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Abstract

Stroke remains a devastating health issue worldwide with limited treatment
available. Interleukin-1 (IL-1) is a major cytokine implicated in the pathogenesis of
stroke, and the blood-brain barrier (BBB) is a major target of IL-1-induced
neuroinflammation. The extracellular matrix (ECM) plays a dynamic role in the
brain and recent evidence has identified laminin (LM)-10 as a mediator of BBB
repair. The aim of this thesis was to determine the role of LM-10 as a modulator of
endothelial inflammation and angiogenesis, as well as the role of
cerebrovasculature IL-1R1 signalling on laminin expression after stroke.

First, | sought to establish a suitable in vitro model to investigate the role of LM-10
as a modulator of IL-1B-induced endothelial activation and the angiogenic
response of cerebral endothelial cells. | determined a novel role of LM-10 as a
modulator of IL-1B-induced intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) expression in hCMEC/D3 cells and
demonstrated that LM-10 increases endothelial proliferation and migration. |
elucidated a novel relationship between IL-18 and Hippo signalling, and
demonstrated altered Hippo signalling on LM-10.

In order to investigate the role of cerebrovasculature IL-1R1 signalling on laminin
expression after cerebral ischaemia, | induced conditional deletion of IL-1R1 in
brain endothelial cells and performed experimental stroke by occlusion of the
middle cerebral artery (MCA). | found that laminin a4 (expressed in LM-8) is more
dynamically regulated than laminin a5 (expressed in LM-10) across several time
points post-stroke and that laminin a4 expression is regulated by endothelial IL-
1R1 signalling.

To assess the role of laminin a5 after stroke in vivo, | generated a conditional
deletion brain endothelial cell-specific laminin a5 mouse strain and successfully
confirmed laminin a5 deletion. | induced experimental stroke by occlusion of the
MCA but did not observe an effect of laminin a5 on infarct volume, neurological
outcome or cerebral blood flow recovery after stroke.

Our results support evidence that the ECM plays a dynamic role in inflammatory
conditions in the brain and | have identified a novel crosstalk between IL-18 and
the Hippo pathway. Although | did not observe an effect of laminin a5 in ischaemic
stroke, | believe that further investigation of the isoform specific roles of laminins
in cerebrovascular diseases will provide new insights in the role of the ECM during
the pathophysiology of stroke that could lead to new therapeutic treatments.
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1.1. Overview

1.1.1. Cerebrovascular disease

Cerebrovascular disease is an umbrella term for a number of conditions associated
with the cerebral blood vessels and blood supply to the brain. The brain is the most
metabolically demanding organ of the body, consuming over 20% of the body’s
total energy, and hence requires a consistent blood supply (Raichle and Gusnard,
2002). Cerebrovascular diseases that disrupt blood flow have physiological
implications that can subsequently result in neurological deficits. Although stroke
is considered the primary presentation of cerebrovascular disease, it is important
to highlight the myriad of other conditions affecting cerebral blood vessels. These
include carotid stenosis, aneurysms and vascular malformations, all of which will
contribute to an ischaemic cerebral state and disrupted homeostasis (Sharma,
2016). Although this thesis focuses on ischaemic stroke, there is a clear role of the
extracellular matrix (ECM) and inflammation underpinning the broad spectrum of
cerebrovascular disease. Thus, basic scientific mechanisms discussed in this
thesis may be relevant beyond ischaemic stroke.

1.1.2. Stroke
Stroke remains a major worldwide health issue with a devastating clinical and
socioeconomic impact (Feigin, 2019). Stroke is categorised into two distinct
subsets; ischaemic and haemorrhagic stroke. Ischaemic stroke is caused by an
occlusion in cerebral blood vessels resulting in restricted cerebral blood flow (CBF)
(Musuka et al., 2015). Haemorrhagic stroke is the rupture of a blood vessel
resulting in intracerebral haemorrhage or subarachnoid haemorrhage, which is
respectively named dependent upon the location of the bleed in the brain (Musuka
et al., 2015). The more prevalent subset of stroke is ischaemic, accounting for
approximately 70% of clinical stroke cases (Feigin et al., 2017). Stroke is the
second leading cause of mortality globally and constitutes the third most common
cause of disability (Feigin et al., 2017). In the UK, a stroke occurs every 5 minutes
and there are 1.2 million stroke survivors, subsequently this is associated with a
substantial economic burden estimated at £26 billion per year in the UK (Stroke
Association, 2018). Although stroke mortality is declining due to improvements in
healthcare and improved awareness of risk factors, there is an ageing population

that increases prevalence and with a larger population of survivors there is the
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pressing clinical need for the identification of therapeutic targets that aid recovery
(Feigin et al., 2017).

1.1.3. Aetiology of ischaemic stroke
The aetiology of ischaemic stroke is due to a thrombotic or embolic event that
disturbs cerebral blood flow. The Trial of Org 10172 in Acute Stroke Treatment
(TOAST) devised a classification system of ischaemic stroke based on five
subsets: large-artery atherosclerosis, cardioembolism, small-vessel occlusion,
stroke of other determined aetiology, and stroke of undetermined aetiology,
depicted in Figure 1.1 (Adams et al., 1993). A thrombotic event is associated with
a disruption to CBF due to an obstruction within the blood vessel. Thrombotic
events are typically associated with large artery atherosclerosis (23%), whilst small
vessel occlusions are also key contributors to ischaemic stroke cases (22%)
(Adams et al., 1993). In contrast, embolic events are the result of blockage to a
blood vessel caused by debris (thrombi) that have travelled from a distal location
in the body. Most commonly this is a cardioembolic stroke (22%) whereby thrombi
form in the atrium due to arrhythmias (Adams et al., 1993), which can become
dislodged and travel in the vascular supply to occlude a vessel in the brain. A small
proportion of ischaemic strokes are a result of known rare causes (3%), whilst a

large proportion (26%) the aetiology is unknown (Adams et al., 1993).

