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Abstract

Lung cancer is the most lethal cancer type worldwide, with a mortality rate
greater than breast, colorectal and prostate cancer combined. Targeting
early-stage disease is widely recognised to improve overall survival, however
the mechanisms and components of the early tumour suppressor response
in lung cancer are not fully elucidated. In this thesis | present data from
human samples as well as genetically engineered mouse models (GEMMs)
demonstrating that the previously identified senescence regulator TLR2
orchestrates a potent anti-tumour response in non-small cell lung cancer.
Mechanistically, TLR2 regulates both cell intrinsic senescence-associated
cell cycle arrest pathways and the proinflammatory senescence-associated
secretory phenotype (SASP) that is integral in the immune surveillance of
premalignant cells. TLR2 and the SASP are highly expressed in human lung
cancer epithelium and correlate with clinical regression and improved
survival. Importantly, pharmacological modulation of this pathway with a TIr2
agonist significantly reduces lung tumour growth, highlighting a potential

therapeutic target in early lung cancer.



Lay Summary

Lung cancer kills more people than any other cancer. Early lung cancer is
curable, however it is asymptomatic so patients rarely present with early-
stage disease. Patients tend to present once symptoms have developed and
invariably this is with advanced stage disease which is no longer curable.
Therefore, understanding the biology of early lung cancer may allow us to
develop new treatments and new ways of detecting lung cancer earlier.
Cancer is driven by genetic mutations that cause cells to grow uncontrollably.
When these mutations first happen, in order to try and stop cancer forming
cells respond by stopping cell growth altogether and enter into a state called
senescence. Senescent cells also release several chemicals and proteins
that act as danger signals which also help defend against cancer formation.
Senescent cells are present in early lung cancers in mice, however, are no
longer present in late-stage cancers, suggesting that senescence acts as a
barrier to cancer progression. Our group identified a protein called TLR2 that
helps control senescence and the secretion of danger signals after cancer
mutations occur in cells in culture. In this thesis | present data that shows
that TLR2 also regulates senescence after cancer mutations occur in mice,
and that this process prevents lung tumour growth. Most importantly, we also
show that TLR2 is very important in human lung cancer where it correlates
with improved survival. We have shown that by using a drug to activate TLR2
we can impair lung tumour growth in mice. We have therefore identified a

possible new treatment for early lung cancer.
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DNA Deoxyribonucleic acid

DNA-PK DNA-dependent protein kinase
dNTP Deoxyribonucleotide triphosphate
DPX Distyrene, plasticizer and xylene
DSB Double stranded breaks

dsDNA Double stranded DNA

ECDF Edinburgh Compute and Data facility
ECL Enhanced chemiluminescence

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
EGA European genome-phenome archive
EGTA Ethyl glycol-bis(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid
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EGFR Epidermal growth factor receptor
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FACS Fluorescence activated cell sorting
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FGF Fibroblast growth factor
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FOXP3 Forkhead box P3

GAP GTPase activating protein

List of abbreviations 22



GBM
G-CSF
GDP
GEF
GEMM
GFP
GM-CSF
gRNA
GRO-a
GRO-B8
GRO-y
GTP
GWAS
H3K4me3
H3K9ac
H3K9me3
HCC
HER2
HGF
HLA
HMGB1
HRP
HSV-TK

HTPU

Glioblastoma multiforme

Granulocyte colony stimulating factor
Guanosine diphosphate
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Acetylated histone 3 Lys 9
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Hepatocellular carcinoma
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Positron emission tomography
Phosphate buffered saline

Principal component analysis
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Red green blue
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SOC
SPC
STING
sTNFR
TAB
TAE
TAK
TAM
TBS
TCR
TERT
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Stimulator of interferon genes
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TLR3 Toll-like receptor 3

TLR4 Toll-like receptor 4

TNFa Tumour necrosis factor alpha
TP53 Tumour protein 53

TRAF TNF-a associated factor

TRAIL Tumour necrosis factor-related apoptosis- inducing ligand
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WNT Wingless/Integrated
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1: Introduction

1.1 Cellular senescence

1.1.1 Discovery of senescence

The observation that diploid human fibroblasts have a finite in vitro
proliferative capacity was first made by Leonard Hayflick and Paul Moorhead
more than 50 years ago (Hayflick and Moorhead, 1961). These non-dividing
cells remained viable but were unable to proliferate despite the presence of
nutrients and growth factors and ample space for clonal expansion. This
phenomenon was named ‘cellular senescence’ and in this context has been
shown to be mediated via attrition of telomeres after repeated cell divisions
(Harley et al., 1990). This was in stark contrast to cancer cells that exhibited
an indefinite capacity to proliferate. Soon after this discovery it was
hypothesised that cellular senescence occurred in vivo and was what drove
organismal aging. Furthermore, it was thought that senescence evolved to
protect organisms from cancer. Many of these suggestions have since been
proven correct (Baker et al., 2016; Campisi, 1997a, 2005; Dimri et al., 1995;
Erusalimsky and Kurz, 2005; Herbig et al., 2006) and senescence has also
since been shown to have wider physiological functions in embryogenesis
and wound healing (Demaria et al., 2014; Munoz-Espin et al., 2013; Storer et
al., 2013). Therefore, the understanding of senescence as an in vitro

phenomenon limiting proliferation of diploid cells has since expanded to

Chapter 1: Introduction 30



include a wide variety of senescence phenotypes in both physiological and

pathological contexts.

1.1.2 Induction of senescence

Cellular senescence is a terminal stress response induced by several
stimuli and functions to remove damaged/stressed cells from the proliferating
pool. Severe DNA damage anywhere in the genome (especially double
stranded breaks — DSBs) can induce cellular senescence via the DNA
damage response (DDR - discussed in detail in chapter 1.1.4) and
subsequent activation of p53 (Di Leonardo et al., 1994; Herbig et al., 2004)
and p16 (Beausejour et al., 2003; Jacobs and de Lange, 2004; Stein et al.,
1999) tumour suppressor pathways (see chapter 1.1.4). This DNA damage
can be mediated by ionizing radiation or chemotherapeutic drugs (so called
‘therapy induced senescence’) (Roninson, 2003; Schmitt et al., 2002) and
telomere attrition following repeated cell divisions (so called ‘replicative
senescence’) (Campisi, 1997b; Harley et al., 1990). Telomeres are repetitive
stretches of DNA and associated proteins that cap the end of chromosomes
and they function to protect chromosomes from fusion or degradation by
DNA-repair processes (d'Adda di Fagagna et al., 2004). Standard DNA
polymerases cannot fully replicate DNA ends, therefore cells lose 50-200
base pairs of telomeric DNA during each replication cycle (Harley et al.,
1990), a phenomenon termed the ‘end-replication problem’ (Olovnikov,
1971). Human telomeres are around 10-15 kb in length, allowing several

divisions before the end-replication problem occurs and dysfunctional
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telomeres trigger senescence (Hemann et al., 2001; Martens et al., 2000).
Dysfunctional telomeres activate the canonical DDR (d'Adda di Fagagna et
al., 2003; Gire et al., 2004; Herbig et al., 2004; Takai et al., 2003) which
enables cells to sense damaged DNA, undergo a growth arrest and activate
DNA repair processes. Senescent cells characteristically have a persistent
DDR response, leading to a stable growth arrest (Fumagalli et al., 2012;
Rodier et al., 2011). The enzyme telomerase can circumvent the end-
replication problem by catalysing the addition of telomeric DNA repeats to
chromosome ends via the catalytic protein component telomerase reverse
transcriptase (TERT) (Collins and Mitchell, 2002). Most normal cells do not
express TERT and hence have a finite proliferative capacity (Masutomi et al.,
2003). However, cancer cells and germ-line cells express TERT, rendering
these cells immune from replicative senescence. Of note however, TERT
expressing cells can still undergo senescence caused by non-telomeric DNA
damage (Chen et al., 2001). Telomere attrition and replicative senescence is
thought to explain the enhanced senescence response seen with aging,
however pro-inflammatory cytokines (predominantly TNF-a) produced by T-
cells with dysfunctional mitochondrial metabolism (which recapitulates aging
T-cells) can also induce systemic senescence in the absence of DNA
damage (Desdin-Mico et al., 2020).

Oncogene activation also induces activation of the senescence
response in normal diploid cells (so called ‘oncogene-induced senescence’ —
see chapter 1.2.1) (Serrano et al., 1997). Enhanced mitogenic signalling

caused by oncogene activation (or tumour suppressor loss) induces
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senescence via the DDR owing to DNA damage caused by aberrant DNA
replication (Bartkova et al., 2006; Di Micco et al., 2006) and increased
mitochondrial production of reactive oxygen species (ROS) (Lee et al., 1999).
Oncogene activation can also activate the INK4/ARF tumour suppressor
locus via derepression of the polycomb group of transcriptional repressors
(Barradas et al., 2009), thus inducing senescence. Furthermore, mitogenic
signalling may directly induce senescence (Woo and Poon, 2004). Therefore
oncogene-induced senescence a key tumour suppressor mechanism (Braig
et al., 2005; Collado et al., 2005; Michaloglou et al., 2005).

Senescence can also be induced in response to repeated stimuli with
anti-proliferative cytokines and ROS. Chronic interferon-§ signalling can
induce senescence via DNA damage caused by increased intracellular ROS
(Moiseeva et al., 2006). The relevance of ROS as inducers of senescence is
further highlighted by the fact that antioxidants delay or prevent senescence
(Chen et al., 1995; Lee et al., 1999; Macip et al., 2002). Cells can also
undergo stress induced senescence independently of DNA damage and the
DDR. For example, chronic stimulation with transforming growth factor-§
(TGF-B) can induce senescence by promoting p16-Rb signalling
(Vijayachandra et al., 2003; Zhang and Cohen, 2004) and inadequate in vitro
growth conditions (so called ‘cell-culture stress’) can also induce p16-
dependent senescence with intact telomeres (Ramirez et al., 2001). Cellular
senescence can also be induced in a paracrine manner, whereby secreted
SASP factors from oncogene activated cells (including TGF-3 family ligands,

CCL2, CCL20 and VEGF) induce senescence in neighbouring normal cells
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(Acosta et al., 2013). The so called ‘paracrine senescence’ response
resembles full senescence, with evidence of DNA and oxidative damage, and
activation of both p53-p21 and p16-Rb pathways (Acosta et al., 2013).
Senescence can also be induced in the physiological setting (‘Physiological
senescence’) whereby it plays a key role in embryogenesis and wound
healing (Demaria et al., 2014; Munoz-Espin et al., 2013; Storer et al.,

2013)(see chapter 1.1.6).

1.1.3 Features of senescence

While senescence can be induced by a variety of stimuli (as discussed
above), several common characteristics of senescent cells exist that permits
their identification in vitro and in vivo. The two main facets of senescence
that underpin the tumour suppressor response are the growth arrest and the
senescence-associated secretory phenotype (SASP). These features will be
introduced here but a more detailed description of their regulatory

mechanisms will be discussed in chapter 1.1.4 and 1.1.5 respectively.

1.1.3.1 Growth arrest

Senescent cells are most well-known for exhibiting a robust cell cycle
arrest, mediated via activation of p53-p21 and INK4/ARF tumour suppressor
pathways (Chicas et al., 2010). This growth arrest was initially thought to be
irreversible, owing to early in vitro observations (Kato et al., 1998; Zhu et al.,
1998), however subsequent studies have highlighted escape mechanism that

permit proliferation to continue. For example, inactivation of p53 or p16
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(Beausejour et al., 2003; Dirac and Bernards, 2003) and components of the
senescence associated secretory phenotype (see below) permit re-entry into
the cell cycle (Coppe et al., 2008b; Kuilman et al., 2008). Escape from the
senescence associated growth arrest is highly relevant in vivo, whereby
clonal expansion of cells that have overcome senescence (for example via
inactivating mutations of tumour suppressor genes) permits tumour

progression (Milanovic et al., 2018).

1.1.3.2 Senescence-associated secretory phenotype

Despite entering into a robust growth arrest, senescent cells remain
highly metabolically active and secrete a variety of factors including
cytokines, chemokines, growth factors and extracellular proteases (Coppe et
al., 2010) (Acosta et al., 2013). These secreted factors are collectively
termed the senescence-associated secretory phenotype (SASP) (Acosta et
al., 2008; Coppe et al., 2008b; Kuilman et al., 2008). The SASP is composed
of several families of soluble and insoluble factors (examples summarised in
table 1.1) and can trigger a variety of cellular responses. For example, pro-
inflammatory SASP chemokines can reinforce the senescence associated
growth arrest in an autocrine manner signalling via the CXCR2 receptor
(Acosta et al., 2008). Furthermore, multiple SASP components mediate
paracrine signalling mechanisms to induce senescence in neighbouring cells
(Acosta et al., 2013) and mediate the recruitment of immune cells which
subsequently clear senescent cells (Kang et al., 2011; Xue et al., 2007).

However, the SASP also exhibits tumour promoting effects (discussed in
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detail in chapter 1.3.1) and can promote the proliferation of non-senescent

tumour cells (Krtolica et al., 2001).

Table 1.1: SASP factor examples. Adapted from Coppe et al (Coppe et al., 2010).

Soluble factors

Interleukins Chemokines Other Growth factors  Proteases
IL-1a, IL-1B IL-8 GM-CSF Amphiregulin ~ MMP-1
IL-6 GRO-q, -B,-y G-CSF Epiregulin MMP-3
IL-13 MCP-2, -4 IFN-y EGF MMP-10
IL-15 MIP-1a, -3a MIF HGF MMP-12
IL-7 HCC-4 VEGF TIMP-1

Shed receptors or ligands
ICAM-1, -3

sTNFR1, -2

TRAIL-R3

Fas

EGF-R

Non-protein soluble factors
PGE2

Nitric oxide

Reactive oxygen species
Insoluble factors (ECM)
Fibronectin

Collagens

Laminin
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While many SASP factors are conserved, there exists significant
heterogeneity in SASP factors expression depending on cell type and
senescence inducer (Basisty et al., 2020; Coppe et al., 2010). For example,
cells induced to senesce via oncogenic RAS express a SASP rich in
interleukins (such as IL-1B and IL-6) and other pro-inflammatory mediators
(such as GM-CSF and GROa), when compared with cells induced to
senesce via replicative exhaustion or irradiation (Coppe et al., 2008b; Rodier
et al., 2009). Furthermore, overexpression of p16'Nk42 induces several
hallmarks of senescence, but does not induce expression of the SASP as
seen with other senescence inducers (Coppe et al., 2010). More recently,
proteomic analysis of senescence-associated secretomes from human
primary fibroblasts induced to senesce by oncogenic RAS, irradiation and
drug induced senescence revealed that only 150 proteins are commonly
overexpressed in all three conditions (out of a total of 1,091) (Basisty et al.,
2020). Thus, the majority of SASP components in these in vitro assays were
heterogenous and not common amongst different senescence inducers. The
same study compared the SASP in irradiation treated fibroblasts and renal
epithelial cells and again found that significant heterogeneity exists. The
secretome of irradiated fibroblasts and epithelial cells was distinct, with less
than 25% of secreted factors overlapping between cell types. However, the
most striking observation was that the overall magnitude of increased
expression was significantly less in epithelial cells, suggesting that different
cell types not only secrete different components but the capacity for

upregulation of SASP factors is distinct (Basisty et al., 2020).
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1.1.3.3 Resistance to apoptosis

Another common feature of senescent cells is a resistance to undergo
programmed cell death (apoptosis) (Childs et al., 2014). While apoptosis and
senescence may seem like opposing entities, the stress stimuli triggering
these cell fate responses are often the same, albeit at different levels
(Vousden and Lane, 2007). For example, the administration of DNA
damaging agents (for example chemotherapeutic agents, irradiation or
reactive oxygen species) at high doses induce apoptosis in cultured cells,
whereas lower doses induce senescence (Chen and Ames, 1994; Chen et
al., 2000a; Debacqg-Chainiaux et al., 2005; Probin et al., 2006; Song et al.,
2005). Pro-senescence stimuli induce increases in total p53 levels to a
lesser extent than apoptotic stimuli. This leads to lower levels of pro-
apoptotic p53-upregulated modulator of apoptosis (PUMA) and NOXA, and
higher levels of BCL-2 family proteins (Tavana et al., 2010a). BCL-2 proteins
are overexpressed in senescent cells and inhibit mitochondrial outer
membrane polarization and apoptosis (Yosef et al., 2016). On top of
differences in total p53 protein levels, post-translational modification of p53
also occurs distinctively in apoptosis and senescence (Webley et al., 2000).
For example, point mutations involving individual acetylation sites in p53 can
influence the choice to apoptose or senesce (Li et al., 2012), suggesting that
post translational modifications play in integral role in cell fate decisions.
Furthermore, mutations affecting the quaternary structure of p53 affects a
cells ability to undergo apoptosis but have no bearing on its ability to senesce

(Schlereth et al., 2010; Timofeev et al., 2013). p21 (which is typically
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upregulated in senescence) can block apoptosis (Hayward et al., 2003;
Zhang et al., 2011a) and may also inhibit caspase 3 directly (Tang et al.,
2006). Developmental senescence and subsequent immune clearance is
impaired in p21 deficient mice, however this is partially rescued by increased
apoptosis (Munoz-Espin et al., 2013), suggesting that p21 functions to
oppose apoptosis and promote senescence in this context. Lastly, blocking
apoptosis (for example with caspase inhibitors) can also induce cellular
senescence (Rebbaa et al., 2003; Zhang et al., 2005). Thus, the decision to
undergo apoptosis versus senescence is complex and dictated by several

factors.

1.1.3.4 Morphological changes

The morphological changes associated with senescence can be
striking and are often used to preliminarily identify whether cells have
undergone senescence in vitro. Senescent cells typically undergo
characteristic morphological changes which involve a large, flattened
appearance and can often become multinucleated or exhibit vacuolisation
(Denoyelle et al., 2006; Serrano et al., 1997). There can be some differences
based on the senescence trigger and cell type. For example, HRAS®72Y
induced senescent fibroblasts (the first described oncogene-induced
senescence model) exhibit the aforementioned appearance (Serrano et al.,
1997), whereas BRAF"%9°¢ induced senescent melanocytes have a more
spindle shaped morphology (Michaloglou et al., 2005). The mechanism

underlying these morphological changes are unclear but previous reports
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have shown enhancement of actin stress fibres and redistribution of focal
adhesion proteins in cells induced to senesce due to oxidative damage

(Chen et al., 2000b) which may explain this phenomenon.

1.1.3.5 Chromatic reorganisation

Altered chromatin architecture is a key feature of senescence (Adams,
2007). Epigenetic regulation is a key mechanism regulating expression of the
of the INK4/ARF locus (discussed in detail in chapter 1.1.4) and thus
chromatin reorganisation is a key step regulating senescence. DNA staining
of senescent cells reveals punctate nuclear staining, representing so called
senescence-associated heterochromatin foci (SAHF) (Narita et al., 2003).
These foci of epigenetically silenced DNA loci are enriched in methylated
histone 3 Lys 9 (H3K9me3 - catalysed by the histone methyltransferase
Suv39h1), whereas euchromatin markers such as acetylated histone 3 Lys 9
(H3K9ac) and methylated histone 3 Lys 4 (H3K4me3) are excluded from
SAHF. Thus, the formation of SAHF (mediated by p16-Rb signalling) function
to silence parts of the genome involved in cell cycle progression (such as
E2F target gene promoter regions), reinforcing the cell cycle arrest (Narita et

al., 2003).

1.1.3.6 Senescence biomarkers
Senescent cells undergo an expansion of their lysosomal
compartments, giving rise to increased activity of lysosomal (3-galactosidase

(Kurz et al., 2000). While non-senescent cells also express lysosomal f3-
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galactosidase, detection in this setting requires an optimal pH of 4, whereas
detection in senescent cells can be performed at a suboptimal pH of 6 (Lee
et al., 2006). Therefore, detection of so-called senescence-associated [3-
galactosidase (SA-B-gal) is often used as a biomarker of senescence
(Debacg-Chainiaux et al., 2009; Dimri et al., 1995). Currently, in vivo
detection of SA-B-gal requires snap frozen tissue in order to preserve
enzymatic activity (Debacg-Chainiaux et al., 2009). Therefore, this method
cannot be used for archival formalin-fixed paraffin embedded samples.
Sudan-black-B (SBB) staining of lipofuscin seeks to overcome this drawback
of SA-B-gal mediated detection of senescent cells (Georgakopoulou et al.,
2013). Lipofuscin is an aggregate of oxidised proteins that accumulate in
senescent cells (Jung et al., 2007) and SBB is a lipophilic histochemical stain
that can be used to identify lipofuscin in vitro and in vivo (Georgakopoulou et
al., 2013). Due to the complexities of senescence, a universal senescence
biomarker is yet to be identified. Therefore, a consensus approach involves
identifying multiple characteristics of senescence (as discussed in this
section) in order to reliably identify senescent cells in vitro and in vivo
(Gonzalez-Gualda et al., 2021).

Degradable inorganic nanoparticles allowing selective release of
encapsulated cargoes have been utilised in an attempt to detect SA-B-gal
expressing senescent cells in vivo (Karlsson et al., 2018). For example,
galacto-oligosaccharide encapsulated nanoparticles permit controllable
release of contrast dye, fluorescent senoprobes (Lozano-Torres et al., 2017;

Wang et al., 2019) and PET probes (Ou et al., 2021) following exposure to
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high levels of B-galactosidase (Aznar et al., 2016), as seen in senescent
cells. These techniques would conceivably allow the detection of senescent
premalignant lesions via non-invasive imaging modalities. Liquid biopsy
approaches have also been proposed as a means to detect the presence of
senescent cells in a non-invasive manner. Analysis of circulating cell free
DNA, extracellular vesicles (EVs) (Kustanovich et al., 2019) and SASP
factors (Basisty et al., 2020; Schafer et al., 2020) have shown promise in
early preclinical studies. While these techniques are yet to be translated into
clinical practice, the reliable detection of senescent cells would provide
robust methods to improve the early detection of cancer and stratify patients
at higher risk for developing invasive malignancies, allowing heightened

targeting of such patients with screening techniques.

1.1.4 Mechanisms of the senescence growth arrest

The many stimuli that induce senescence signal through various
pathways, many of which converge on the activation of cyclin-dependent
kinase (CDK) inhibitors (Munoz-Espin and Serrano, 2014). The activation of
CDK inhibitors results in hypo-phosphorylation of Rb and subsequent
proliferative arrest (Chicas et al., 2010) (summarised in Figure 1.1). The two
main pathways culminating in this arrest are the p53-p21 and INK4/ARF
pathways. DNA damage (double or single stranded breaks) results in the
phosphorylation of H2Ax by members of the PI3 kinase family (notably ATM,

ATR and DNA-PK) thus forming yH2Ax which is deposited in chromatin

regions flanking the DNA break lesion (Dickey et al., 2009). yH2Ax deposition
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subsequently activates a kinase cascade involving ATM-CHK2 or ATR-CHK1
(for double stranded breaks or single stranded breaks respectively) (d'Adda
di Fagagna, 2008; Fumagalli et al., 2012). This cascade culminates in p53
activation that in turn induces the transcription of the CDK inhibitor p21 (a
product of the CDKN1A gene). p21 in turn inhibits Rb phosphorylation
indirectly via inhibition of CDK2 (Brugarolas et al., 1998). The INK4/ARF
locus includes the CDKNZ2A gene that encodes the tumour suppressors
p16'NK4a and ARF (alternate reading frame), and the CDKN2B gene that
encodes the tumour suppressor p15NK4b p16/NK4a gnd p15'NK4b gre CDK
inhibitors that inhibit CDK4/6 activity resulting in hypo-phosphorylation of Rb.
Crossover between p53 and products of the INK4/ARF locus exists, whereby
the induction of ARF degrades the ubiquitin ligase MDM2, which itself is a
negative regulator of p53 activity, thus contributes to increased levels of p53
(Zhang et al., 1998). Furthermore, p53 can regulate ARF expression through
a negative feedback loop (Harris and Levine, 2005). The INK4/ARF locus is
typically epigenetically silenced in young cells via polycomb protein mediated
methylation of H3K27 (Bracken et al., 2007). Disruption of this process (for
example during aging (Krishnamurthy et al., 2004) or oncogene activation
(Barradas et al., 2009)) leads to derepression of the INK4/ARF locus and

cellular senescence (Barradas et al., 2009; Jacobs et al., 1999).
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Figure 1.1: Senescence associated growth arrest pathways. Schematic
summarising the two main pathways mediating the senescence associated growth

arrest.
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1.1.5 Mechanisms of SASP expression

The specific combination of factors secreted by senescent cells is
dependent on the context (including the senescence inducer and cell type),
however many of the regulatory mechanisms are shared (Faget et al., 2019)
(summarised in Figure 1.2). The key transcription factors regulating SASP
expression are Nuclear factor kB (NF-kxB) and CCAAT/enhancer-binding
protein  (CEBPp) (Acosta et al., 2008; Kuilman et al., 2008). The molecular
events leading up to NF-kB and/or CEBPf activation are complex and poorly

defined. DNA damage can induce expression of the SASP via these
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pathways (Rodier et al., 2009) and recently it has been shown that SASP
expression is triggered by cytoplasmic chromatin fragments (CCFs) released
during forms of senescence associated with DNA damage (including
replicative, therapy induced and oncogene induced senescence) (Dou et al.,
2017; Gluck et al., 2017). However, CCF release was also observed
following application of non-genotoxic senescence inducers such as direct
CDKA4/6 inhibitors (palbocilib), suggesting that this mechanism of SASP
induction is not reliant on DNA damage (Gluck et al., 2017). CCF release
engages the cytosolic DNA sensing cGAS/STING pathway leading to
secretion of a pro-inflammatory SASP (Dou et al., 2017; Gluck et al., 2017)
(discussed in detail in chapter 1.4). Another key regulator of the SASP is p38
MAPK which is activated independently of the DNA damage response and
functions to increase the transcriptional activity of NF-xB (Freund et al.,
2011). Additional regulators exist including mTOR (Herranz et al., 2015;
Laberge et al., 2015), GATA4 (Kang et al., 2015) and MLL1 (Capell et al.,
2016). Different components of the SASP can have different upstream
regulators. For example, IL-1 signalling mediated by the canonical NLRP3
inflammasome regulates the pro-inflammatory arm of the SASP (Acosta et
al., 2013) (discussed in detail in chapter 1.4), whereas Notch signalling
regulates a TGF-f rich SASP (Hoare et al., 2016). More recently, our group
identified Toll-like receptor 2 (TLR2) as a novel regulator of the SASP during
OIS, signalling via acute phase serum amyloid A (A-SAA) proteins

(discussed in detail in chapter 1.4) (Hari et al., 2019).
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While the senescence growth arrest is dependent on the activation of
tumour suppressor pathways (see chapter 1.1.4), this is not the case for the
SASP. p16/NK4A expression is sufficient to induce the growth arrest (Chicas et
al., 2010), however it is not required to induce the SASP (Coppe et al.,

2010). Similarly, p53 is required for the DNA damage induced growth arrest
(d'Adda di Fagagna, 2008), but not the SASP. In fact, p53 has been shown to
restrain expression of the SASP; cells lacking p53 secrete markedly higher
levels of most SASP factors (Coppe et al., 2008b). Thus, regulation of the
SASP can be mediated via DNA damage and DNA damage independent

mechanisms and is not reliant on growth arrest pathways.

Figure 1.2: SASP regulation. Schematic summarising the main regulatory

pathways involved in the SASP.
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1.1.6 Senescence in development and physiology

While senescence is mainly thought of as a cellular response to stress
or damage, it has also been shown to be integral to several physiological and
developmental processes. Indeed, oncogenes and tumour suppressor genes
evolved not to limit cancer progression but to control developmental process
and maintain tissue homeostasis (Jain and Barton, 2018). Senescent
fibroblasts and endothelial cells appear early following cutaneous wounding
where they induce myofibroblast differentiation (via secretion of platelet-
derived growth factor AA), thus facilitating wound closure (Demaria et al.,
2014). Senescence has also been observed during embryological
development of several organisms including mice (Munoz-Espin et al., 2013;
Storer et al., 2013) and humans (Munoz-Espin et al., 2013), suggesting that it
is common throughout the developing embryo and evolutionarily conserved
across species. Senescent cells have been identified in a variety of
developing structures including the neural tube, regressing interdigital webs,
the apical ectodermal ridge of the limbs, mesonephric tubules and the
endolymphatic sac of the inner ear (Munoz-Espin et al., 2013; Storer et al.,
2013). Senescence in these contexts does not involve DNA damage, as
markers of DNA damage and the DDR are notably absent, but heavily
involve the CDK inhibitor p21 as demonstrated by a marked impairment of
developmental senescence in Cdkn1a null embryos (Munoz-Espin et al.,
2013; Storer et al., 2013). Transcriptional profiles of senescent cells in
embryos are reminiscent of developmental pathways including TGF-, WNT

and Hedgehog signalling. They also include a SASP similar to other forms of
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senescence with the notable addition of fibroblast growth factor 4 and 8
(FGF4 and FGF8) (Munoz-Espin et al., 2013; Storer et al., 2013). Clearance
of senescent cells by macrophages occurs in the developing mesonephros
and the apical ectodermal ridge of limbs, which also appears to be
dependent on intact p21 activity (Munoz-Espin et al., 2013). While defects in
developmental senescence can be partially overcome by apoptosis and late
clearance by macrophages, impaired p21 dependent senescence can result
in morphological defects (Munoz-Espin et al., 2013). Senescence is also
integral to the maturation programmes of several cell types including
megakaryocytes (Besancenot et al., 2010) and placental
syncytiotrophoblasts (Chuprin et al., 2013). In the case of megakaryocytes,
senescence is again dependent on p21, and impaired p21 expression is
characteristic of primary myelofibrosis which is a myeloproliferative disorder
characterised by impaired megakaryocyte senescence (Besancenot et al.,
2010). Syncytiotrophoblast senescence is less reliant on p21 activity and is
associated with DDR markers, p16 and p53 expression (Chuprin et al.,

2013).

1.1.7 Senescence in disease

Senescent cells are also heavily involved in several pathological
settings, whereby they can exhibit both beneficial and detrimental effects on
disease progression (Munoz-Espin and Serrano, 2014). The most well
studied disease associated with senescence is cancer (Collado and Serrano,

2010), which will be discussed in detail below (in chapter 1.2). Senescence
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has been shown to have beneficial effects in several fibrotic diseases
including liver fibrosis (Krizhanovsky et al., 2008; Wiemann et al., 2002), skin
fibrosis (Jun and Lau, 2010a, b), post obstructive renal fibrosis (Wolstein et
al., 2010) and post infarction cardiac fibrosis (Zhu et al., 2013). In these
contexts, senescence of scar producing myofibroblasts prevents excessive
myofibroblast proliferation and scar formation. Furthermore, senescent
myofibroblasts secrete a SASP, mediating immune clearance of senescent
cells and partial elimination of scar tissue. Senescence is also associated
with idiopathic pulmonary fibrosis (IPF), a disease characterised by
progressive lung fibrosis involving alveolar and interstitial cells resulting in
loss of gas exchange capacity. Senescence markers are expressed in
alveolar, bronchial and interstitial cells in mouse models of IPF and IPF
patients (Aoshiba et al., 2013; Aoshiba et al., 2003; Minagawa et al., 2011)
and senescence is thought to have a detrimental function in this context.
Impaired senescence and SASP expression via loss of caveolin-1 (CAV1)
protects mice from bleomycin induced lung fibrosis (Shivshankar et al., 2012)
and pharmacological inhibition of the ROS generator NOX4 decreases p16
and p21 expression and reverses bleomycin induced lung fibrosis in mice
(Hecker et al., 2014). IPF is an independent risk factor for the development of
lung cancer (Wells and Mannino, 1996) and there are multiple cellular
processes that connect lung fibrosis with cancer including increased
proliferation, inflammation and tissue invasion (Ballester et al., 2019).

Conceivably, the SASP produced by senescent fibroblasts in IPF could
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promote malignant growth (as discussed in chapter 1.3.1), however this has
not yet been proven.

Pulmonary artery smooth muscle cell senescence has been
demonstrated in patients with chronic obstructive pulmonary disease (COPD)
(Noureddine et al., 2011) and mouse models have shown that impairment of
senescence (via disruption of Trp53 or Cdkn1a expression) worsens
pulmonary hypertension (Mizuno et al., 2011). Furthermore, exposure of
mice to cigarette smoke (the main cause of COPD) induces senescence in
alveolar epithelial cells (Tsuji et al., 2004) and alveolar cells from COPD
patients express high levels of p16 and NF-kB (Tsuji et al., 2010).

Senescence is also integral during atherosclerotic plaque formation,
whereby vascular smooth muscle cells (VSMCs) undergo senescence after a
period of proliferation during plaque formation (Wang and Bennett, 2012).
VSMC senescence involves SASP expression and induces paracrine
senescence in neighbouring cell types, thus limiting plaque growth (Wang
and Bennett, 2012). Mouse models with impaired senescence have an
increased susceptibility to atherosclerosis (Diez-Juan and Andres, 2001;
Gonzalez-Navarro et al., 2010; Khanna, 2009; Mercer et al., 2005) and
activation of senescence is protective against plaque formation (Sanz-
Gonzalez et al., 2007). Furthermore, several genome wide association
studies (GWAS) have identified polymorphisms in the CDKN2A/CDKNZ2B loci
that are pro-atherosclerotic, inferring that these loci are protective against
plaque formation (Jeck et al., 2012; Liu et al., 2009). Moreover, deletion of

homologous regions in mouse models impairs expression of Cdkn2al/Cdkn2b
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and worsens mortality after a high fat/cholesterol diet (Visel et al., 2010),
confirming the importance of senescence in limiting atherosclerotic plaque
formation.

