.
Starley, B. Q., C. J. Calcagno and S. A. Harrison (2010). "Nonalcoholic fatty liver disease
and hepatocellular carcinoma: a weighty connection." Hepatology 51(5): 1820-1832.
Stein, G. H., L. F. Drullinger, A. Soulard and V. Dulić (1999). "Differential Roles for CyclinDependent Kinase Inhibitors p21 and p16 in the Mechanisms of Senescence and
Differentiation in Human Fibroblasts." Molecular and Cellular Biology 19(3): 21092117.
Steinmüller, M., M. Srivastava, W. A. Kuziel, J. W. Christman, W. Seeger, T. Welte, J.
Lohmeyer and U. A. Maus (2006). "Endotoxin induced peritonitis elicits monocyte
immigration

into

the

lung:

implications

on

alveolar

space

inflammatory

responsiveness." Respiratory Research 7(1): 30-30.
Stevens, C., L. Smith and N. B. La Thangue (2003). "Chk2 activates E2F-1 in response to
DNA damage." Nat Cell Biol 5(5): 401-409.
Storer, M., A. Mas, A. Robert-Moreno, M. Pecoraro, M. C. Ortells, V. Di Giacomo, R. Yosef,
N. Pilpel, V. Krizhanovsky, J. Sharpe and William M. Keyes (2013). "Senescence Is a
Developmental Mechanism that Contributes to Embryonic Growth and Patterning."
Cell 155(5): 1119-1130.
Stramer, B. M., R. Mori and P. Martin (2007). "The inflammation-fibrosis link? A Jekyll and
Hyde role for blood cells during wound repair." J Invest Dermatol 127(5): 1009-1017.
Stucki, M., J. A. Clapperton, D. Mohammad, M. B. Yaffe, S. J. Smerdon and S. P. Jackson
(2005). "MDC1 Directly Binds Phosphorylated Histone H2AX to Regulate Cellular
Responses to DNA Double-Strand Breaks." Cell 123(7): 1213-1226.
Suram, A., J. Kaplunov, P. Patel, H. Ruan, A. Cerutti, V. Boccardi, M. Fumagalli, R. Di Micco,
N. Mirani, R. Gurung, M. Hande, F. d'Adda di Fagagna and U. Herbig (2012).
"Oncogene-induced telomere dysfunction enforces cellular senescence in human
cancer precursor lesions." The EMBO journal 31(13): 2839-2851.

175

Suratt, B., J. Petty, S. Young, K. Malcolm, J. Lieber, J. Nick, J.-A. Gonzalo, P. Henson and
G. Worthen (2004). "Role of the CXCR4/SDF-1 chemokine axis in circulating
neutrophil homeostasis." Blood 104(2): 565-571.
Syljuåsen, R. G., S. Jensen, J. Bartek and J. Lukas (2006). "Adaptation to the Ionizing
Radiation–Induced G<sub>2</sub> Checkpoint Occurs in Human Cells and Depends
on Checkpoint Kinase 1 and Polo-like Kinase 1 Kinases." Cancer Research 66(21):
10253-10257.
Takai, H., A. Smogorzewska and T. De Lange (2003). "DNA damage foci at dysfunctional
telomeres." Curr Biol 13.
Takeuchi, H., T. Gomi, M. Shishido, H. Watanabe and N. Suenobu (2010). "Neutrophil
elastase contributes to extracellular matrix damage induced by chronic low-dose UV
irradiation in a hairless mouse photoaging model." Journal of Dermatological Science
60(3): 151-158.
Takeuchi, O., K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T. Ogawa, K. Takeda and S. Akira
(1999). "Differential roles of TLR2 and TLR4 in recognition of gram-negative and
gram-positive bacterial cell wall components." Immunity 11(4): 443-451.
Tamm, I., T. Kikuchi, I. Cardinale and J. G. Krueger (1994). "Cell-adhesion-disrupting action
of interleukin 6 in human ductal breast carcinoma cells." Proc Natl Acad Sci U S A
91(8): 3329-3333.
Tanaka, M. and A. Miyajima (2016). "Liver regeneration and fibrosis after inflammation."
Inflammation and Regeneration 36(1): 19.
Taniguchi, K. and M. Karin (2014). "IL-6 and related cytokines as the critical lynchpins
between inflammation and cancer." Seminars in Immunology 26(1): 54-74.
Tasdemir, N., A. Banito, J.-S. Roe, D. Alonso-Curbelo, M. Camiolo, D. F. Tschaharganeh,
C.-H. Huang, O. Aksoy, J. E. Bolden, C.-C. Chen, M. Fennell, V. Thapar, A. Chicas,
C. R. Vakoc and S. W. Lowe (2016). "BRD4 Connects Enhancer Remodeling to
Senescence Immune Surveillance." Cancer Discovery 6(6): 612-629.
Tchkonia, T., D. E. Morbeck, T. Von Zglinicki, J. Van Deursen, J. Lustgarten, H. Scrable, S.
Khosla, M. D. Jensen and J. L. Kirkland (2010). "Fat tissue, aging, and cellular
senescence." Aging Cell 9(5): 667-684.
Tibbetts, R. S., K. M. Brumbaugh, J. M. Williams, J. N. Sarkaria, W. A. Cliby, S. Y. Shieh, Y.
Taya, C. Prives and R. T. Abraham (1999). "A role for ATR in the DNA damageinduced phosphorylation of p53." Genes Dev 13(2): 152-157.