Large-artery atherosclerosis
Cardioembolism
Small-vessel occlusion
Other determined etiology
Undetermined etiology

Figure 1.1 Aetiology of ischaemic stroke.

Relative proportion of each aetiology category from the TOAST trial. The five subsets are
large-artery atherosclerosis, cardioembolism, small-vessel occlusion, stroke of other
determined aetiology, and stroke of undetermined aetiology. Taken from Adams et al. 1993

Due to the varied aetiology of stroke there are a myriad of risk factors that have

been identified that can be categorised as modifiable and non-modifiable. Indeed,
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a global systematic study suggests that more than 90% of stroke burden is a result
of modifiable risk factors (Feigin et al., 2016). Non-modifiable risk factors include
age, sex, and genetic factors. Modifiable risk factors include behavioural factors
such as diet, smoking, low physical activity, and metabolic factors such as high
systolic blood pressure (SBP), high body mass index (BMI) and high total
cholesterol. Interestingly, the study also identified environmental factors such as
air pollution and lead exposure as major contributors to stroke burden.

1.1.4. Current treatments for ischaemic stroke
Currently treatment options for ischaemic stroke are the pharmacological break
down (thrombolysis) or surgical removal of the clot in the blood vessel, both with
the aim of restoring blood flow. Clinically, it is critical that ischaemic stroke is
confirmed in patients using neuroimaging, this rules out haemorrhagic stroke and
confirms the next stage of treatment (Bansal et al., 2013). The only licensed
pharmacological intervention for ischaemic stroke is intravenous administration of
tissue plasminogen activator (t-PA) (Bansal et al., 2013). A thrombus (the blood
clot) is fibrin-rich and t-PA catalyses the transformation of plasminogen to plasmin,
aiding the degradation of the thrombus and the restoration of blood flow.
Administration of t-PA must occur within a therapeutic window of 4.5 h after stroke
onset for safety and efficacy, which presents a major clinical limitation alongside
strict suitability inclusion criteria for treatment that in practice has only resulted in
10% of stroke patients receiving the treatment in the UK (McMeekin et al., 2017).
A recent advancement in the treatment of ischaemic stroke is the development of
endovascular thrombectomy to surgically remove the thrombus. Meta analyses of
five clinical trials confirmed the efficacy of endovascular thrombectomy as a
treatment of ischaemic stroke, marking a pivotal turning point in stroke treatments
available (Goyal et al., 2016). The analyses demonstrated an improved efficacy
and a larger therapeutic time window. However, there are caveats associated with
this approach as the procedure requires a highly skilled surgeon and thus clinical

use of this surgery is limited to centres with trained surgeons.

1.2. Pathogenesis of ischaemic stroke

1.2.1. Ischaemic cascade
Cerebral ischaemia induced by an occlusion of a cerebral blood vessel initiates an

ischaemic cascade. The obstruction to blood flow results in a reduction of oxygen
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and glucose availability, which triggers a complex network of interconnected
pathways resulting in energy failure, impairment of ionic homeostasis, oxidative
stress, neuronal cell death and BBB dysfunction (Sandoval and Witt, 2008).
Neuronal cell death can either occur by necrosis or apoptosis, and is dependent
on the severity of injury and the brain region affected. Irreversible necrotic cell
death occurs rapidly in the ischaemic core region in the minutes to hours after the
initial ischaemic insult (Khoshnam et al., 2017). The area surrounding the
ischaemic core, known as the ischaemic penumbra, is potentially salvageable as
the cells in this region undergo delayed and controlled cell death by apoptosis.
After the initial ischaemic insult, there is a period of reperfusion characterised by
the reestablishment of CBF to the brain. Reperfusion induces further pathological
damage to the brain and can result in haemorrhagic transformation known as

reperfusion injury (Sandoval and Witt, 2008).

1.2.2. Impairment of ionic homeostasis and glutamate excitotoxicity
Cerebral ischaemia impairs the oxygen and glucose availability of the affected
region and hence impairs adenosine triphosphate (ATP) production, ultimately
leading to excitotoxicity. The reduction in ATP leads to failure of Na*/K* ATPase
pumps, resulting in the influx of Na* into the cell in exchange of K* entering the
extracellular space (Woodruff et al., 2011). This excitotoxic response is further
exacerbated by an influx of intracellular calcium, which activates several death-
signalling enzymes including endonucleases, lipases, kinases and proteases
(Khoshnam et al.,, 2017). A major consequence of the impairment to ionic
homeaostasis is the cytotoxic oedema that follows as a result of an influx of water
into the brain due to changes in osmolality. Cytotoxic oedema occurs rapidly and
causes swelling of endothelial cells, glia and neurones, contributing to necrotic cell
death (Deb et al., 2010). During the hours and days after the initial ischaemic insult,
cytotoxic oedema develops into vasogenic oedema which is characterised by an
increased permeability of brain endothelial cells to serum proteins, resulting in an
increased intracranial pressure (Deb et al., 2010). A further consequence of the
energy failure and subsequent impairment of ionic homeostasis is glutamate
excitotoxicity (Deb et al., 2010). There is reduced reuptake of the excitatory
neurotransmitter glutamate leading to its excessive accumulation in the synaptic
cleft (Woodruff et al., 2011). Glutamate can then further exacerbate cellular

excitotoxicity through the activation of N-methyl-d-aspartate (NMDA) receptors,
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resulting in a further influx of Ca?* into neurones, and resulting in the activation of
signalling pathways leading to neuronal damage and death (Khoshnam et al.,
2017).