In both humans and mice adipose tissue upregulates p53-p21
signalling, expresses senescence markers and a SASP (Tchkonia et al.,
2010). Senescence may contribute to the adverse effect of obesity as tissue
specific deletion of Trp53 protects mice from insulin resistance induced by
excessive calorific intake (Minamino et al., 2009). Chronic high fat diet in
mice also induces senescence in pancreatic 3 cells (Sone and Kagawa,
2005) and is associated with models of type 2 diabetes melliltus (DM2)
(Chesnokova et al., 2009; Tavana et al., 2010b; Wang et al., 2003). Further
data linking senescence to DM2 is found in GWAS studies linking
polymorphisms close to the CDKN2A/CDKNZ2B loci that are linked to DM2
susceptibility (Doria et al., 2008; Jeck et al., 2012).

Sarcopenia (loss of muscle mass) is a key aging associated pathology
and senescence of satellite cells (muscle stem cell progenitors) has been
shown to be a key mediator of this process (Sousa-Victor et al., 2014).
Another aging associated pathology is cataract formation. Elimination of
senescent cells lessens cataract formation in mouse models (Baker et al.,
2011), indicating that senescence plays a key role in this process.
Senescence is also potentially involved in several other diseases including
aneurysmal disease (Fukazawa et al., 2007), glaucoma (Liton et al., 2005),

Alzheimer’s disease (Bhat et al., 2012), Parkinsons disease (Chinta et al.,
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2013), osteoarthritis (Price et al., 2002), and macular degeneration (Zhu et

al., 2009).

1.1.8 Senescence and aging

Aging is characterised by gradual functional decline involving multiple
organ systems, and as a result aging is a major risk factor for several of the
diseases discussed in chapter 1.1.7 (McHugh and Gil, 2018). Senescent
cells accumulate in aged tissues (Burd et al., 2013; Dimri et al., 1995;
Jeyapalan et al., 2007) where they can lead to natural features of aging
including sarcopenia, lipodystrophy and cataracts (Baker et al., 2008; Hanks
et al., 2004). The regenerative capacity of multiple tissue types decreases
with aging, and this occurs in conjunction with increased evidence of stem
cell senescence (Chang et al., 2016; Loeser, 2009; Molofsky et al., 2006;
Raggi and Berardi, 2012; Tchkonia et al., 2010). Furthermore, SASP
expression from accumulated senescent cells further contribute to the aging
phenotype via chronic low-level inflammation (McHugh and Gil, 2018; Tilstra
et al., 2012) (so called ‘inflammaging’ (Franceschi and Campisi, 2014)).
While the SASP functions to mediate the clearance of senescent cells in
healthy tissues (Kang et al., 2011), in aged individuals immune dysfunction
occurs which limits this (so called ‘immunosenescence’ (Lian et al., 2020))
leading to further accumulation of senescent cells and perpetuating chronic
inflammation via SASP expression (McHugh and Gil, 2018). Studies
involving transgenic mouse models that allow the selective removal of

senescent cells (which will be discussed in detail below in chapter 1.5.2)
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have shown that removing senescent cells blunts the development of age
related diseases (Baker et al., 2016; Baker et al., 2011) and extends median
lifespan (Baker et al., 2016), confirming that senescence at least contributes
to the aging phenotype. The identification of pharmacological agents that
selective kill senescent cells (so called ‘senolytics’) (Fuhrmann-Stroissnigg et
al., 2017; Guerrero et al., 2019; Triana-Martinez et al., 2019; Yosef et al.,
2016; Zhu et al., 2016; Zhu et al., 2015) has prompted interest in developing
therapies to limit the negative effects of aging. However, studies have yet to
show that pharmacological clearance of senescent cells impairs the onset of
age-related pathologies or extends healthy lifespan. Nonetheless this area of

research holds significant promise.

1.2 Senescence in cancer

1.2.1 Oncogene induced senescence

The first evidence demonstrating oncogenic signalling can induce
senescence was uncovered in 1986 following viral transformation of human
fibroblasts with oncogenic KRAS (O'Brien et al., 1986). This led to a
phenotype similar to that first described by Hayflick and colleagues and led to
the discovery of oncogene-induced senescence (OIS). Subsequent to this,
forced expression of oncogenic HRAS (HRASS2Y) mirrored this phenotype,
confirming that oncogene activation induces cellular senescence (Serrano et
al., 1997). As alluded to above, senescence in the context of oncogene

activation is mediated via the DDR owing to aberrant DNA replication
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(Bartkova et al., 2006; Di Micco et al., 2006), increased mitochondrial ROS

production (Lee et al., 1999) and direct derepression of the CDKNZ2A locus

(Barradas et al., 2009). This leads to the upregulation of the CDKNZ2A locus
thus activating both INK4/ARF and p53-p21 tumour suppressor pathways

(discussed in detail in chapter 1.1.4) (Serrano et al., 1997).

1.2.2 Oncogene induced senescence in vivo

While initially described in vitro, the occurrence of OIS in vivo was first
reported by studies showing the expression of senescence markers in pre-
malignant tumours (with a lack of expression in their malignant counterparts)
(Braig et al., 2005; Chen et al., 2005; Collado et al., 2005; Lazzerini Denchi
et al., 2005; Michaloglou et al., 2005). The number of genes which have
been shown to induce senescence in vivo when mutated is increasing and is
summarised in table 1.1 (Collado and Serrano, 2010). Oncogenic Kras
(Kras®'2V) expression has been shown to induce senescence in early mouse
lung and pancreatic premalignancies, detected via SA-f-gal expression,
tumour suppressor pathway activation and the presence of SAHF that were
all notably absent in adjacent malignant lesions (Collado et al., 2005). Other
Ras family member can also induce senescence in vivo. For example,
transgenic expression of oncogenic Nras (Nras®'?P) in lymphoid tissue
significantly increases the susceptibility of lymphocytes to therapy-induced
senescence (Braig et al., 2005) and mammary gland expression of Hras®¢'?V
induces OIS when expressed at high levels (Sarkisian et al., 2007).

Subsequent studies demonstrated that this response is not restricted to
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oncogenic Ras activation. OIS has been observed in lung tumours and
melanocytic naevi induced by endogenous Braf“¢%F expression (Dankort et
al., 2007; Dhomen et al., 2009) and chemically induced skin papillomas were
also found to express senescence markers (Collado et al., 2005). Myc
activation also induces senescence in pancreatic cancer and lymphoma
mouse models (Campaner et al., 2010). Furthermore, E2F transcription
factor activation (for example the inducible E2f3 transgene) induces
proliferation, swiftly followed by OIS in the mouse pituitary gland (Lazzerini
Denchi et al., 2005). The name oncogene-induced senescence is actually a
misnomer, as loss of tumour suppressor genes can cause similar activation
of the OIS response via aberrant DNA replication. Prostate specific deletion
of the tumour suppressor Pten leads to the formation of prostate
intraepithelial neoplasia (PIN) lesions which exhibit features of OIS (Chen et
al., 2005) and loss of the tumour suppressor Vh/ in the murine kidney
similarly leads to OIS (Young et al., 2008). Overall, OIS has moved from an
observed in vitro phenomenon to a widespread process in several mouse
models of pre-malignancy. The lack of expression of such markers in
adjacent malignant lesions, and the accelerated tumourigenesis observed
following genetic deletion of key senescence associated tumour suppressor
pathways (Beck et al., 2020) has led to the recognition that OIS is a key

tumour suppressor mechanism in vivo.
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Table 1.2: Genes involved in oncogene-induced senescence in vivo. Adapted from

Collado et al (Collado and Serrano, 2010).

Gene
Oncogenes

Hras®'?

Kras®'?v

Nras®'?P

B ra f\/600E

Rheb

E2f3

Akt1

p-catenin

Tumour suppressor genes
Pten

Rb

Vhi

pb53

1.2.3 Oncogene induced

Tissue

Mammary, bladder and skin tumours
Lung and pancreatic preneoplasia
Lymphoproliferative disorders
Melanocytic naevi, lung tumours
Prostate intraepithelial neoplasia
Pituitary hyperplasia

Prostate intraepithelial neoplasia

Thymus preneoplasia

Prostate intraepithelial neoplasia
Thyroid adenoma
Renal cancer

Sarcoma, liver carcinoma

senescence in human tumours

The observation of OIS in vivo has not been restricted to mouse

models and there are examples of human tumours which exhibit evidence of

OIS (summarised in table 1

was that of melanocyte sen

.2). The first reports of OIS in human tumours

escence associated with oncogenic BRAF690E

(Michaloglou et al., 2005). Human PIN lesions (Acosta et al., 2008; Chen et

al., 2005) and pre-malignant colonic adenomas (Bartkova et al., 2006;
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Kuilman et al., 2008) also exhibit features of senescence. Inherited or
spontaneous loss of the tumour suppressor NF1 results in in a condition
called neurofibromatosis. NF1 encodes a RAS GTPase-activating protein
(GAP) (see chapter 1.6.7), thus loss of NF17 results in RAS overactivation
and the formation of cutaneous pre-malignant tumours called neurofiboromas
that undergo senescence (Courtois-Cox et al., 2006). These examples
suggest that OIS is also an important process limiting malignant progression

in human cancer.

Table 1.3: Genes involved in oncogene-induced senescence in humans. Adjusted

from Collado et al (Collado and Serrano, 2010).

Gene Tissue

Oncogenes

BRAFV600E Melanocytic naevia

NF1 Neurofibromas

Not determined Colonic adenomas

Not determined Prostate intraepithelial neoplasia

1.3 The SASP in cancer

The SASP is a non-cell autonomous effector of senescence, with
important functions in both physiological and pathological settings (Munoz-
Espin and Serrano, 2014). The mechanisms of SASP induction following
oncogene activation are discussed in detail in chapter 1.1.5 and involve both

DNA damage and DNA damage independent mechanisms converging on
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activation of downstream effectors such as NF-xB, C/EBPf and p38MAPK.
The effect of the SASP on tumourigenesis is complex and context

dependent, including both pro- and anti-tumourorigenic functions (Faget et

al., 2019).

1.3.1 Pro-tumourigenic effects of the SASP

SASP factors have been shown to aid malignant progression via a
variety of mechanisms. Direct co-culture with senescent fibroblasts, or the
addition of conditioned media from senescent fibroblasts promotes the
growth of prostate cancer cells (Bavik et al., 2006) and immortalised
keratinocytes in vitro (Coppe et al., 2008a) confirming paracrine induction of
proliferation by secreted factors. Furthermore, senescent fibroblasts also
promote proliferation in immortalised ovarian cancer cell lines and organoid
models (Lawrenson et al., 2010). The tumour promoting effects of the SASP
are further highlighted by in vivo studies demonstrating marked tumour
growth following subcutaneous co-injection of senescent fibroblasts with
human breast cancer cell lines, an effect shown to be due to secreted factors
(Krtolica et al., 2001). Subsequent studies revealed that this growth
promoting effect was impaired by inhibition of matrix-metalloproteases
(MMPs), highlighting MMPs as key tumour promoting SASP factors (Liu and
Hornsby, 2007). Senescent fibroblasts also promote epithelial-to-
mesenchymal transition (EMT) in pre-malignant mammary epithelial cells,
promoting invasion and full transformation to malignancy, a function primarily

mediated by MMP-3 (Parrinello et al., 2005). IL-6 (a key pro-inflammatory
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SASP factor) has been shown to accelerate in vivo tumour growth in models
of skin (Lederle et al., 2011), breast (Di et al., 2014; Hartman et al., 2013),
prostate (Rojas et al., 2011) and lung cancer (Song et al., 2011) and CXCL1
stimulates tumour growth in oesophageal cancer models (Wang et al., 2006).
It must be noted that the promotion of proliferation by the SASP seems to
only occur with immortalised cancer cell lines (Krtolica et al., 2001)
suggesting that these proliferation promoting effects require defective tumour
suppressor pathways. Therefore, bystander senescence and SASP
expression (in for example aged tissues) may promote growth of
neighbouring transformed pre-malignant or malignant cells but is less likely to
promote malignant transformation in normal diploid cells. As well as
promoting proliferation, the SASP can promote metastasis. Tumours derived
from subcutaneously implanted transformed epithelial cells exhibit increased
vascular invasion mediated by secretion of vascular endothelial growth factor
(VEGF) by co-injected senescent fibroblasts (Coppe et al., 2006).
Furthermore, another SASP factor CTGF promotes vascular invasion of
tumours in a mouse model of prostate cancer (Yang et al., 2005). Enhanced
tumour cell migration in breast cancer cell lines is observed and is mediated
by inhibition of RhoA/ROCK signalling by senescent stromal cells (Aifuwa et
al., 2015) and secretion of the SASP factor Chemerin increases cell
migration in cutaneous squamous cell carcinoma models (Farsam et al.,
2016). Senescence induction in breast cancer cells via constitutive
expression of the tyrosine kinase receptor HER2 promotes the secretion of

SASP factors and subsequent metastasis of neighbouring non-senescent
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breast cancer cells in vivo (Angelini et al., 2013). Similarly, senescent cells at
the invasive border of murine papillary thyroid cancers increases invasion of
senescent and non-senescent tumour cells via CXCL12 signalling (Kim et al.,
2017). IL6 secreted from senescent stromal osteoblasts facilitates breast
tumour cell seeding in bone via direct stimulation of local osteoclastogenesis
(Luo et al., 2016) and endothelial cell senescence mediated by Notch1
promotes lung metastasis of B16F10 melanoma cells via expression of
vascular cell adhesion proteins (Wieland et al., 2017). Thus, the SASP can
also prime the metastatic niche, further promoting tumour metastasis. The
SASP can also permit an immunosuppressive environment, allowing
progression of tumour growth. It has been proposed that continuous immune
stimulation via the SASP may increase tumour immunoediting, thus
increasing the malignant potential of senescent or neighbouring non-
senescent tumour cells (Velarde et al., 2013). Furthermore, CCL2 secreted
from senescent stromal cells promotes the recruitment of myeloid derived
suppressor cells that impair NK cell mediated tumour clearance in mouse
liver cancer models, and the presence of senescent tumour stroma is
associated with poorer survival in human liver cancer (Eggert et al., 2016).
The SASP related immune infiltration can also promote tumour growth via
disruption of the senescence growth arrest (Di Mitri et al., 2014).
Mechanistically, interleukin-1 receptor antagonist (IL-1RA) secreted from
CD11b*Gr-1" myeloid cells antagonises senescence in Pten null murine
prostate intraepithelial neoplasia (PIN), and adoptive transfer of ll1ra

knockout myeloid cells enhanced PIN senescence (Di Mitri et al., 2014).
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Another study by the same group highlighted that CXCL2, a key component
of the SASP in Pten null prostate lesions, polarises CXCR2 expressing
tumour associated macrophages (TAMs) towards an anti-inflammatory pro-
tumour phenotype (Di Mitri et al., 2019). Pharmacological blockade of
CXCR2 reverts these macrophages to a pro-inflammatory phenotype and
transfer of CXCR2 knockout monocytes enhances senescence and impairs
tumour growth in Pten” Trp537 prostate tumours (Di Mitri et al., 2019).
Knockdown of PTBP1 which regulates the SASP (via alternative splicing of
EXOC?7) but not the growth arrest was shown to prevent the tumour
promoting effects of the SASP (Georgilis et al., 2018), highlighting the SASP
as a potential therapeutic target in anti-cancer treatment. Furthermore,
inhibition of MTOR (a key SASP regulator) also suppresses SASP
expression at both the transcriptional (IL6) and translational (IL1A) level, and
pre-treatment of senescent fibroblasts with Rapamycin (an MTOR inhibitor)
suppresses the tumour promoting effects following cutaneous co-
implantation with malignant PC3 prostate cancer cells (Laberge et al., 2015).
Thus, the pro-tumourigenic effects of the SASP are numerous and wide
ranging. However, it must be pointed out once more that these studies
almost exclusively use transformed cells either in vitro or in vivo with mouse
implantation models, and no studies to date have demonstrated an ability of
the SASP to transform normal diploid cells. This point is further reinforced in
studies by Pribluda et al whereby CKla loss in the gut epithelium triggers
extensive Wnt activation, induction of the DDR and activation of p53-p21

dependent senescence that prevents the formation of overt colonic tumours
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(Pribluda et al., 2013). This senescence response is associated with a pro-
inflammatory SASP that in the context of intact p53-p21 signalling functions
to reinforce the growth arrest and prevent tumour invasion. On the contrary,
when p53 is ablated or mutated, this SASP induces tumour cell
hyperproliferation and invasion resulting in the formation of colonic
adenocarcinomas (Pribluda et al., 2013). One potential piece of data that
argues against this is from studies examining mouse models of
adamantinomatous craniopharyngioma, whereby oncogenic -catenin
expressing embryonic pituitary stem cells undergo senescence and express
a SASP that can induce transformation in neighbouring non-mutated cells
(Gonzalez-Meljem et al., 2017). However, this model involves embryonic
tissue of only 18.5 days post coitum and does not demonstrate the ability of
the SASP to transform differentiated diploid cells. Thus, the SASP is able to
promote the growth of transformed cells, cells with impaired senescence-
associated growth arrest pathways or embryonic stem cells, but the premise
of SASP mediated tumour initiation/promotion in normal cells has yet to be

established.

1.3.2 Anti-tumourigenic effects of the SASP

The anti-tumourigenic effects of the SASP constitute the major non-cell
autonomous tumour suppressor functions of OIS. Initial studies to
characterise the function of secreted factors from senescent cells identified
the chemokine receptor CXCR2 as a key regulator of the growth arrest in

OIS (Acosta et al., 2008; Kuilman et al., 2008). Cells undergoing OIS secrete
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multiple factors that act as CXCR2 ligands and function to reinforce the
senescence associated growth arrest in an autocrine manner. CXCR2
expression is increased in preneoplastic tissues in vivo, suggesting a tumour
suppressor function for this SASP signalling pathway (Acosta et al., 2008).
Subsequently, expression of the SASP was shown to be controlled by
canonical inflammasome/IL-1 signalling which activates a diverse cytokine
cascade that can induce senescence and growth arrest in neighbouring
normal cells (so called ‘paracrine senescence’) (Acosta et al., 2013). This
function was also observed in vivo further suggesting a tumour suppressor
function for the SASP. Immune surveillance of malignant tissues has long
been known to limit tumour progression. Using conditional RNA interference
approaches, reactivation of the senescence program via derepression of p53
activity induced a robust growth arrest and expression of the SASP in vitro
(Xue et al., 2007). In vivo however the SASP induced the activation of a
robust innate immune response that targeted senescent tumour cells
resulting in tumour regression (Xue et al., 2007). This was the first study to
highlight a potential tumour suppressor link between senescence and the
immune system. Further delineation of this process revealed that
senescence induced by oncogene activation leads to expression of pro-
inflammatory SASP factors, which orchestrate an adaptive immune response
termed ‘senescence surveillance’ (Kang et al., 2011). Forced expression of
oncogenic Nras (Nras®’?V) in otherwise normal murine hepatocytes induces
OIS and the secretion of a wide ranging pro-inflammatory SASP. These cells

are then subject to immune mediated clearance, a process dependent on
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CD4* T-cells which regulate the recruitment of monocytes/macrophages that
clear senescent hepatocytes (Kang et al., 2011). Importantly, impairment of
senescence surveillance results in the development of invasive
hepatocellular carcinomas (HCCs) further highlighting the important tumour
suppressor function of SASP-immune cell communication. Key to these
studies was the fact that the models involved were non-transformed cell lines
or tissues, further suggesting that the tumour promoting functions of the
SASP require disassembly of senescence-associated tumour suppressor
pathways. Further studies highlighting that the SASP can promote an anti-
tumour immune environment were performed by Lujambio et al (Lujambio et
al., 2013), whereby it was shown that p53 expressing senescent hepatic
stellate cells release SASP factors that polarise macrophages towards an
inflammatory anti-tumour phenotype, whereas p53 deficient stellate cells
release factors that promote the polarisation of macrophages into a tumour
promoting phenotype capable of enhancing the proliferation of premalignant
hepatocytes (Lujambio et al., 2013). Impairment of the SASP in pancreatic
ductal adenocarcinoma (PDAC) lesions via inactivation of RelA accelerates
PDAC lesion formation, and this was found to be mediated by loss of OIS
promoting CXCL1-CXCR2 signalling (Lesina et al., 2016). Following genetic
inactivation of OIS in these lesions via Trp53 loss, RelA then functioned to
promote tumour growth (Lesina et al., 2016), further highlighting that the
SASP is capable of promoting tumour growth but only in the context of
impaired senescence mechanisms. Lastly, the anti-tumour effects of the

SASP are not restrained to solid tumours. A robust DDR followed by the
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expression of pro-inflammatory regulators enhance senescence and prevent
leukaemic transformation in MLL-ENL induced myeloid leukaemia models
(Takacova et al., 2012). Thus, the SASP has wide ranging anti-tumour
properties and functions as a key non-cell autonomous tumour suppressor

mechanism.

1.4 Innate immune signalling and senescence

1.4.1 Innate immune sensors

The innate immune system is a major contributor to inflammation
induced by tissue damage or infection (Akira et al., 2006). Innate pattern
recognition receptors (PRRs) are present not just on innate immune cells but
are widely expressed on epithelial cells, endothelial cells and fibroblasts alike
(Kawasaki and Kawai, 2014; Takeuchi and Akira, 2010). PRRs function to
sense the presence of microorganisms via the recognition of so-called
pathogen-associated molecular patterns (PAMPs) and sense the presence of
tissue damage via the recognition of damage-associated molecular patterns
(DAMPs) (Takeuchi and Akira, 2010). Four classical PRR families have been
described including transmembrane Toll-like receptors (TLRs) and C-type
lectin receptors (CLRs), and cytoplasmic Retinoic acid-inducible gene (RIG)-
I-like receptors (RLRs) and NOD-like receptors (NLRs). cGAS-STING DNA
sensing, inflammasome activation and TLRs are key innate immune sensing
pathways with recognised roles in senescence and cancer so will also be

discussed in this section.
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1.4.1.1 cGAS-STING

cGAS is a cytoplasmic PRR that functions to recognise double-
stranded DNA (dsDNA) (Sun et al., 2013). Upon binding with dsDNA, cGAS
synthesises the second messenger 2’3’cyclic GMP-AMP (cGAMP) which
engages STING (synthase linked to stimulator of interferon genes) (Ablasser
et al., 2013) and subsequently leads to the expression of type 1 interferons
(Sun et al., 2013). Exogenous sources of dsDNA (for example from
microorganisms) can therefore provoke necessary inflammatory responses
to help control microbial infections (Ishikawa and Barber, 2008). However,
endogenous sources of dsDNA can also contribute to cGAS-STING
activation. For example, altered DNA metabolism due to genetic defects
(Crow and Manel, 2015; Gao et al., 2015; Gray et al., 2015) and stress
induced mitochondrial outer membrane polarisation (MOMP) can provide
endogenous sources of nucleic acids which activate cGAS-STING signalling.
Stress induced MOMP can occur in a minority of mitochondria (so called
‘minority MOMP’) (Ichim et al., 2015) which is insufficient to trigger apoptosis
but can result in genomic instability, caspase-activated DNase (CAD)
dependent DNA damage and mitochondrial DNA release (Riley et al., 2018),
which can in turn activate cGAS-STING signalling (Bock and Tait, 2020;
West et al., 2015). Lastly, cytoplasmic DNA (so called cytoplasmic chromatin
fragments — CCF) released during senescence can also activate cGAS-

STING signalling (See chapter 1.4.2) (Dou et al., 2017; Gluck et al., 2017).
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1.4.1.2 Inflammasome activation

Inflammasomes are multimeric signalling complexes that function to
regulate pro-IL1p/pro-IL18 cleavage by activated Caspase-1 (Figure 1.3)
(Howard et al., 1991; Martinon et al., 2002). Activation of inflammasomes is a
key function of the innate immune response to pathogens and tissue damage
and this process involves several PRRs which have roles as components of
the inflammasome (including NLRs) and primers of inflammasome activation
(TLRs) (Guo et al., 2015). The typical priming event prior to canonical
inflammasome activation is LPS binding to TLR4 with subsequent NF-xB
signalling activation and upregulation of inflammasome scaffolding proteins
and pro-IL1B. Once primed, inflammasome activation occurs in response to
direct binding/sensing of stimuli by inflammasome components (for example
NLRs or AIM2) which subsequently coalesce with other inflammasome
components such as apoptosis-associated speck like protein containing a
CARD (ASC) to recruit and activate pro-Caspase 1 through CARD-CARD
interactions (Martinon et al., 2002; Srinivasula et al., 2002) and subsequent
autoproteolytic cleavage (Yang et al., 1998). The resulting cleavage of pro-
IL-1B/pro-IL-18 by active Caspase-1 then results in activation of IL-13/IL-18

signalling which mediate the downstream effects of inflammasome activation.
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Figure 1.3: Inflammasome priming and activation. Schematic showing the
main mechanisms mediating inflammasome priming and activation.
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1.4.1.3 Toll-like receptors

TLRs are perhaps the most well-characterised PRR family and 10
different TLRs have been described in humans. The localisation of different
TLRs is tailored to the type of ligand they recognise. For example, cell
membrane TLRs (1, 2, 4, 5, 6 and 10) bind lipids and proteins, whereas
cytoplasmic/endosomal TLRs (3, 7, 8 and 9) bind nucleic acids (Rakoff-
Nahoum and Medzhitov, 2009). More specifically, lipopolysaccharide (a
major component of the gram-negative bacterial cell wall) is the main ligand
for TLR4, whereas endolysosomal TLR3 senses the presence of viral dsRNA
(Takeuchi and Akira, 2010). The common TLR structure contains three main

parts: 1. N-terminal leucine rich repeats (LRRs), 2. A transmembrane region
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and 3. A cytoplasmic Toll-IL-1R homology (TIR) domain (Jezierska et al.,

2011) (see Figure 1.3).

Figure 1.4: Toll-like receptor structure. Schematic representation of the common

structure of Toll-like receptors.
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Signalling downstream of TLR activation is complex. While several
common features exist, receptor activation and downstream signalling does
differ between TLR subtypes (Akira et al., 2006). For the purpose of this
section TLRZ2 signalling will be described in detail (see Figure 1.4). TLR2
senses various microorganismal lipoproteins including those from bacteria
(for example lipoteichoic acid, peptidoglycan and lipopeptides), mycoplasma
(diacyl lipoproteins), fungi (glucuronoxylomannan and phospholipomannan)
and viruses (glycoprotein B and hepatitis B/C proteins) (Oliveira-Nascimento
et al., 2012; Takeuchi and Akira, 2010). Upon ligand binding to TLR2 it forms
a heterodimer with either TLR1 or TLRG, or the less well studied TLR10

(Oliveira-Nascimento et al., 2012). TLR1/2 complexes recognise triacyl
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lipoproteins whereas TLR6/TLR2 complexes recognise diacyl lipoproteins
(Oliveira-Nascimento et al., 2012; Takeuchi and Akira, 2010). Subsequent
signalling is mostly mediated via the common adaptor molecule MyD88
which is recruited to the TLR complex. The binding of MyD88 promotes the
binding of IL-1 receptor-associated kinase (IRAK) 4 and 1 with TNF-a
associated factor 6 (TRAFG6). The IRAK-TRAF6 complex dissociates from the
TLR and interacts with a complex formed by TGF-p-activated kinase (TAK1),
TAK1-binding protein-1 (TAB1) and TAB2. Cytoplasmic TAK1 activation
leads to the activation of |kB kinase kinases (IKKs) that phosphorylate IxB
leading to their degradation. The degradation of IkB releases NF-«B, which
then translocates to the nucleus where it induces the transcription of several
inflammatory cytokine/chemokines (Jezierska et al., 2011). Similarly, TAK1
also activates MAPK cascades leading to the activation of AP-1 which

contributes to further cytokine expression (Takeuchi and Akira, 2010).
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Figure 1.5: Toll-like receptor 2 (TLR2) signalling. TLR2 signalling is dependent
on the adaptor protein MyD88 and converges on activation of the transcription

factors NF-xB and MAPK.
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1.4.2 Innate immune sensors in senescence

The primary evolutionary role of innate immune sensors is as our first
line of defence against microbial infections. However, cellular stress of any
source also leads to their activation and therefore serendipitously innate

immune sensors appear to play a key role in the senescence response.
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1.4.2.1 cGAS-STING and senescence

During senescence chromatin is release into the cytoplasm due to
aberrant DNA replication (Dou et al., 2015; Ivanov et al., 2013) and
downregulation of DNase2 and the exonuclease TREX1 during senescence
leads to further cytoplasmic accumulation of nuclear DNA (Takahashi et al.,
2018). These cytoplasmic chromatin fragments (CCFs) and DNA are sensed
by cGAS via topoisomerase 1-DNA covalent cleavage complex (TOP1cc)
(Zhao et al., 2020), subsequently activating cGAS-STING signalling that in
turn regulates expression of the SASP (Dou et al., 2017; Gluck et al., 2017,
Takahashi et al., 2018). Furthermore, cGAS regulates senescence itself, as
irradiation induced expression of Cdkn2a was markedly impaired in cGAS
and STING deficient mice and exogenously expressed oncogenic Nras
(Nras®’?V) induced expression of SA-B-gal to a lesser extent in cGAS null
mice (Gluck et al., 2017). cGAS (Gluck et al., 2017) and STING deficient
mice (Dou et al., 2017) have impaired immune surveillance of Nras®72"
expressing senescent hepatocytes, resulting in the formation of invasive
hepatocellular carcinomas (Dou et al., 2017). Thus, cGAS-STING signalling
is an integral regulator of OIS and the SASP in the context of DNA damage
and genomic instability and therefore constitutes a potent tumour suppressor
mechanism. However, these studies examining immune surveillance used
global KO cGAS/STING mice, therefore cGAS/STING loss in immune cell
populations cannot be excluded as a contributing factor to the observed
phenotype. cGAS-STING DNA sensing has also been shown to be integral in

other forms of senescence. The activation of retrotransposable elements
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(RTEs) with aging and replicative senescence induces the expression of
senescence and interferon-1 (IFN-1) signalling, a response that is dependent
on cGAS-STING mediated sensing of LINE-1 cDNA (the only human RTE
capable of autonomous retrotransposition) (De Cecco et al., 2019). Other
intracellular DNA sensors may also contribute to the senescence response.
Knockdown of the DNA sensor gamma-interferon-inducible protein 16 (IFI16)
(Unterholzner et al., 2010) also delays the onset of cellular senescence in

human diploid fibroblasts (Duan et al., 2011).

1.4.2.2 Inflammasome signalling and senescence

It has been shown that inflammasome mediated IL-1 signalling
controls the SASP, whereby IL-10/IL-18 signalling via IL-1 receptor (IL-1R)
triggers additional amplifying feedback loops involving other pro-inflammatory
SASP components (Acosta et al., 2013). IL-1p signalling via the canonical
inflammasome has also recently been implicated in mediating the radiation
induced anti-tumour immune response (Han et al., 2021). These data further
supported the theory that PRRs are involved in OIS and the SASP and anti-
tumour responses more generally. However, the mechanisms regulating
inflammasome priming in OIS were as yet unclear. Subsequently, the Acosta
lab characterised a precise role for immune sensing via TLR2 in the
regulation of oncogene-induced senescence (OIS) and expression of the
SASP (Hari et al., 2019), suggesting that TLRZ2 is involved in inflammasome

priming in the context of OIS (see section 1.4.2.3).
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1.4.2.3 Toll-like receptors and senescence

The first report of TLR2 being involved in senescence in the context of
cancer came from Lin et al (Lin et al., 2013) who observed that genetic
deletion of TIr2 increases sensitivity of mice to tumour formation in
diethylnitrosamine (DEN) induced hepatocellular carcinoma models. This
was associated with impaired p21 and p16 dependent senescence and
impaired pro-inflammatory signalling pathway activation (including NF-
kB/MAPK signalling and reduced TNF-a., IFN-y, IL-1a, IL-1p, IL-6 and Cxcl-2
expression). TIr2 null liver tumours also had significantly reduced infiltration
of F4/80" macrophages (Lin et al., 2013), however it was not determined
whether this represented impaired recruitment of circulating monocytes or
tissues resident macrophage populations.

The Acosta lab subsequently confirmed TLR2 as a key regulator of
senescence. Using human diploid fibroblasts retrovirally transduced with an
inducible oncogenic RAS transgene (ER:RAS IMR-90 cells, see chapter
1.5.1), it was observed that TLR2 expression increased following oncogene
activation, and this was necessary for the senescence associated growth
arrest and expression of the SASP. Furthermore, acute-phase serum
amyloid A 1 and 2 (A-SAA1/2) proteins were identified as key senescence-
associated DAMPs that are sensed by TLR2 after oncogenic stress and
regulate the SASP via TLR2 (Hari et al., 2019). This process was
downstream of cGAS-STING signalling, as knockdown of cGAS or STING
strongly impaired transcriptional activation of TLR2 and SAA during OIS, and

activation of cGAS-STING signalling induced TLR2 and SAA expression
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(Hari et al., 2019). TLR2 has also been shown to regulate senescence in
other contexts including replicative senescence and therapy-induced
senescence (Hari et al., 2019) and has recently been shown to regulate
senescence and SASP expression in degenerating human intervertebral disc
cells from chronic back pain patients (Mannarino et al., 2021). Furthermore,
TIr2 has been shown to regulate tubular epithelial cell senescence in Glis2
knockout mouse models of nephronophthisis (Jin et al., 2020) and in renal
injury models (Jin et al., 2019b). Therefore, several studies have identified
TLR2 as a regulator of senescence, both in malignant and non-malignant
contexts.