176

Toussaint, O., E. E. Medrano and T. von Zglinicki (2000). "Cellular and molecular
mechanisms of stress-induced premature senescence (SIPS) of human diploid
fibroblasts and melanocytes." Experimental Gerontology 35(8): 927-945.
Toussaint, O., J. Remacle, J.-F. Dierick, T. Pascal, C. Frippiat, S. Zdanov, J. P. Magalhaes,
V. Royer and F. Chainiaux (2002). "From the Hayflick mosaic to the mosaics of
ageing.: Role of stress-induced premature senescence in human ageing." The
International Journal of Biochemistry & Cell Biology 34(11): 1415-1429.
Trimarchi, J. M. and J. A. Lees (2002). "Sibling rivalry in the E2F family." Nature Reviews
Molecular Cell Biology 3(1): 11-20.
Turenne, G. A., P. Paul, L. Laflair and B. D. Price (2001). "Activation of p53 transcriptional
activity requires ATM's kinase domain and multiple N-terminal serine residues of
p53." Oncogene 20(37): 5100-5110.
Vallabhapurapu, S. and M. Karin (2009). "Regulation and function of NF-kappaB transcription
factors in the immune system." Annu Rev Immunol 27(1): 693-733.
van Deursen, J. M. (2014). "The role of senescent cells in ageing." Nature 509(7501): 439446.
van Gent, D. C., J. H. J. Hoeijmakers and R. Kanaar (2001). "Chromosomal stability and the
DNA double-stranded break connection." Nat Rev Genet 2(3): 196-206.
Van Raamsdonk, J. M. and S. Hekimi (2009). "Deletion of the mitochondrial superoxide
dismutase sod-2 extends lifespan in Caenorhabditis elegans." PLoS Genet 5(2):
e1000361.
Van Remmen, H., Y. Ikeno, M. Hamilton, M. Pahlavani, N. Wolf, S. R. Thorpe, N. L.
Alderson, J. W. Baynes, C. J. Epstein, T. T. Huang, J. Nelson, R. Strong and A.
Richardson (2003). "Life-long reduction in MnSOD activity results in increased DNA
damage and higher incidence of cancer but does not accelerate aging." Physiol
Genomics 16(1): 29-37.
van Steensel, B., A. Smogorzewska and T. de Lange (1998). "TRF2 Protects Human
Telomeres from End-to-End Fusions." Cell 92(3): 401-413.
Vaziri, H., M. West, R. Allsopp, T. Davison, Y. Wu, C. Arrowsmith, G. Poirier and S.
Benchimol (1997). "ATM-dependent telomere loss in aging human diploid fibroblasts
and DNA damage lead to the post-translational activation of p53 protein involving
poly(ADP-ribose) polymerase." The EMBO journal 16(19): 6018-6033.