1.2.3. Oxidative stress and implications

Oxidative stress is a major consequence of the ischaemic cascade and has
substantial cellular implications, resulting in tissue damage and cell death.
Oxidative stress occurs when the brain is subjected to excess levels of free radicals
such as reactive oxygen species (ROS) and reactive nitrogen species (RNS),
which overwhelm the brain’s endogenous antioxidant and free radical scavenging
systems (Allen and Bayraktutan, 2009; Woodruff et al., 2011). Free radicals are
highly reactive molecules with one or more unpaired electrons. They present a
biphasic nature whereby under homeostatic conditions they play essential roles in
immune defence, induction of mitogenic responses and cell signalling (Allen and
Bayraktutan, 2009). However, during stroke the excess production of free radicals
causes cellular damage and destruction by reacting with membranes, proteins,
lipids and deoxyribonucleic acid (DNA) (Allen and Bayraktutan, 2009). The brain is
particularly vulnerable to free radical-mediated damage due to limited antioxidant
protective mechanisms and the high oxygen consumption of the brain (Allen and
Bayraktutan, 2009; Li et al., 2012).

1.3. The neurovascular unit

1.3.1. Overview of the NVU
In order to understand the complexities associated with the pathophysiology of
stroke and the impact it has on central nervous system (CNS) homeostasis, the
blood-brain barrier (BBB) must be considered as part of an integrated and dynamic
system of cells and ECM known as the neurovascular unit (NVU). The NVU is
composed of astrocytes, perivascular microglia/macrophages, neurones,
endothelial cells, pericytes and ECM molecules that form an intricate architecture
which facilitates an integrated relationship between the components to maintain
homeostasis of the CNS (Sandoval and Witt, 2008). It is the unique environment
of the CNS and the dynamic crosstalk of signalling between the brain cells and

ECM that produce the unique properties of the BBB.
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1.3.2. Role of endothelial cells in the NVU
Endothelial cells of the cerebral vasculature form the foundations of the BBB
providing the critical interface between the blood and CNS, and act as a highly
selective barrier that maintains the fragile homeostasis of the brain required for
neuronal health and function (Abbott et al., 2010). The unique barrier properties
of the BBB are attributed to the formation of very close tight junctions (TJs)
between cerebral endothelial cells that help control paracellular permeability
across the BBB and provide asymmetric distribution of the apical and basolateral
cell membranes of the endothelial cells (Sandoval and Witt, 2008). The integrity of
TJs is maintained by three main transmembrane proteins; claudins, occludins and
junctional adhesion molecules (JAMs). JAMs interact with intracellular scaffold
proteins such as zonula occludens(Z0)-1, ZO-2 and ZO-3, which are anchored via
cingulin dimers to actin and the cytoskeleton (Ballabh et al., 2004; Abbott et al.,
2010). TJs proteins can be regulated at several levels including that of post-
translational modification, via their cellular localisation or through cytoskeleton

disruption (Luissint et al., 2012).

1.3.3. Role of astrocytes in the NVU

The anatomical position of astrocytes between neurones, endothelial cells and
pericytes enables close communication and implicates them as a critical
component of the NVU (Sandoval and Witt, 2008). Astrocytic endfeet are closely
associated with the basal lamina of the endothelium and facilitate the maintenance
of the BBB via astrocyte-endothelial interactions (Abbott et al., 2006). Glial cells
produce several factors including transforming growth factor beta (TGF-f8), basic
fibroblast growth factor (FGF-2), angiopoetin-1 and glial derived neurotrophic
factor, which mediate the induction and maintenance of the BBB (Abbott et al.,
2006). There is also evidence that suggests the relationship between endothelial
cells and astrocytes is bi-directional whereby endothelial cells induce astrocyte
differentiation via the production of leukemia-inhibiting factor (LIF) (Mi et al., 2001).
Co-culturing of endothelial cells and astrocytes enhances the antioxidative activity
of both cell types after hypoxia, demonstrating the inductive role of astrocytes on
the BBB (Schroeter et al., 1999).
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1.3.4. Role of pericytes in the NVU
The CNS endothelium has a significantly higher pericyte coverage compared to
peripheral tissues, which is reflective of their role as pivotal and multifunctional
components of the NVU (Keaney and Campbell, 2015). Pericytes are
encapsulated within the endothelial basal lamina and wrap around the endothelial
cells, thus due to this unique distribution of pericytes around the endothelium they
have contacts with astrocytes, neurones and perivascular microglia/macrophages
(Rustenhoven et al., 2017). Increasing evidence has elucidated the versatile role
of pericytes as coordinators of BBB and CNS homeostasis, regulators of CBF,
providers of structural support and angioarchitecture and contributors to the
secretion of ECM proteins (Winkler et al., 2011; Keaney and Campbell, 2015).
There are several signalling pathways activated in pericyte-endothelial crosstalk
including angiopoietin, platelet-derived growth factor (PDGF), Notch and TGF-
(Winkler et al., 2011). In vitro BBB models have demonstrated that secretion of
multimeric angiopoietin-1 from pericytes activates the Tie-2 receptor to induce
endothelial expression of the TJ protein occludin, suggesting that pericytes play a

key role in maintenance of the BBB (Hori et al., 2004).