Other TLR’s have also been linked to senescence. The chromatin
binding factor high mobility group box 1 (HMGB1) is predominantly a nuclear
protein, however senescent cells actively transport nuclear HMGB1 and
release it into the extracellular space where it can stimulate IL-6 expression
via TLR4 (Davalos et al., 2013), suggesting TLR4 stimulation is also required
for optimal SASP expression. Furthermore, repeated lipopolysaccharide
(LPS) stimulation of TLR4 can induce activation of p53-p21 signalling and
enhance SA-B-gal expression in dental pulp stem cells (DPSCs) (Feng et al.,
2018). RIG-1 regulates the expression of IL-6 and IL-8 in senescent human
umbilical vein endothelial cells (HUVECSs), signalling via the ataxia
telangiectasia mutated — interferon regulatory factor 1 (ATM-IRF1) pathway
(Liu et al., 2011), suggesting a regulatory role for RLRs in expression of the

SASP.
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1.4.3 Toll-like receptors in cancer

High pan TLR expression is associated with improved overall survival in
human lung cancer (Bauer et al., 2017) and TIr4 deficiency promotes lung
tumour development in mouse models of lung adenocarcinoma (Bauer et al.,
2005). Furthermore, several TLR agonist have been shown to have
protective effects in various malignant contexts in both mice and humans
(Ghochikyan et al., 2014; Smith et al., 2014; Wang et al., 2015; Wang et al.,
2010; Weihrauch et al., 2015; Zhang et al., 2011b). Attenuated Bacillus
Calmette-Guerin (BCG), first developed as a tuberculosis vaccine, is a
TLR2/TLR4 ligand that is approved for the treatment of bladder cancer
(Morales et al., 1976) and the TLR7 agonist Imiquimod is an approved
therapy for skin basal cell carcinomas (Bubna, 2015). The mechanisms of
action are not fully understood but involve both cell intrinsic effects (for
example due to infection by BCG (Fuge et al., 2015), or induction of
apoptosis by imiquimod (Bubna, 2015)) and by boosting the anti-tumour
immune response (Bubna, 2015; Fuge et al., 2015). However, several TLRs
have also been associated with worse outcomes in cancer (Urban-Wojciuk et
al., 2019). Altered localisation and over activation of cell membrane TLRs
(including 2, 4 and 5) leads to chronic inflammation and tumour progression
in oesophageal and oral malignancies (Jouhi et al., 2014). Therefore, the
precise function of TLRs is wide ranging and dependent of both TLR and
tumour subtype. More specifically, TIr2 activity has been shown to mediate
tumour regression in mouse models of cancer. TIr2 signalling is integral to an

effective anti-tumour immune response in mouse models of glioblastoma
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multiforme (GBM) (Curtin et al., 2009). High-mobility-group box 1 (HMGB1)
released from necrotic tumour cells acts as a TIr2 ligand in GBM infiltrated
bone marrow derived dendritic cells, thus activating a robust anti-tumour
response. A synthetic bacterial lipoprotein and TLR1/TLR2 agonist was also
shown to induce tumour regression in subcutaneous tumour implantation
models using lung, melanoma and leukaemia cancer cell lines, an effect
shown to be mediated via reduced activity of regulatory T-cells and
enhanced activity of cytotoxic T-cells (Zhang et al., 2011b). TLR ligands
(including those of TLRZ2) used in conjunction with interferons have been
shown to induce M1 polarization of macrophages boosting their anti-tumour
response in vitro (Muller et al., 2017; Muller et al., 2018). Besides activation
of anti-tumour immune responses, cell autonomous functions also appear to
be important. TIr2 null mice develop significantly more and larger colorectal
tumours in colitis induced colorectal cancer with an associated dysregulated
epithelial immmune response (Lowe et al., 2010). These tumours develop
earlier and grow larger, suggesting that both initial barriers to malignant
transformation and growth restriction mechanisms are impaired.
Dysregulated OIS may well explain this effect. While multiple TLRs have
been shown to have a role in lung cancer, no such defined role has yet been

described for TLR2 (Yang et al., 2014).
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1.5 Models of senescence

1.5.1 In vitro models of senescence

Serial passaging of non-transformed cells was the model system first
used to discover and describe senescence (Hayflick and Moorhead, 1961),
and this approach is used to this day to study replicative senescence in a
variety of non-transformed cell types. In vitro systems provide easy means to
study tumour suppressor activation via traditional cellular biology techniques.
Furthermore, study of conditioned media allows the analysis of secreted
factors following the induction of senescence. Culture of cell lines can be
used to study other forms of senescence including senescence induced by
DNA damaging agents (such as etoposide), radiation or oxidative stress.
Furthermore, non-genotoxic inducers such as CDK4/6 inhibitors (Palbociclib)
or MDM2 inhibitors (Nutlin3a) can also be easily applied to induce
senescence in this setting. Viral transduction of oncogenic KRAS in human
fibroblasts was the first model used to describe and study OIS (O'Brien et al.,
1986). Subsequent models involving retroviral transduction of an activated
HRAS allele (HRAS®Y"?) into primary human diploid fibroblasts (IMR90) and
murine and rat cell lines were developed to further characterise OIS and the
SASP (Coppe et al., 2008b; Serrano et al., 1997). An in vitro model allowing
conditional activation of HRAS®"2" in IMR9O0 fibroblasts was subsequently
developed allowing further refinement of RAS induced senescence models
(Innes and Gil, 2019). This was achieved by retrovirally infecting IMR90
fibroblasts with a tamoxifen inducible oncogenic HRAS®"?V construct

(ER:RAS), therefore allowing temporal control of oncogene activation in

Chapter 1: Introduction 78



otherwise non-transformed normal cells. These cells recapitulate several
classical aspects of senescence including a robust growth arrest mediated by
INK4/ARF and p53-p21 pathways, and secretion of a pro-inflammatory SASP
(Innes and Gil, 2019). Similar to the models first described by Seranno and
colleagues (Serrano et al., 1997), ER:RAS IMR90 fibroblasts have also used
to characterise the SASP and other features of OIS (Acosta et al., 2013;
Acosta et al., 2008; Barradas et al., 2009). As discussed in chapter 1.3.1
senescent fibroblasts (induced by a variety of methods described above)
have been used to study the effect of the SASP in tumour development, both
in vitro and in vivo (Bavik et al., 2006; Coppe et al., 2008a; Coppe et al.,
2006; Krtolica et al., 2001; Lawrenson et al., 2010; Parrinello et al., 2005).
While this approach offers significant mechanistic insight into the function of
pro-inflammatory signalling in tumour progression, it offers little physiological
relevance for the function of the SASP at the inception of malignant
transformation.

Historically, fibroblast cell models have mostly been used to study
senescence in vitro (Hayflick and Moorhead, 1961; Serrano et al., 1997),
however epithelial cell lines have also been used to study the role of
senescence in different disease contexts including chronic kidney disease
(Small et al., 2012) and pulmonary fibrosis (Minagawa et al., 2011) and
epithelial cancer cell lines are frequently used to study therapy induced

senescence (Ewald et al., 2010).
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1.5.2 In vivo models of senescence

Senescence prone mice (so called senescence-accelerated mouse-
prone — SAMP models) are often used to study senescence and aging
phenotypes in vivo (Beck et al., 2020). SAMP mice develop several age-
associated pathologies including neurological deficits with pathological
hallmarks akin to Alzheimer’s disease (Morley et al., 2012) (such as
astrogliosis, neurodegeneration (Karasawa et al., 1997) and
hyperphosphorylation of tau (Canudas et al., 2005)), osteoporosis (Silva et
al., 2002), retinal degeneration (Feng et al., 2016) and myocardial fibrosis
(Karuppagounder et al., 2017) amongst others. These models are used to
study organismal senescence/aging rather than cellular senescence itself.
While organismal aging is associated with increased cellular senescence in
several cell types, the two processes are not mutually inclusive (Beck et al.,
2020).

As discussed in detail in chapter 1.2.2 several cancer mouse models
exhibit senescence in pre-malignant tumours, permitting the study of OIS in
vivo. For example, prostate specific ablation of the tumour suppressor Pten
results in pre-malignant prostatic lesions that have been used to study
senescence in early prostate cancer (Chen et al., 2005) and oncogenic Kras
activation has been used to study senescence in lung and pancreatic
premalignancies (Collado et al., 2005). Other methods of inducing oncogene
activation exist that do not require the formation of overt tumours to induce
senescence. One such model is ectopic expression of oncogenic Nras

(Nras®’2V) via hydrodynamic delivery of Nras®’?" expressing transposable
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elements into mouse hepatocytes (Carlson et al., 2005). With intact tumour
suppressor pathways, these hepatocytes exhibit key features of senescence
and express a SASP within six days of oncogene delivery. Therefore, this
model has been used extensively to study regulators of OIS and the SASP
(Dou et al., 2017; Gluck et al., 2017; Goncalves et al., 2021; Kang et al.,
2011).

Mice lacking key mediators of senescence such as p16, p53 or p21
have also been used to study the role of senescence in vivo, both in
malignant and non-malignant settings. For example, p53 or p21 null mice
have been used to identify critical roles for these pathways in
physiological/developmental senescence and in the promotion of premature
ageing (Benson et al., 2009; Munoz-Espin et al., 2013; Varela et al., 2005;
Xu et al., 1998) and p16 knockout mice have also been used to study the
role of senescence in post-ischaemic renal fibrosis (Lee et al., 2012a).

The p16-YC mouse model developed by the Sharpless lab permitted the
longitudinal tracking of senescent cell accumulation with aging and several
forms of preneoplasia (Burd et al., 2013). This was achieved by knocking in a
firefly luciferase construct targeted to the translational start site of the
endogenous p16 locus, therefore allowing longitudinal tracking of p16
expression in vivo by bioluminescence imaging. Moreover, other models
have been developed to allow not only the tracking of senescent cells in vivo
but also to allow selective removal of senescent cells to study how this
affects disease trajectory. The p16-3MR mouse model is one such model

which has been used to characterise the role of senescent cells in wound
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healing (Demaria et al., 2014). The 3MR (trimodality reporter) fusion protein
contains functional synthetic luciferase, red fluorescent protein (RFP) and
truncated herpes simplex virus 1 thymidine kinase (HSV-TK) and is driven by
the p16 promoter. Therefore, senescent p16 expressing cells in the p16-3MR
mouse also express luciferase (allowing in vivo bioluminescence imaging of
senescence), RFP (allowing sorting senescent cells from tissues) and HSV-
TK (allowing selective killing by the administration of the HSV-TK high affinity
nucleoside analogue ganciclovir) (Demaria et al., 2014). The INK-ATTAC
transgenic mouse also permits selective removal of p16 expressing
senescent cells (Baker et al., 2011). Caspase 8 is a key mediator of the
extrinsic apoptosis pathway and the ATTAC construct (targeted apoptosis
through activation of caspase 8) expresses a membrane bound FK506-
binding protein-Caspase 8 (FKBP-Casp8) fusion protein tagged with green
fluorescent protein (GFP) (Baker et al., 2011). The administration of a
synthetic drug (AP20187) induces dimerization and subsequent activation of
membrane bound FKBP-Casp8 and therefore induces apoptosis. This
construct is also driven by the p16 promoter, allowing identification/sorting of
senescent cells via GFP expression and selective killing via administration of
AP20187 (Baker et al., 2011). This mouse model was used to show that
clearance of p16 expressing senescent cells delays the onset of several age
associated pathologies and increases median lifespan (Baker et al., 2016;
Baker et al., 2011).

Due to the wide range of contexts where senescence is important, a

wide range of models are required to study senescence in vivo. Several such
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models are available and have significantly advanced the understanding of

senescence in several non-malignant and malignant disease processes.

1.6 Lung cancer

1.6.1 Clinical background

Lung cancer is the most lethal cancer type worldwide, with a mortality
rate greater than breast, colorectal and prostate cancer combined (Siegel et
al., 2020). Non-small cell lung cancer (NSCLC) is the predominant subtype,
accounting for approximately 88% of cases, whereas the more aggressive
small cell lung cancer (SCLC) accounts for the remainder of cases
(Physicians, 2016). The differentiation between these two main subtypes is
of immense importance when considering treatment options (as discussed in
chapter 1.6.6). Lung adenocarcinoma (LUAD) and lung squamous carcinoma
(LUSC) are the most common histological subtypes of NSCLC (Molina et al.,
2008) and histological distinction between these subtypes has traditionally
been the mainstay of deciding appropriate treatment options (see table 1.3).
While distinction between LUAD and LUSC is still very important, due to
recent advances in immunotherapy and targeted therapies against
identifiable driver oncogenes (for example EGFR mutations or translocated
ALK), the molecular characterisation of lung tumours has become
increasingly important when deciding optimal treatment regimens (Camidge
et al., 2012; Gandhi et al., 2018; Mok et al., 2009; Reck et al., 2016). All

major subtypes of lung cancer are associated with cigarette smoking,
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however this causative relationship is stronger with LUSC and SCLC than
with LUAD. LUAD is therefore the most common lung cancer in never
smokers (Sun et al., 2007) which is most common in women and in East
Asia. The reason for this is unclear however is thought to be associated with
environmental exposures (second hand smoke, pollution, occupational
exposures) and due to inherited genetic factors (Alberg et al., 2013;
Hackshaw et al., 1997; Vineis et al., 2005). Early-stage NSCLC is amenable
to curative treatment with surgery with/without adjuvant therapy. As a result,
early-stage disease is associated with a favourable 5-year survival rate of
over 50% (Goldstraw et al., 2016). However, due to the asymptomatic nature
of early-stage disease, the majority of patients present with advanced-stage
disease no longer suitable for surgical resection resulting in a 5-year survival
rate of just 6% (Goldstraw et al., 2016). The recent advances outlined above
have improved outcomes in a small subset of NSCLC patients (Camidge et
al., 2012; Gandhi et al., 2018; Mok et al., 2009; Reck et al., 2016). However,
due to the low frequency of targetable mutations and the inevitable
emergence of resistance and disease relapse, overall outcomes are still very
poor. Therefore, to improve overall lung cancer survival, it is clear that we

must understand and target early-stage disease.
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Table 1.4: Pathological features of the two main subtypes of non-small cell lung

cancer: lung adenocarcinoma and lung squamous carcinoma.

Subtype Adenocarcinoma Squamous carcinoma
Cell of origin AT2 cells, club cells Airway basal cells
Pathology Acinar/tubular structure Keratinisation

Mucin production Intercellular bridges
Histological markers TTF-1 +/- Napsin A p40, CK5/6, p63
Location Peripheral>central Central>peripheral

1.6.2 Biology of non-small cell lung cancer

The most common genetic mutations in NSCLC are summarised in
table 1.4. KRAS mutations are the most frequently mutated oncogene in
LUAD (Cancer Genome Atlas Research, 2014) and are present across all
stages of disease suggesting their importance as early drivers of malignant
transformation as well as progression (Chen et al., 2019). TP53 mutations
are also common in LUAD (Cancer Genome Atlas Research, 2014) and tend
to occur in more advanced lesions (Chen et al., 2019), suggesting that
mutation in TP53 is an important step during lesion progression to invasion.
EGFR mutational frequency differs significantly depending on region and
ethnicity and is currently the most common activating oncogene in East Asia
(Gazdar, 2014). Mutations in EGFR and KRAS tend to be mutually exclusive
as they are involved in the same signalling pathway, however they can co-

exist and KRAS mutations may cause resistance to EGFR inhibitors (Pao et
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al., 2005). Tumours driven by targetable point mutations affecting genes
such as EGFR, ROS1 or ALK rearrangements tend to have lower genetic
diversity as these tend to occur in non/light smokers. On the contrary,
tumours in smokers tends to have a significantly greater mutations load and
be driven by non-targetable mutations such as those in KRAS or TP53
(Cancer Genome Atlas Research, 2014; Ding et al., 2008). Unlike in LUAD,
targetable point mutations rarely occur in LUSC (Reck and Rabe, 2017).
Similarly, KRAS mutations are rare in LUSC and LUSC lesions are
commonly driven by mutations in TP53 and CDKNZ2A (Cancer Genome Atlas
Research, 2012; Teixeira et al., 2019). In LUSC, CDKNZ2A can be inactivated
by a variety of mechanisms including epigenetic silencing, homozygous

deletion, inactivating mutations and exon skipping (Herbst et al., 2018)

Table 1.5: Main genetic mutations found in lung adenocarcinoma and lung

squamous carcinoma. Data from Herbst et al (Herbst et al., 2018).

Adenocarcinoma Squamous carcinoma
Oncogenes KRAS (32%), EGFR KRAS (3%), EGFR (<9%)
(27%)
Tumour suppressor TP53 (46%), KEAP1 TP53 (90%), CDKN2A
genes (19%), STK11 (17%), (70%)

NF1 (11%)

Lung cancer is a genetically heterogenous disease with complex

biology. Tumours are typically composed of different subpopulations of cells
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resulting in intra-tumoural heterogeneity (Herbst et al., 2018; Zhang et al.,
2014). Large subclonal fractions are what underlie the almost inevitable
relapse after the use of targeted therapies which only target the dominant
subclone (Engelman et al., 2007; Turke et al., 2010), but also account for
increased relapse after surgery (Zhang et al., 2014) suggesting that

subclonal diversity also drives early metastasis during tumour development.

1.6.3 Early-stage NSCLC pathobiology

LUSC lesions are believed to originate from large airway basal cells
(Hynds and Janes, 2017), therefore typically (but certainly not exclusively)
arise from the large airways where they were previously thought to undergo
stepwise progression from mild/moderate dysplasia to severe
dysplasia/carcinoma-in-situ prior to forming invasive cancer (Figure 1.5)

(Nicholson et al., 2001).

Figure 1.6: Lung squamous carcinogenesis. Figure demonstrating the previously
assumed linear stepwise progression of preinvasive lung squamous carcinoma

lesions to invasive malignancy.

Lung squamous carcinogenesis

Normal Squamous metaplasia Dysplasia Carcinoma in situ Invasive cancer
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The often-proximal location of preinvasive LUSC lesions makes this
process easy to study as these lesions are amenable to repeated
bronchoscopic surveillance and biopsy (Teixeira et al., 2019). While LUSC
lesion progression was initially defined as a linear, one way process (Figure
1.5), longitudinal follow up revealed that not all preinvasive LUSC lesions
progress to invasive cancer, and in fact up to one third regress back to

normal epithelium (Figure 1.6) (Jeremy George et al., 2007).

Figure 1.7: Lung squamous cell cancer progression and regression. Only 50%
of squamous carcinoma in situ lesions progress to invasive cancer, and up to 30%

regress back to normal epithelium.

Normal Carcinoma in situ Invasive cancer

The progression of preinvasive LUAD is less well studied, as these
lesions are typically found at the lung periphery owing to the peripherally
situated cells of origin (ATZ2 cells or club cells (Ferone et al., 2020)). It has
been proposed that LUAD lesions evolve from areas of atypical
adenomatous hyperplasia (AAH) which progress to adenocarcinoma-in-situ
(AIS), then to minimally invasive adenocarcinoma (MIA) then eventually

invasive LUAD (Figure 1.7) (Lee et al., 2012b).
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Figure 1.8: Lung adenocarcinoma carcinogenesis. Lung adenocarcinoma
lesions progress from adenocarcinoma in situ (AlS), to minimally invasive
adenocarcinoma (MIA) then finally invasive lung adenocarcinoma (LUAD). Key

pathological features of these lesions are outlined below.

AlS MIA LUAD

<3cm <3cm >3cm
Lacks invasion <5mm invasion >5mm invasion

These lesions are asymptomatic and typically are detected incidentally
as a solitary pulmonary nodule on computed tomography (CT) scans
(Hiramatsu et al., 2008). However, surgical resection is often not indicated in
the first instance as this appearance can represent several other benign
pathologies (such as infection or inflammation). Furthermore, the diagnostic
yield of biopsy is low in small nodules, especially in those with predominant
sub-solid components (Chen et al., 2018). Therefore, the management of
these LUAD precursor lesions is complex, mediated not least by the inability

to reliably define their existence.
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1.6.4 Non-small cell lung cancer and immune surveillance

Immune surveillance is rife in preinvasive LUSC lesions. Immune
sensing involving T-cells and myeloid cells peaks in high grade preinvasive
LUSC lesions, and activation of immunosuppressive signatures promote
invasion via immune escape mechanisms (Mascaux et al., 2019).
Furthermore, clinical regression of LUSC lesions has been shown to be, at
least in part, mediated via CD8" T-cell mediated immune surveillance
(Pennycuick et al., 2020).

Immune surveillance also occurs early in LUAD lesions prior to
invasion (Zhang et al., 2019). Human leukocyte antigen (HLA) loss of
heterozygosity (LOH) is a potential immune escape mechanism in lung
cancer (McGranahan et al., 2017) and HLA LOH (predominantly involving
chromosome 6p) is observed at increasing frequency in advanced LUAD in
comparison to precursor lesions (Chen et al., 2019), suggesting that HLA
LOH and subsequent immune evasion promotes LUAD progression. Protein
altering mutations create neoantigens, which are recognised by T-cells.
Thus, a high neoantigen burden in advanced LUAD is associated with a T-
cell rich inflamed tumour microenvironment (Herbst et al., 2018) and can
confer susceptibility to immune checkpoint inhibition (McGranahan et al.,
2016). In LUAD, macrophages make up the majority of the tumour immune
infiltrate (Conway et al., 2016). The effect these have on tumour progression
are unclear, with some studies linking high macrophage infiltration to poorer
survival (Arenberg et al., 2000; Chen et al., 2003) and some showing no

association with survival (Toomey et al., 2003). Subsequent studies
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examining the abundance of macrophages within tumour islets (as opposed
to stromal macrophages) found that increased abundance was associated
with improved survival (Dai et al., 2010; Kim et al., 2008; Welsh et al., 2005).
Thus, the tumour microenvironment of NSCLC is complex and its precise

role in lung tumourigenesis is poorly defined.

1.6.5 Early diagnosis

The early diagnosis of lung cancer offers the best chance of cure and
long term favourable clinical outcomes. Due to the difficulty in diagnosing
malignant pulmonary nodules, current British Thoracic Society guidelines
advocate CT surveillance for indeterminate pulmonary nodules (IPNs) that
lack classic features of benign disease (for example calcification or peri-
fissural location) and are too small for further evaluation with positron
emission tomography (PET) scanning +/- biopsy (<8mm diameter or
<300mm? volume) (Callister et al., 2015). This approach aims to monitor
IPNs over time, with any observed growth prompting further investigation and
surgical intervention. Pulmonary nodules are asymptomatic therefore
patients with IPNs who end up undergoing CT surveillance are classically
identified incidentally, leaving the vast majority of lung cancer patients to be
diagnosed after symptom onset when curative treatment is often no longer
available. This prompts the question: would screening at risk patients with CT
scans help improve early detection and reduce overall lung cancer mortality?
While the answer seems straightforward, it must be noted that national CT

screening would require vast resources in terms of CT scanners, radiologists
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and multi-disciplinary team follow up. Nonetheless, two large multicentre
randomised clinical trials have demonstrated a clear mortality benefit with the
use of low dose computed tomography (LDCT) screening in patients at high
risk of lung cancer (de Koning et al., 2020; National Lung Screening Trial
Research et al., 2011), prompting calls for LCDT screening to be
implemented in the UK. Off the back of this, several implementation trials are
already underway (Crosbie et al., 2019; Crosbie et al., 2020; Ruparel et al.,
2020) and LDCT screening for lung cancer is likely to become standard
practice in the UK within the next decade. This approach is not without its
drawbacks; initial trials showed LDCT screening to have a high false positive
rate, however this has since been improved with individual risk prediction
models and standardised lung nodule follow up protocols. Nonetheless, false
positives remain problematic and result in significant anxiety and potentially
dangerous investigations in healthy patients. Furthermore, risk prediction
tools used to assess an individual’s suitability for screening can
underestimate risk in certain patient demographics (Lebrett et al., 2020) and
it has been reported that only one third of new lung cancer patients would
have met eligibility criteria for LDCT screening (Wu et al., 2016). Therefore,
further measures such as biomarkers could improve screening population
selection and aid in the stratification of IPNs, greatly improving the efficacy of

LDCT lung cancer screening.
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1.6.6 Current treatment options

The most cost-effective intervention to improve lung cancer mortality
is to eradicate the use of tobacco products, and this remains a key goal in
the global fight against cancer. Policy measures that range from public health
messaging, curbs on advertisements/branding and increased taxation go
some way to prevents tobacco use. Furthermore, targeting nicotine addiction
with replacement therapy, via e-cigarettes (Shahab et al., 2017) or through
pharmacological administration of partial agonists of the nicotinic
acetylcholine receptor (Hays and Ebbert, 2008) can help reduce tobacco
use. Despite all this, the use of tobacco products is still high (and increasing
in some developing countries) therefore lung cancer remains a significant
burden on global health services. The main treatment options for SCLC and
NSCLC are summarised in table 1.5. In the case of SCLC, platinum-based
chemotherapy is the mainstay of treatment owing to the classically high
mitotic index of small cell tumours and resultant sensitivity to
chemotherapeutic agents (Murray and Turrisi, 2006; Socinski and Bogart,
2007). This can be in in conjunction with radiotherapy (Turrisi et al., 1999),
however surgery is rarely a viable option (with the exception of very early-
stage disease (Seidenfeld et al., 2006)). Relapse is common, making SCLC
an aggressive, hard to treat lung malignancy with poor clinical outcomes.
With regards to NSCLC, the mainstay of curative treatment is surgical
resection, and this can be in conjunction with adjuvant chemotherapy or
radiotherapy depending on tumour stage. The treatment of NSCLC has

evolved from empirical use of chemotherapeutic agents and radiotherapy
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towards personalised medicine, whereby treatment options are tailored to the
genetic alterations and programmed death ligand-1 (PD-L1) status of a
patient’s tumour (Herbst et al., 2018). The identification of driver oncogenes
has transformed the treatment of advanced LUAD (Camidge et al., 2012;
Mok et al., 2009). For example, activating mutations in tyrosine kinase
receptors including EGFR, ALK and ROS1 (amongst others) can be targeted
with tyrosine kinase inhibitors (TKIs) (Herbst et al., 2018). While actionable
driver mutations are rarely detected in LUSC, precluding the use of TKiIs in
this context (Reck and Rabe, 2017), immunotherapy is often used in LUSC
and LUAD dependent on tumour PD-L1 status (Herbst et al., 2018). PD-L1 is
expressed by tumour cells and functions to dampen the tumour associated
immune response by interacting with PD-L1 receptors on T-cells (lwai et al.,
2002). Blocking this interaction with antibodies (such as Pembrolizumab or
Nivolumab) helps restore T-cell mediated antitumour immunity (Garon et al.,
2015; Herbst et al., 2014; Topalian et al., 2012). These therapies are now a

mainstay of treatment for advanced NSCLC.
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Table 1.6: Table summarising treatment options of the two main subtypes of non-

small cell lung cancer.

Subtype Small cell Adenocarcinoma Squamous
carcinoma
Surgery Rarely Yes Yes
Chemotherapy Yes Yes Yes
Radiotherapy Yes Yes Yes
Targeted therapies No Yes No
Immunotherapies No Yes Yes

While surgical resection is the mainstay of early lung cancer treatment
(Howington et al., 2013), certain patients are unable to undergo invasive
surgery due to poor lung function, other medical co-morbidities or advanced
age (Powell et al., 2013). For these patients less invasive therapies are
required. Stereotactic ablative radiotherapy (SABR) has been shown to be
effective for stage 1 lung cancer patients unable to undergo curative surgery
(Ricardi et al., 2015) but this can also be met with significant side effects and
is not suitable for centrally located tumours due to radiation associated
damage to essential mediastinal structures. A potential role for local ablative
therapies has emerged including percutaneous radiofrequency ablation
(RFA), microwave ablation (MWA) and cryoablation (Hinshaw et al., 2014;
Palussiere et al., 2017; Zhao et al., 2018). These approaches, while showing
reasonable efficacy in the short term, are associated with poor long-term
outcomes (Donington et al., 2012). Furthermore, pneumothorax rates (air

leak into the pleural space due to lung rupture) are high (Li et al., 2018; Zhao
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et al., 2018) which can be serious given that these techniques are reserved
for multimorbid patents not fit for surgical intervention. Technical advances in
bronchoscopy (including electromagnetic navigational bronchoscopy (Folch
et al., 2019) and radial endobronchial ultrasound (radial EBUS) (Eberhardt et
al., 2007; Steinfort et al., 2016)) has markedly improved bronchoscopic
access to peripheral lung lesions, and up and coming technologies may even
permit access to non-airway based lesions via bronchoscopic
transparenchymal nodule access (BPTNA) bronchoscopy (Herth et al.,
2015). Furthermore, the development of novel endobronchial optical fibre-
based imaging technologies capable of differentiating between benign and
malignant pulmonary nodules would add further diagnostic accuracy
(Fernandes et al., 2021). This opens up wide possibilities in bronchoscopic
ablation of early-stage lung cancer lesions, many of which are already under

evaluation (Steinfort and Herth, 2020).

1.6.7 Modelling NSCLC in mice

The molecular characterisation of human lung cancer has identified a
wide range of mutations associated with human disease (Cancer Genome
Atlas Research, 2012, 2014). Yet the majority of our understanding of what
drives lung tumour initiation has come from the study of genetically
engineered mouse models (GEMMs) (Ferone et al., 2020). GEMMs allow for
the highly reproducible development of lung tumours owing to controlled
environmental conditions and spatial and temporal control of oncogene

activation/tumour suppressor inhibition (Kwon and Berns, 2013).
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Furthermore, GEMMs can provide reproducible phenotypic readout when
genetic mutations of interest are introduced into specific cell lineages. In the
case of human LUAD, the most frequently mutated oncogene is KRAS
(Cancer Genome Atlas Research, 2014). KRAS belongs to the RAS
superfamily of small GTPases (Wennerberg et al., 2005) and under
physiological conditions is involved in signal transduction events regulating
cell proliferation and survival including MAPK/ERK and PI3K pathways. The
activity state of KRAS is dictated by high affinity binding to either GDP
(inactive) or GTP (active). GTP binding is instigated following binding of
growth factors to upstream receptors (for example EGFR) resulting in KRAS
activation. Intrinsic enzymatic activity (resulting in terminal phosphate
cleavage and conversion to GDP) and the activity of GTPase activating
proteins (GAPs) result in inactivation of KRAS. Subsequently, inactive KRAS
can bind to guanine nucleoside exchange factor (GEF) proteins, forcing the
release of GDP, allowing subsequent binding to GTP and KRAS reactivation

(Figure 1.8).
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Figure 1.9: RAS signalling. Diagrammatic representation of the RAS signalling

pathway.
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The most frequently observed point mutations in oncogenic KRAS
involve codons 12 and 13 and result in reduced intrinsic enzymatic activity
and therefore constitutive activation of KRAS signalling (Stolze et al., 2015).
Thus, several GEMMs have been developed involving mutant Kras®'2° or
Kras®'? (amino acid substitution of glycine (G) at position 12 by an aspartic
acid (D) or valine (V) respectively) in order to model human LUAD. The
Jacks laboratory were integral in the generation of such models, with early
models involving spontaneous whole animal activation of Kras®’?" resulting
in the formation of early onset lung tumours (Johnson et al., 2001).
Subsequently the more widely used LoxP-STOP-LoxP-Kras®'?P (hereafter

Kras-St-6720/*) was developed (Jackson et al., 2001) allowing lung specific
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activation of Kras®’2P following intranasal or intratracheal delivery of Cre-

recombinase expressing viruses (Figure 1.9).

Figure 1.10: The Kras'®-¢"?P allele. The Kras-*-¢'? allele consists of a STOP

G12D

codon flanked by loxP sites upstream of the oncogenic Kras allele. Following

exposure to Cre-recombinase expressing viruses the STOP codon is removed

G12D

resulting in constitutive activation of mutant Kras”'<" signaling.

G12D G12D
Krastst-6120 W Adeno-Cre Kr aSG120—%-"
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; Transcriptional/translational
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The most commonly used virus is an adenovirus expressing Cre

under control of a constitutive CMV promoter (Ad5-CMV-Cre), however

adenoviruses expressing Cre under the control of cell type specific promoters

(for example the SPC promoter for AT2 cell and CC10 promoter for club ce

specific Kras®'?P activation) can further tailor this model and allow inferences

to be made regarding the likely cell of origin of LUAD (Ferone et al., 2020;
Jackson et al., 2001). Similar results can be obtained using Cre expressing
lentiviruses (DuPage et al., 2009) and furthermore specific lentiviral
constructs have been generated allowing the co-delivery of Cre and
CRISPR/Cas9 machinery (allowing concurrent gene editing and somatic
activation of Kras®’2P) (Sanchez-Rivera et al., 2014), and the delivery of T-
cell antigens to heighten tumour immune responses (DuPage et al., 2011).

The KrastSt-G12D gllele forms the basis of most GEMMs of LUAD and has
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been used in conjunction with several other conditional alleles. For example,
conditional mutant Trp53 alleles are frequently used, either as homozygous
‘floxed’ alleles (Trp53"" - LoxP sites flanking part of the coding sequence of
the Trp53 gene resulting in genetic inactivation of Trp53 signalling after
exposure to Cre recombinase) or heterozygous LoxP-STOP-LoxP-Trp53
point mutations that are found in inherited human diseases with high
predisposition to tumour development (Trp537270%* and Trp53R172H+) (Olive
et al., 2004). When the Trp53"" allele is used in conjunction with the Kras-St-
G12D gllele (Kras-St-612D%+: Trp53"M) this is often referred to as the ‘KP’ mouse

(see Figure 1.10).

Figure 1.11: The ‘KP’ mouse model. Kras-S--¢"?*:Trp53"" mice not only harbour

LSL-G12D

the Kras allele but also loxP sites flanking the Trp53 allele. Following

exposure to Cre-recombinase the STOP codon is removed resulting in constitutive

activation of mutant Kras®'??

G12D G12D
s> LMy pionoce o Ly

Trp 5 3f/ox/flox I Trp 5 3A/A . ' .
} LoxP site 6 Transcriptional/translational

Stop element

signaling and loss of Trpb3.