177

Venkatakrishnan, G., R. Salgia and J. E. Groopman (2000). "Chemokine receptors CXCR1/2 activate mitogen-activated protein kinase via the epidermal growth factor receptor
in ovarian cancer cells." J Biol Chem 275(10): 6868-6875.
Vermes, I., C. Haanen and C. Reutelingsperger (2000). "Flow cytometry of apoptotic cell
death." Journal of Immunological Methods 243(1–2): 167-190.
Villanueva, E., S. Yalavarthi, C. C. Berthier, J. B. Hodgin, R. Khandpur, A. M. Lin, C. J.
Rubin, W. Zhao, S. H. Olsen, M. Klinker, D. Shealy, M. F. Denny, J. Plumas, L.
Chaperot, M. Kretzler, A. T. Bruce and M. J. Kaplan (2011). "Netting Neutrophils
Induce Endothelial Damage, Infiltrate Tissues, and Expose Immunostimulatory
Molecules in Systemic Lupus Erythematosus." The Journal of Immunology 187(1):
538-552.
Vivier, E., E. Tomasello, M. Baratin, T. Walzer and S. Ugolini (2008). "Functions of natural
killer cells." Nat. Immunol. 9: 503.
Von Ahsen, O., N. J. Waterhouse, T. Kuwana, D. D. Newmeyer and D. R. Green (2000).
"The 'harmless' release of cytochrome c." Cell Death Differ 7(12): 1192-1199.
von Zglinicki, T. (2000). "Role of oxidative stress in telomere length regulation and replicative
senescence." Ann N Y Acad Sci 908: 99-110.
von Zglinicki, T. (2001). "Telomeres and replicative senescence: is it only length that
counts?" Cancer Letters 168(2): 111-116.
von Zglinicki, T. (2002). "Oxidative stress shortens telomeres." Trends in biochemical
sciences 27(7): 339-344.
von Zglinicki, T., R. Pilger and N. Sitte (2000). "Accumulation of single-strand breaks is the
major cause of telomere shortening in human fibroblasts." Free Radic Biol Med 28(1):
64-74.
von Zglinicki, T., G. Saretzki, W. Döcke and C. Lotze (1995). "Mild hyperoxia shortens
telomeres and inhibits proliferation of fibroblasts: a model for senescence?"
Experimental cell research 220(1): 186-193.
Wada, T., N. Joza, H. Y. Cheng, T. Sasaki, I. Kozieradzki, K. Bachmaier, T. Katada, M.
Schreiber, E. F. Wagner, H. Nishina and J. M. Penninger (2004). "MKK7 couples
stress signalling to G2/M cell-cycle progression and cellular senescence." Nat Cell
Biol 6(3): 215-226.
Walmsley, S. R., C. Print, N. Farahi, C. Peyssonnaux, R. S. Johnson, T. Cramer, A.
Sobolewski, A. M. Condliffe, A. S. Cowburn, N. Johnson and E. R. Chilvers (2005).

178

"Hypoxia-induced neutrophil survival is mediated by HIF-1α–dependent NF-κB
activity." The Journal of Experimental Medicine 201(1): 105-115.
Wang, C., D. Jurk, M. Maddick, G. Nelson, C. Martin-Ruiz and T. Von Zglinicki (2009). "DNA
damage response and cellular senescence in tissues of aging mice." Aging Cell 8(3):
311-323.
Wang, E. (1995). "Senescent human fibroblasts resist programmed cell death, and failure to
suppress bcl2 is involved." Cancer research 55(11): 2284-2292.
Wang, E., M. J. Lee and S. Pandey (1994). "Control of fibroblast senescence and activation
of programmed cell death." J Cell Biochem 54(4): 432-439.
Wang, H., O. Bloom, M. Zhang, J. M. Vishnubhakat, M. Ombrellino, J. Che, A. Frazier, H.
Yang, S. Ivanova, L. Borovikova, K. R. Manogue, E. Faist, E. Abraham, J. Andersson,
U. Andersson, P. E. Molina, N. N. Abumrad, A. Sama and K. J. Tracey (1999). "HMG1 as a late mediator of endotoxin lethality in mice." Science 285(5425): 248-251.
Wang, H., M. Wang, H. Wang, W. Böcker and G. Iliakis (2005). "Complex H2AX
phosphorylation patterns by multiple kinases including ATM and DNA-PK in human
cells exposed to ionizing radiation and treated with kinase inhibitors." Journal of
Cellular Physiology 202(2): 492-502.
Wang, J., H. Geiger and K. L. Rudolph (2011). "Immunoaging induced by hematopoietic
stem cell aging." Current Opinion in Immunology 23(4): 532-536.
Wang, W., J. X. Chen, R. Liao, Q. Deng, J. J. Zhou, S. Huang and P. Sun (2002).
"Sequential Activation of the MEK-Extracellular Signal-Regulated Kinase and
MKK3/6-p38 Mitogen-Activated Protein Kinase Pathways Mediates Oncogenic rasInduced Premature Senescence." Molecular and Cellular Biology 22(10): 3389-3403.
Ward, I. M. and J. Chen (2001). "Histone H2AX Is Phosphorylated in an ATR-dependent
Manner in Response to Replicational Stress." Journal of Biological Chemistry
276(51): 47759-47762.
Ward, I. M., K. Minn and J. Chen (2004). "UV-induced Ataxia-telangiectasia-mutated and
Rad3-related (ATR) Activation Requires Replication Stress." Journal of Biological
Chemistry 279(11): 9677-9680.
Watson, F., J. J. Robinson and S. W. Edwards (1992). "Neutrophil function in whole blood
and after purification: Changes in receptor expression, oxidase activity and
responsiveness to cytokines." Bioscience Reports 12(2): 123-133.
Watson, J. D. (1972). "Origin of concatemeric T7 DNA." Nat New Biol 239(94): 197-201.