1.3.5. The extracellular matrix in the NVU
The full complexity and sophistication of the ECM as a dynamic component of the
NVU has started to be elucidated as its diverse structural and signalling roles have
been discovered. The ECM is an intricate network of extracellular glycoproteins
and proteoglycans that surrounds cells and is adapted to the functional
requirements of each organ. ECM molecules are mostly secreted by astrocytes,
pericytes and endothelial cells in the CNS (Baeten and Akassoglou, 2011; Keaney
and Campbell, 2015). Intricate signalling pathways are activated via interactions
between ECM molecules and their receptors expressed on the cellular
components to modulate cell survival, differentiation and activation (Lu et al.,
2011). Similar to any protein, the ECM components are regulated at the level of
transcription and translation. Further regulation of ECM turnover is through
degradation by proteolytic enzymes, which can be of particular relevance during

CNS diseases.

The ECM in the CNS can be categorised into 3 compartments; the basement

membrane (BM), perineuronal nets and the neural interstitial matrix (ECM in the
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parenchyma), each characterised by their distinct ECM molecule composition (Lau
et al., 2013). The BM is the continuous sheet-like layer of ECM that ensheathes
the parenchymal side of cerebral microvessels. It is typically composed of collagen
IV, laminins, entactin, fibronectin, dystroglycan and perlecan. Perineuronal nets
are formed of mesh-like ECM deposited in the space between neurones and
astrocytic processes, and is mostly composed of proteoglycans and tenascin-C
and —R (Kwok et al., 2011). The neural interstitial matrix is a dense network of ECM
molecules dispersed in the parenchyma, which is not closely associated with
perineuronal nets or the endothelial wall and is mostly composed of proteoglycans
(Rauch, 2007). The neural interstitial matrix is composed of proteoglycans,
hyaluronan, tenascins, as well as relatively small amounts of collagens, elastin,

laminins and fibronectin.

ECM molecules self-assemble to form supramolecular assemblies that act as a
functional three-dimensional (3D) scaffold matrix (Mouw et al., 2014). The self-
assembly of ECM molecules into supramolecular structures is driven by innate
intercompetent binding and polymerisation of ECM constituents (Yurchenco,
2011). The composition of the ECM confers the physical properties and hence
structural role of the ECM in supporting tissue structure, cellular migration and
cellular anchorage via interactions with ECM receptors (Lu et al., 2011). ECM
molecules act as ligands for ECM receptors providing a complex adhesion surface
for cell attachment (Mouw et al., 2014). Furthermore, the biochemical properties of
the ECM confer the versatile and dynamic signalling mechanisms that can be
elicited downstream of cellular binding to the ECM (Lu et al., 2011). Another
function of the ECM is the ability of components to bind growth factors and
chemokines and act as a reservoir, controlling their availability and creating

concentration gradients (Lu et al., 2011; Mouw et al., 2014).

1.3.6. ECM receptors
Integrins and dystroglycan are the two main receptors that mediate cell-cell and
cell-kECM interactions in the CNS. Integrins are a family of heterodimeric
transmembrane glycoproteins composed of alpha and beta chains (Takada et al.,
2007). They are expressed in all cells of the BBB including endothelial cells,
astrocytes, pericytes, microglia and neurones, acting as receptors for several ECM

ligands and eliciting a diverse range of signalling responses (Baeten and
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Akassoglou, 2011; Wu and Reddy, 2012). Dystroglycan is expressed in endothelial
cells, astrocytes and neurones (Baeten and Akassoglou, 2011). Dystroglycan
consists of a highly glycosylated extracellular a-subunit that interacts with laminin
G domain ligands, whilst the transmembrane (-subunit interacts with the actin

filament network (Moore and Winder, 2010).

ECM receptors are essential mediators in eliciting the structural and functional
roles of the ECM. They provide structural support by acting as a physical link
between the cytoskeleton and the ECM. Cells express various ECM receptors and
therefore interact with several ligands to elicit a diverse signalling response with
multiple functional outcomes, which is adaptive to changes in the
microenvironment (Baeten and Akassoglou, 2011). Integrins respond to changes
in their microenvironment through three main signalling mechanisms: i) activation
of integrins upon binding of ECM ligands, ii) via crosstalk between integrins and
growth factors and iii) via transactivation of growth factor receptors (Baeten and
Akassoglou, 2011). ECM ligands can bind to integrins and activate signalling
pathways, modulating key cellular processes including gene regulation, cell
proliferation, differentiation, survival and migration (Yurchenco, 2011). A myriad of
signalling pathways can be activated including the focal adhesion kinase/c-Jun N-
terminal kinase pathway (FAK/JNK), Ras/ERK (MAP kinase), and the small
GTPases such as Rho (Miranti et al., 2015). Another mechanism of integrin
signalling is via crosstalk between integrins and growth factors whereby integrins
can activate latent growth factors such as TGF-3 (Baeten and Akassoglou, 2011).
Furthermore, integrins can also transactivate growth factors by co-clustering near
growth factor receptors or can transactivate growth factor receptors in the absence

of growth factor ligands (Baeten and Akassoglou, 2011).