Interestingly, GEMMs with Trp53 point mutations give rise to more
advanced LUAD than those with Trp53"" suggesting that these ‘humanised’
mutations have a greater impact on LUAD progression (Lang et al., 2004;

Olive et al., 2004). Viral delivery of Cre-recombinase is not the sole method
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of genetic activation (or inactivation) used in lung cancer GEMMs.
Transgenic Cre-recombinase expression controlled by oestrogen receptor
(ER) tagged tissue specific promoters (for example SPCC™ER) allow tissue
specific genetic recombination following the addition of Tamoxifen (Lin et al.,
2012). Furthermore, the tet-on/off system whereby alleles harbour
tetracycline regulatory elements (TRE) that can either switch downstream
gene expression on or off following stimulation with tetracycline derivatives
(such as doxycycline) (Das et al., 2016), are also widely used. Similar
GEMNMs to those discussed above have been developed either separately or
in conjunction with oncogenic Kras to study other genetic drivers of lung
cancer, including Pten (lwanaga et al., 2008; Yanagi et al., 2007), EGFR (Ji
et al., 2006; Politi et al., 2006), Braf (Ji et al., 2007), Rac1 (Kissil et al., 2007),
PI3K (Engelman et al., 2008) and Lkb1 (Nagaraj et al., 2017).

KRAS mutations are essentially absent in LUSC (Cancer Genome Atlas
Research, 2012) therefore the above GEMMSs are not suitable for modelling
human LUSC. Overall GEMMs recapitulating human LUSC are less well
developed than their LUAD counterparts. Nonetheless, GEMMs targeting
LUSC associated driver mutations such as lkka (Xiao et al., 2013), Sox2
(Ferone et al., 2016) and Nkx2 (Camolotto et al., 2018) have been
developed. Furthermore, LUSC formation can also be induced by topical
application of chemical carcinogens such as intratracheal delivery of methyl
carbamate (Nettesheim and Hammons, 1971) or cutaneous application of N-
nitroso-methyl-bis-chloroethylurea or N-nitroso-methyl-tris-chloroethylurea

(Rehm and Kelloff, 1991; Wang et al., 2004).
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1.7 Thesis aims

OIS has been shown to be a key tumour suppressor mechanism in vivo
including in models of early-stage lung cancer. The precise mechanisms
regulating OIS and the SASP are not fully understood. However emerging
evidence points to innate immune sensors, in particular TLR2, as regulators
of this process. This thesis aims to build on existing in vitro evidence around
the role of TLR2 as a regulator of this process and pursue the following three

aims:

1. To investigate the role of TIr2 in the regulation of OIS and the SASP in
Vivo.

2. To determine whether TLR2 signalling is active in human NSCLC and
whether it has a tumour suppressor function in this context.

3. To investigate the mechanism of TIr2 mediated tumour suppression in

NSCLC using genetically engineered mouse models.
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2 : Materials and Methods

2.1 In vitro experiments

211 Cell culture

Mouse embryonic fibroblasts (MEFs) and 293T cell lines were
acquired from colleagues at the Institute of Genetics and Cancer (University
of Edinburgh). 293T cells were cultured in Dulbecco’s Modified Eagle’s
Medium — High glucose (DMEM; Sigma D5796) supplemented with 10% fetal
calf serum and 1% antibiotic-antimycotic solution (Thermo Fisher,
15240062). MEFs were cultured in Dulbecco’s Modified Eagle’s Medium —
High glucose/high pyruvate (Sigma 200092) supplemented with 10% fetal
calf serum, 1% antibiotic-antimycotic solution (Thermo Fisher, 15240062)
and 1% L-glutamine (Sigma, G7513). All cell lines were incubated in a 37°C
tissue culture incubator at 5% CO>. Regular incubator decontamination was
performed, and regular mycoplasma testing was performed on all cell lines.
For passaging, cells were washed twice with phosphate buffered saline
(PBS) and detached using 1ml of 0.05% trypsin (Thermo Fisher 25300-054).
To allow full detachment, cells in trypsin solution were placed back into an
incubator for up to 5 minutes, followed by neutralisation of trypsin with 9mls
of serum containing media. A homogenous cell solution was obtained by
repeated aspiration with a stripette prior to pelleting using a centrifuge at
1000rpm for 5 minutes. The cell pellet was resuspended in fresh media and

cells were plated at a ratio between 1:4 to 1:8 of the original density. Cells
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were frozen in 1ml of cell freezing media (normal cell culture media
supplemented with 10% DMSO) in cryotubes on dry ice prior to storage at -
80°C or long-term storage in liquid nitrogen. Cells were thawed rapidly at
37°C prior to resuspension into 9ml of normal cell culture media and
centrifugation at 1000rpm for 5 minutes. Media/DMSO was discarded using
an aspirator pipette and the cell pellet was resuspended and incubated as

described above.

2.1.2 Western blotting

Cells were split and pelleted as described above and were
resuspended in 1ml of cold PBS in a microcentrifuge tube prior to
centrifuging at 10,000rpm for 5 minutes. PBS was aspirated and washed cell
pellets were resuspended in between 50-200ul of a 1 x cell lysis buffer
(20mM Tris-HCI (pH 7.5), 150mM NaCl, 1TmM Na:EDTA, 1mM EGTA, 1%
triton, 2.5mM sodium pyrophosphate, 1mM B-glycerophosphate, 1mM
NaszVOs4, 1ug/ml leupeptin) (Cell signalling, 9803S) supplemented with
cOmplete™ EDTA-free protease inhibitor cocktail solution (1 tablet per 10ml
of cell extract, Roche, 04693159001). Samples were placed on ice for 10
minutes then centrifuged at 14,000rpm for 10 minutes at 4°C. The
supernatant was aspirated and placed in a new microcentrifuge tube on ice.
Protein quantification was performed using a Bradford assay. Stock Bradford
reagent (Biorad, 500-0006) was diluted at a ratio of 1:5 in dH2O to achieve an
appropriate working concentration. Protein lysates were diluted 1:10 in cell

lysis buffer. 2ul of bovine serum albumin (BSA) protein standards (Thermo
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Fisher, 23208) and 2ul of diluted protein lysates were added to a 96-well
plate in triplicate, prior to the addition of 198ul of working concentration
Bradford reagent using a multichannel manual pipette. Absorbance at 595nm
was measured using a multimode plate reader (TECAN Spark® 20M).
Standard curve calculation was performed using linear regression and the
resulting regression formula was used to calculate the sample protein
concentration. The volume of sample with the required protein quantity (10-
20ug) was calculated and mixed with equal volume of 2X Laemmli loading
buffer (Alfa Aesar, J61042) and cell lysis buffer to make a final volume of 15-
30ul (depending on gel size). The SDS-PAGE (sodium dodecyl sulphate-
polyacrylamide gel electrophoresis) method was used to perform Western
blotting experiments. Precast polyacrylamide Tris-Glycine gels were selected
based on appropriate gel polyacrylamide percentages to achieve optimal
separation of the target protein (based on target protein size). When there
were multiple proteins were of interest, polyacrylamide percentage gradient
gels were selected to achieve optimal separation of multiple proteins. Gels
were opened, combs removed, wells carefully washed in dH20 and secured
in place in a gel tank. The central chamber was filled with 1X SDS running
buffer (NUPAGE™ MES SDS running buffer: 1M MES, 1M Tris base,
69.3mM SDS, 20.5mM EDTA, pH 7.3) to ensure there was no leak
surrounding the gel. Samples were loaded carefully alongside 5ul of a colour
pre-stained broad range protein standard ladder (NEB, P7719). Samples
were then subjected to electrophoresis at 100-150V for 1-2 hours, until the

loading dye reached the bottom of the gel and the protein ladder was fully
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expanded. Following this, the gel was removed from the tank and the plastic
cassette and placed in a tray with SDS running buffer. Semi-dry protein
transfer was performed using the iBlot system (Invitrogen) to transfer gels
onto a nitrocellulose membrane. The bottom anode component of the
transfer stack (Invitrogen, IB301002) was placed in the iBlot and the gel was
placed onto the nitrocellulose membrane. Transfer paper soaked in dH2-0
was placed on top of the gel followed by the top cathode component of the
transfer stack. A blotting roller was used to remove bubbles and the sponge
was placed in the lid of the iBlot. The iBlot was closed and Program P3 (20V
for 7 minutes) was used to transfer all proteins. When the transfer was
complete the stack was disassembled, and the membrane was cut to an
appropriate size. Blocking was performed in TBS + 5% non-fat milk for 1 hour
at room temperature prior to incubation in primary antibodies diluted in
blocking buffer overnight at 4°C on a rocker (see table 2.1 for primary
antibody details). After three 10-minute washes with TBS + 0.1% tween the
membranes were incubated with appropriate HRP-conjugated secondary
antibodies (see table 2.1 for secondary antibody details) in blocking buffer for
1 hour at room temperature. Membranes were then washed a further three
times for 10 minutes each prior to the addition of Enhanced
Chemiluminescence (ECL) solution. Equal volume of ECL solution A + B
were mixed and added to membrane that was placed within a plastic sleeve
in an exposure cassette. They were incubated for 5 minutes prior to timed

exposure with X-ray film and developed using an X-ray film processor.
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Table 2.1: Antibodies used in western blotting

REAGENT or RESOURCE SOURCE IDENTIFIER DILUTION
Mouse anti-TLR2 Abcam Ab108998 1:500
Anti-mouse HRP Sigma A2554 1:10,000
Anti-B-actin-HRP Sigma A3854 1:80,000

2.1.3 RNA extraction from cell pellets

RNA extraction from cell pellets was performed using the RNeasy plus
mini kit according to manufacturer’s instructions (Qiagen, 74134). Cell pellets
were prepared as detailed above. 600ul of guanidine isothiocycanate
containing lysis buffer (RLT buffer) was added to cell pellets and
resuspended using a pipette. The contents were then added to a biopolymer-
shredding spin-column (QlAshredder column, Qiagen, 79654) and
centrifuged at 13,000rpm for 2 minutes to homogenise the tissue.
Homogenised tissue was then placed into a gDNA eliminator spin column to
remove DNA contaminants and centrifuged at 10,000rpm for 30 seconds.
600ul of 70% ethanol was added to the flowthrough and mixed with a pipette.
Sample/ethanol mix was transferred into an RNeasy spin column and
centrifuged for 10,000rpm for 15 seconds. The flowthrough was then
discarded. 700ul of a guanidine salt/ethanol containing wash buffer (RW1
buffer) was added and centrifuged at 10,000rpm for 15 seconds to remove
non-RNA biomolecules (for example carbohydrates, proteins and fatty acids).

The flowthrough was again discarded. The sample was then washed with
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500ul of a mild washing buffer (RPE buffer), centrifuged at 10,000rpm for 15
seconds to remove trace salts left from buffers used in previous steps. The
flowthrough was again discarded. This last step was repeated then the
RNeasy spin column was centrifuged for 1 minute to dry the column
membrane. RNA elution was performed by the addition of 30-50ul RNAse
free H20 directly onto the column membrane and placing the column in a
fresh microcentrifuge tube to collect the eluate. The column/tube was then
centrifuged at 10,000rpm for 1 minute. Sample quantification was then
performed using a nanodrop 2000C, using RNase free water as the blank

standard.

2.1.4 Reverse transcription quantitative real-time polymerase chain

reaction (RT-qPCR)

cDNA was produced by reverse transcription of isolated RNA. 1ug of
RNA was diluted to equal volumes in RNAse free water and mixed with 8ul of
a reverse transcriptase (RT) containing mastermix (qScript cDNA SuperMix
(Quantabio, 95048) containing qScript reverse transcriptase, reaction buffer
with molecular grade MgCl., deoxyribonucleotide triphosphates (ANTPs),
recombinant ribonuclease inhibitor protein, oligo(dT) primers and enzyme
stabilizers). No RT controls consisted of RNA and RNAse free water only.
These samples were briefly centrifuged and underwent cDNA synthesis
using an Agilent SureCycler 8800 using the following cDNA synthesis

programme:
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5 min 25°C - 30 min 42°C - 5 min 85°C - « 4°C

RT-gPCR primers were designed by myself, Dr Priya Hari and Dr
Andrea Quintanilla using the NCBI ‘Pick primers’ tool
(https://www.ncbi.nim.nih.gov/tools/primer-blast/) (see table 2.2 for primer
sequences), synthesised by Sigma and stored at -20°C at a stock
concentration of 100uM. A Tag-polymerase containing mastermix was
prepared consisting of SYBR Select (1X; Thermo Fisher, 4472908,
containing AmpliTaq™ DNA polymerase, dNTPs and SYBR™ GreenER™
dye), forward primer (100nM), reverse primer (100nM) and RNase-free H20.
3.5ul of cDNA from each sample was added to a separate PCR tubes and
then 66.5ul of the mastermix was added to each tube followed by vortexing
and brief centrifugation. 20ul of the cDNA/mastermix was aliquoted into wells
of an RNase-free 96 well plate (Star Lab, E1403-7700) in triplicate and
centrifuged at 1600rpm for 5 minutes. gPCR was performed on the Applied

Biosystems Plus Real-Time PCR system, using the following programme:

10 min 95°C - x40 cycles:
Denaturation 15s 95°C
Annealing 30s 60°C
Extension 15s 72°C

->15s 95°C
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Using the StepOne software, a threshold cycle (Ct) was manually

defined in the mid-linear phase of amplification and the mean Ct value was

calculated from the triplicate wells. The relative expression of target genes

was calculated by normalising to B actin using the formula 22,

Table 2.2: gPCR primer sequences

Gene

TIr2

IL-1b

IL-1a

IL-6

Arf

Dcr2

Cdkn1a (p21)

B actin

Forward/Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Target sequence
CTAGAAGTGGAAAAGATGTCG
TAGCATCCTCTGAGATTTGAC
CCAAAAGATGAAGGGCTGCT
TCATCAGGACAGCCCAGGTC
AGGAGAGCCGGGTGACAGTA
TCAGAATCTTCCCGTTGCTTG
CAAGAAAGACAAAGCCAGAGTC
GAAATTGGGGTAGGAAGGAC
GCCGCACCGGAATCCT
TTGAGCAGAAGAGCTGCTACGT
AGCTAACCCAGCCCATAATCGTC
AGTTCCCTTCTGACAGGTACTGGC
GTTCCGCACAGGAGCAAAGT
ACGGCGCAACTGCTCAC

TGTTACCAACTGGGACGACA

GGGGTGTTGAAGGTCTCAAA
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2.2 Hydrodynamic tail vein injection (HTVI) model

2.2.1 Plasmid preparation

Large quantities of transposon and transposase expressing plasmid
was required to perform the HTVI technique, therefore plasmids were
prepared using a Qiagen HiSpeed Plasmid Maxi kit according to
manufacturer’s instructions (Qiagen, 12663). Glycerol stocks were thawed,
and small bacterial stabs were added to 150-250ml L-broth in a canonical
flask supplemented with appropriate antibiotics at a dilution of 1:1000. These
were incubated overnight in a shaking incubator at 37°C. Bacterial cells were
harvested by centrifugation at 6000 x g for 15 minutes at 4°C. The bacterial
pellet was resuspended in 10ml of resuspension buffer (buffer P1: 50mM
TrisHCI pH 8.0, 10mM EDTA, 100ug/ml RNase A), prior to adding 10ml of
lysis buffer (buffer P2: 200mM NaOH, 1% sodium dodecyl sulphate (SDS)).
The solutions were mixed by repeated inversion and incubated at room
temperature for 5 minutes. 10ml of chilled neutralisation buffer (buffer S3:
3.0M potassium acetate, pH 5.5) was added and mixed by repeated
inversion. The lysate solution was transferred to a QlAfilter cartridge and
incubated at room temperature for 10 minutes. During this incubation a
HiSpeed Qiagen-tip was placed over an empty beaker and equilibrated with
10ml of equilibration buffer (buffer QBT: 750mM NaCl, 50mM 3-(N-
morpholino)propane sulfonic acid (MOPS), pH 7.0, 15% isopropanol, 0.15%
Triton X-100). The lysate was then added to the HiSpeed Qiagen-tip by
inserting a syringe plunger into the QlAfilter cartridge over the HiSpeed

Qiagen-tip. The lysate was allowed to enter the Qiagen-tip by gravity flow.
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After the lysate had entered the resin of the HiSpeed Qiagen-tip the tip was
washed with 60ml of wash buffer (buffer QC: 1.0M NaCl, 50mM MOPS, pH
7.0, 15% isopropanol). Plasmid DNA was eluted from the Qiagen-tip with
15ml of elution buffer (buffer QF: 1.25M NaCl, 50mM Tris-Cl, pH 8.5, 15%
isopropanol) into a new falcon. 10.5ml of isopropanolol was added to the
eluate and this was incubated for 5 minutes at room temperature to
precipitate the DNA. The plunger was removed from a 30ml syringe and a
QlAprecipitator module was attached to the syringe outlet nozzle. The eluate-
isopropanolol mixture was added to the syringe and the plunger was
replaced to force the mixture through the QlAprecipitator module under
constant pressure, over a waste beaker. The plunger was again removed
and 2ml 70% ethanol was added to the syringe, prior to re-inserting the
plunger under constant pressure, to wash the DNA. The QlAprecipitator
module was removed, and the plunger was pulled out. The QIlAprecipitator
module was reattached, and the plunger inserted to force air through the
QIAprecipitor module. This was repeated several times to dry the module
membrane. The plunger was removed from a 5ml syringe and the
QIAprecipitator module was attached to the outlet nozzle and held over a
1.5ml microcentrifuge tube. 1ml of DNA solubilising buffer (buffer TE: 10mM
Tris-Cl, pH 8.0, TmM EDTA) was added to the syringe and the plunger
inserted under constant pressure to elute the DNA into the 1.5ml
microcentrifuge tube. The QlAprecipitator was removed then the plunger
removed, and the QlAprecipitator reattached. The eluate was transferred

from the tube back into the syringe using a pipette and the plunger re-
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inserted for a second time over the same microcentrifuge tube, to ensure
complete elution of plasmid DNA. DNA quantification was performed using a
nanodrop 2000C, using buffer TE as the blank standard. Samples were then

stored at -20°C.

2.2.2 HTVI technique

Oncogenic Nras (pT3-NRas®’?V-IRES-GFP), effector loop mutant
(pT3-NRas®'?V/P38AIRES-GFP) and transposase expressing plasmids (CMV-
SB13) were received from the Scott Lowe lab and transformed into NEB
Stable Competent E. coli (NEB, C3040Il). Plasmids were prepared with a
maxi prep as detailed above. Mice of male or female sex over the age of 6
weeks were included in this study. Each mouse received 20ug of Nras
transposon expressing plasmid and 6ug of transposase expressing plasmid,
diluted in 0.9% NaCl to 10% of the animal’s body weight (max 2.5ml). Mice
were warmed in a heat box to encourage vasodilation and the appropriate
volume of plasmid solution was injected into the lateral tail vein over 10
seconds. The large volume/speed of injection causes congestion of the right
heart and subsequent reflux of plasmid rich solution down the hepatic vein
and into the liver (see Figure 2.1). The high pressure causes endothelial
damage and subsequent uptake of plasmid into hepatocytes. The
transposase plasmid is transiently expressed, and the enzyme transposase
targets the inverted repeat sequences that flank the transposon constructs

and randomly inserts these constructs into the hepatocyte genome (see
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Figure 2.2). This results in stable expression of transposon constructs within

hepatocytes.

Figure 2.1: Hydrodynamic tail vein injection technique. The large volume/speed
hydrodynamic tail vein injection causes right heart congestion and reflux of plasmid

rich solution into the hepatic vasculature.

Tt

Figure 2.2: Transposon and transposase constructs. Transposon constructs are

flanked with inverted repeats (IR) that are targeted by the transposase enzyme and

randomly inserted into the murine hepatocyte genome.

@ I@ Iﬁ Hydrodynamic injection
or + “ - -

2.2.3 Tissue dissection and histology
Six days after HTVI, mice were culled humanely by cervical
dislocation and exsanguination. The abdomens were opened and 1ml of

sterile PBS was infused into the inferior vena cava, prior to laceration of the
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splenic vein, to flush the liver of blood. Following this, the liver was dissected,
and posterior lobes were snap frozen for RNA extraction. Large anterior
lobes were placed immediately in 10% neutral buffered formalin (NBF) and
incubated at room temperature overnight. The next day NBF was removed
and replaced with 70% ethanol and samples were processed in a tissue
processor the following day using graded ethanol, xylene and pressurised
wax steps. Processed samples were then embedded in paraffin onto cutting

blocks.

2.2.4 Immunohistochemistry

3-5um sections were cut onto positively charged microscope slides
(Superfrost Plus, 10149870) from formalin fixed, paraffin embedded (FFPE)
samples using a microtome, and incubated in a 60°C oven for a minimum of
2 hours. Slides were de-waxed with two 5-minute incubations in xylene, then
rehydrated with ethanol of decreasing concentrations (100%, 90%, 70%,
50%) for 1 minute each, followed by 5 minutes in dH20. For all primary
antibodies (except F4/80) antigen retrieval was performed by immersing
rehydrated slides in 10mM sodium citrate solution (pH6) and boiling in a
microwave for 10 minutes. For F4/80 staining antigen retrieval was
performed using proteinase K (20ug/ml in TE buffer (500mM Tris-HCI (pH
7.5), 1mM EDTA (pH 8.0), 5mM CaClz, 0.5% Triton X-100 pH 7.5)). Slides
were then cooled under running water prior to blocking with 3% H202 solution
for 10 minutes at room temperature. Slides were washed in PBS and

mounted onto sequenza racks (Thermo Fisher, 73310017). Due to the use of
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biotinylated secondary antibodies, endogenous biotin blocking was required.
To do this, three drops of an avidin solution (Biolegend, SIG-31126) was
applied to each slide and incubated for 15 minutes at room temperature. This
was followed by three 5 minutes washes with PBS. Leftover avidin was then
removed by applying three drops of biotin solution (Biolegend, SIG-31126)
which binds any unbound avidin. This was again incubated for 15 minutes at
room temperature, followed by three 5-minute PBS washes to remove all
avidin and biotin. Three drops of a serum-free 0.5% Casein protein block
(Abcam, ab64226) were added to each slide and incubated for 30 minutes at
room temperature. During the incubation, primary antibody was diluted in a
0.05mol/L Tris-HCI 0.1% tween antibody diluent (Dako, S3022) at
appropriate concentration (see table 2.3 for primary antibody details). After
the blocking step, 120ul of primary antibody solution was added and
incubated either for 1 hour at room temperature, or overnight at 4°C.
Following this, samples were washed three times with PBS for 5 minutes and
biotinylated secondary antibody was diluted in antibody diluent and added to
each sample (see table 2.3 for secondary antibody details) and incubated for
30 minutes at room temperature. After three 5-minute PBS washes, three
drops of ready-to-use Streptavidin conjugated horseradish peroxidase (HRP)
(Vector labs, PK-7100) was added to each sample and incubated for 30
minutes at room temperature. After a further three 5-minute washes with
PBS, 3,3’-Diaminobenzidine (DAB) solution was made using a DAB
substrate kit (Abcam, ab64238) by adding 1 drop of DAB chromogen to 1.5ml

of hydrogen peroxide containing DAB substrate buffer. 120ul of this solution
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was added to each slide for a maximum for 10 minutes (depending on
staining intensity). Slides were then rinsed in PBS, removed from sequenza
racks and transferred into a PBS containing glass dish. Counterstaining was
performed with a 10 second incubation in Harris Haematoxylin, followed by
washing in running water. Bluing of haematoxylin was performed with a 3-5
second incubation in saturated lithium carbonate solution. Samples were
then dehydrated with 1-minute incubations in graded ethanol solutions of
increasing concentration (30%, 50%, 80%, 100%) then cleared in 2 x 1
minute xylene incubations. Samples were then mounted using a xylene
based mountant (DPX, CellPath, SEA-1304-00A) and a glass coverslip, then

left to dry for a minimum of 1 hour.
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Table 2.3: Antibodies used in mouse liver IHC

REAGENT or RESOURCE
Mouse anti-p21

Rabbit anti-IL-1 8

Mouse anti-Nras

Rabbit anti-TLR2

Rat anti-F4/80

Rabbit anti-CD3
Biotinylated goat anti-
mouse IgG

Biotinylated goat anti-
rabbit IgG

Biotinylated goat anti-rat

IgG

2.2.5 Immunofluorescence

SOURCE

BD biosciences
Santa Cruz
Santa Cruz
Invitrogen
Abcam

Abcam

Vector labs

Vector labs

Vector labs

IDENTIFIER

Cat #556431

sc-7884

sc-31

PA5-20020

Ab6640

Ab5690

Cat #BA9200

Cat #BA1000

Cat #BA9400

DILUTION

1:200

1:50

1:500

1:1000

1:400

1:500

1:500

1:500

1:500

3um sections were prepared, dewaxed and rehydrated as described in

1.2.4. Antigen retrieval was performed using proteinase K (20ug/mlin TE

buffer (500mM Tris-HCI (pH 7.5), TmM EDTA (pH 8.0), 5mM CaClz, 0.5%

Triton X-100 pH 7.5)). Slides were washed in PBS and permeabilisation was

performed with a 0.1% Triton X-100 solution in PBS prior to incubation with

primary antibodies (see table 2.4 for primary antibody details). Samples were

then washed followed by incubation with appropriate fluorophore conjugated

secondary antibodies (see table 2.4 for secondary antibody details). Samples
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were then washed, stained with DAPI and mounted with Vectashield®.
Samples were imaged using a confocal microscope using NIS-Elements

software (Nikon).

Table 2.4: Antibodies used in mouse liver immunofluorescence

REAGENT or RESOURCE = SOURCE IDENTIFIER DILUTION
Mouse anti-Nras Santa Cruz sc-31 1:500
Rat anti-F4/80 Abcam Ab6640 1:400
Goat anti-mouse AF488 ThermoFisher A11029 1:500
Goat anti-rat AF594 ThermoFisher A11007 1:500

2.2.6 Sudan black staining

Sudan black staining was performed using a biotinylated Sudan Black
B chemical reagent (SenTraGor (GL13), Pan Biotech, AR8850020). FFPE
tissue section were cut, dewaxed, rehydrated and blocked as described in
chapter 2.2.4. Following blocking steps, slides were washed in 50% ethanol
for 5 minutes, then 70% ethanol for a further 5 minutes. After this, one drop
of filtered SenTraGor reagent was placed onto a cover slip then the
microscope slide containing the sample was placed on top with the sample
facing down and incubated for 8 minutes at room temperature. The glass
coverslip was removed, and excess reagent was removed with tissue paper
soaked in 70% ethanol. Samples were then incubated in 50% ethanol for 5
minutes. This was repeated for a total of 4 times, followed by 2 washes in

PBS (1 x 30 seconds, 1 x 5 minutes) followed by a 5-minute wash in PBS
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supplemented with 0.5% Triton X-100. Sample were finally washed in PBS
for a further 5 minutes prior to incubation with an anti-biotin primary antibody
(Abcam, ab201341) diluted in antibody diluent 1:200 overnight at 4°C.
Samples were then washed three times with PBS for 5 minutes, then
incubated with HRP-conjugated secondary antibody (Vector, P1-2000) diluted
in antibody diluent 1:500, for 1 hour at room temperature. Samples were then
washed, and signal was revealed with DAB, counterstained and mounted as

described in chapter 2.2.4.

2.2.7 Immunohistochemistry image analysis

Immunohistochemistry (IHC) slides were imaged using the
Hamamatsu Nanozoomer XR microscope with NDP scan v3.1 software. IHC
quantification (positive cell detection) was performed using QuPath software
v0.2.3 using predefined RGB parameters for haematoxylin and DAB

detection.

2.2.8 RNA extraction from tissue

Snap frozen liver tissue was used to isolate RNA. Using a scalpel,
small fragments of frozen tissue were cut and placed into a 2ml
microcentrifuge tube. A small metal ball bearing was placed into each tube
with 1ml of Trizol reagent (Thermo Fisher, 15596026). The tubes containing
tissue, ball bearing and trizole were then placed into a bead mill tissue
homogeniser (TissueLyser LT , Qiagen, 85600) for 3 minutes. Samples were

removed from the homogeniser, inverted then put back into the homogeniser
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for a further 3 minutes. 200ul of chloroform was added (Sigma, 67-66-3) and
the resulting mixture was centrifuged at 12,000rpm for 15 minutes. The RNA
layer (clear top layer) was then aspirated carefully with a pipette and placed
in a new 1.5ml microcentrifuge tube. Sample volume of 100% isopropanolol
was added to the sample then the resulting mixture was added to a Qiagen
RNeasy spin column. The column was centrifuged at 10,000rpm for 15
seconds and the flowthrough discarded. Following this, sequential washing
with RW1 and RPE buffer, elution, RNA quantification, cDNA conversion and

RT-gPCR was performed as detailed in chapter 2.1.3.

2.2.9 Plasmid cloning

In order to perform longitudinal in vivo imaging, we cloned a luciferase
construct in place of GFP into the pT3-NRas®'?V-IRES-GFP transposon
plasmid. Cloning design was performed with Dr Andrea Quintanilla. The
MSCV-IRES-Luciferase plasmid was received from the Scott Lowe lab via
addgene (plasmid #18760). Compatible unique restriction sites were
identified — Avrll within the IRES sequence and Agel after the GFP stop
codon. DNA samples (transposon plasmid and luciferase plasmid) were
mixed with 10X Cutsmart buffer (NEB, B7204S), Avrll (NEB, R0174) and
Agel — high fidelity (NEB, R3552) restriction enzymes and made up to 50ul
with nuclease free H20. This mixture was incubated at 37°C for 15 minutes.
Vector and insert DNA purification was performed by electrophoresis on an
agarose gel. A 3% agarose gel, supplemented with SYBR safe DNA dye

(Thermo Fisher, S33102), was placed into an electrophoresis chamber (Bio-
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Rad PowerPac) and immersed in 1X Tris-acetate-EDTA buffer (TAE buffer:
40mM Tris, 20mM acetic acid, 1mM EDTA). DNA samples were mixed with
10X orange G dye and loaded into separate wells with 1KB and 100bp DNA
ladders alongside them. The electrophoresis cell was run at 100V for
approximately 20 minutes, until clear and separate bands of appropriate size
were visible under a blue light transilluminator. Bands were cut with a scalpel
and put into a clean 1.5ml microcentrifuge tube. DNA gel extraction was
performed using a QlIAquick Gel extraction kit (Qiagen, 28704). 3 x sample
volume of solubilisation and binding buffer (QG buffer: 5.5M guanidine
thiocyanate, 20mM Tris HCI pH7.5) was added to the tube and incubated at
50°C for 10 minutes (or until all the gel had dissolved). 1 x sample volume of
isopropanolol was added and the resulting mixture was added to the affinity
column and centrifuged at 10,000rpm for 30 seconds. The flowthrough was
discarded and the sample washed with 750ul of wash buffer (PE buffer:
10mM Tris-HCI pH7.5, 80% ethanol) twice. 36ul of elution buffer (QF buffer:
1.25M NaCl, 50mM MOPS pH7.0, 15% isopropanol) was added directly onto
the filter membrane and incubated at room temperature for 3 minutes. This
was then centrifuged at 10,000rpm for 30 seconds in a clean microcentrifuge
tube to collect the eluate. DNA was then quantified using a nanodrop.
Ligation was performed using T4 ligase by mixing 10X T4 DNA ligase buffer
(NEB, B0202S), T4 DNA ligase (NEB, M0202S), DNA (at a ratio of 1:3
vector:insert) made up to 20ul with nuclease free H20. The mixture was
mixed by gently flicking the tube and incubated at room temperature for 2

hours. Transformation was performed by adding 10ul of ligation mixture with
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a thawed tube of Stable E.coli (NEB, C3040H), on ice for 30 minutes. Heat
shock was performed by incubating the mixture at 42°C for 30 seconds, then
placing it back on ice for a further 5 minutes. 950ul of super optimal broth
(SOC) media (thermo fisher, 15544034) was added to the mixture and
incubated at 30°C for 1 hour in a shaking incubator. During this incubation an
lysogeny broth (LB) plate was warmed at 30°C. After 1 hour, 100ul of the
mixture was plated onto the pre-warmed LB plate and incubated at 30°C
overnight. Colonies were picked using a sterile pipette tip, streaked onto a
predefined section of a new LB plate and placed directly into separate vials
of a colony PCR plate filled with 1ml per vial of LB broth supplemented with
ampicillin (1:1000). The new LB plate was incubated at 30°C for a further 24
hours to be used to isolate positive colonies. The colony PCR plate was
sealed and submitted for plasmid mini-prep and sequencing using the

following primers:

F/W primer: acgagcattcctaggggtctticc

R/V primer: aagatcgccgtgtaatictaaccggtag

Sequencing data was analysed using serial cloner software (v2.6.1)
and positive colonies were identified and picked from the new LB plate.
Positive colonies were grown, and plasmid was purified as described in

chapter 2.2.1.
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2.2.10 In vivo bioluminescence imaging

HTVI was performed as described in chapter 2.2.2 with the Luciferase
tagged oncogenic Nras transposon (pT3-NRas®'?V-IRES-Luc). D-luciferin
(PerkinElmer #122799) was dissolved in Dulbecco’s PBS without calcium or
magnesium (Thermo Fisher, 14190144) to achieve a concentration of
15mg/ml and filtered using a 0.2um syringe filter. D-luciferin solution was
administered subcutaneously at a dose of 150mg/kg, resulting in an injection
volume of 0.1ml/10g of body weight. Mice were then anaesthetised with
isofluorane and oxygen at 200-300ml/min with 2-3% isofluorane in an
induction chamber. Once mice were anaesthetised, they were placed on a
tray with nose apertures to allow continuous administration of inhaled
anaesthetic. To improve signal acquisition mouse abdomens were shaved
prior to imaging. They were then placed inside an IVIS Lumina S5 in vivo
imaging system (IVIS®) to image the bioluminescence signal. Optimal time to
imaging was determined using a kinetic curve. Regions of interest (ROI)
were set automatically, and count data was converted to radiance (photon
flux) to allow quantitation and accurate comparison of images taken on
different days. Following signal acquisition, mice were removed from the IVIS
and allowed to recover in a heat box set to 30°C. Photon flux for each ROI
was recorded and signal was measured weekly to monitor clearance of

Nras®'?V expressing hepatocytes.
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2.3 Lung cancer model

2.3.1 Intranasal administration technique

Mice heterozygous for the conditional oncogenic Kras allele (Kras-St-
G12D/*) +/- a homozygous floxed Trp53 allele (Kras-S--612P%4: Trp53") were
used in this thesis. A STOP codon flanked by loxP sites is upstream of the
oncogenic Kras®'?P allele and loxP sites flank the Trp53 allele, therefore
following intranasal administration of Cre-recombinase expressing
adenovirus (Ad5-CMV-Cre, University of lowa, Viral Vector Core Facility)
lung epithelial specific activation of Kras®’?? +/- Trp53 deletion occurs, and
tumour formation is initiated (see Figure 1.10). Male or female mice of 8-12
weeks of age were included in this study. Mice were anaesthetised with an
intraperitoneal injection of medetomidine/ketamine (6ul/g of body weight of a
solution containing 20mg/ml ketamine (Zoetis, 40018605) and 0.05mg/ml
metdetomidine (Orion Pharma, 134811-4) suspended in sterile 0.9% NacCl).
Once mice were suitably anaesthetised they were intranasally inoculated
with 40ul of virus solution (1.5x1047 plaque forming units (PFU) of Ad5-CMV-
Cre, suspended in minimum essential media (MEM) supplemented with 6mM
CaCl2). Following full inhalation, mice were given a 0.5ml subcutaneous
injection of warmed 0.9% NaCl and their eyes were coated in lacrilube. They
were then placed in a heat chamber set at 30°C for 1 hour prior to reversal
with Atipamezole (5ul/g of body weight of a solution containing 0.2mg/ml of
Atipamezole (Orion Pharma, 134787-4) suspended in sterile 0.9% NacCl).