179

Weathington, N. M., A. H. van Houwelingen, B. D. Noerager, P. L. Jackson, A. D. Kraneveld,
F. S. Galin, G. Folkerts, F. P. Nijkamp and J. E. Blalock (2006). "A novel peptide
CXCR

ligand

derived from

extracellular

matrix degradation

during

airway

inflammation." Nat Med 12(3): 317-323.
Weber, L. W., M. Boll and A. Stampfl (2003). "Hepatotoxicity and mechanism of action of
haloalkanes: carbon tetrachloride as a toxicological model." Crit Rev Toxicol 33(2):
105-136.
Webley, K., J. A. Bond, C. J. Jones, J. P. Blaydes, A. Craig, T. Hupp and D. WynfordThomas (2000). "Posttranslational Modifications of p53 in Replicative Senescence
Overlapping but Distinct from Those Induced by DNA Damage." Molecular and
Cellular Biology 20(8): 2803-2808.
Weinrich, S. L., R. Pruzan, L. Ma, M. Ouellette, V. M. Tesmer, S. E. Holt, A. G. Bodnar, S.
Lichtsteiner, N. W. Kim, J. B. Trager, R. D. Taylor, R. Carlos, W. H. Andrews, W. E.
Wright, J. W. Shay, C. B. Harley and G. B. Morin (1997). "Reconstitution of human
telomerase with the template RNA component hTR and the catalytic protein subunit
hTRT." Nat Genet 17(4): 498-502.
Wiley, C. D., M. C. Velarde, P. Lecot, S. Liu, E. A. Sarnoski, A. Freund, K. Shirakawa, H. W.
Lim, S. S. Davis, A. Ramanathan, A. A. Gerencser, E. Verdin and J. Campisi (2016).
"Mitochondrial

Dysfunction

Induces

Senescence

with

a

Distinct

Secretory

Phenotype." Cell Metab 23(2): 303-314.
Williams, G. C. (1957). "Pleiotropy, Natural Selection, and the Evolution of Senescence."
Evolution 11(4): 398-411.
Wilson, C. L., D. Jurk, N. Fullard, P. Banks, A. Page, S. Luli, A. M. Elsharkawy, R. G. Gieling,
J. B. Chakraborty, C. Fox, C. Richardson, K. Callaghan, G. E. Blair, N. Fox, A.
Lagnado, J. F. Passos, A. J. Moore, G. R. Smith, D. G. Tiniakos, J. Mann, F. Oakley
and D. A. Mann (2015). "NFκB1 is a suppressor of neutrophil-driven hepatocellular
carcinoma." Nature communications 6: 6818.
Winterbourn, C. C. and A. J. Kettle (2013). "Redox reactions and microbial killing in the
neutrophil phagosome." Antioxid Redox Signal 18(6): 642-660.
Wright, W. E., M. A. Piatyszek, W. E. Rainey, W. Byrd and J. W. Shay (1996). "Telomerase
activity in human germline and embryonic tissues and cells." Developmental Genetics
18(2): 173-179.
Wright, W. E. and J. W. Shay (1992). "The two-stage mechanism controlling cellular
senescence and immortalization." Experimental Gerontology 27(4): 383-389.