1.4. Laminin family

1.4.1. Laminins general background
Laminins are a family of glycoproteins that are an integral component of the ECM
throughout the body including the CNS. They are heterotrimeric proteins
composed of a, B and y chains, and are named according to their chain
composition (Domogatskaya et al., 2012).The highly glycosylated a, B, and y
laminin chains assemble to form cross-shaped or T-shaped heterotrimers
(Durbeej, 2010; Domogatskaya et al., 2012). The COOH-terminal ends of the
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chains form a coiled coil structure and acts as the ‘long arm’ of the trimer, whilst
the NH2-termini of the @, B, and y chains act as the ‘short arms’ (Domogatskaya et
al., 2012). Each chain has a specific set of globular domains (domains IV and VI),
rod-like domains containing EGF-like repeats and domains (I and II) that form the
a-helical coiled-coil (Hallmann, 2005). The composition of the chains determine the
properties of the laminin isoform, which will subsequently influence BM self-
assembly, surface receptor binding and ECM interaction (Hallmann, 2005;
Domogatskaya et al., 2012). The a chains of laminins contain five LG domains at
the COOH-terminal and are thought to contribute to cell binding, whilst domains IV
and VI are involved in the self-assembly required for BM formation (Hallmann,
2005). Laminin is essential for BM assembly, organisation and BBB function
(Baeten and Akassoglou, 2011). Mice knock outs of the subunit laminin y1 are
embryonic lethal due to the lack of laminin assembly and organisation, resulting in
a lack of BM formation. Furthermore, mice lacking laminin a5 are embryonic lethal
(Miner et al., 1998), whilst laminin a4 deletion results in vascular defects after birth
in mice (Thyboll et al., 2002).

1.4.2. Laminin basement membrane formation in the CNS
Different isoforms of laminin are synthesised by different cell types of the NVU and
therefore the composition of BMs can vary according to cellular proximity as
illustrated in Figure 1.2. The four main laminin (LM) isoforms at the BBB are
laminin411 (LM-8), laminin511 (LM-10), laminin111 (LM-1) and laminin211 (LM-2)
(Sixt et al., 2001). LM-8 and LM-10 are expressed throughout the body and are
major components of the endothelial basement membrane, whilst in contrast LM-
1 and LM-2 are specifically expressed in the brain. In the CNS there are two distinct
basement membranes associated with the vessels, an endothelial basement
membrane composed of LM-10 and LM-8, and an outer parenchymal basement
membrane composed of LM-1 and LM-2 (Sixt et al., 2001). This distinction is a
result of differential laminin isoform synthesis by cells; astrocytes synthesise LM-2
(Jucker et al., 1996; Menezes et al., 2014; Hannocks et al., 2018), and LM-1 is
secreted by pial cells (Hannocks et al., 2018) and leptomeningeal cells (Sixt et al.,
2001). In contrast, cerebrovascular endothelial cells synthesise LM-8 and LM-10
(Sixt et al., 2001), and it has been demonstrated that mural cell also synthesise

laminin a5 and laminin a4 containing isoforms (Gautam et al., 2016).
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Figure 1.2. Schematic of the BM formation in the CNS.

The anatomical location of the endothelial BM and parenchymal BM, relative to endothelial
cells, pericytes and astrocytic endfeet. The endothelial BM (composed of LM-8 and LM-10)
is closely associated with the endothelial cells, whilst the parenchymal BM (composed of
LM-1 and LM-2) is closely associated with the pericytes and astrocytic endfeet. Adapted
from Xu et al., 2019.

1.4.3. Barrier function and protective properties of laminins
The dynamic and protective properties of laminins in the ECM of the CNS have
been demonstrated in several studies. In vitro evidence have demonstrated that
the composition of laminin isoforms in the BM influences the ability of
transmigrating leukocytes across the BBB (Sixt et al., 2001; Wang et al., 2006).
During experimental autoimmune encephalomyelitis (EAE), the CNS presents two
biochemically distinct BMs, the endothelial (LM-8 and LM-10) and parenchyma BM
(LM-1 and LM-2) (Sixt et al., 2001). The differential expression of laminin isoforms
influences T cell infiltration, whereby inflammatory cuffs that permit infiltration
occurred in regions of LM-8 expression, whilst there was no infiltration in regions
of LM-10 expression (Sixt et al., 2001). LM-1 and LM-2 were shown to be non-
adhesive for encephalitogenic T cell lines, and hence leukocyte penetration occurs
after disruption to the BM (Sixt et al., 2001). Further evidence supporting the
differential functions of ECM components on neutrophil transmigration has been
demonstrated in a murine cremaster muscle model, which facilitates high
resolution imaging, showing that regions of low BM protein expression (LM-10,
collagen IV, and nidogen-2) is associated with neutrophil transmigration (Wang et

al., 2006). These regions were found in gaps between pericytes and the evidence
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suggested that neutrophils could remodel the BM to facilitate transmigration. A
recent in vitro study using bEND.5 cells demonstrated that LM-10 reduces
neutrophil transmigration, enhances transendothelial electrical resistance (TEER)
and enhances junctional localisation of VE-cadherin, suggesting that LM-10
enhances endothelial barrier properties (Song et al., 2017). The protective
properties of laminins on neuronal viability has been demonstrated whereby
laminin degradation precedes neuronal loss and is associated with regions of
neuronal loss, suggesting that neuronal interaction with laminins protects against
neuronal death (Chen and Strickland, 1997). Further evidence supports the role of
the laminin matrix in neuronal survival, whereby disruption of the hippocampal
laminin matrix with soluble laminin makes the neurones susceptible to neuronal

death after kainate injection (Indyk et al., 2003).