Mice were then kept in the heated chamber until fully recovered.
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2.3.2 Delivery of drug via nebulisation

To delivery drug via nebulisation, up to eight mice were placed inside
a nebulisation chamber connected to a nebuliser (Philips Respironics,
4446A). 100ug of Pam2CSK4 was suspended in 3mls of 0.9% NaCl and
placed into the nebuliser. The nebuliser was then driven by oxygen from a
concentrator at a flow rate of 6L per minute allowing aerosolization of drug
and entry into the nebuliser chamber (see figure 2.3). The nebulisation
chamber was kept in a ventilated sterile tissue culture hood throughout.
Different nebulisers were used to deliver control (0.9% NacCl only) and drug,
to avoid cross contamination. Mice were closely monitored during and for at
least 1 hour after the procedure to monitor for adverse effects. This was

repeated weekly up to 10 weeks.

Figure 2.3: Nebulised drug delivery. Mice were placed in a chamber externally
connected to a nebuliser, into which drug (Pam2CSK4) or placebo (0.9% NaCl) was

placed and driven by oxygen from and Oz concentrator.

Pam2CSK4

\

O2 concentrator
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2.3.3 Delivery of drug via intranasal inoculation

Mice were anaesthetised as described in chapter 2.3.1 prior to
intranasal inoculation of 100ng of recombinant IL1a/IL1B diluted in sterile
PBS. Following inoculation mice were recovered as described in chapter

2.3.1 and monitored closely for adverse effects for up to 4 hours after dosing.

2.3.4 Dissection and tissue processing
At specified time points, mice were culled humanely by cervical

dislocation and exsanguination. The trachea was identified and sutured at
the proximal end and the lungs were inflated with 0.5ml of NBF. The lungs
were then dissected, and the trachea cut distal to the suture, and the lungs
were placed in NBF overnight at room temperature. The following day NBF
was replaced with 70% ethanol solution and samples were submitted to the
histology department for processing, paraffin embedding and haematoxylin

and eosin (H&E) staining.

2.3.5 Immunohistochemistry

IHC protocols for lung tissue were as described in chapter 2.2.4 with
the exception that for some assays (CD8 staining) biotinylated secondary
antibodies were not required (see table 2.5 for antibodies used in mouse lung
IHC). In these instances, avidin/biotin block was not required and HRP
conjugated anti-rabbit polymer (Dako, K4003) was used prior to application

of DAB.
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Table 2.5: Antibodies used in mouse lung IHC

REAGENT or RESOURCE
Rabbit monoclonal anti-
Ki67

Mouse anti-p21

Rat anti-p19/arf

Goat anti-IL-1 a

Rabbit anti-IL-1 8
Rabbit anti-SAA1
Rabbit anti-CD3

Rabbit anti-CD4

Rabbit anti-CD8

Rabbit anti-CD68
Biotinylated goat anti-
mouse IgG

Biotinylated goat anti-
rabbit IgG

Biotinylated rabbit anti-
goat IgG

Anti-rabbit HRP polymer

2.3.6 Image analysis (NDP and QuPath)

SOURCE

Abcam

BD biosciences

Abcam

R&D systems
Santa Cruz
Biorbyt
Abcam
Abcam
Abcam
Abcam

Vector labs

Vector labs

Vector labs

Dako

IDENTIFIER

Ab16667

Cat #556431

Ab174939

AF-400

sc-7884

orb228668

Ab5690

Ab183685

Ab217344

Ab125212

Cat #BA9200

Cat #BA1000

Cat #BA5000

K4003

DILUTION

1:100

1:200

1:200

1:100

1:100

1:100

1:500

1:1000

1:2000

1:1000

1:500

1:500

1:500

N/A

H&E and IHC stained slides were imaged using the Hamamatsu

Nanozoomer XR microscope with NDP scan v3.1 software. Tumour burden

was calculated in a blinded fashion by measuring the area of tumour tissue

and dividing it by total lung area using NDP viewer v2 software. Tumour
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grading was performed in a blinded fashion by two independent reviewers
(Dr Fraser Millar and Dr John Connelly) using predefined criteria as outlined
by DuPage et al (DuPage et al., 2009). Inter-rater agreement was calculated
using Cohen’s kappa coefficient. IHC quantification (positive cell detection
and H-score analysis) was performed using QuPath software v0.2.3 using
predefined RGB parameters for haematoxylin and DAB detection. For tumour
intrinsic factors such as Ki67, p21 expression and Arf expression total
number of positive cells divided by total number of cells was used to quantify
expression, whereas for tumour infiltrating immune cells positive cells were
normalised to tumour area to account for tumour size. For
cytoplasmic/membrane staining H-score analysis was used to take into
account both number of positive cells and staining intensity. The H-score was

calculated by QuPath software using the following formula:

H-score = (3 x % of cells scoring 3)+(2 x % of cells scoring 2)+(1 x % of cells

scoring 1)

H-score was calculated automatically by QuPath after setting
predefined DAB intensity levels for each threshold (0-3) to markedly improve

reproducibility of analysis.

2.3.7 pSECC lentivirus production and titre
To achieve epithelial specific knockout of TIr2 in lung tumours the

pSECC lentivirus system was used to perform in vivo somatic genome
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editing. This lentiviral system allows concurrent epithelial expression of Cre-
recombinase (to activate oncogenic Kras®’?P) and CRISPR/Cas9 machinery
to knockout TIr2 at the lung epithelium only. All plasmids required for pPSECC
lentivirus generation were prepared with Qiagen maxi preps as detailed in
chapter 2.2.1. gTIr2 and control (gTomato) expressing pSECC plasmids were
cloned by Dr Andrea Quintanilla prior to me joining the lab (see table 2.6 for
gRNA sequences). 293T cells were passaged as detailed in chapter 2.1.1
and plated at a ratio of 1:4 of original density. The following day a 75ul/ml
solution of polyethylenimine (PEI) in null DMEM was prepared, vortexed and
incubated at room temperature for 5 minutes. Lentiviral plasmid solutions
were prepared by adding 7.5ug of PAX2 plasmid, 2.5ug of VSVG plasmid
and 10ug of pSECC gRNA (both TIr2 gRNA and non-targeted control gRNA)
plasmid and adding these to null DMEM up to 500ul. A GFP expressing
plasmid (pUltra-GFP) was used as a transfection control. An equal volume of
PEI solution was then added to each plasmid solution, vortexed and
incubated at room temperature for 10 minutes. Following this, each solution
was added to a 10cm plate of 293T cells dropwise and cells were placed
back in a 37°C incubator at 5% CO: and incubated overnight. The next day
media was changed to remove PEI solution and warmed fresh media was
applied for a further 24 hours. The GFP transfection control plate was
visualised with a fluorescent microscope to ensure adequate transfection
efficiency. Lentivirus containing media was then aspirated from each plate
and syringe filtered through a 0.45um filter into a sterile 50ml falcon. Lenti-X

concentrator solution (Takara, 631232) was added at a volume of one third of
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the volume of viral supernatant and mixed by gentle inversion. This was
incubated at 4°C for 4 hours prior to centrifugation at 1500 x g for 45 minutes
at 4°C. Supernatant was discarded and the remaining viral pellet was
resuspended in OptiMEM (Thermo Fisher, 31985070) and immediately
aliquoted and frozen at -80°C. Some lentiviral solution was kept for titration.
3TZ cells (a mouse fibroblast cell line that expresses the loxP-STOP-loxP
betaGal cassette (Psarras et al., 2004)) were passaged in the same media
as 293T cells (as detailed in chapter 2.1.1) and seeded into a 6 well-plate at
a density of 10,000 cells per well in 1ml of media and incubated overnight.
The following day media was removed and replaced with 1ml of pSECC
lentivirus containing media containing lentivirus of the following volumes (Opl,
10ul, 20ul, 40ul, 80ul, 160ul). These cells were then placed back into the
incubator for 2 days. Following this, media was removed and cells were
washed carefully with PBS and fixed with fixative solution (0.1%
glutaraldehyde, 2% formaldehyde in PBS) for 2 minutes at room temperature
in a fume hood. Cells were then washed three times with PBS supplemented
with 1mM MgCl, (pH6) and then incubated in X-Gal staining solution (X-gal
20mg/ul, MgCl2 0.05M, K3FE (CN)s 100mM, KsFe (CN)s *3H20 100mM) and
incubated overnight at 37°C wrapped in foil. The next day staining solution
was removed, and cells were washed with PBS twice prior to counting of
BetaGal positive cells using a brightfield microscope. The following
calculation was used to determine the transduction units (TU)/ml of the
pSECC lentivirus solutions:

TU/ml = (# of cells at transduction) x [MOI/(ml of lentiviral stock used)]
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The multiplicity of Infection (MOI) was determined by calculating the
percentage of cell infected and consulting the MOI table from the Cellecta

user manual (https://manuals.cellecta.com/lentiviral-construct-packaging-

and-transduction/v10a/en/topic/lentiviral-titer-calculation). The titre was used

to resuspend equal titres of control and TIr2 gRNA viral stock solutions in

40ul OptiMEM prior to intranasal inoculation as described in 2.3.1.

Table 2.6: TIr2 and Tomato gRNA sequences used for pPSECC plasmids

sgRNA ID Forward/Reverse Target sequence

gTom Forward CACCGGGCCACGAGTTCGAGATCGA
Reverse AAACTCGATCTCGAACTCGTGGCCC

gTlIr2 Forward CACCGCCTGGAGGTTCGCACACGCT
Reverse AAACAGCGTGTGCGAACCTCCAGGC

2.3.8 Fluorescence activated cell sorting (FACS) analysis

Mice were culled humanely by cervical dislocation and exsanguination
at predefined timepoints. The thoracic cavity was opened, and the lungs
were perfused with up to 20ml ice cold PBS via the right ventricle to clear the
lungs of all blood. The lung tissue was then dissected and weighed, then
placed in a 50ml falcon with 5ml of ice cold RPMI 1640 (Lonza, BE12-702F).
Lung tissue was then roughly diced in a petri dish using a scalpel and
incubated in an enzyme solution (0.8mg/ml collagenase V, 0.625mg/ml

collagenase D, 1mg/ml dispase, 30ug/ml DNase) in a shaking incubator at
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37°C at 240rpm for 25 minutes. The tissue enzyme mix was intermittently
shaken by hand during this incubation to ensure all tissue was immersed in
enzyme solution. After the incubation the solution was poured through a
100um cell strainer into a fresh 50ml falcon. Residual tissue fragments were
gently mashed with the plunger of a 2.5ml sterile syringe and washed
through with RPMI. The filtered tissue was topped up to 50ml RPMI then
centrifuged at 300 x g for 5 minutes at 4°C. The supernatant was discarded,
and the pellet was resuspended in a further 30ml RPMI and centrifuged at
300 x g for 5 minutes at 4°C. The supernatant was discarded then the
remaining pellet was resuspended in 3mis of red blood cell lysis buffer
(Sigma, R7757) and incubated on ice for 3 minutes. The samples were then
centrifuged as previous, supernatant discarded and washed in 3ml FACS
buffer (PBS + 0.05% BSA + 2mM EDTA). The samples were again
centrifuged and resuspended in 4ml FACS buffer and passed through a
35um cell strainer directly in FACS tubes prior to counting using the Muse
cell analyser (Merck Millipore). 2 million cells per sample were added to fresh
FACS tubes and pelleted with centrifugation at 300 x g for 5 minutes at 4°C.
The supernatant was discarded, and the pellet resuspended by gently flicking
the FACS tube. 10ul of mouse serum (Sigma, M5905) and 1ul of Fc block
(anti-mouse CD16/32, Biolegend, 101302) was added to the remaining
solution and incubated on ice for 10 minutes. Following this 1ul of each
fluorophore conjugated primary antibody (see table 2.7 for primary antibody
details) was added to each sample and incubated on ice for 20 minutes.

Samples were then topped up with 500ul of FACS buffer and centrifuged at

Chapter 2: Materials and Methods 133



300 x g for 5 minutes at 4°C. Supernatant was discarded and the cell pellet
was resuspended in 500ul of FACS buffer and taken to the FACS facility. For
intracellular staining, after counting cells were incubated with a cell
stimulation/protein transport inhibitor cocktail (Thermo Fisher, 00-4975-93)
for 4 hours at 37°C. Samples were then washed in FACS buffer and
incubated with Zombie UV fixable viability dye (Biolegend, 77474) suspended
in PBS at a ratio of 1:100, for 30 minutes at room temperature. Samples
were again washed with FACS buffer and cell surface staining was
performed as detailed above. After washing with FACS buffer, samples were
then fixed using the FoxP3/Transcription factor staining buffer set (Thermo
Fisher, 00-5523-00). 1ml of fixation/permeabilization working solution (1 part
concentrate to 3 parts diluent) was added to each sample and incubated at
4°C overnight in the dark. The following day 2ml of permeabilization buffer (1
part 10X concentrate to 9 parts dH20) was added to samples and they were
then centrifuged at 500 x g for 5 minutes at room temperature. The
supernatant was discarded, and samples were washed once more in
permeabilization buffer prior to serum block at room temperature for 10
minutes. 1ul of fluorophore conjugated primary antibodies for intracellular
proteins were added and samples were incubated in the dark for 30 minutes
at room temperature. Samples were then washed one final time with
permeabilization buffer, centrifuged at 500 x g for 5 minutes, then
resuspended in 500ul FACS buffer and taken to the FACS facility. Samples
were analysed on a BD LSR Fortessa X-20 analyser using BD FACSDiva

v8.0.1 software. Data were analysed using FloJo software v10.2. Gating was
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designed using fluorescence minus one (FMO) samples. Compensation was

performed manually using single antibody stained OneComp eBeads

(Thermo Fisher, 01-1111-41). Total cell number was determined by

multiplying the percentage of live fluorophore positive cells by the total

number of cells isolated per sample and this was normalised to tissue weight.

Table 2.7: Antibodies used in FACS analysis

REAGENT or RESOURCE
Anti-mouse CD45 (Brilliant
Violet 421)

Anti-mouse CD3
(PE/Cyanine7)
Anti-mouse CD4 (PE)
Anti-mouse CD8 (Super
bright 600)

Anti-mouse TCR y4§ (Alexa
Fluor® 488)
Anti-mouse/human CD11b
(APC)

Anti-mouse CD11c
(APC/Cyanine7)
Anti-mouse Siglec-F (PE)
Anti-mouse Ly6C (FITC)
Anti-mouse Ly6G (Alexa

Fluor® 700)

SOURCE

Biolegend

Biolegend

Biolegend

Invitrogen

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

IDENTIFIER

103133

100219

100407

63-0081-80

118127

101211

117323

155505

128005

127621
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1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100

1:100
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Anti-mouse CD19
(PE/Cyanine7)
Anti-mouse CD335
(PE/Cyanine?)

7AAD viability staining
solution

Zombie UV Fixable viability
dye

Anti-mouse FoxP3 (Alexa
Fluor® 700

Anti-mouse RORyT (APC)
Anti-mouse TCR yé
(PerCP/Cy5.5)

Anti-mouse IL-17A (FITC)

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

eBiosciences

Biolegend

eBiosciences

2.4 Human lung cancer analysis

2.4.1 Tissue acquisition

115519

137617

420403

77474

126421

17-6988-80

118117

11-7177-81

1:100

1:100

5ul per

sample

1:100

1:100

1:100

1:100

1:100

Formal request for sections from FFPE Human lung adenocarcinoma

resection specimens was requested from the Lothian NRS Bioresource and

Tissue Governance Unit (request no. SR1382) with approved ethical status

(Bioresource ethical approval 15/ES/0094). This was done in collaboration

with Professor William Wallace (Consultant Cardiothoracic Pathologist, NHS

Lothian/University of Edinburgh). Sections from FFPE Human squamous

carcinoma-in-situ lesions were received from collaborators from University

College London (Professor Sam Janes/Dr Vitor Teixeira). These samples
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were acquired from patients enrolled in the University College London
Hospital (UCLH) surveillance study, and formal approval/ethical status was

obtained from the UCLH Pathology department by our collaborators.

2.4.2 Immunohistochemistry and image analysis

IHC protocols for human lung cancer samples were as described in
chapter 2.2.4 (see table 2.8 for antibodies used in human samples analysis).
Validation of antibodies for human tissue was performed on formalin fixed
paraffin embedded pellets of IMR-90 cells transduced with either an ER-
STOP cassette (negative control) or ER-RAS cassette (positive control). H&E
and IHC stained slides were imaged using the Hamamatsu Nanozoomer XR
microscope with NDP scan v3.1 software. To compare expression
between/within samples IHC quantification (H-score analysis) was performed
using QuPath software v0.2.3 as described in chapter 2.3.6 on areas of
normal epithelium (if present) and tumour epithelium. Areas of pre-invasive
lung adenocarcinoma (lepidic adenocarcinoma) and invasive
adenocarcinoma were identified by Professor William Wallace, and H-score
analysis was performed to compare expression levels between these two
areas. To compare expression levels in preinvasive squamous samples,
areas of lesion epithelium were identified on H&E slides and H-score was
performed using QuPath. For correlation analysis, tumour epithelium was
identified on H&E images and labelled on QuPath. These areas of epithelium
were then identified on consecutive sections stained for TLR2 and IL-14 and

IHC quantification (H-score analysis) was performed. Paired H-scores for
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TLR2 and IL-14 were recorded in an excel file and imported into R (v4.0.3)

for Pearson correlation analysis.

Table 2.8: Antibodies used in human lung IHC

REAGENT or RESOURCE SOURCE IDENTIFIER DILUTION
Rabbit anti-Human TLR2 Novus Bio NBP2-24861 1:250
Mouse anti-Human IL1B Santa Crus sc-32294 1:100
Biotinylated goat anti- Vector labs Cat #BA1000 1:500
rabbit IgG

Biotinylated goat anti- Vector labs Cat #BA9200 1:500
mouse IgG

2.4.3 RNA sequencing data download

All RNA sequencing data download and handling was done under the
direct supervision of Dr Alison Meynert from the University of Edinburgh
Bioinformatic Analysis Core (BAC). Access to the RNA-sequencing dataset
(EGADO00001005479) was formally requested from the contact person as
listed on the European Genome-Phenome Archive (EGA). Following
approval, | was granted a username and password allowing access to this
dataset from the EGA website. Prior to downloading the BAM files, an
appropriate data management plan was written and submitted to
dmponline.dcc.ac.uk. The data download was performed using the
Edinburgh Compute and Data Facility (ECDF) Linux Compute Cluster
(Eddie). To perform the data download from the EGA, a conda environment

was created. An environment directory was created in our designated group
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space on Eddie and a conda environment was created within this directory.
Following this, the python-based download client pyega3 was installed into
the conda environment from the bioconda channel. Using a wild west node
(node2c15) on Eddie, the conda environment was activated within a screen
session. An EGA credentials file containing my EGA username and
password was created in my fileset on Eddie in JavaScript Object Notation
(JSON) format. The download was then commenced using pyega3 and the
EGA credentials file. Following completion of the dataset download, BAM
files were checked by running a samtools app using a shell script to check for
errors with the BAM file download. BAM files were converted to FASTAQ files
using a Nextflow pipeline premade by Dr Alison Meynert. Nextflow (v20.12.0)
was downloaded into my software folder on Eddie using a command from the

nextflow website (https://www.nextflow.io/). To run the nextflow pipeline a

conda environment was activated as described above and the ‘bam2fastq’

command was executed. Output data (FASTQ files) were saved on Eddie.

2.4.4 RNA sequencing data analysis

All RNA sequencing data analysis was done under the direct
supervision of Dr Philippe Gautier from the University of Edinburgh
Bioinformatic Analysis Core (BAC). Nextflow (v20.12.0) was downloaded and
the Nextflow nf-core RNA-seq pipeline v3.0 was run on Eddie (see figure 2.4
for full pipeline configuration). RNA sequencing reads were aligned to the
human genome (GRCh38) using STAR (v2.6.1) (Dobin et al., 2013) and read

counts were quantified using Salmon (v1.4.0). Reads counts (.rds format)
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were then downloaded from Eddie and imported into R (v4.0.3). Metadata

detailing individual lesion histology was downloaded from the source

publication (Chen et al., 2019) and read count data was aligned to histology

(preinvasive vs invasive lung adenocarcinoma). Differential gene expression

analysis was performed using the DESeq2 package (Love et al., 2014) in R

(v4.0.3). Histograms of individual gene counts were plotted to determine data

distribution. Gene count data were subsequently plotted and analysed using

the ggplot2 and ggsignif packages in R.

Figure 2.4: Nextflow nf-core RNA-seq pipeline 3.0 configuration

Pipeline Configuration:

— revision: master

— runName: silly_chandrasekhar

— containerEngine: singularity

- launchDir: /gpfs/igmmfs@l/eddie/FM-Preinvasive-LUAD/analysis/
nextflow_rnaseq

— workDir: /gpfs/igmmfs@l/eddie/FM-Preinvasive-LUAD/analysis/
nextflow_rnaseq/work

— projectDir: /exports/igmm/eddie/FM-Preinvasive-LUAD/analysis/
nextflow_rnaseq/.nextflow/assets/nf-core/rnaseq

— userName: fmillar

— profile: singularity

— configFiles: /exports/igmm/eddie/FM-Preinvasive-LUAD/analysis/
nextflow_rnaseq/.nextflow/assets/nf-core/rnaseq/nextflow.config, /
gpfs/igmmfs@1/edd
ie/FM-Preinvasive-LUAD/analysis/nextflow_rnaseq/test.config

— input: nextflow_samples.csv

— email: fraser.millar@ed.ac.uk

— genome: GRCh38

— fasta: s3://ngi-igenomes/igenomes//Homo_sapiens/NCBI/GRCh38/
Sequence/WholeGenomeFasta/genome. fa

- gtf: s3://ngi-igenomes/igenomes//Homo_sapiens/NCBI/GRCh38/
Annotation/Genes/genes.gtf

— gene_bed: s3://ngi-igenomes/igenomes//Homo_sapiens/NCBI/GRCh38/
Annotation/Genes/genes.bed

— star_index: s3://ngi-igenomes/igenomes//Homo_sapiens/NCBI/GRCh38/
Sequence/STARIndex/

— igenomes_base: /exports/igmm/eddie/NextGenResources/igenomes/
— skip_trimming: true

— skip_markduplicates: true

— skip_qualimap: true

— max_memory: 256 GB

— max_time: 10d

— Date Started: 2021-03-18T08:06:20.593Z

— Date Completed: 2021-03-18T10:32:10.659Z

— Pipeline script file path: /exports/igmm/eddie/FM-Preinvasive—
LUAD/analysis/nextflow_rnaseq/.nextflow/assets/nf-core/rnaseq/
main.nf

— Pipeline script hash ID: 4b892cc54e3b768dca93d19da30a907a

— Pipeline repository Git URL: https://github.com/nf-core/rnaseq
— Pipeline repository Git Commit:
3643a94411b65f42bce5357¢5015603099556ad9

— Pipeline Git branch/tag: master

— Nextflow Version: 20.12.0-edge

— Nextflow Build: 5459

— Nextflow Compile Timestamp: 12-12-2020 09:14 UTC

nf-core/rnaseq
https://github.com/nf-core/rnaseq
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3 : Results chapter 1

Identification of a regulatory role for TiIr2 in

OIS/SASP in vivo

3.1 Chapter aims

As described in 1.4.2, TIr2 regulates OIS and expression of the SASP
(Hari et al., 2019). Whether this is also the case in vivo is yet to be
established, and the functional consequences of this regulation also remain
to be investigated. The first aim of this thesis was to set up a well
characterised in vivo model of OIS in our lab and investigate the role TIr2 has
in the regulation of OIS and the SASP in vivo. The hydrodynamic tail vein
injection (HTVI) model (as described in 2.2), allowing overexpression of
oncogenes in murine hepatocytes was used and the functional
consequences of TIr2 loss was investigated. In this chapter, the results from

the HTVI model experiments are described.

3.2 Inducing OIS and SASP in vivo using HTVI

3.2.1 Overexpressing oncogenes in vivo
Nras encoding transposons and transposase expressing plasmids

were received from the Scott Lowe lab. In collaboration with Dr Luke Boulter
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(Human Genetics Unit, University of Edinburgh) hydrodynamic delivery of
DNA plasmids diluted in 0.9% NaCl was performed (as described in 2.2).
Immunohistochemistry (IHC) staining on FFPE liver samples harvested six

days after HTVI demonstrated widespread expression of Nras following

delivery of both the oncogenic (Nras®’?V) and effector loop mutant negative

control (Nras®72V/P384) expressing transposon constructs (Figure 3.1).

Figure 3.1: Nras expression following transposon delivery.
IHC staining for Nras on FFPE liver sections harvested from mice six days after

hydrodynamic delivery of Nras encoding transposon constructs. Representative

staining from n=4-5 mice per group.
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3.2.2 Oncogene expression induces OIS in vivo

To determine whether oncogenic Nras (hereafter Nras®'?V)
overexpression induces OIS both IHC and RT-gPCR analysis was performed
to measure levels of various senescence markers. Firstly, despite similar
Nras levels, expression of p21 and lipofuscin (stained by Sudan Black B —
SBB) was abundant in Nras®’?Y expressing hepatocytes when compared with
negative controls (Nras®72V/P384) (Figure 3.2). Due to poor staining quality
automated IHC quantification was not possible, therefore these data are

qualitative representations only.
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Figure 3.2: Nras®'? induces the expression of OIS markers at the protein
level. IHC staining for Nras, p21 and Sudan Black B (Biotin-SBB) on FFPE liver
sections harvested from mice six days after hydrodynamic delivery of Nras encoding

transposon constructs. Representative staining from n=4-5 mice per group.
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Gene expression of OIS markers using RT-gPCR was then performed
on RNA isolated from snap frozen liver samples. This demonstrated that
expression of Decoy receptor 2 (Dcr2) and p19-Arf (Arf, alternate reading
frame of Cdkn2a locus) were increased in Nras®’?" expressing samples
(Figure 3.3), however there was no significant increase in expression of
Cdkn1a (p21). These results suggest that expression of Nras®’?" induces

senescence in vivo.
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Figure 3.3: Nras®?” induces the expression of OIS markers at the RNA level.
MRNA expression analysis of Cdkn1a (p21), Dcr2 and Arf in snap frozen liver
samples six days following hydrodynamic delivery of Nras transposons. n=4-5 mice

per group. Statistical analysis was performed using the students t-test. **p<0.01,

****p<0.0001.
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3.2.3 Oncogene expression induces SASP expression in vivo

To assess whether oncogene expression also induces expression of
the SASP, IHC staining for the key SASP factor IL-1 was performed,
revealing that IL-1p was expressed in Nras®’?" expressing hepatocytes, but
was absent in negative control samples (Figure 3.4). Unfortunately, staining
for other SASP factors including IL-1a and A-SAA was unsuccessful in these
samples. As detailed previously, due to poor staining quality automated IHC

qguantification was not possible therefore these data are qualitative

representations only.
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Figure 3.4: Nras®’? induces IL-1B protein expression. IHC staining for Nras and
IL-1B on FFPE liver sections harvested from mice six days after hydrodynamic
delivery of Nras encoding transposon constructs. Representative staining from n=4-
5 mice per group.
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RT-gPCR analysis was then performed and revealed significant
upregulation of the key SASP factors /I-1c and II-14in Nras®’?" expressing
samples (Figure 3.5), suggesting that SASP expression is induced following

expression of oncogenes in vivo.
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Figure 3.5: Nras®?” induces the expression of SASP markers at the RNA level.
MRNA expression analysis of the SASP factors /I-1a and /I-14in snap frozen liver
samples six days following hydrodynamic delivery of Nras transposons. n=4-5 mice

per group. Statistical analysis was performed using the Student’s t-test. **p<0.01.
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3.3 The role of Tir2 in the regulation of OIS and SASP

expression

3.3.1 Tir2 expression increases following oncogene activation

To assess whether OIS and expression of the SASP coincides with
increased TIr2 expression in vivo RT-qPCR and IHC analysis was performed.
TIr2 expression was indeed significantly increased in Nras®’?Y expressing

samples compared to controls (Figure 3.6).
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Figure 3.6: Nras®’? induces the expression of TIr2. mRNA expression analysis
of TIr2 in snap frozen liver samples six days following hydrodynamic delivery of Nras

transposons. n=4-5 mice per group. Statistical analysis was performed using the

Student’s t-test. **p<0.01.
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IHC analysis also demonstrated that TIr2 protein expression was
increased in Nras®’?Y expressing hepatocytes (Figure 3.7). Furthermore, IHC
for TIr2 and Nras was performed on serial sections suggesting that increased
TIr2 expression occurs in Nras®’2" overexpressing cells (figure 3.7). It must
be noted however that again automated quantification was not performed

due to poor staining quality.
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612V expressing cells. IHC

Figure 3.7: TIr2 expression is increased in Nras
staining for Nras and TIr2 on serial FFPE liver sections harvested from mice six
days after hydrodynamic delivery of Nras encoding transposon constructs.

Representative staining from n=4-5 mice per group.
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3.3.2 TIr2 expression regulates OIS

To investigate whether TIr2 regulates the OIS response, as had
previously been shown in vitro (Hari et al., 2019), HTVI was performed on
TIr2 knockout mice (TIr27) and wild-type (WT) controls. Similar to data
described in 3.2.2 and 3.2.3, IHC analysis revealed activation of OIS
following HTVI delivery of Nras®’?V encoding transposons in WT mice.
However, following HTVI delivery of Nras®’?" transposons in TIr2”- mice, this
activation was impaired (Figure 3.8), suggesting TIr2 is required for the
induction of OIS. As discussed previously, automated quantification of these

IHC results was not performed due to poor staining quality.
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Figure 3.8: OIS is dependent on TIr2 activity. IHC analysis for Nras, p21, Sudan
Black B (SBB), and TIr2 in wild-type (WT) or TIr2 null (TIr2”") mice six days following
hydrodynamic delivery of Nras encoding transposons. Representative staining from

n=3 mice per group.
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The expression of key OIS marker genes (p21, Dcr2 and Arf) was
performed using RT-qPCR. This revealed a slight increase in expression of
these genes following Nras®’?" expression in WT hepatocytes, however this
result was not statistically significant. In TIr2”- mice there was no observed
increase (Figure 3.9). Reliable conclusions cannot be drawn from these data

as no statistically significant differences were observed.
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Figure 3.9: Expression of OIS markers in wild-type and TIr2” liver samples.
MRNA expression analysis for the OIS marker genes Cdkn1a (p21), Dcr2 and Arfin
snap frozen liver samples from wild-type (WT) and TIr2 null (TIr2”") mice six days
after hydrodynamic delivery of Nras encoding transposons. Statistical analysis was
performed using a one-way ANOVA with a post-hoc Tukey test for multiple

comparisons.
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3.3.3 The effect of TIr2 on the expression of the SASP in vivo

To assess whether TIr2 regulates expression of the SASP in vivo, RT-
gPCR analysis was performed to assess the expression of key SASP factors
(-1, lI-1Band II-6) in WT and TIr2” mice following HTVI delivery of Nras
encoding transposons. Significantly increased expression of /l-14 and II-6
was observed following overexpression of Nras®’?V in wild-type (WT)
hepatocytes when compared with effector loop mutant negative controls
(Nras®72V/D384) "however the increase observed in /I-1a was not statistically
significant (Figure 3.10). When this was repeated in TIr2”- samples, there
was no significant increase in expression of any of the measured SASP
factors. Indeed, there was a significant reduction in the expression of /-1«
and /I-15when comparing Nras®’?V expressing WT and TIr2”- samples,

however there was no significant reduction in //-6 expression (Figure 3.10).
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Taken together, these data suggest that active TIr2 is required to induce
expression of the SASP during OIS, and that loss of TIr2 impairs the

induction of SASP expression.

Figure 3.10: Expression of /l-18and /I-6 is dependent on TIr2 activity. mRNA
expression analysis for key SASP factors (/I-1«, II-14 and /I-6) in snap frozen wild-
type (WT) and TIr2 null (TIr2”) liver samples six days following hydrodynamic
delivery of Nras encoding transposons. n=3 mice per group. Statistical analysis was
performed using a one-way ANOVA with a post-hoc Tukey test for multiple

comparisons. *p<0.05, **p<0.01.
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This was investigated further using IHC staining for IL-1, which
suggested that SASP expression was from hepatocytes rather than

infiltrating immune cells (figure 3.11).
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Figure 3.11: IL-18 protein expression is dependent on TIr2 activity. IHC staining
for Nras and IL-1p in wild-type (WT) and TIr2 null (TIr2"") FFPE liver sections six
days following hydrodynamic delivery of Nras encoding transposons.