180

Wynn, T. A. (2008). "Cellular and molecular mechanisms of fibrosis." The Journal of
Pathology 214(2): 199-210.
Xin, H., D. Liu, M. Wan, A. Safari, H. Kim, W. Sun, M. S. O/'Connor and Z. Songyang (2007).
"TPP1 is a homologue of ciliate TEBP-[bgr] and interacts with POT1 to recruit
telomerase." Nature 445(7127): 559-562.
Xiong, Y., H. Zhang and D. Beach (1992). "D type cyclins associate with multiple protein
kinases and the DNA replication and repair factor PCNA." Cell 71(3): 505-514.
Xu, J., F. Wang, A. Van Keymeulen, P. Herzmark, A. Straight, K. Kelly, Y. Takuwa, N.
Sugimoto, T. Mitchison and H. Bourne (2003). "Divergent signals and cytoskeletal
assemblies regulate self-organizing polarity in neutrophils." Cell 114(2): 201-214.
Xue, W., L. Zender, C. Miething, R. Dickins, E. Hernando, V. Krizhanovsky, C. Cordon-Cardo
and S. Lowe (2007). "Senescence and tumour clearance is triggered by p53
restoration in murine liver carcinomas." Nature 445(7128): 656-660.
Yan, J., G. Kloecker, C. Fleming, M. Bousamra, R. Hansen, X. Hu, C. Ding, Y. Cai, D. Xiang,
H. Donninger, J. W. Eaton and G. J. Clark (2014). "Human polymorphonuclear
neutrophils specifically recognize and kill cancerous cells." Oncoimmunology 3(7):
e950163.
Yanai, H., A. Shteinberg, Z. Porat, A. Budovsky, A. Braiman, R. Zeische and V. E. Fraifeld
(2015). "Cellular senescence-like features of lung fibroblasts derived from idiopathic
pulmonary fibrosis patients." Aging (Albany NY) 7(9): 664-672.
Yang, G., D. Rosen, Z. Zhang, R. Bast, G. Mills, J. Colacino, I. Mercado-Uribe and J. Liu
(2006). "The chemokine growth-regulated oncogene 1 (Gro-1) links RAS signaling to
the senescence of stromal fibroblasts and ovarian tumorigenesis." Proceedings of the
National Academy of Sciences of the United States of America 103(44): 1647216477.
Yee, K. S. and K. H. Vousden (2005). "Complicating the complexity of p53." Carcinogenesis
26(8): 1317-1322.
Yeo, E. J., Y. C. Hwang, C. M. Kang, H. E. Choy and S. C. Park (2000). "Reduction of UVinduced cell death in the human senescent fibroblasts." Molecules and cells 10(4):
415-422.
Youle, R. J. and A. M. van der Bliek (2012). "Mitochondrial Fission, Fusion, and Stress."
Science 337(6098): 1062-1065.
Zhang, H., Y. Xiong and D. Beach (1993). "Proliferating cell nuclear antigen and p21 are
components of multiple cell cycle kinase complexes." Mol Biol Cell 4(9): 897-906.

181

Zhang, R., M. V. Poustovoitov, X. Ye, H. A. Santos, W. Chen, S. M. Daganzo, J. P.
Erzberger, I. G. Serebriiskii, A. A. Canutescu, R. L. Dunbrack, J. R. Pehrson, J. M.
Berger, P. D. Kaufman and P. D. Adams (2005). "Formation of MacroH2A-Containing
Senescence-Associated Heterochromatin Foci and Senescence Driven by ASF1a
and HIRA." Developmental Cell 8(1): 19-30.
Zhou, X., F. Perez, K. Han and D. A. Jurivich (2006). "Clonal senescence alters endothelial
ICAM-1 function." Mechanisms of Ageing and Development 127(10): 779-785.
Zhu, Y., T. Tchkonia, H. Fuhrmann-Stroissnigg, H. M. Dai, Y. Y. Ling, M. B. Stout, T.
Pirtskhalava, N. Giorgadze, K. O. Johnson, C. B. Giles, J. D. Wren, L. J.
Niedernhofer, P. D. Robbins and J. L. Kirkland (2016). "Identification of a novel
senolytic agent, navitoclax, targeting the Bcl-2 family of anti-apoptotic factors." Aging
Cell 15(3): 428-435.
Zhu, Y., T. Tchkonia, T. Pirtskhalava, A. C. Gower, H. Ding, N. Giorgadze, A. K. Palmer, Y.
Ikeno, G. B. Hubbard, M. Lenburg, S. P. O’Hara, N. F. LaRusso, J. D. Miller, C. M.
Roos, G. C. Verzosa, N. K. LeBrasseur, J. D. Wren, J. N. Farr, S. Khosla, M. B. Stout,
S. J. McGowan, H. Fuhrmann-Stroissnigg, A. U. Gurkar, J. Zhao, D. Colangelo, A.
Dorronsoro, Y. Y. Ling, A. S. Barghouthy, D. C. Navarro, T. Sano, P. D. Robbins, L. J.
Niedernhofer and J. L. Kirkland (2015). "The Achilles’ heel of senescent cells: from
transcriptome to senolytic drugs." Aging Cell 14(4): 644-658.
Ziesche, R., M. Golec and E. Samaha (2013). "The RESOLVE concept: approaching
pathophysiology of fibroproliferative disease in aged individuals." Biogerontology
14(6): 679-685.
Zilfou, J. T. and S. W. Lowe (2009). "Tumor Suppressive Functions of p53." Cold Spring
Harbor Perspectives in Biology 1(5).
Zou, Y., A. Sfeir, S. M. Gryaznov, J. W. Shay and W. E. Wright (2004). "Does a sentinel or a
subset of short telomeres determine replicative senescence?" Mol Biol Cell 15(8):
3709-3718.

182