1.5. Inflammatory response

1.5.1. Inflammation
Inflammation is a physiological host defence response to infection that is critical in
restoring homeostasis and promoting repair (Chen and Nufiez, 2010).
Inflammation can be triggered in response to exogenous stimuli such as invading
pathogens, or endogenous stimuli created as a result of injury such as during
cerebral ischaemia. Inflammation triggered in the absence of a pathogen is
referred to as sterile inflammation. Sterile inflammation is a key hallmark of several

CNS diseases including stroke, Alzheimer’s disease and Parkinson’s disease.

1.5.2. Overview of the inflammatory response after ischaemic stroke
There is extensive experimental and clinical evidence that the inflammatory
response activated post-ischaemia contributes to the pathogenesis of stroke. The
energy failure, necrotic cell death and BBB disruption associated with the
ischaemic cascade triggers a robust inflammatory response that forces the brain
into a pro-inflammatory state characterised by the rapid activation of resident brain
cells, the infiltration of peripheral immune cells and the upregulation of
inflammatory mediators (Woodruff et al., 2011). Following the ischaemic cascade,
there is the release of damage-associated molecular patterns (DAMPSs) from
stressed host cells, which can act on pattern recognition receptors (PRRS)
expressed on neurones, glial cells and endothelial cells (Khoshnam et al., 2017).

PRRs then activate intracellular signalling pathways resulting in the upregulation
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of pro-inflammatory genes, leading to the expression of inflammatory mediators
(Vidale et al., 2017). The inflammatory response activated is highly complex as
cells and inflammatory mediators can present multiphasic natures of neurotoxic
and neuroprotective properties, which can be influenced by their spatiotemporal
context. Critical in understanding the CNS cellular response post-stroke is an
appreciation of the inflammatory mediators produced, the cytokine/chemokine
receptors expressed and the response elicited by each cell.

1.5.3. Role of microglia in the inflammatory response
Microglia are often described as the resident macrophages of the brain. During
physiological conditions, microglia display a ramified morphology characterised by
fine, outstretched processes that survey their environment. However, after
ischaemia they become rapidly activated within hours and their morphology
becomes amoeboid, characterised by the retracting of their processes. Their
proliferation and activation peaks 2-3 days post-stroke (Denes et al., 2007). The
degree of injury in different regions of the brain can influence microglial activation
whereby the activation of microglia in the ischaemic core is triggered by
excitotoxicity associated with the ischaemic cascade, whilst in the peri-infarct
region, activation is governed by DAMPs (Guruswamy and Elali, 2017). The role
of microglia in the pathogenesis of stroke is particularly complex as they present
different phenotypes determined by their spatiotemporal context. It is thought that
their pro-inflammatory phenotype is activated early after ischaemia and that
microglia become protective at later time points (Y. K. Kim et al., 2016). Indeed,
the early pro-inflammatory phenotype is attributed to the pro-inflammatory
cytokines produced such as tumour necrosis factor (TNF)-a, interleukin (IL)-1p, IL-
18 and IL-6 (Y. K. Kim et al.,, 2016; Vidale et al.,, 2017). In contrast, the
neuroprotective phenotypic microglia are observed 24 h after the ischaemic insult
and persists for a week before decreasing in number (Taylor and Sansing, 2013).
The protective phenotype is thought to contribute to repair via the production of
TGF-B, nerve growth factor, and IL-4 (Vidale et al., 2017). Indeed, it was
demonstrated that depletion of microglia in mice exacerbates inflammation after
ischaemia, specifically increasing pro-inflammatory mediators and leukocyte
infiltration (Jin et al., 2017). Furthermore, in another study it has been
demonstrated that microglia depletion resulted in a 60% increase in infarct size

and dysregulated neuronal activity after cerebral ischaemia (Szalay et al., 2016).
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1.5.4. Leukocyte infiltration
Disruption of the BBB further exacerbates post-ischaemic inflammation through
facilitating the infiltration of peripheral immune cells. Peripheral immune cells
including neutrophils, lymphocytes and blood-derived macrophages infiltrate the
injured brain and further contribute to the pro-inflammatory state. After ischaemia,
there is an upregulation of an array of cell adhesion molecules on the brain
endothelium including selectins, integrins and immunoglobulins which mediate
leukocyte infiltration. E- and P-selectins are upregulated on the vascular
endothelium and mediate the recruitment and rolling of leukocytes via interactions
with carbohydrate residues, and are known to influence outcome after stroke
(Connolly et al.,, 1997; Huang et al., 2000). L-selectin is involved in leukocyte
transmigration and inhibition studies of L-selectin in a rabbit model of transient focal
cerebral ischaemia has shown that it does not influence outcome after stroke
(Yenari et al.,, 2001). Expression of the intercellular cell adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) on endothelial cells is
also upregulated and act as ligands for integrins expressed on leukocytes,
strengthening the attachment of leukocytes to the endothelial wall and facilitating
diapedesis through the vessel (J. Y. Kim et al., 2016). Leukocyte recruitment to the
site of injury is further mediated by the release of chemokines from the damaged
tissues, which act as signalling ligands for chemokine receptors expressed on

leukocyte plasma membranes (Ceulemans et al., 2010; Y. K. Kim et al., 2016).