Representative images from n=3 mice per group.
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3.4 Senescence surveillance and Tir2

3.4.1 Immune cell recruitment to senescent cells is impaired following

Tir2 loss

As discussed in 1.3.2, immune mediated clearance of senescent cells
(so called ‘senescence surveillance’) is regulated by the SASP (Kang et al.,
2011; Xue et al., 2007). Data described in 3.3 suggests that TIr2 is required
for optimal induction of OIS and the SASP, therefore the effect of TIr2 loss on
senescence surveillance was investigated. The HTVI model has been used
to elegantly characterise senescence surveillance (Kang et al., 2011)

therefore this model was used to investigate the role TIr2 has in this process.
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Firstly, IHC staining for key immune cell markers including macrophages
(F4/80), T-cells (CD3) and neutrophils (MPO) was performed in WT and
TIr2”- samples six days after HTVI delivery of Nras encoding transposons.
Interestingly, significantly increased recruitment of macrophages was
observed in WT samples overexpressing Nras®’?V and a clear biological
trend towards increased T-cells and neutrophils was also observed, although
the latter did not reach statistical significance (Figure 3.12-13). Macrophage
recruitment was markedly impaired in TIr2” mice (Figure 3.12-13),

suggesting that TlIr2 regulates the recruitment of immune cells during OIS.
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Figure 3.12: Immune cell recruitment is dependent on TIr2 activity.

IHC staining for the immune cell markers F4/80 (macrophages), CD3 (T-cells) and

MPO (neutrophils) in wild-type (WT) or Tir2 null (TIr2”) FFPE liver sections six days

after hydrodynamic delivery of Nras encoding transposons. Representative images

from n=3 mice per group.
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Figure 3.13: Quantification of immune cell populations from samples described in
figure 3.12. n=3 mice per group. Statistical analysis was performed using a one-way

ANOVA with a post-hoc Tukey test for multiple comparisons. *p<0.05.
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Senescence surveillance is a CD4"* T-cell mediated response,
however recruited monocytes act as the effector cells, clearing Nras®’?V
expressing cells (Kang et al., 2011). To assess whether the F4/80* cells
observed are recruited to Nras®’?V expressing cells co-immunofluorescence
was performed to stain for Nras and F4/80. This revealed clear recruitment of
F4/80* macrophages surrounding Nras expressing hepatocytes (Figure
3.14). This phenotype was not observed in negative controls (Nras®'2V/D38A)
and was impaired in TIr2”- hepatocytes expressing Nras®'?V (Figure 3.14)

suggesting that TIr2 mediates the recruitment of immune cells to senescent

cells.
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612V axpressing

Figure 3.14: TIr2 loss impairs macrophage recruitment to Nras
cells. Co-immunofluorescence staining for Nras (green), F4/80 (red) and DAPI
(blue) six days following hydrodynamic delivery of Nras encoding transposons in

wild-type (WT) and TIr2 null (TIr2”) FFPE liver sections. Representative images

from n=3 mice per group.

WT Nras®12V/D3gA WT Nras¢12v Tlr2”~Nras®12v

3.4.2 Senescence surveillance following TIr2 loss

Using the HTVI model, it has been shown that by day 12 following
HTVI significant clearance of Nras®’?Y expressing hepatocytes occurs (Kang
et al., 2011) and this model has been used extensively to determine
regulators of senescence surveillance (Eggert et al., 2016; Goncalves et al.,
2021; Wiggins et al., 2019). To assess whether impaired recruitment of
immune cells translates to impaired clearance of senescent cells HTVI using
Nras®'?V encoding transposons was again performed on WT and TI/r27 mice.

These mice were culled at 6 and 12 days after HTVI and Nras positive cells
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were quantified manually. There was a reduction in Nras positive cells at day
12 compared to day 6 in WT mice, however this did not reach statistical
significance. Furthermore, TIr2”- Nras®'?V expressing hepatocytes were also

unchanged at day 12 when compared with WT controls (Figure 3.15).

Figure 3.15: Senescence surveillance and TIr2 loss. (a) IHC staining for Nras at
day 6 and day 12 after hydrodynamic delivery of Nras®’? encoding transposons in
wild-type (WT) and Tir2 null (TIr2”) FFPE liver sections. (b) Corresponding
quantification for samples described in (a). n=3-7 mice per group. Statistical analysis

was performed using a one-way ANOVA with a post-hoc Tukey test for multiple

comparisons.
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The Nras®’?Y expressing transposon co-expresses GFP (pT3-
NRas®'?V-IRES-GFP), which serves as an independent marker of transposon
integration. To investigate immune mediated clearance further, a luciferase
cassette was cloned into the Nras®’?Y encoding transposon in place of GFP.
Therefore, every Nras®’?" expressing hepatocyte would co-express the

enzyme luciferase. Mice were subcutaneously injected with luciferin-D.
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Luciferase catalyses the oxidation of luciferin resulting in the formation of
oxyluciferin in an electronically excited state. Oxyluciferin then releases a
photon of light as it reverts to ground state, and these photons can be
detected by bioluminescence imaging platforms. Therefore, co-expression of
Nras®’? and luciferase allows longitudinal in vivo imaging using
bioluminescence, which acts as a marker of Nras®’?" expression. The
Nras®'2V-Luciferase transposon was delivered to WT and TIr2” mice using

the HTVI method (Figure 3.16).

Figure 3.16: Transposon plasmid for bioluminescent imaging. The Nras®'?"-
Luciferase expressing transposon is co-delivered with the transposase (SB13)
expressing plasmid using the HTVI technique. Transposon cloning was performed

under the supervision of Dr Andrea Quintanilla, University of Edinburgh.
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These mice were then imaged every 7 days for 3 weeks. There was
no significant difference in bioluminescence signal observed in WT and TIr2"
mice after 7 days. This signal was markedly reduced at day 14, however only
reached statistical significance in the TIr2”- context, suggesting that
TIr2”- hepatocytes are cleared more readily that WT controls (Figure 3.17).
However, these data do not account for transient expression of the
transposon plasmid which likely occurs at earlier timepoints. Nonetheless,

comparisons between WT and TIr2”- mice between 7 and 14 days suggests
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that TlIr2 loss does not impair senescence surveillance. There was a
significant reduction in signal between day 14 and day 21 in WT control mice,
however this signal was maintained in TIr2”- mice, perhaps suggesting that

late clearance is impaired in TIr27 mice.

Figure 3.17: Longitudinal bioluminescent imaging to assess senescence
surveillance with TIr2 loss. (a) Representative bioluminescence imaging of wild-
type (WT) and TIr2 null (TIr2”") mice 7, 14 and 21 days after hydrodynamic delivery
of Nras®'?"-Luciferase co-expressing transposons. (b) Quantification (Total photon

flux) of samples described in (a). n=3-4 mice per group. *p<0.05, ***p<0.001
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3.5 Apoptosis following Tir2 loss

Despite impaired OIS, SASP expression and immune cell recruitment in
TIr2”- mice, Nras®’?V expressing hepatocyte clearance was not significantly
impaired (as shown in 3.4.2). Significant loss of Nras®’?V expressing TIr2”
hepatocytes does occur (Figure 3.15 and 3.17) and the likelihood is that
other non-TIr2 dependent factors controlling senescence surveillance are still
at play. Another possibility is that TIr2”- Nras®’?V expressing cells are cleared
by an alternate mechanism. A key feature of senescent cells is a robust
resistance to apoptotic stimuli due to activation of the Bcl-2 protein family
(principally Bcl-W and Bcl-xl) (Yosef et al., 2016). Impairing a cell’s ability to
undergo senescence (by TIr2 loss, for example) would theoretically pave the
way for a more robust response to apoptotic stimuli. To investigate this, IHC
staining for activated (cleaved) caspase 3, a central protein involved in the
execution phase of apoptosis, was performed. Interestingly, at both day 6
and 12 after HTVI delivery of Nras®’?" transposons, increased cleaved
caspase 3 expression was observed in TIr2”- samples, in comparison to WT
controls (Figure 3.18), suggesting that an increased apoptotic response may
mediate the significant clearance of Nras®’?V expressing hepatocytes

observed in TIr2” mice.
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Figure 3.18: Apoptosis is increased following TIr2 loss. (a) IHC staining for
cleaved caspase 3 in wild-type (WT) and TIr2 null (TIr2”) FFPE liver sections 6 and
12 days after hydrodynamic delivery of Nras®'? encoding transposons. (b)
Corresponding quantification from samples described in (b). n=3-8 mice per group.
Statistical analysis was performed using a one-way ANOVA with a post-hoc Tukey

test for multiple comparisons. *p<0.05.
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3.6 Chapter summary

In this chapter, the aim was to establish a well-characterised in vivo
model of OIS in our lab and use this model to investigate the role TIr2 has
during this process. The HTVI model was successfully established, and it
was used to demonstrate robust activation of OIS and the SASP in vivo.
Following loss of TIr2 this response was markedly impaired, however this did
not translate into impaired senescence surveillance. Continued clearance of
TIr2”- cells may be explained by increased apoptosis. From these data, it can
be concluded that TIr2 does regulate OIS and the SASP in vivo but does not

clearly regulate senescence surveillance.
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4 : Results chapter 2

Characterising the role of TLR2 in human

non-small cell lung cancer

4.1 Chapter aims

Chapter three describes data confirming that TIr2 regulates OIS and the
SASP in vivo. These processes are key tumour suppressor mechanisms.
OIS is widespread in preinvasive lung tumours whereby it likely acts as a
barrier to malignant progression (Collado et al., 2005). Furthermore, TIr2 is
widely expressed in the lung (McCoy et al., 2021). It was therefore
hypothesised that TIr2 has a tumour suppressor function in non-small cell
lung cancer (NSCLC). The aim of this chapter is to determine whether TLR2
signalling is active in human NSCLC and investigate whether this signalling
mediates a tumour suppressor function. Gene expression data (RNA
sequencing and microarray) from the two main subtypes of NSCLC (lung
adenocarcinoma - LUAD and lung squamous carcinoma - LUSC) were
analysed along with FFPE samples of invasive and preinvasive disease. In
this chapter, the results of analysis of human lung cancer samples are

described.
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4.2 TLR2 expression correlates with improved prognosis in
human lung adenocarcinoma

In collaboration with Dr Andy Sims (CRUK Edinburgh Centre, University
of Edinburgh) TLRZ2 gene expression in LUAD samples from the Cancer
Genome Atlas (TCGA) (Cancer Genome Atlas Research, 2014) were
analysed. High TLR2 expression significantly correlated with improved
overall survival (Figure 4.1), suggesting that TLR2 may have a tumour

suppressor function in NSCLC.

Figure 4.1: TLR2 expression correlates with survival in lung adenocarcinoma.
Kaplan-Meier survival analysis of lung adenocarcinoma patients stratified as TLR2-
high vs TLR2-low expressing tumours from the cancer genome atlas. Statistical
analysis was performed using the log-rank (Mantel-Cox) test. Data courtesy of Dr

Andy Sims.
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Importantly, the majority of LUAD samples in the TCGA are stage 1
(652/1046). When survival analysis was performed on stage 1 TCGA
samples only, the survival benefit of high TLR2 expression remained (Figure
4.2), suggesting that the result outlined in figure 4.1 was not due to lower
stage lesions exhibiting higher TLR2 expression than late-stage lesions with

inherently poorer survival.

Figure 4.2: TLR2 expression correlates with survival in stage 1 lung
adenocarcinoma. Kaplan-Meier survival analysis of lung adenocarcinoma patients
stratified as TLR2-high vs TLR2-low expressing tumours from the cancer genome
atlas. Statistical analysis was performed using the log-rank (Mantel-Cox) test. Data

analysed using kmplot.com.
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Following this result, a possible tumour suppressor function for TLR2
was investigated using collaborations with clinicians from the University of

Edinburgh (Professor William Wallace) and University College London
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(Professor Sam Janes). Furthermore, we reanalysed a published RNA
sequencing dataset of surgically resected preinvasive and invasive LUAD

lesions (Chen et al., 2019).

4.3 TLR2 and SASP expression in human LUAD

4.3.1 TLR2 and the SASP is expressed in LUAD tumour epithelium
Firstly, in order to establish whether TLR2 and the SASP is expressed
in tumour epithelium, IHC staining was performed on FFPE surgical resection
specimens of early stage (stage 1 and 2) human LUAD acquired from the
Lothian Bioresource (in collaboration with Professor Wallace). Staining for
TLR2 and IL-1p revealed extensive TLR2 and IL-1 expression in tumour
epithelium, which was significantly increased compared to paired normal lung

epithelium (Figure 4.3).
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Figure 4.3: TLR2 and IL-1p expression is increased in early-stage lung
adenocarcinoma. (a) IHC staining for TLR2 and IL-18 in paired normal lung
epithelium (normal) and lung adenocarcinoma (LUAD). (b) H-score quantification for
samples described in (a). Each dot represents one sample. n=10. Statistical

analysis was performed using a paired t-test. ****p<0.0001.
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Furthermore, IHC staining for TLR2 and IL-1p was performed on
consecutive sections, which revealed an overlap between TLR2 and IL-13
signal at the tumour epithelium (Figure 4.3). To confirm the correlation of
TLR2 and IL-1p3 expression, automated H-score analysis on predefined
tumour regions was performed using the software tool QuPath (Bankhead et
al., 2017). Correlation between TLR2 and IL-13 H-score data was then
assessed using Pearson correlation analysis, revealing a significantly

positive correlation (Figure 4.4) in LUAD epithelium.

Chapter 4: Results 2 168



Figure 4.4: TLR2 and IL-1P expression is positively correlated. Scatter plot of
TLR2 and IL-1B H-score analysis on serial IHC sections from predefined tumour
regions. Each dot represents one tumour area from 12 samples in total. Analysis is
performed using Pearson correlation analysis between TLR2 and IL-1p H-scores.
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In collaboration with Professor William Wallace, lepidic (preinvasive)
areas of adenocarcinoma were identified within the early-stage invasive
LUAD resection specimens and TLR2 and IL-1 expression was measured
using QuPath. This revealed that both TLR2 and IL-13 were also significantly
increased in preinvasive epithelium compared to normal epithelium (Figure

4.5).
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Figure 4.5: TLR2 and IL-18 expression is increased in lepidic (preinvasive)
lung adenocarcinoma. (a) IHC staining for TLR2 and IL-1p in paired normal lung
epithelium (normal) and lepidic (preinvasive) lung adenocarcinoma. (b) H-score
quantification for samples described in (a). Each dot represents one sample. n=9.
Statistical analysis was performed using a paired t-test. ***p<0.001.
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These data show that TLR2 and IL-1p are highly expressed in both
preinvasive and invasive LUAD epithelium, and expression is strongly

correlated.

4.3.2 TLR2 expression is increased in preinvasive LUAD

Given that TLR2 and the SASP factor IL-1f are highly expressed in
preinvasive and invasive LUAD epithelium (within the same tumour), the
expression levels in individual preinvasive vs invasive lesions were

investigated. Differential gene expression analysis was performed on a
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published RNA sequencing dataset of preinvasive adenocarcinoma (AlS —

adenocarcinoma in situ, MIA - minimally invasive adenocarcinoma) and

invasive adenocarcinoma (LUAD) samples (Chen et al., 2019). Principal

component analysis (PCA) demonstrated significant overlap of gene

expression profiles of AIS and MIA lesions (Figure 4.6), therefore these

preinvasive lesions were grouped together for further analysis.

Figure 4.6: Gene expression profiles of lung adenocarcinoma precursor

lesions. Principal component analysis (PCA) of adenocarcinoma in situ (AlS),

minimally invasive adenocarcinoma (MIA) and invasive lung adenocarcinoma

(LUAD) lesions. Data analysed with the support of Dr Philippe Gautier.
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TLRZ2 expression was compared between preinvasive (AIS/MIA) and

invasive (LUAD) samples and it was demonstrated that TLR2 expression is

significantly increased in preinvasive lesions (Figure 4.7).

Figure 4.7: TLR2 expression is increased in preinvasive lung adenocarcinoma

lesions. Normalised TLR2 read counts from preinvasive (AIS/MIA) and invasive

(LUAD) samples. Each dot represents one sample. Statistical analysis was

performed using the Mann-Whitney test.
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4.3.3 SASP expression is increased in preinvasive LUAD

Data from our HTVI murine model demonstrated that TIr2 regulates

expression of the SASP (chapter 3). Therefore, the expression of several

SASP factors was compared in preinvasive and invasive LUAD lesions by
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analysing published RNA sequencing data (Chen et al., 2019). The analysis
showed the SASP factors IL1A and IL6 exhibit increased expression in
preinvasive lesions, however there was no significant difference in IL1B

expression (Figure 4.8).
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Figure 4.8: SASP expression is increased in preinvasive lung adenocarcinoma

lesions. Normalised read counts for the SASP factors IL71A, IL1B and IL6 from

preinvasive (AIS/MIA) and invasive (LUAD) samples. Each dot represents one

sample. Statistical analysis was performed using the Mann-Whitney test.
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TLRZ2 and SASP factor read counts were then analysed for correlation

by plotting read counts on a scatter plot and performing Pearson correlation

analysis. However, there was no significant positive correlation demonstrated

between TLRZ2 and any SASP factor (TLR2-ILB correlation shown in Figure

4.9).

Figure 4.9: TLR2 and IL1B RNA expression does not positively correlate.
Scatter plot of TLR2 and /L 1B read counts. Each dot represents one sample.
Analysis is performed using Pearson correlation analysis.
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TLR2 and SASP gene expression is high in immune cells, and

correlation between the expression of these genes in immune cells is not

expected. Therefore, this may explain the lack of positive correlation seen in
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these bulk RNA sequencing samples, unlike the positive correlation observed

at the protein level (Figure 4.4, chapter 4.3.1).

4.4 TLR2 and SASP expression in preinvasive LUSC

441 TLR2 expression correlates with clinical regression in
preinvasive LUSC
Professor Sam Janes (University College London) is in possession of
a unique biobank of clinically and molecularly phenotyped preinvasive LUSC
lesions that have undergone longitudinal follow up using autofluorescence
bronchoscopy, allowing the repeated identification and biopsy sampling of

individual lesions over time (Figure 4.10).

Figure 4.10: Autofluorescence bronchoscopy allows the identification of
preinvasive large airway lesions. Endobronchial view (via a bronchoscope) with
normal white light (left) and autofluorescence bronchoscopy (AFB - right) allowing
identification of preinvasive lesions and biopsy sampling. Image adjusted from

olympusmedical.com.
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Upon longitudinal follow up it has been shown that not all high grade
preinvasive LUSC lesions (high grade dysplasia/carcinoma in situ) progress
to invasive malignancy. In fact, around 30% regress back to normal

epithelium (Jeremy George et al., 2007) (Figure 4.11).

Figure 4.11: Not all preinvasive squamous lung lesions progress to cancer.
Longitudinal follow up and serial endobronchial biopsy (performed using
autofluorescence bronchoscopy) demonstrated that only 50% of high grade
preinvasive LUSC lesions progress to invasive malignancy, with up to 30%
regressing back to normal epithelium. H&E images courtesy of Dr Vitor

Teixeira/Professor Sam Janes.
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Using gene expression microarray platforms, Professor Janes’ team
have analysed the gene expression profiles of lesions that have
subsequently gone on to either progress to invasive malignancy or regress to
normal epithelium (Teixeira et al., 2019). Importantly, gene expression was
measured in lesion epithelium only, as stroma was removed using laser

capture microdissection prior to RNA extraction. Data analysed by Dr Adam
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Pennycuick (UCL), revealed that TLR2 expression is significantly increased

in regressive lesions (Figure 4.12).

Figure 4.12: TLR2 expression is associated with clinical regression. TLR2
gene expression was measured, and expression levels were compared between
lesions of equal grade that subsequently either progressed to invasive cancer
(Prog.) or regressed to normal epithelium (Reg.). Each dot represents one sample.
Statistical analysed was performed using a linear mixed effect model. Data courtesy

of Dr Adam Pennycuick (UCL).
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FFPE samples of progressive and regressive lesions from UCL were
obtained in order to determine whether this differential expression occurs at

the protein level. IHC staining for TLR2 was performed and again
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demonstrated that TLR2 expression is increased in regressive lesions

(Figure 4.13).

Figure 4.13: TLR2 protein expression is associated with clinical regression. (a)

IHC staining for TLR2 was performed and compared between lesions of equal grade

that subsequently either progressed to invasive cancer (Progressive) or regressed

to normal epithelium (Regressive). (b) H-score quantification was performed using

QuPath. Each dot represents one sample. n=3-4. Statistical analysis was performed

using the Students t-test.
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performed by Professor Janes’ team. There were no observed inactivating

point mutations in TLRZ2 in either progressive or regressive samples,

however there were several samples exhibiting shallow deletions (loss of one
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copy of the TLR2 gene). The likelihood of shallow deletions being present in
progressive vs regressive lesions was analysed using Fisher’s exact test and
revealed that TLR2 shallow deletions were more likely in progressive
samples (p=0.07), suggesting that these shallow deletions may underpin the
reduced TLRZ2 expression observed in progressive lesions. Furthermore,
shallow deletions in either TLR2 or TLR10 (the TLRZ2 binding partner shown
to regulate OIS and the SASP (Hari et al., 2019)) was significantly more likely
in progressive lesions (p=0.0086). This effect was specific for TLR2 and its
binding partners, as non-TLR2 associated plasma membrane TLRs (TLR4/5)

showed no association with lesion progression (Table 4.1).

Table 4.1: The likelihood of shallow deletions of specific TLR genes being
associated with lesion progression was assessed using Fisher’s exact test. Data

courtesy of Dr Adam Pennycuick (UCL).

Gene P-value
TLR2 0.07113
TLR2 or TLR10 0.008564
TLR4 0.6927
TLR5 1

4.4.2 SASP expression correlates with clinical regression in
preinvasive LUSC
To investigate whether expression of the TLR2 controlled SASP
correlates with clinical regression, gene expression of SASP components

that were regulated by TLR2 (as identified in (Hari et al., 2019)) were
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measured in progressive and regressive samples. The geometric mean of
gene expression values for all TLR2 regulated SASP components was
calculated for each sample and progressive vs regressive samples were
compared, revealing that regressive samples had significantly increased
expression of TLRZ2 regulated SASP components compared to progressive

samples (Figure 4.14).

Figure 4.14: SASP expression is associated with clinical regression. (a) TLR2
regulated SASP gene expression was measured and compared between lesions of
equal grade that subsequently either progressed to invasive cancer (Prog.) or
regressed to normal epithelium (Reg.). Each dot represents one lesion. Statistical
analysed was performed using a linear mixed effect model. (b) Heat map showing
differential expression of each TLR2 regulated SASP component in progressive vs

regressive lesions. Data courtesy of Dr Adam Pennycuick (UCL).
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IHC staining for the key SASP factor IL-1p was then performed on
FFPE samples of progressive and regressive lesions, and again confirmed

that differential expression also occurs at the protein level (Figure 4.15).

Figure 4.15: IL-1B protein expression is associated with clinical regression. (a)
IHC staining for IL-1p was performed and compared between lesions of equal grade
that subsequently either progressed to invasive cancer (Progressive) or regressed
to normal epithelium (Regressive). (b) H-score quantification was performed using
QuPath. Each dot represents one sample. n=3-5. Statistical analysis was performed

using the student t-test. *p<0.05.
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4.4.3 TLR2 expression correlates with the expression of the SASP in

preinvasive LUSC
To investigate whether expression of TLRZ2 and the SASP is positively

correlated the expression values were plotted on a scatter plot and subjected
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to Pearson correlation analysis by Dr Adam Pennycuick (UCL). TLR2 gene
expression showed significant positive correlation with SASP gene

expression in preinvasive LUSC epithelium (Figure 4.16) .

Figure 4.16: TLR2 and SASP expression are positively correlated in
preinvasive squamous lung lesions. Scatter plot of TLR2 gene expression
(TLR2) and the geometric mean of SASP gene expression (TLR2 SASP signature)
in lesions of equal grade that subsequently either progressed to invasive cancer
(Prog.) or regressed to normal epithelium (Reg.). Data was analysed using Pearson
correlation analysis. Each dot represents one sample. Data courtesy of Dr Adam

Pennycuick (UCL).
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A similar analysis was performed using IHC H-score analysis on serial

section stained for TLR2 and IL-1f, and again revealed significantly positive

correlation between TLR2 and IL-1f3 expression (Figure 4.17), further
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suggesting that TLR2 regulates SASP expression in preinvasive lesion

epithelium.

Figure 4.17: TLR2 and IL-1P expression are positively correlated in
preinvasive squamous lung lesions. Scatter plot of TLR2 and IL-13 H-score
analysis in lesions of equal grade that subsequently either progressed to invasive
cancer (Prog.) or regressed to normal epithelium (Reg.). Each dot represents one

sample. Data was analysed using Pearson correlation analysis.
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4.4.4 TLR2 expression correlates with the expression of the acute
phase response in preinvasive LUSC
Work from previous lab members (Dr Priya Hari) demonstrated that
TLR2 regulates several components of the acute phase response (APR).

The most strongly of which is acute phase serum amyloid A proteins 1 and 2
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(A-SAAs) (Hari et al., 2019). Therefore, the gene expression levels of acute
phase response proteins, including A-SAAs, were analysed as per SASP
proteins (described in chapters 4.4.2 and 4.4.3) by Dr Adam Pennycuick.
Interestingly, APR expression was significantly increased in regressive

lesions (Figure 4.18).

Figure 4.18: Expression of the acute phase response is associated with
clinical regression. (a) Acute phase response gene expression was measured and
compared between lesions of equal grade that subsequently either progressed to
invasive cancer (Prog.) or regressed to normal epithelium (Reg.). Each dot
represents one sample. Statistical analysed was performed using a linear mixed
effect model. (b) Heat map showing differential expression of each acute phase
response component in progressive vs regressive lesions. Data courtesy of Dr

Adam Pennycuick (UCL).
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Furthermore, TLRZ2 expression showed significant moderate positive
correlation with APR expression (Figure 4.19). While this correlation is not as
striking as the correlation between TLR2 and the TLR2-SASP signature, it

nonetheless suggests that TLR2 also regulates the APR in this context.

Figure 4.19: TLR2 and the acute phase response are positively correlated in
preinvasive squamous lung lesions. Scatter plot of TLR2 and the geometric
mean of acute phase response gene expression. Data was analysed using Pearson

correlation analysis. Data courtesy of Dr Adam Pennycuick (UCL).
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4.5 Chapter summary

In this chapter, the aim was to determine whether TLR2 signalling is
active in human NSCLC and investigate whether this signalling plays a
tumour suppressor function. Gene expression and IHC data from clinical
samples of preinvasive and invasive LUAD and preinvasive LUSC were
described and demonstrated that TLR2 and SASP signalling is highly active
in human lung tumour epithelium. Furthermore, TLRZ2 expression was
increased in preinvasive LUAD and significantly correlated with clinical
regression in preinvasive LUSC. From these data, it can be concluded that
TLR2-SASP signalling is active in early-stage lung cancer, where it likely has
a tumour suppressor function, preventing tumour progression to invasive

malignancy.
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5 : Results chapter 3

Characterising the tumour suppressor role of

Tir2 in non-small cell lung cancer

5.1 Chapter aims

Chapter four describes data demonstrating that TLR2 and the SASP
are highly expressed in human preinvasive NSCLC epithelium where they
correlate with clinical regression and improved survival. These data suggest
a tumour suppressor function for TLR2 and the SASP in NSCLC. The aim of
this thesis chapter is to test the hypothesis that TIr2 has a tumour suppressor
role in lung tumours and investigate the mechanism of TIr2 mediated lung
tumour suppression using a genetically engineered mouse model (GEMM) of
NSCLC. The well-described loxP-STOP-loxP Kras®'?? (hereafter Kras-St-
G120/*) mouse model was used, allowing tissue specific activation of
oncogenic Kras signalling (Jackson et al., 2001). Using this model, the effect
of TIr2 loss was investigated and functional studies were performed to
characterise the mechanism of TIr2 mediated tumour suppression. In this
chapter, the results from the NSCLC murine model experiments are

described.
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5.2 The effect of TIr2 loss on NSLC progression

5.2.1 TIr2 loss increases tumour number and size

KrastSt-G12D/* mice on either a wild type (WT) or TIr2 null (TIr2”)
background were intranasally inoculated with Adenovirus that expresses Cre-
recombinase under the control of the CMV promoter (AdenoCre). Following
transient local expression of Cre-recombinase, the STOP codon is removed
upstream of the oncogenic Kras®’?P allele, prompting activation of oncogenic
Kras signalling at the lung epithelium (see Figure 1.9, chapter 1.6.7). Mice
were humanely culled between 8-15 weeks later and lung tissue was
harvested for histological analysis. TIr2”- mice exhibited more tumours and an
increased tumour burden (tumour area/total lung area) indicating increased

tumour formation and growth following TIr2 loss (Figure 5.1).
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Figure 5.1: TIr2 loss enhances lung tumour initiation and growth. (a) H&E

images of lung tumours 12 weeks after AdenoCre inoculation in wild type (WT) or

Tir2 null (TIr2”) Kras*s=¢"?"* mice with corresponding quantification for mice culled

at 8-, 12- and 15-weeks post inoculation (p.i) in (b). Each dot represents one

mouse. n=3-4 (8 weeks), 5-6 (12 weeks) and 2-4 (15 weeks). Statistical analysis

was performed using the Student’s t-test. *p<0.05, **p<0.01.
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Lung tumour grading was then performed by two independent
reviewers (Dr Fraser Millar and Dr John Connelly (Pathology SpR),
University of Edinburgh) using predefined criteria (DuPage et al., 2009) as

summarised in table 5.1.

Table 5.1: Lung tumour grading criteria, as described in (DuPage et al., 2009)

Grade Histology Features

1 Atypical adenomatous Hyperplastic, uniform nuclei, nucleoli absent
hyperplasia

2 Adenoma Large nuclei, prominent nucleoli

3 Adenocarcinoma Cellular pleomorphism, nuclear atypia

4 Invasive adenocarcinoma Irregular mitoses, invasive stroma

(desmoplasia), invasion into

lymphatic/blood vessels and pleura

Inter-rater agreement was assessed using Cohens Kappa coefficient
which revealed very good agreement (weighted Kappa 0.854, unweighted
Kappa 0.789 (95% CI1 0.698-0.880)). While there was no statistically
significant difference in tumour grades, there was a trend towards reduced
grade 1 lesions and increased grade 2 lesions in TIr2”- mice (Figure 5.2).
Taken together, these data suggest that T/r2 loss promotes lung tumour

progression.
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Figure 5.2: Tir2 loss does not significantly affect histological tumour grade.
Tumour grading (as outlined in table 5.1) of lung tumours from wild type (WT) or Tir2
null (TIr2") Kras*s-¢"2P* mice 12 weeks after AdenoCre inoculation. Each dot
represents one mouse. n=5-6 mice. Statistical analysis was performed using the

Student’s t-test. ns — non-significant.
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5.2.2 Tir2 loss worsens survival in murine NSCLC

To further determine the effect TIr2 loss has on lung tumour growth
and survival, Kras-S--G72D* mice with either a WT or TIr27 background were
inoculated with AdenoCre then aged to morbidity. Mice were monitored daily
with weekly weights recorded. Symptoms of moderate-severe breathless and
weight loss precipitated immediate humane culling. Survival analysis was
performed using a Kaplan-Meier curve (Figure 5.3). This demonstrated a
significant survival disadvantage in TIr2”-mice. The mechanism of this

tumour suppressor effect was then investigated, focusing on the role of TIr2
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in OIS and the SASP as previously outlined in (Hari et al., 2019) and chapter

3.

Figure 5.3: TIr2 loss impairs survival in lung tumour bearing mice. Kaplan-
Meier plot of survival of Kras--"¢"?""* mice with either a WT (blue) or TIr2” (red)
background after inoculation with AdenoCre. Mice were aged to morbidity and were
humanely culled once approaching the project license severity limit (moderate-
severe breathless and weight loss >10%). n=13-15 mice. Statistical analysis was

performed using the Mantel cox log-rank test.

1004 —— WT (n=15)
—— TIr27- (n=13)
Q ]
© i
S 50— log-rank test p=0.0038
B
0-IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 50 100 150

Time (days)

Chapter 5: Results 3 193



5.3 Tir2loss and OIS in NSCLC

5.3.1 TiIr2 loss impairs OIS in lung tumours primarily via p53-p21

signalling

To determine whether TIr2 loss impairs OIS in lung tumours, IHC
analysis was performed. Staining for the proliferation marker Ki67, and
markers of the two main tumour suppressor pathways activated in
senescence (p53-p21 and p16-Rb) was performed. IHC staining for the cell
cycle inhibitor p21 was used as a marker of p53-p21 pathways activation and
Arf (alternate reading frame of the CdknZ2a locus) was used as a surrogate
marker of p16-Rb pathway activation. Tumours enriched in senescent cells
should demonstrate a low proliferative index (low Ki67 index) and high p21
and Arf expression, therefore these stains were used as markers of OIS.
TIr2”-tumours exhibited significantly increased Ki67 expression, significantly
reduced p21 expression and a trend towards reduced Arf expression (Figure
5.4), suggesting that TIr2”- tumours have an impaired ability to undergo OIS

and that TIr2 functions mainly via p53-p21 signalling to mediate this effect.
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Figure 5.4: TIr2 loss impairs cell cycle arrest pathway activation. (a) IHC

LSL-G12D™* mice with either a

staining for Ki67, p21 and Arf in lung tumours from Kras
WT or TIr2” background 12 weeks after inoculation with AdenoCre, with
corresponding quantification in (b). Five tumours chosen at random in a blinded
fashion were analysed per mouse (each dot represents one tumour). n=5-6 mice per

group. Statistical analysis was performed using the Student’s t-test. ns — non-

significant, *p<0.05, ***p<0.001.
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5.4 The tumour suppressor effect of TIr2 is not solely

dependent on p53-p21 signalling

Trp53 (the murine gene encoding p53) is a key regulator of OIS and
data from chapter 5.3 indicates that T/r2 functions via p53-p21 signalling. To

determine whether the tumour suppressor effect of TIr2 in murine NSCLC is
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entirely dependent on p53-p21 signalling, a murine model allowing
concurrent activation of Kras®’?? and deletion of Trp53 was used. So called
‘KP’ mice are heterozygous for the Kras-S--¢72D allele and homozygous for
the ‘floxed’ Trp53 allele. Therefore, local expression of Cre-recombinase
concurrently activates Kras-S--672P and deletes Trp53 (see Figure 1.10,

chapter 1.6.7).

5.4.1 TIr2loss increases tumour number and growth in KP mice

KP mice on either a WT or TIr2” background were intranasally
inoculated with AdenoCre and were humanely culled 12 weeks later. Lung
tumour burden was increased in TIr2”-KP mice (Figure 5.5), suggesting that

the tumour suppressor function of TIr2 is not entirely dependent on Trp53.
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Figure 5.5: TIr2 loss enhances lung tumour growth in KP mice. (a) H&E images
of lung tumours 12 weeks after AdenoCre inoculation in wild type (WT) or Tir2 null
(TIr2”") KP mice with corresponding quantification in (b). Five tumours analysed per
mouse (each dot represents one tumour). n=7-10 mice per group. Statistical

analysis was performed using the Student’s t-test. ns — non-significant, *p<0.05.
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Tumour grading was then performed (as described table 5.1) and
revealed a significant increase in high grade tumours (grade 2 and 3) and a
significant reduction in low grade tumours (grade 1) in TIr2”- mice (Figure

5.6).
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Figure 5.6: TIr2 loss leads to advanced histological grade in KP lung tumours.
Tumour grading (as outlined in table 14) of lung tumour from wild type (WT) or Tir2

null (TIr2”") KP mice 12 weeks after AdenoCre inoculation. Each dot represents one
mouse. n=7-10 mice per group. Statistical analysis was performed using the

Student’s t-test. ns — non-significant, *p<0.05, **p<0.01, ***p<0.001.
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Tumour proliferation was also measured using Ki67 IHC staining and
revealed that TIr27- tumours from KP mice had a significantly increased
proliferative index in comparison to control (Figure 5.7) further suggesting
that the tumour suppressor role of TIr2 is not fully dependent on Trp53

signalling.
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Figure 5.7: TIr2 loss enhances proliferation in KP lung tumours. (a) Ki67 IHC
staining on lung tumours 12 weeks after AdenoCre inoculation in wild type (WT) or
Tir2 null (TIr2”") KP mice with corresponding quantification in (b). Five of the highest-
grade tumours were analysed per mouse in a blinded fashion (each dot represents

one tumour). n=7-10 mice per group. Statistical analysis was performed using the

Student’s t-test. *p<0.05.
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5.5 TIr2 loss impairs expression of the SASP in lung
tumours
The SASP can function as a key non-cell autonomous tumour
suppressor mechanism. Induction of the SASP is not reliant on tumour
suppressor pathways and therefore experiments were performed to assess

whether altered SASP expression was responsible for the Trp53 independent

tumour suppressor effects of Tir2.
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5.5.1 SASP expression is impaired in Kras‘St-¢72D/* lJung tumours

following TIr2 loss

To determine whether TIr2 loss impairs expression of the SASP, IHC
staining for the SASP factors interleukin-1a (IL-1a), interleukin-1p (IL-1B) and
acute phase serum amyloid A (A-SAA) was performed on lung tumour
sections from WT and TIr27- Kras-St-672D* mice (with intact Trp53). This
revealed that TIr27- lung tumours in Kras-S--672D* mice express significantly
lower levels of all three SASP factors (Figure 5.8). These data suggest that
TIr2 is integral to the expression of the SASP in lung tumours, as is the case

in vitro and in the HTVI model ((Hari et al., 2019) and chapter 3).
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Figure 5.8: TIr2 impairs SASP expression in lung tumours. (a) IHC staining for
IL-10., IL-1B and A-SAA in lung tumours from Kras-S-¢2P"* mice with either a WT or
TIr2”- background with corresponding quantification in (b). Five tumours analysed
per mouse (each dot represents one tumour). n=5-6 mice per group. Statistical

analysis was performed using the Student’s t-test. ***p<0.001, ****p<0.0001.
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5.5.2 SASP expression is impaired in KP lung tumours following Tir2
loss
To determine whether SASP expression is dependent on Trp53
signalling, IHC staining for the SASP factors IL-1a, IL-13 and A-SAA was
performed on KP lung tumours with either a WT or TIr2” background. This
staining revealed that TIr2”- tumours from KP mice express significantly lower

levels of all three SASP factors (Figure 5.9), confirming that TIr2 regulates
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expression of these pro-inflammatory SASP factors in murine lung tumours
independently of Trp53. This may explain the persisting lung tumour

promoting effect of TIr2 loss in the absence of Trp53.

Figure 5.9: TIr2 impairs SASP expression in KP lung tumours. (a) IHC staining
for IL-1a, IL-1B and A-SAA in lung tumours from KP mice with either a WT or TIr2”
background with corresponding quantification in (b). Five tumours analysed per
mouse (each dot represents one tumour). n=7-10 mice per group. Statistical

analysis was performed using the Student’s t-test. ***p<0.001, ****p<0.0001.
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5.6 TIr2 loss impairs immune cell recruitment to lung

tumours

5.6.1 Immune cell analysis in lung tumours

The SASP is integral in the regulation of senescence surveillance
(Kang et al., 2011; Xue et al., 2007). Therefore, immune cell recruitment to
lung tumours in WT and TIr2” mice was investigated. Multicolour flow
cytometry was performed on lung single cell suspensions from tumour
bearing mice, and IHC staining for immune cell markers was performed on
FFPE samples from tumour bearing mice. A flow cytometry panel was
designed to analyse both lymphoid and myeloid population and is outlined in

Figure 5.10.
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Figure 5.10: Immune cell population analysis using flow cytometry. Flow
cytometry gating strategy used to analyse lymphoid and myeloid populations in lung

single cell suspensions. Gating protocol from (Busch et al., 2016).
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A significant reduction in total immune cells (CD45" cells) was
observed in tumour bearing lungs from TIr2”- mice (Figure 5.11), suggesting
that tumour immune cell recruitment is impaired following TIr2 loss. This
result prompted further analysis into different immune cell populations to

determine what population is affected by TIr2 loss.
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Figure 5.11: TIr2 loss impairs total immune cell recruitment to lung tumours.
Total CD45" cells per gram of tissue were quantified using flow cytometry on lung
single cell suspensions isolated from tumour bearing lungs from WT (blue) or TIr2”
(red) Kras-S--6"P"* mice. Each dot represents one mouse. n=12 mice per group.

Statistical analysis was performed using the Student’s t-test. *p<0.05.
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5.6.2 Macrophage/monocyte recruitment is impaired following Tir2
loss
Myeloid populations were analysed as described in Figure 5.10. There
was a significant reduction in macrophages and a non-significant trend
towards a reduction in monocytes in TIr2”- tumour bearing lungs (Figure

5.12).
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Figure 5.12: Myeloid derived population analysis using flow cytometry. (a)
Representative flow cytometry analysis of myeloid cells in lung single cell
suspensions from tumour bearing wild-type (WT) and TIr2 null (TIr2”") mice. %
denotes the percentage of parent population. Corresponding quantification in (b).
Each dot represents one mouse. Mono — monocytes, Eos — Eosinophils, Mac —
Macrophages, Neut — Neutrophils. n=12 mice per group. Statistical analysis was

performed using the Student’s f-test. *p<0.05.
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A limitation of the flow cytometry experiments is that the whole lung is
sampled, not just tumours. To further assess the recruitment of immune cells
to lung tumours specifically, IHC staining for the pan monocyte/macrophage
marker CD68 was performed. Quantification of CD68+ cells within lung
tumours was performed and revealed significantly reduced infiltration of
CD68" cells in TIr2” lung tumours (Figure 5.13), suggesting that
recruitment/proliferation of monocyte/macrophages to lung tumours is

impaired in TIr2”~ mice.

Figure 5.13: Monocyte/macrophage recruitment is impaired in TIr2” lung
tumours. (a) CD68 IHC staining on lung tumours 12 weeks after AdenoCre
inoculation in wild type (WT) or TIr2 null (TIr2") Kras-S-¢"2P"* mice with
corresponding quantification in (b). Five tumours analysed per mouse (each dot
represents one tumour). n=5-6 mice per group. Statistical analysis was performed

using the Student’s t-test. **p<0.01.
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5.6.3 Lymphoid cell recruitment is maintained following TIr2 loss
Lymphoid populations were analysed as described in Figure 5.10. While
there was a trend towards a reduction in CD3" cells, this was not statistically
significant. Furthermore, there was no significant difference in T-cell subsets

(CD4*, CD8" and NK cells) (Figure 5.14).
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Figure 5.14: Lymphoid derived population analysis using flow cytometry. (a)
Representative flow cytometry analysis of lymphoid cells in lung single cell
suspensions from tumour bearing wild-type (WT) and TIr2 null (TIr2”") mice. %
denotes the percentage of parent population. Corresponding quantification in (b).
CD3+ — total T-cells, CD4+ — CD4* T-cells, CD8+ — CD8" T-cells, NK — Natural killer
cells. Each dot represents one mouse. n=12 mice per group. Statistical analysis was

performed using the Student’s t-test. ns — non-significant.
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To investigate this further and to assess lymphoid cell recruitment to
lung tumours specifically, IHC staining for the pan T-cell marker CD3 and
specific T-cell markers CD4 and CD8 was performed. This also revealed no
significant difference between WT and TIr2”- samples (Figure 5.15),
suggesting that tumour associated lymphoid populations are unchanged

following TIr2 loss.

Chapter 5: Results 3 210



Figure 5.15: T-cell recruitment is unchanged in TIr2” lung tumours. (a) IHC
staining for CD3, CD4 and CD8 on lung tumours 12 weeks after AdenoCre
inoculation in wild type (WT) or TIr2 null (TIr2”") Kras-S-¢"?P"* mice with
corresponding quantification in (b). Five tumours analysed per mouse (each dot
represents one tumour). n=5-6 mice per group. Statistical analysis was performed

using the Student’s t-test.
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5.6.4 Gamma-delta T-cells and TIr2
Gamma-delta (yd) T-cells are tissue resident innate lymphoid cells that
have been shown to enhance tumour progression following expansion of the

commensal lung microbiota (Jin et al., 2019a). Conceivably, given the
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integral role TLRs play in innate immune responses, TIr2 loss may permit
expansion of the lung microbiota and thus promote tumour growth. To
investigate this, y6 T-cells were analysed using flow cytometry as described
in Figure 5.10. There was no significant expansion of y8 T-cells in TIr2” lungs
(in fact a trend towards a reduction was observed) (Figure 5.16), suggesting
that dysbiosis mediated y5 T-cell expansion is unlikely to be the underlying

cause of enhanced tumour progression following TIr2 loss.

Figure 5.16: Gamma-delta T-cell population analysis using flow cytometry. (a)
Representative flow cytometry analysis of vy T-cells in lung single cell suspensions
from tumour bearing wild-type (WT) and TIr2 null (TIr2”) mice. % denotes the
percentage of parent population. Corresponding quantification in (b). Each dot
represents one mouse. yd TCR — yd T-cells. n=12 mice per group. Statistical

analysis was performed using the Student’s t-test. ns — non-significant.
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5.6.5 Th17 cell differentiation is impaired possibly due to reduced A-

SAA expression

Th17 cells are T-cells that protect the gut barrier from pathogenic
microbes (Honda and Littman, 2016) but have also been shown to be integral
in several pro-inflammatory diseases (McGeachy et al., 2019). Following
microbial stimulation, naive CD4" T-cells differentiate into IL17A producing
Th17 cells to exhibit homeostatic functions at the gut epithelial barrier. In this
context, the cytokine production of Th17 cells is regulated by serum amyloid
A (A-SAA) proteins, which are secreted by neighbouring gut epithelial cells
(lvanov et al., 2009; Sano et al., 2015). This SAA-Th17 signalling axis has
been shown to be hijacked in pathogenic settings such as autoimmune
disease (Lee et al., 2020) however the role this signalling axis plays in
malignant disease has not yet been investigated. Given the key role TiIr2
plays in the regulation of A-SAA protein expression in lung tumours,
preliminary experiments analysing IL17A producing Th17 cells in lung single
cell suspensions from tumour bearing mice were performed. A separate flow
cytometry panel was designed for use on stimulated fixed cells (required for

intracellular cytokine staining) as shown in Figure 5.17.
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Figure 5.17: Th17 cell population analysis using flow cytometry. Flow
cytometry panel used to analyse the proportion of CD4+ cells that co-express Th17

cell markers (RORyT*FoxP3IL17A").
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The number of Th17 cells (CD4*RORyT*FoxP3°1L17A") identified was
small, suggesting that this population of cells is not abundant in the lung.
While the experiment did not show any significant difference between
groups, there was a non-significant reduction of Th17 cells in TIr2”- samples
from both Kras-S-¢720* and KP mice (Figure 5.18), suggesting that reduced
A-SAA expression following TIr2 loss could impair the differentiation of Th17
cells. The precise role this has in enhancing lung tumour progression is yet to

be investigated, but one possibility is that reduced Th17 cell differentiation
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impairs lung epithelial barrier function which promotes tumour growth, as has
been shown in other forms of cancer (Brennan et al., 2010; Soler et al.,
1999). Nonetheless, these data are preliminary at best, and this line of

investigation warrants further research.

Chapter 5: Results 3 215



Figure 5.18: Th17 cell differentiation is reduced following TIr2 loss. (a)
Representative flow cytometry analysis of IL17A" Th17 cells (CD4"FoxP3
RORyT*IL17A") in lung single cell suspensions from tumour bearing wild-type (WT)
and TIr2 null (TIr2”) mice. % denotes the percentage of parent population.

Corresponding quantification in Kras-S-¢"22*

mice in (b) and KP mice in (c). Each
dot represents one mouse. n=3-5 mice per group. Statistical analysis was performed

using the Student’s t-test. ns — non-significant.
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5.7 Cell intrinsic TIr2 loss regulates expression of the SASP

and immune cell recruitment

5.7.1 In vivo somatic genome editing in the Kras-S--6720* model

To determine whether the tumour promoting effect of TIr2 loss is due
to epithelial, or global TIr2 loss (in particular immune cell TIr2 loss) in vivo
somatic genome editing was performed using the pSECC lentivirus system
(Sanchez-Rivera et al., 2014). These lentiviral constructs concurrently
express Cre-recombinase and Cas9/CRISPR gRNAs therefore allow gene
editing primarily in Kras®'2P activated epithelial cells (Figure 5.19). Gene

editing in lung resident immune cells cannot be excluded, however.

Figure 5.19: pSECC lentiviral construct. Schematic representative of the pSECC
lentivirus plasmid. The gRNA construct is driven by the U6 promoter, whereas the
Cas9 and Cre recombinase (linked by the self-cleaving peptide 2A) are driven by

the EFS promoter.

pSECC

@ Casg 2Af Cre ]

pSECC plasmids expressing TIr2 gRNA and non-target controls
(Tomato gRNA) were cloned by Dr Andrea Quintanilla prior to me joining the
lab. Plasmids were expanded and generated as described in chapter 2.2.1,
and pSECC lentivirus was generated using PEIl mediated transfection in

293T cells as described in chapter 2.3.7. To confirm that these plasmids are
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able to edit the mouse TIr2 locus, mouse embryonic fibroblasts were infected
with either empty vector (EV), non-target (gTomato) or three separate TIr2
gRNA expressing pSECC lentiviruses and RNA and protein was extracted
three days later. Of note, the pSECC plasmid does not contain a selection
cassette, therefore residual expression was expected from cells that were not
infected with the pSECC lentivirus. RT-gPCR analysis revealed a reduction
in TIr2 transcript expression with one of the gRNAs (No.1) but an increase

with the other two (No.2 and No.3) (Figure 5.20).

Figure 5.20: pSECC lentiviral validation (RNA). T/r2 mRNA expression analysis
from mouse embryonic fibroblasts (MEFs) three days after infection with empty
vector (EV), non-target control (gTomato) and 3 x TIr2 gRNA (gRNA 1-3) expressing

pSECC lentiviruses. RQ — Relative quantification.
8 -—

6 -

The TIr2 RT-gPCR primer sequences were in fact upstream of the
gRNA target sites, therefore RT-qPCR with these primer sequences was not

suitable to confirm effective knockout as transcript upstream to indels would
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still be detected. Western blotting was therefore performed from protein
extracted from the same cells and revealed efficient knockout in all three

gRNA expressing samples (Figure 5.21).

Figure 5.21: pSECC lentiviral validation (protein). Representative Western blot
analysis of TIr2 protein expression in lysates isolated from mouse embryonic
fibroblasts (MEFs) 3 days after infection with empty vector (EV), non-target control

(gTomato) and 3 x TIr2 gRNA (gRNA 1-3) expressing pSECC lentiviruses. n=3.
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It was then decided to use gTomato and 2 x TIr2 gRNA expressing
viruses (No.1 and No.2). These viruses were generated on a larger scale,
concentrated and titrated as described in chapter 2.3.7. Titration was
performed with between 10-80ul of concentrated virus solution in a 6 well
plate with 10,000 cells and revealed a low titre, with only gTomato and gTIr2
No.1 viruses inducing high enough beta-gal expression to calculate MOI

reliably (see table 5.2).
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Table 5.2: Results from the pSECC titration using 3TZ cells. MOI (multiplicity of

infection), TU (transfection units).

Plasmid MOI Titre (TU/ml) Dilution

gTomato 0.15 18,750 24ul virus, 16ul MEM
gTIr2 No.1 0.09 11,250 40ul virus

gTIr2 No.2 N/A N/A N/A

The transfection efficiency (assessed using a GFP expressing plasmid
(pUltra) as a transfection control) was very high (90-100%). Furthermore,
when infection of 3TZ cells was performed with pUltra expressing virus,
infection efficiency was almost 100%, confirming viral envelope and
packaging vectors (VSVG and PAX2) were intact and viable lentivirus had
been generated. Lastly, 3TZ cells were infected with AdenoCre, which
induced significantly higher beta-gal expression (45.5% - MOI 0.6),
confirming that recombination in 3TZ cells does occur with adequate Cre-
recombinase expression. Therefore, the calculated dilutions based on the

initial titration were used for gTomato and gTIr2 No.1 lentiviruses.

5.7.2 Epithelial Tir2 loss promotes tumour growth

Kras-St-672D/* mice were inoculated with either gTomato or gTIr2 No.1
lentiviruses. These mice were left for 35 weeks as minimal symptoms of lung
tumour formation were exhibited (as expected given the low viral titre). Mice
were then humanely culled, and lung tissue was harvested for histological

analysis. Tumour burden analysis was performed and showed a very small
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tumour burden in both cohorts, however this was increased in mice who

received the gTIr2 lentivirus (Figure 5.22).

Figure 5.22: TIr2 targeting pSECC lentivirus increases lung tumour burden.
Tumour burden analysis on lung sections from Kras-5-¢"2?"* mice 35 weeks after
inoculation with non-target control (gTomato) and Tir2 targeting (gTIr2) pSECC
lentiviruses. Each dot represents one mouse. n=8 mice per group. Statistical

analysis was performed using the Student’s t-test. *p<0.05.
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Given the issues with the low titration and low abundance of tumours,
tumour burden analysis was deemed to be unreliable. However, individual
tumours were able to be reliably analysed for proliferation, SASP expression
and immune cell recruitment. To assess tumour proliferation Ki67 IHC was

performed and revealed an increased proliferative index in gTIr2 targeted
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tumours (Figure 5.23), suggesting that epithelial T/r2 loss promotes tumour

growth.

Figure 5.23: TIr2 targeting pSECC lentivirus increases lung tumour

proliferation. (a) Ki67 IHC staining in lung tumours from Kras-s~¢"??* mice
inoculated with non-target control (gTom) and Tir2 targeting (gTIr2) pSECC
lentiviruses, with corresponding quantification in (b). Each dot represents one
tumour. n=8 mice per group. Statistical analysis was performed using the students t-

test.
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5.7.3 Epithelial Tir2 loss impairs expression of the SASP

To analyse the effect of epithelial TIr2 loss on SASP expression, IHC
staining for the key SASP factors IL-1a, IL-13 and A-SAA was performed,
revealing a significant reduction in the expression of all three SASP factors in
gTlr2 targeted tumours (Figure 5.24). Overall, these data suggest that

epithelial TIr2 regulates expression of the SASP.
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Figure 5.24: Tir2 targeting pSECC lentivirus impairs SASP expression. (a) IHC

staining for IL-1a, IL-13 and A-SAA on lung tumours from Kras
weeks after inoculation with non-target control (gTom) and TIr2 targeting (gTIr2)

pSECC lentiviruses, with corresponding quantification in (b). Each dot represents

LSL-G12D/+

one tumour. n=8 mice per group. Statistical analysis was performed using the

student t-test. ***p<0.001.
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5.7.4 Epithelial Tir2 loss impairs monocyte/macrophage recruitment to

lung tumours

To determine whether impaired SASP expression results in impaired
monocyte/macrophage recruitment to lung tumours (as seen in our global KO
mice) IHC staining for the pan monocyte/macrophage marker CD68 was
performed in the pSECC targeted tumours. This revealed significantly
reduced recruitment of CD68" cells to tumours induced by gTIr2 expressing
lentivirus (Figure 5.25), suggesting that epithelial T/r2 loss impairs

recruitment of monocyte/macrophages via impaired SASP expression.

Figure 5.25: Tir2 targeting pSECC lentivirus impairs monocyte/macrophage

recruitment. (a) CD68 IHC staining in lung tumours from Kras"s~¢"2?* mice
inoculated with non-target control (gTom) and Tir2 targeting (gTIr2) pSECC
lentiviruses, with corresponding quantification in (b). Each dot represents one
tumour. n=8 mice per group. Statistical analysis was performed using the students t-

test. **p<0.01.
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5.7.5 TIr2”- monocyte/macrophages can respond to local SASP factors
To further investigate whether epithelial TIr2 loss and impaired SASP
expression mediates the reduced recruitment of monocyte/macrophages to
lung tumours, recombinant SASP factors (rlL-1a and rIL-18) or PBS control
were delivered intranasally to T/r2”- mice. The local recruitment of CD68*
cells was then assessed using IHC staining. This revealed a significant
increase in lung CDG8" cells following rlL-1a/rIL-1f inoculation in comparison
to PBS inoculated controls (Figure 5.26), confirming that TIr2”
monocytes/macrophages can respond to local SASP factors. This further
suggests that immune cell loss of TIr2 does not underlie the impaired
recruitment of monocyte/macrophages to lung tumours that is seen in

KraskSL-G12D/*-TIr27 mice.

Figure 5.26: TIr2” monocytes/macrophages are able to respond to local SASP
factors. (a) CD68 IHC staining in TIr2 null (TIr2”) mice after intranasal delivery of
PBS (control) or recombinant SASP factors (rIL-1a/rIL-1B) with corresponding
quantification in (b). Each dot represents one mouse. n=4-5 mice per group.
Statistical analysis was performed using the student t-test. *p<0.05.
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This experiment was then repeated in TIr2 wild-type (TIr2**) mice, to
ensure that what we saw in TIr2”- mice was not an impaired response. Wild-
type monocyte/macrophages were also able to responds to local
recombinant SASP factor delivery to a similar extend to TIr2” cells (Figure
5.27). Taken together, these experiments confirm that TIr2”
monocyte/macrophages can respond to local SASP factors and this

response is not impaired compared to wild-type controls.

Figure 5.27: TIr2"* monocytes/macrophages can respond to local SASP
factors. (a) CD68 IHC staining in Tir2 wild-type (TIr2**) mice after intranasal
delivery of PBS (control) or recombinant SASP factors (rlL-1o/rIL-183) with
corresponding quantification in (b). Each dot represents one mouse. n=7 mice per
group. Statistical analysis was performed using the student t-test. *p<0.05.
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5.8 TIr2 agonists inhibit lung tumour growth

5.8.1 Local delivery of TIr2 agonist in vivo
To determine whether exogenous activation of TIr2 signalling can

inhibit lung tumour growth, a method to repeatedly deliver a synthetic agonist
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of TIr2 was developed. Pam2CSK4 (a synthetic lipopeptide agonist of TIr2)
was used as it had been shown to robustly activate TLR2 signalling and the
SASP in vitro (Hari et al., 2019). Nebulised delivery was chosen as the most
suitable method as it allowed repeated local delivery of drug without the need
for a general anaesthetic. Collaborators at the Centre for Inflammation
Research (Professor Sarah Walmsley and Tyler Morrison, Centre for
Inflammation Research, University of Edinburgh) regularly use nebulised
lipopolysaccharide (LPS) as a method to induce acute lung injury in mouse
models. The dose of LPS used in this instance is high (3mg/ml) and induces
a florid inflammatory infiltrate hours after delivery. To the best of our
knowledge, Pam2CSK4 had never been delivered via nebulisation.
Therefore, a considerably lower dose of Pam2CSK4 was chosen. Initial pilot
experiments were performed delivering 50ug Pam2CSK4 delivered in 3ml
0.9% NaCl every 2 weeks. Mice developed no adverse effects using this
protocol therefore dosing was increased to 100ug weekly, again with no
adverse effects. This dose and dosing schedule (Figure 5.28) was used for
all subsequent experiments. Kras-S--¢20* mice were inoculated with
AdenoCre and 2 weeks later subjected to a weekly treatment with nebulised

Pam2CSK4 (Figure 5.28).
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Figure 5.28: Nebulised delivery of Pam2CSK4. (a) Schematic showing the
method of nebulised delivery of Pam2CSK4. Mice were kept in a box attached to the
nebuliser. The nebuliser was driven by 6L/min oxygen from an oxygen concentrator.
(b) Dosing schedule of AdenoCre inoculated mice. Mice were inoculated with
AdenoCre as described previously prior to commencing weekly dosing with

Pam2CSK4 2 weeks later.

(a)

Pam2CSK4

O2 concentrator »\’

0 1 2 3 4 5 6 7 8 9 10

Pam2CSK4
(weekly)

AdenoCre Tumour analysis

5.8.2 Pam2CSK4 activates OIS and inhibits tumour growth

To determine the effect of Pam2CSK4 delivery on OIS and tumour
growth, Kras-St-672D mice were subjected to Pam2CSK4 treatment as
outlined in 5.8.1. After completion of the treatment protocol, mice were
humanely culled, and lung tissue was harvested for histological analysis. IHC
staining was performed to determine Ki67 and p21 expression in control and

Pam2CSK4 treated tumours. While Ki67 expression was unchanged
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(perhaps reflecting the already low expression level in these TIr2** tumours),
p21 expression was significantly increased following Pam2CSK4 treatment

(Figure 5.29).

Figure 5.29: Pam2CSK4 treatment induces OIS. (a) IHC staining for Ki67 and p21

LSL-G12D/+ mlce W|th

in lung tumours from control and Pam2CSK4 treated Kras
corresponding quantification in (b). Five tumours analysed at random in a blinded
fashion per mouse (each dot represents one tumour). n=8 mice per group.

Statistical analysis was performed using the Student’s t-test. *p<0.05.
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These changes were also associated with a significant reduction in
tumour burden (Figure 5.30). Tumour number was unchanged, however.
This is likely explained by the fact that tumours were initiated 2 weeks prior to

commencing Pam2CSK4 treatment. These data suggest that activating TIr2
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signalling with a TIr2 agonist impairs lung tumour growth consistent with

activation of OIS.

Figure 5.30: Pam2CSK4 treatment impairs lung tumour growth.

(a) H&E staining of lung tumours from control and Pam2CSK4 treated Kras-S--¢720%
mice. (b) Tumour number and tumour burden quantification from mice described in
(a). Each dot represents one mouse. n=8 mice per group. Statistical analysis was

performed using the Student’s f-test. *p<0.05.
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5.8.3 Pam2CSK4 activates expression of the SASP in lung tumours

To determine whether Pam2CSK4 induces expression of the SASP,
IHC staining for the key SASP factors IL-1a., IL-13 and A-SAA was
performed. This showed significantly increased expression of IL-1a and A-
SAA but no significant change in IL-13 expression in Pam2CSK4 treated
tumours when compared with controls (Figure 5.31). These data suggest that

Pam2CSK4 treatment also induces expression of the SASP.
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Figure 5.31: Pam2CSK4 treatment increases SASP expression. (a) IHC staining
for the key SASP factors IL-1a, IL-1p and A-SAA in lung tumours from control and
Pam2CSK4 treated Kras-S-¢"2P"* mice with corresponding quantification in (b). Five
tumours chosen at random in a blinded fashion were analysed per mouse (each dot
represents one tumour). n=8 mice per group. Statistical analysis was performed

using the Student’s t-test. *p<0.05.
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5.8.4 Pam2CSK4 impairs immune cell recruitment likely via TLR
tolerance
The effect of Pam2CSK4 treatment on immune cell recruitment to

tumours was then determined. IHC staining for the pan T-cell marker CD3
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and monocyte/macrophage marker CD68 was performed. There was no
difference in T-cell infiltration following Pam2CSK4 treatment, however a
significant reduction in monocyte/macrophage recruitment was observed in

Pam2CSK4 treated tumours (Figure 5.32).

Figure 5.32: Pam2CSK4 treatment and immune cell recruitment. (a) IHC
staining for T-cells (CD3) and monocyte/macrophages (CD68) in lung tumours from
control and Pam2CSK4 treated Kras->-¢"??** mice with corresponding quantification
in (b). Five tumours chosen at random in a blinded fashion were analysed per
mouse. Each dot represents one tumour. n=8 mice per group. Statistical analysis

was performed using the students t-test. ns — non-significant, **p<0.01.
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This unexpected finding can likely be explained by TLR tolerance
which is a well-recognised phenomenon in monocyte derived populations via
repression of NF-kB signalling (Butcher et al., 2018). The role of immune
surveillance is likely to be most important at the earliest timepoints, therefore
it is plausible that initial treatment with Pam2CSK4 encourages immune
surveillance but repeated stimulation (as performed in our experiments)
leads to eventual TLR tolerance and depletion of monocytes/macrophages.
Further experiments to determine whether initial Pam2CSK4 treatment

induces the recruitment of immune cells at early timepoints are warranted.

5.8.5 Pam2CSK relies on TIr2 signalling to mediate these effects

To confirm that the effect of Pam2CSK4 treatment is indeed mediated
via activation of TIr2 signalling, Pam2CSK4 treatment was performed on TlIr2-
- KrastSt-612D+ mice. No significant difference in tumour burden, Ki67
expression or SASP (IL-1B) expression was observed between control and
Pam2CSK4 treated TIr2”~ mice (Figure 5.33). These data confirm that intact
TIr2 signalling is required to mediate the tumour inhibiting effects of

Pam2CSK4.
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Figure 5.33: Pam2CSK4 activity is dependent on functional Tir2. (a) H&E and
IHC staining for Ki67 and the SASP factor IL-1f in lung tumours from control and
Pam2CSK4 treated TIr2” Kras-S-¢'??"* mice with corresponding quantification in (b).
For tumour burden analysis: each dot represents one mouse. For IHC analysis: five
tumours chosen at random in a blinded fashion were analysed per mouse. Each dot
represents one tumour. n=4 mice per group. Statistical analysis was performed

using the Student’s t-test.
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5.9 Chapter summary

In this chapter, the aim was to investigate whether TIr2 loss promotes
tumour progression in a murine model of NSCLC and to investigate the
mechanism of any tumour suppressor effect. Using the Kras-S--¢720* mouse
model it was shown that loss of TIr2 significantly promotes tumour growth
and shortens survival. This tumour suppressor effect is mediated by both cell
autonomous regulation of p53-p21 signalling and Trp53 independent
regulation of SASP expression. The impaired expression of the SASP results
in reduced recruitment of myeloid derived immune cells to lung tumours
however we did not show evidence of impaired lung tumour immune
surveillance. Furthermore, activating TIr2 signalling using a synthetic agonist
significantly reduced tumour growth, an effect that required the presence of
intact TIr2. From these data, it can be concluded that T/r2 has a tumour
suppressor function in murine NSCLC via activation of senescence-
associated tumour suppressor responses and SASP mediated immune

surveillance.
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6 : Discussion

6.1 Summary of results

Oncogene induced senescence (OIS) is a key tumour suppressor
mechanism in vivo (Collado et al., 2005; Collado and Serrano, 2010). A
previous student in our lab (Dr Priya Hari) identified TLR2 as a key regulator
of OIS and expression of the senescence-associated secretory phenotype
(SASP) using a well described in vitro model of OIS (Hari et al., 2019). The
main focus of this thesis was to determine whether TIr2 regulates OIS and
the SASP in vivo, and whether this translates into a tumour suppressor

function in non-small cell lung cancer (NSCLC).

6.1.1 Chapter 3

To determine the role of TIr2 in OIS and the SASP in vivo a mouse
model of OIS was used, whereby hydrodynamic delivery of oncogenic Nras
(Nras®’?Y) encoding transposons with transposase expressing plasmids
results in uptake and expression of the desired constructs in murine
hepatocytes. Using a combination of immunohistochemistry (IHC) and
quantitative PCR (RT-gPCR) it was shown that Nras®’?" expressing
hepatocytes express several markers of OIS and the SASP. Following TIr2
loss, the expression of these markers is impaired, confirming that intact TIr2

is required for the OIS/SASP response in vivo. The impact this impaired
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response has on senescence surveillance (whereby immune cells are
recruited to and subsequently clear premalignant senescent cells) was then
investigated using two separate approaches. Despite an impairment of
macrophage recruitment in TIr2”- mice, the data presented did not
demonstrate a significant impairment of clearance of senescent cells in TIr2”
mice. Preliminary evidence suggests that TIr2”- oncogene expressing
hepatocytes are cleared by alternate mechanism (apoptosis). It was
therefore concluded that TIr2 is a key regulator of OIS and the SASP in vivo,
however does not clearly regulate the immune mediated clearance of

senescent cells.