1.5.5. Role of neutrophils in the inflammatory response
Neutrophils are the first subset of leukocytes to migrate and adhere to the brain
endothelium (Y. K. Kim et al.,, 2016). They are thought to adhere to the brain
endothelium within a few hours after the ischaemic insult, which is then followed
by infiltration into the brain parenchyma at 24 h (Perez-de-Puig et al., 2015). After
experimental stroke, levels of neutrophils peak 48-72 h after stroke and then start
to decrease in number (Anrather and ladecola, 2016). Neutrophils contribute to the
post-ischaemic inflammation and damage through various mechanisms. Their
attachment to the endothelium and production of vasoconstriction mediators
further impairs already diminished blood flow to the damaged area (Kim et al.,
2014). Furthermore, neutrophils release pro-inflammatory mediators such as ROS,
proteases, collagenase and gelatinases, which contribute to BBB disruption and

neuronal damage (Kim et al., 2014; Faraco et al., 2017).
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1.5.6. Role of lymphocytes in the inflammatory response

The role of lymphocytes in the pathogenesis of stroke is less well characterised
compared to other immune cells, and there is conflicting evidence concerning their
properties in stroke. It is thought that there is a distinction between B cells and T
cells, whereby it is specifically T lymphocytes that exert neurotoxic effects through
the production of pro-inflammatory cytokines and cytotoxic substances (Kim et al.,
2014). However, there is evidence that shows differential actions of T lymphocyte
subsets showing that depletion of regulatory T lymphocytes (Tregs) increased
infarct volume and deteriorated outcome, suggesting that Tregs act as
cerebroprotective immunomodulators (Liesz et al., 2009). However, it is important
to highlight that there is inconsistency in the evidence concerning the role of T
lymphocytes in post-stroke pathogenesis and that their roles are still unclear (Y. K.
Kim et al., 2016).

1.5.7. Role of inflammatory mediators

The robust inflammatory response activated after brain injury results in the
upregulation of a vast array of cytokines and chemokines, which exhibit pro-
inflammatory and anti-inflammatory properties. All resident brain cells and
infiltrating immune cells produce and/or respond to a range of inflammatory
mediators. Key inflammatory mediators known to be upregulated after stroke
include IL-1, IL-6, IL-10, IL-17, IL-23, TNF-a, TGF-B and interferons (IFN)-y
(Lakhan et al., 2009).

1.6. Interleukin-1

1.6.1. The IL-1 family
The IL-1 family are critical mediators of the innate immune response and IL-1 is a
major cytokine implicated in the inflammatory response activated after stroke.
Although there have been 11 members of the IL-1 family identified (Dinarello,
2018), the two main agonists IL-1a and IL-1B, and the competitive antagonist,
interleukin-1 receptor antagonist (IL-1Ra) are the most studied (Denes et al.,
2011).
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1.6.2. IL-1 expression, processing and secretion
IL-1 is constitutively expressed at low levels in the brain during physiological
conditions and contributes to the maintenance of brain functions including sleep,
memory formation and neuronal function (Murray et al., 2015). However, after
cerebral ischaemia, IL-1 is rapidly upregulated by astrocytes, microglia and
endothelial cells in the brain, which results in several downstream signalling
cascades contributing to neuroinflammation (Basu et al.,, 2004). IL-1 gene
expression is under the regulation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), which is activated following TLR, a form of PRRs,

activation (Dinarello, 2018).

IL-1a and IL-1B are products of different genes, but are both expressed as 31-kDa
pro-forms that undergo proteolytic cleavage to produce bioactive 17-kDa forms
(Murray et al., 2015; Sobowale et al., 2016). The pro-form of each isoform requires
a different mechanism of activation. Proteolytic cleavage of pro-IL-1 is classically
achieved via formation of the inflammasome, which recruits and activates the
enzyme caspase-1 that cleaves pro-IL-1B (Brough and Denes, 2015; Sobowale et
al., 2016). In contrast, the mechanism of pro-IL-1a activation is less well defined
and there are several proposed mechanisms for the processing and release of IL-
1a. Proposed mechanisms include cleavage of pro-IL-1a via the calpain family of
calcium-dependent proteases and an inflammasome-dependent mechanism of

processing and release from macrophages (Brough and Denes, 2015).

The subsequent secretion of IL-1a and IL-1B does not follow the conventional
protein secretion pathway consisting of the endoplasmic reticulum and Golgi
apparatus. Instead there are several proposed mechanisms of IL-1 secretion: i)
rescue and redirect, ii) protected release and iii) terminal release (Lopez-Castejon
and Brough, 2011). The ‘rescue and redirect’ mechanism is whereby IL-1( in the
cytosol becomes enclosed in a double membrane structure called an
autophagosome. Typically, autophagosomes are destined for degradation through
fusion with lysosomes. However, when autophagy is inhibited the enclosed IL-13
may be ‘rescued’ from degradation and subsequently secreted (Harris et al., 2011).
The ‘protected release’ mechanism is the release of IL-1B via the shedding of
microvessels from the plasma membrane (MacKenzie et al., 2001). The ‘terminal

release’ denotes IL-1B secretion as a result of pyroptosis, a form of pro-
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inflammatory cell death that results in subsequent loss of plasma membrane
integrity, for example through caspase-1 induced cell death in macrophages
resulting in pyroptosis and release of IL-1p (Bergsbaken et al., 2009). Similarly to
mechanisms of IL-13 secretion, several secretory mechanisms of IL-1a have been
suggested yet it remains uncharacterised fully. This includes cell death pathway
mechanisms such as necroptosis, as well as calcium-dependent and calpain-

dependent mechanisms (Brough and Denes, 2015).