6.1.2 Chapter 4

OIS is widespread in preinvasive lung tumours (Collado et al., 2005)
and TIr2 is highly expressed in the murine lung (McCoy et al., 2021). The aim
of chapter 4 was to investigate whether TLRZ2 signalling is active in human
NSCLC and to determine whether this signalling has a tumour suppressor
function in early disease. TCGA data showed that high TLR2 expression
significantly correlates with improved survival in human lung adenocarcinoma
(LUAD)(Figure 4.1). IHC performed on human LUAD samples revealed
significantly increased epithelial expression of TLR2 and SASP factors when
compared with paired normal epithelium. Furthermore, this expression was
significantly positively correlated, suggesting a potential regulatory role for
TLR2 in the expression of the SASP in LUAD tumour epithelium. Re-analysis

of a published RNA sequencing dataset of preinvasive and invasive LUAD
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lesions (Chen et al., 2019) revealed increased expression of TLR2 and
several SASP factors in preinvasive disease, suggesting a tumour
suppressor role in this context. Longitudinal follow up of LUAD precursor
lesions is not possible as these lesions are treated definitively by surgical
resection. However, preinvasive lung squamous cell carcinoma (LUSC)
lesions are amenable to repeated sampling via autofluorescence
bronchoscopy, allowing longitudinal follow up and repeated molecular
characterisation of lesions that either subsequently progress to malignancy
or regress to normal epithelium (Teixeira et al., 2019). In collaboration with
Professor Sam Janes and Dr Adam Pennycuick (University College London)
it was shown that regressive preinvasive LUSC lesions express significantly
higher levels of TLR2 and SASP factors when compared to lesions that
progress to invasive malignancy. TLR2 expression was again significantly
correlated with SASP expression, further suggesting a regulatory role for
TLR2 in this context. It was therefore concluded that TLR2-SASP signalling
is active in human NSCLC tumour epithelium and significantly correlates with
clinical regression, suggesting that TLR2-SASP signalling is a tumour

suppressor mechanism in NSCLC.

6.1.3 Chapter 5

The aim of chapter 5 was to confirm that TIr2 has a tumour suppressor
role and characterise the mechanism of TIr2 mediated lung tumour
suppression in a genetically engineered mouse model of NSCLC. A model

whereby lung epithelium specific activation of oncogenic Kras (Kras®'?P) is
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achieved upon inhalation of Cre-recombinase expressing adenovirus was
used to investigate the tumour suppressor function of TIr2. Tir2 null (TIr2")
mice developed a significantly increased number of lung tumours and a
significantly increased lung tumour burden, in comparison to controls. This
translated into a significant survival disadvantage for TIr2”-mice. The
mechanism of this effect was investigated and using IHC staining it was
revealed that TIr2”-tumours express significantly less markers of key cell
intrinsic senescence associated tumour suppressor pathways (principally
p53-p21). Interestingly, the effect of TIr2 loss was not fully dependent on
intact p53-p21 signalling, as TIr2 loss in the absence of Trp53 still promoted
tumour growth. TIr2 loss impaired the expression of the SASP independently
of Trp53 status, suggesting that regulation of the SASP also contributed to
the tumour suppressor effect of TIr2 signalling. A key non-cell autonomous
tumour suppressor function of the SASP is in the recruitment of immune cells
that clear premalignant cells (Kang et al., 2011; Xue et al., 2007). Using
multicolour flow cytometry analysis and IHC staining it was revealed that
TIr2”-tumours have impaired recruitment of immune cells, principally
monocyte/macrophages, suggesting that this may at least in part underly the
tumour promoting effect of TIr2 loss. Importantly, it was shown that epithelial
TIr2 was responsible for this phenotype, as in vivo somatic genome editing
performed using a lentiviral vector (Sanchez-Rivera et al., 2014) to delete
TIr2 in the lung epithelium only revealed a similar outcome when compared
to global knockout mice. These data, coupled with data from chapter 3

revealing impaired senescence surveillance in the HTVI model following TIr2
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loss, suggests that TIr2 loss may impair senescence surveillance in early
lung tumour formation. Lastly, to determine whether tumour growth could be
inhibited by activating TIr2 signalling, inhalational delivery of a synthetic TIr2
agonist (Pam2CSK4) was used. Lung tumours in mice treated with
Pam2CSK4 were significantly smaller and expressed higher levels of OIS
and SASP markers. It was therefore concluded that TIr2 has a tumour
suppressor function in murine NSCLC, via regulation of OIS and the SASP.
Data from this chapter also highlighted the potential to harness the TLR2

signalling pathway as a novel therapeutic target for early-stage NSCLC.

6.2 Mouse models

6.2.1 Hydrodynamic tail vein injection model of OIS

The hydrodynamic tail vein injection (HTVI) method of transposon
delivery is a well described in vivo model of OIS and has been used to
elegantly characterise the mechanism of senescence surveillance (Kang et
al., 2011). The HTVI technique allows the delivery of transposon constructs
expressing a combination of oncogenes, genetic tags (for example GFP),
and even shRNA or CRIPSR/Cas9 constructs, making it an easily
manipulatable model to study a variety of disease processes. Indeed, as
described in this thesis, cloning in a luciferase construct in place of the GFP
tag in the pT3-NRas®'?V-IRES-GFP transposon allowed the longitudinal
monitoring of senescent cell clearance by bioluminescent imaging. The HTVI

model is especially useful when studying the early genetic and molecular
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changes during malignant transformation. Forced Nras®’?Y expression results
in a robust OIS response after just 6 days, in concert with expression of the
SASP and subsequent senescence surveillance (Kang et al., 2011).
Therefore, unlike other disease models, phenotypic assessment of OIS is
fast and does not require the formation of overt tumours. However, the HTVI
technique is technically challenging, and ensuring equal transposon
expression is difficult. Furthermore, widespread multifocal expression of the
same oncogene does not accurately recapitulate human disease. While
multifocal lesions can be present in human disease, these are often
genetically distinct tumours or metastases that have divergent genetic
evolution. Therefore, the HTVI model allows the examination of the acute
response to multifocal oncogene activation, whereas in human multifocal
disease we can only examine persisting and often genetically divergent
clones. Nonetheless, HTVI is an excellent model to help answer specific

biological questions and to study the molecular mechanisms of OIS in vivo.

6.2.2 KrastSt-¢12D* model of lung cancer

The Kras-S--6720* mouse model, first designed and described by the
lab of Professor Tyler Jacks (Jackson et al., 2001), allows tissue specific
activation of oncogenic Kras®'?? following intranasal/intratracheal inoculation
with Cre-recombinase expressing adenovirus (DuPage et al., 2009). Kras is
the most frequently mutated oncogene in human LUAD (Cancer Genome
Atlas Research, 2014) (the most common subtype of NSCLC) therefore while

the histology does not accurately recapitulate human LUAD, this model can
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accurately recapitulate the early genetic events in human disease. Dosing is
easy and reproducible, and the technique is established in our lab making it
an ideal model to study the role of TIr2 in early lung tumorigenesis. However,
as described for the HTVI model in chapter 6.2.1, the Kras-S--¢720* mouse
model also results in genetically similar multifocal lesions, perhaps not
accurately recapitulating human disease. Interestingly, clonally related
multifocal lesions have been described in human squamous lung cancer,
mediated via migration of mutated premalignant cells across histologically
healthy epithelium (Pipinikas et al., 2014). This, coupled with likely divergent
genetic evolution of individual tumour lesions perhaps overcomes this
perceived drawback. Furthermore, with the Kras"S--¢720* mouse model,
adenoviral dosing can be titrated down to markedly reduce tumour number
and allow the development of advanced lesions which permits the study of
both early and late-stage malignancy (Jackson et al., 2001). While this and
similar models have been used to investigate the differing immune profile of
early lung tumours induced by different genetic drivers (Busch et al., 2016),
tumours from the Kras-S--672D* mouse model have few protein-altering
mutations and are therefore unlikely to express significant numbers of
neoantigens (McFadden et al., 2016). Heightened CD8" T-cell responses can
be achieved by forced expression of T-cell antigens, however this is not
sustained and is characterised by a poorly functioning exhausted T-cell
response (DuPage et al., 2011). Therefore, due to the limitations of the
KrastSt-6720* mouse model we cannot comment on whether heightened T-

cell mediated immunity via the TIr2 regulated SASP contributes to lesion
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regression, as seen in human NSCLC precursors (Pennycuick et al., 2020).
However, given we observe a tumour suppressor response in the absence of
neo-antigens, this suggests that a canonical T-cell mediated response is not
required for TIr2 mediated tumour suppression.

The flow cytometry panel used in this thesis to study lung immune
populations does not allow determination of the activation state of immune
cells nor evidence of potential exhaustion. NK (Schmidt et al., 2019) and T-
cell (DuPage et al., 2011) exhaustion has been shown to be a feature in late-
stage lung tumours in this model, therefore further studies to analyse the
activation state of immune cells following TIr2 loss are warranted.

The majority of murine experiments in this thesis (including experiments
with the KrastSt-6720* mouse) used global TIr2 KO mice. Therefore, the
underlying effect of immune cell TIr2 loss was a potential confounder in our
results. While use of pSECC lentiviral constructs allowing in vivo somatic
genome editing (Sanchez-Rivera et al., 2014) demonstrated that epithelial
loss does likely underlie the observed phenotype, a contribution of immune
cell loss cannot be fully excluded. The use of the TIr2"”" mouse (which has
recently become available), would permit lung epithelial cell specific knockout
using high titre adenovirus and would help determine the precise role played
by epithelial and immune cell TIr2 when compared with the results from our
global KO experiments.

In summary, despite some drawbacks relating to the utility of this model
to study immune responses, the Kras-S--6720* mouse model is a well-placed

model to study potential tumour suppressors in NSCLC. While with the
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dosing regimen used in this thesis permitted the study of early-stage
malignancy only (as was required), this can be easily down titrated to permit

the organic development of late-stage disease.

6.3 Regulation of the SASP by Tir2

The tumour suppressor role of cellular senescence was initially thought
to be a cell intrinsic phenomenon relating solely to the cell cycle arrest (Lowe
et al., 2004). However, the SASP has since been shown to have wide and
context dependent effects on tumorigenesis including both pro- and anti-
tumorigenic functions (Faget et al., 2019) (as discussed in chapter 1.3). The
immune surveillance of senescent cells occurs in embryonic development
whereby senescent ectodermal and mesodermal cells recruit macrophages
leading to the subsequent clearance of senescent cells (Munoz-Espin et al.,
2013; Storer et al., 2013). This phenomenon appears to have been hijacked
in the context of malignancy, hence immune mediated clearance of
senescent premalignant cells is a key tumour suppressor function of the
SASP (Kang et al., 2011; Xue et al., 2007). So called ‘senescence
surveillance’ is a response dependent on CD4* T-cells however recruited
monocyte/macrophages act as the effector cells mediating clearance of
senescent cells. In concert with this, studies in this thesis revealed a
significant impairment of SASP expression by TiIr2 deficient Nras®'?V
expressing hepatocytes, which resulted in a significant impairment of F4/80*
macrophage recruitment to Nras®’2" expressing hepatocytes. This however

did not translate into a significant impairment of clearance of Nras®"2V
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expressing hepatocytes. Impaired expression of the SASP was also
observed in TIr2”- lung tumours which again resulted in a significant
reduction in the recruitment of immune cells (predominantly
monocytes/macrophages). Recently it has been shown than endothelial Tir2
signalling supports the recruitment of immune cells to tumours via expression
of proinflammatory cell adhesion molecules (McCoy et al., 2021), therefore it
is possible that endothelial TIr2 loss is a contributing factor to the reduced
immune infiltration we see in our global TIr2”- mice. However, the same study
demonstrated extensive epithelial expression of TIr2 in the murine lung using
the TLR2-IRES-EGFP reporter mouse, suggesting that epithelial TIr2 could
also be vital in regulating this process and explain why we see such a
specific tumour suppressor effect for TIr2 in lung cancer. Furthermore, it was
confirmed that lung epithelial TIr2 loss underpins the observed phenotype in
this thesis following in vivo CRIPSR/Cas9 mediated deletion of TIr2 in lung
epithelial cells in concert with Kras®’2P activation. While a trend towards
reduced T-cell recruitment/infiltration was observed in TIr2”~ lung tumours,
these changes were not significant. This phenotype is mirrored in studies of
Kras®'?P driven pancreatic premalignancies, whereby T-cell infiltration is
unchanged following genetic loss of the key SASP factor IL-1a, however
F4/80" macrophage infiltration is significantly impaired (Lau et al., 2019).
However, as discussed above (chapter 6.2.2) the lack of T-cell activating
neoantigens may render this model suboptimal to study tumour T-cell

responses (McFadden et al., 2016).
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Overall, this thesis describes convincing evidence that TIr2 loss impairs
expression of the SASP in vivo in two separate disease models (covering two
separate organ systems). However, a reduction of TIr2"- senescent
hepatocytes did still occur after initial oncogene activation, suggesting that
residual clearance mechanisms are still functional (either senescence
surveillance or heightened apoptosis). While data demonstrating that Tir2
loss impairs senescence surveillance in the context of lung cancer has not
been shown, the impaired recruitment of immune cells to lung tumours
strongly suggests that impaired immune clearance is a plausible mechanism
of tumour progression following TIr2 loss. Further studies involving depletion
of specific immune cell subsets (for example clodronate mediated depletion
of monocytes/macrophages) will help determine the role of immune

clearance in lung tumour progression.

6.4 Regulation of OIS and the SASP independent of Trp53

TP53 is major cell cycle regulator and limits tumorigenesis by inducing
cell cycle arrest, apoptosis and cellular senescence (Vousden and Lane,
2007). It has also been shown to suppress expression of the SASP and pro-
inflammatory signalling (Coppe et al., 2008b; Freund et al., 2011; Komarova
et al., 2005), therefore loss of functional p53 can promote tumour
progression via cell autonomous and non-cell autonomous processes
(Lujambio et al., 2013). To determine whether TIr2 acts via Trp53 (the murine
homolog of TP53), a mouse model allowing simultaneous Kras®’2P activation

and Trp53 deletion following Cre-recombinase expression (so called ‘KP’
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mice) was utilised. Interestingly, TIr27- deficient KP mice developed a
significantly increased lung tumour burden in comparison with wild-type
controls, and this was associated with significantly advanced tumour grade.
Furthermore, the expression of key SASP factors was also impaired in lung
tumours from TIr2”- KP mice, suggesting that TIr2-SASP signalling is not
solely dependent on p53-p21 signalling. The senescence associated cell
cycle arrest in OIS is mediated via activation of both p53-p21 and p16-Rb
tumour suppressor pathways (Collado and Serrano, 2010) and previous work
from the Acosta lab demonstrated that TLR2 acts via both of these pathways
to reinforce the growth arrest following oncogene activation in vitro (Hari et
al., 2019). The precise delineation between the Trp53 dependent and
independent tumour suppressor function of TLR2-SASP signalling in this
context is as yet unclear. The data presented in this thesis suggests that the
TLR2-SASP reinforces the cell cycle arrest (primarily via p53-p21 tumour
suppressor pathways) and mediates recruitment of immune cells that perturb
tumour growth via senescence surveillance. Indeed, activation of p53-p21
signalling in lung tumours is supported by the increased p21 expression
observed in lung tumours from Tir2 wild-type Kras-S--¢125* mice and
enhanced expression following treatment with a TLR2 agonist. Interestingly,
suppression of p16 has recently been shown to perturb expression of the
SASP following oncogene activation (Buj et al., 2021) suggesting that intact
p16-Rb signalling in our Trp53 null tumours may maintain SASP expression.
Recently it has been shown that mutant TRPS53 interferes with cGAS-STING-

TBK1 signalling, subsequently impairing the innate immune response and
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promoting cancer progression (Ghosh et al., 2021). This effect is not
observed in Trp53 null cells, suggesting that mutant Trp53 exerts gain of
function activities to inactivate tumour immune surveillance. cGAS-STING
activation is a key event in OIS and expression of the SASP mediated via
cytoplasmic chromatin sensing (Dou et al., 2017; Gluck et al., 2017) and
previous lab members demonstrated that TLR2 functions downstream of this
activation (Hari et al., 2019). Therefore, it remains to be determined whether
intact cGAS-STING activation may also explain the persistent effect of Tir2

loss we observed in Trp53 null tumours.

6.5 TLR2 and the SASP in human lung cancer

The analysis of TLR2 expression in human LUAD samples from the
cancer genome atlas (Cancer Genome Atlas Research, 2014) revealed that
high expression significantly correlates with improved survival. Importantly,
immunostaining revealed that expression of TLR2 and the key SASP factor
IL-1 is high in tumour epithelium. Reduced expression of TLR2 and key
SASP factors was observed in human LUAD lesions in comparison to LUAD
precursor lesions (adenocarcinoma in situ - AIS/minimally invasive
adenocarcinoma - MIA), suggesting a tumour suppressor role for TLR2-
SASP signalling in this context. Further analysis of the expression profile of
even earlier LUAD precursor lesions (atypical adenomatous hyperplasia —
AAH), either using RNA sequencing datasets or IHC would help further
determine the role of TLR2 and SASP signalling in LUAD progression.
Unfortunately, the prognostic significance of the observed expression profiles

in AIS/MIA and LUAD lesions was not able to be determined as these data
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were from surgical resection specimens, preventing longitudinal follow up of
lesion outcome. To assess prognostic significance in another context, gene
expression microarray data was analysed by collaborators (Dr Adam
Pennycuick, UCL) from human preinvasive lung squamous carcinoma
(LUSC) lesions that had undergone longitudinal follow-up, detailing either
subsequent progression to invasive malignancy or histological regression
(Teixeira et al., 2019). Strikingly, the expression of TLR2 and the TLR2
regulated SASP was significantly associated with clinical regression, further
supporting the hypothesis that TLR2 and the SASP have a tumour
suppressor function in human lung cancer.

Kras mutations are infrequent in human LUSC (as opposed to being the
most frequently mutated oncogene in LUAD). It could therefore be argued
that correlation between LUAD/Kras®'?P driven lung cancer models and
preinvasive LUSC is not valid. However, the upregulation of TLR2 and the
SASP is not confined to oncogenic RAS induced senescence alone. Indeed,
previous work from the Acosta lab identified similar upregulation in multiple
forms of senescence associated with genotoxic stress (including therapy-
induced senescence, mutant BRAF induced senescence in melanoma, DNA
damage induced senescence and replicative senescence) (Hari et al., 2019).
Furthermore, similar epithelial specific toll-like receptor inflammatory
signalling has been identified in murine prostate intraepithelial neoplasia
(PIN) caused by Pten deletion (Dart et al., 2017) and has been shown to
mediate senescence in tubular epithelial cells in the murine kidney after

injury (Jin et al., 2019b). Therefore, the role of TLR2 and the SASP extends
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beyond RAS induced senescence alone. Despite LUAD and LUSC being
distinct disease entities with different genetic drivers, a common role for
TLR2 mediated SASP signalling is possible given the common role of these
pathways across multiple forms of senescence (both oncogene-induced and
otherwise).

While this thesis did not investigate whether TLR2-SASP signalling was
associated with immune infiltration in human lung cancer, published work by
colleagues using the same LUSC dataset revealed that immune surveillance
is heavily implicated in lesion regression (Pennycuick et al., 2020).
Furthermore, gene expression profiling of preinvasive LUSC lesions has
revealed an abundance of immune sensing during the early stages of LUSC
tumorigenesis with activated T-cells and myeloid cells (including
macrophages) peaking immediately prior to invasion (Mascaux et al., 2019).
Furthermore, multispectral imaging and deconvolution analysis of RNA
sequencing data revealed increased macrophages and other myeloid cells in
high grade dysplastic lesions, with subsequent activation of genes involved in
immunosuppression promoting immune evasion and progression to invasive
cancer (Mascaux et al., 2019). This was associated with a reduction in CD3*
T-cells and CD68* macrophages in both the epithelium and stroma of
invasive cancer lesions, further supporting a role of immune surveillance in
limiting lung tumour progression. While this thesis has not shown definitively
that TLR2-SASP signalling mediates immune surveillance in human lung
premalignancy, the striking correlation between TLRZ2 and the TLR2

regulated SASP with clinical regression suggests that this mechanism is
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plausible. Indeed, re-analysis of data from Mascaux et al (Mascaux et al.,
2019) by collaborators (Dr Adam Pennycuick, UCL) revealed that TLR2 and
TLRZ2 regulated SASP expression peaks in high grade lesions in concert with
immune activation, further suggesting that TLR2-SASP signalling is involved
in immune surveillance (data not shown). Macrophages make up the majority
of the tumour immune infiltrate in human lung cancer (Conway et al., 2016)
and this was mirrored in the Kras-S--672P* Jung cancer mouse model used in
this thesis. Previously, studies examining total macrophage density in human
tumours have shown that macrophages have been correlated with a poorer
prognosis in most cancers (Bingle et al., 2002). In lung cancer, ‘high’
macrophage counts in tumour resection specimens has been associated with
shorter survival (Chen et al., 2003) and higher risk of disease recurrence
(Arenberg et al., 2000). However, other studies did not observe any
relationship between total macrophage density and survival (Toomey et al.,
2003) and subsequent analyses taking into account the microanatomical
location of tumour associated macrophages (TAMs) revealed that increased
macrophage density within tumour islets was associated with significantly
improved survival (Dai et al., 2010; Kim et al., 2008; Welsh et al., 2005),
whereas stromal macrophages were associated with worse survival (Dai et
al., 2010; Kawai et al., 2008; Welsh et al., 2005). Furthermore, studies
examining the polarisation of TAMs revealed that high levels of ‘M1’
macrophages were associated with improved survival (Ma et al., 2010; Ohri
et al., 2009). However, the validity of the M1 vs M2 paradigm of macrophage

activation in vivo is at best an oversimplification, with several markers of
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each phenotype discovered in vitro with limited applicability in vivo (Martinez
and Gordon, 2014; Nahrendorf and Swirski, 2016). Indeed, the studies
discussed above (Ma et al., 2010; Ohri et al., 2009) used HLA-DR as a
marker of M1 polarisation, and this has since been shown to be a general
macrophage marker, therefore at best these HLA-DR" macrophages can be
designated as non-M2 rather than definite M1 macrophages (Conway et al.,
2016).

Taken together, data described in this thesis show that TLR2-SASP
signalling is active in human lung tumour epithelium, and that this is
correlated with improved survival and clinical regression of preinvasive
lesions. While definitive proof of a regulatory role for TLR2-SASP signalling
in lung tumour immune surveillance is lacking, substantial correlative data

suggests that this could indeed be the case.

6.6 TLRZ2 as a tumour suppressor gene?

The classical ‘two-hit” definition of a tumour suppressor gene, whereby
biallelic loss of gene function (via either inherited or somatic mutation) is
required to initiate neoplastic growth, was first established following studies
into retinoblastoma in children (Knudson, 1971). Analysis of hereditary cases
of retinoblastoma revealed that patients inherited one inactivating mutation in
the gene now known as RB1 before undergoing a ‘second hit’ with a somatic
mutation (normally via somatic mitotic recombination) in the remaining
functional allele (Friend et al., 1986; Lee et al., 1987). The ‘two-hit’ model is

sufficient to initiate many inherited paediatric cancers, however in reality the
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majority of non-hereditary cancers require multiple mutational events and
manifest in an iterative manner via somatic mutations and repeated rounds of
clonal expansion (Vogelstein and Kinzler, 1993). Therefore the ‘two-hit’
definition refers to the loss of an individual tumour suppressor gene function
(due to the loss of both alleles), rather than to the mutational events required
to initiate tumourigenesis. TLR2 certainly does not fit into this definition, as
biallelic loss of TLRZ2 is not a recognised feature in any human tumour type
(to the best of my knowledge). The ‘two-hit’ hypothesis, while clearly relevant
in most hereditary malignancies, does not necessarily comply with the
biology of sporadic cancers and many recurring regions of monoallelic
chromosomal deletions have been identified in several cancer types (Berger
et al., 2011). The most commonly mutated tumour suppressor gene in
human cancer, TP53, does not always fit into the two-hit definition. For
example, Trp53*- mice exhibit intermediate sensitivity to cancer formation
somewhere between Trp53** and Trp53” littermates (Venkatachalam et al.,
1998). This suggests that the level of expression of a tumour suppressor
gene is important, and the remaining functional allele is not always sufficient
to compensate for monoallelic loss (so called haploinsufficiency).
Furthermore, tumours formed due to hereditary human cancer syndromes
caused by dominant negative point mutations in TP53 often do not harbour
mutations in the remaining functional TP53 allele (Varley et al., 1997)
demonstrating that haploinsufficiency also occurs in human tumours. In some
instances, haploinsufficiency of a tumour suppressor gene can be more

tumourigenic that biallelic loss. Homozygous deletion of Pten in the prostate
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results in activation of cellular senescence and enhanced tumour
suppressive functions (with intact Trp53), whereas heterozygous loss of Pten
enhances proliferation without activating senescence (Berger et al., 2011).
While biallelic loss of TLRZ2 is not described, shallow deletions of TLR2 are
observed in preinvasive LUSC samples, with more shallow deletions in
samples that subsequently progressed to invasive malignancy (p=0.07).
Shallow deletion in either TLR2 or TLR10 (the TLR2 partner shown to
regulate OIS and the SASP (Hari et al., 2019)) was also increased in
progressive samples (p=0.0086). This effect was specific for TLR2 and its
binding partners, as there was no observed association between shallow
deletions in non-TLR2 associated plasma membrane TLRs (TLR4/5) and
lesion progression. Furthermore, the majority of invasive LUSC samples from
the TCGA exhibit both TLR2 and TLR10 shallow deletions. While TLRZ2 does
not fit the classic ‘two-hit’ definition of a tumour suppressor gene, lower
expression of TLR2 may well be caused at least in part by shallow deletions,
suggesting TLRZ2 haploinsufficiency does occur. Further experiments with the
KrastSt-67120* model on a TIr2*~ background will help determine whether Tir2

haploinsufficiency does occurs in this context.

6.7 Potential clinical applications

6.7.1 TLR2 as a therapeutic target
Data presented in chapter 5 demonstrated that activation of TIr2 with a

synthetic agonist (Pam2CSK4) inhibits lung tumour growth. This is
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encouraging and highlights the potential for TLR2 activation to be a novel
therapeutic target in early-stage lung cancer. Lung epithelial cells are able to
up-regulate TLR expression, subsequently enhancing antimicrobial
responses (Chaudhuri et al., 2005), and inactivating TLR polymorphisms
(including TLR2) can increase susceptibility to pulmonary infections (Velez et
al., 2010). Therefore, modulation of TLR expression has been discussed as a
potential treatment for chronic lung diseases. The utility of TLR2 activating
vaccines has been explored and these have been found to induce immune
cell maturation and improve the response to tumour-associated glycopeptide
antigens (Ingale et al., 2009; Ingale et al., 2007), therefore targeting TLR2
activity has potential as an anticancer strategy. TLRZ2 is not known to
undergo biallelic deletion in NSCLC but may undergo monoallelic loss
(shallow deletion - as discussed above in chapter 6.6). This can be
considered a further vulnerability for targeting as functional plasma
membrane TLR2 would still be available for therapeutic modulation.

While mice in this study showed no obvious adverse effects, it is likely
that long-term modulation of a key innate immune pathway would come with
significant side effects. Indeed, the reduction in lung monocyte/macrophage
populations after repeated Pam2CSK4 dosing, likely due to Toll-like receptor
tolerance (Butcher et al., 2018), points to the sensitivity of immune cells to
pharmacological modulation of this pathway. Studies examining the long-
term side effects of Pam2CSK4 administration were not performed as part of
this thesis. Over and above potential toxicity, in order to employ TLR2

activation as a therapeutic strategy the reliable identification of patients with
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preinvasive disease would be required. Early-stage lung cancer is classically
asymptomatic and computed tomography (CT) scans cannot yet reliably
identify preinvasive disease (with the exception of peripheral ground glass
opacities representing AIS/MIA lesions (Lee et al., 2013; Ma et al., 2019)).
Nonetheless, with the advent of low-dose CT (LDCT) screening and the
renewed interest in non-invasive biomarker research (Calvayrac et al., 2017;
Guibert et al., 2020), the reliable identification of patents with preinvasive
disease may be on the horizon. While surgical resection should always be
the mainstay of treatment for solitary early lung cancer lesions, conceivably
modulation of TLR2-SASP signalling could be an appropriate strategy for

patients with multifocal disease or those not fit for surgery/radiotherapy.

6.7.2 The SASP as a biomarker of lung pre-malignancy

LDCT screening for the detection of early-stage lung cancer has been
shown to significantly improve lung cancer mortality (de Koning et al., 2020;
National Lung Screening Trial Research et al., 2011). This has not yet been
adopted in the United Kingdom but will likely be standard practice over the
coming years. This approach is not without its drawbacks; LDCT screening
can be associated with a high false positive rate, resulting in significant
anxiety and potentially dangerous investigations in healthy patients.
Furthermore, risk prediction tools used to assess an individual’s suitability for
screening can underestimate risk in certain patient demographics (Lebrett et
al., 2020) and it has been reported that only one third of new lung cancer

patients would have met eligibility criteria for LDCT screening (Wu et al.,
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2016). Non-invasive biomarkers of early-stage disease could simultaneously
improve screening population selection and improve diagnostic accuracy of
LDCT screening (for example with indeterminate pulmonary nodules)
(Oudkerk et al., 2021). Data in this thesis demonstrates that TLR2 and the
SASP are widely expressed in lung tumour epithelium, including in the
preinvasive setting. SASP factors are readily secreted into the bloodstream,
therefore are likely to represent candidate biomarkers of preinvasive disease.
SASP factors are widely expressed in other contexts (such as infection and
inflammation) therefore specificity could be improved by analysing a panel of
known tumour associated SASP factors. Senescent cells (and tumour cells in
general) are known to secrete extracellular vesicles (EVs) into the peripheral
circulation that contain proteins, lipids and genomic material (O'Driscoll,
2015; Thakur et al., 2014). EVs mediate intercellular communication in
physiological settings (Maas et al., 2017) but also become components of the
SASP following the induction of cellular senescence (Misawa et al., 2020).
Therefore, EVs are excellent candidate biomarkers for the early detection of
cancer. Indeed, proteomic profiling of isolated EVs can not only identify
cancer early but can determine cancer type (Hoshino et al., 2020). Therefore
conceivably, TLR2-SASP components (or other lung cancer specific SASP
components) could be measured in lung specific EVs as a marker of lung
preinvasive disease burden. Patients with a high preinvasive disease burden
could be targeted for LDCT screening to allow the timely identification of
overt lung tumour formation and curative treatment with surgical resection.

Furthermore, indeterminate pulmonary nodules identified via LDCT screening
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could be further stratified as high vs low risk, based on TLR2-SASP levels

identified in circulating EVs.

6.8 Future work

This thesis did not directly show that TLR2 mediated recruitment of
monocytes/macrophages leads to clearance of premalignant cells in the lung.
Therefore, future work in the short-medium term will seek to answer this
question. As touched on previously (chapter 6.3) monocyte/macrophage
depletion can be achieved by a combination of local and systemic delivery of
clodronate liposomes, and this approach has been used previously to
deplete macrophages in chemically induced lung cancer mouse models (Fritz
et al., 2014). This experiment will help delineate the cell autonomous vs non-
cell autonomous functions of TLR2 mediated tumour suppression in NSCLC.
Furthermore, the utility of the TLR2 regulated SASP as a biomarker of early-
stage lung cancer could be investigated with a proof of principle in vivo study
using the Kras-S--672* mouse model. Repeated blood sampling and high
throughput SASP measurements can be performed using a forward phase
antibody microarray (in collaboration with the HTPU microarray service,
University of Edinburgh). Tumour progression can be monitored
longitudinally using micro computed tomography (microCT) imaging and
correlated with SASP measurement as discussed above.

This thesis has only begun to describe the interplay between the SASP
and the immune system in the context of lung tumourigenesis. In order to

further characterise this highly complex process, better models recapitulating
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the complex genetics of human lung cancer are required, as are methods to
analyse in more detail the response of the immune system to lung tumour
formation. In the long term (likely involving subsequent fellowship
applications), immune single cell RNA sequencing approaches could be
employed in neoantigen rich lung cancer models with or without functioning
SASP expression to allow identification of SASP-immune mediated tumour
suppressor processes. Subsequent validation and functional studies would
help identify processes that are amenable to pharmacological modulation.
With the impending roll out of lung cancer screening the availability of early-
stage clinical samples is only going to improve and this will hopefully support

the translation of any druggable tumour suppressor processes into the clinic.
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6.9 Final conclusions

OIS is a complex tumour suppressor process, the precise regulation of
which is yet to be fully understood. TLRZ2 is clearly integral to not only the
activation of OIS but in the expression of the SASP. This thesis has
described data suggesting that the important in vitro observations that TLR2
regulates OIS and the SASP indeed hold true in the in vivo setting (Hari et
al., 2019), and TIr2 has a tumour suppressor function in murine models of
NSCLC via regulation of the SASP. Strikingly, TLR2-SASP signalling is
highly active in human NSCLC, where it correlates with improved survival
and clinical regression of preinvasive lesions, suggesting that TLR2 also has
a tumour suppressor function in human disease. While questions remain
about the precise cell autonomous vs non-cell autonomous mechanisms of
TLR2 mediated tumour suppression, the prospect of utilising this pathway for
therapeutic gain is real, as is harnessing the highly active TLR2 mediated

SASP for the early detection of lung cancer.
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