1.6.3. IL-1 signalling pathways

IL-1a and IL-1B exert their biological effects via the membrane bound interleukin 1
receptor, type | (IL-1R1) as illustrated in Figure 1.3. IL-1R1 is expressed on all
brain cells with the exception of microglia (Pinteaux et al., 2002). IL-1a and IL-1B
bind to IL-1R1, resulting in a conformational change to facilitate the recruitment of
the IL-1 receptor accessory protein (IL-1RAcP), forming an IL-1R1/IL-1RAcCP
complex. The complex recruits myeloid differentiation primary response gene 88
(MyD88), which acts as a signalling adaptor molecule to recruit the serine-
threonine  kinase IL-1  receptor-associated kinase (IRAK)-4.  This
autophosphorylates and activates the two IL-1 receptor-associated kinases, IRAK-
1 and IRAK-2, which act as adapter proteins and protein kinases for downstream
signalling. This is subsequently followed by the recruitment and oligomerization of
the ubiquitin E3 ligase TNF receptor—associated factor 6 (TRAF6) (Weber et al.,
2010).

In order to induce IL-1-driven NF-kB signalling, an intracellular signalling cascade
of combinatorial phosphorylation and ubiquitination events is triggered, ultimately
resulting in phosphorylation and degradation of IkBa to facilitate the release of p50
and p65 NF-kB subunits and their nuclear translocation (Weber et al., 2010). There
is also mitogen-activated protein kinases (MAPK) pathway activation including
extracellular-signal-regulated kinase (ERK)1/2, c-Jun N-terminal kinases (JNK)
and p38 mitogen-activated protein kinase pathways, which activate gene
transcription through the activator protein 1 (AP-1) transcription factor. These
downstream signalling pathways play a co-operative role in inducing inflammatory
gene expression downstream of IL-1 (Weber et al., 2010). It is important to highlight
that this is not an exhaustive list of signalling downstream of IL-1R1 and that there

is network of dynamic pathways responsible for the vast biological effects of IL-1.
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Figure 1.3. Schematic of IL-1R1 signalling.

Simplified illustration of the key components of the IL-1R1 signalling cascade. IL-1 binds to
the IL-1R1, resulting in the recruitment of MyD88 and subsequent recruitment of IRAKA4.
This is followed by activation of IRAK1 and IRAK2, resulting in TRAF6 recruitment and
oligomerization. Downstream of this is activation of the NF-kB and MAPK pathways,
ultimately resulting in the activation of the transcription factors NF-kB and AP-1. In order
for NF-kB to translocate into the nucleus, IKK phosphorylates IkBa resulting in the
ubiquitination and subsequent degradation.

1.6.4. IL-1 in ischaemic stroke
Pre-clinical data has provided a strong evidence base for the role of IL-1 in
ischaemic stroke (Sobowale et al., 2016). Early in vivo studies using a rat model of
ischaemic stroke demonstrated that IL-1Ra was protective, identifying IL-1 as a
mediator of ischaemic and excitotoxic brain damage (Relton and Rothwell, 1992).
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The advancement in transgenic tools available in the early 2000’s facilitated the
deletion of IL-1a and IL-1B in mice, and subsequent use in a mouse model of
ischaemic stroke reported 70% reductions in lesion volume after the simultaneous
deletion of IL-1a and IL-18 (Boutin et al., 2001). Over the past 20 years, the
neuroprotective effects of IL-1Ra after stroke have been demonstrated in a variety
of animal species, models of ischaemia and via several different administration
routes. Indeed, a meta-analysis of the efficacy of IL-1Ra in animal models of stroke
determined that infarct volume was reduced by 38.2% (Banwell et al., 2009), and
a more recent multi-centre study confirmed the protective properties of IL-1Ra
(Maysami et al., 2016). Recent sophisticated studies have dissected the cell
specific contribution of IL-1R1 signalling, which is of particular interest to fully
understand the vast roles of IL-1 in ischaemic stroke (Liu et al., 2019; Wong et al.,
2019). Wong and colleagues (2019) identified the cerebrovascular endothelium
and cholinergic neurons as major targets for IL-1-mediated brain injury after
cerebral ischemia in mice. Indeed, the study demonstrated that cerebrovascular
endothelial IL-1R1 signalling contributed to vascular activation (ICAM-1 and
VCAM-1) and neutrophil cerebrovascular migration (Wong et al., 2019). Liu and
colleagues (2019) used a genetic knock-in reporter system that can track and
reciprocally delete or express IL-1R1 in specific cell types to determine the cell-
specific contribution of IL-1 signalling applicable in CNS disorders. The study
provided further support for the role of cerebrovascular IL-1R1 signalling in the
CNS demonstrating that endothelial IL-1R1 is a critical mediator of sickness

behaviour, leukocyte recruitment, and neurogenesis (Liu et al., 2019).

1.6.5. Blocking IL-1 after ischaemic stroke
Due to the vast pre-clinical evidence implicating IL-1 in ischaemic stoke, there have
been several clinical studies investigating the role of IL-1Ra as a therapeutic target
in stroke. IL-1Ra as an inhibitor of IL-1 actions is an attractive therapeutic target
due to its high specificity and human safety (Murray et al., 2015). The first
randomised, double blinded, placebo controlled trial of IL-1Ra in acute stroke
patients confirmed the safety and also demonstrated efficacy showing reduced
blood levels of white blood cells, C-reactive protein (CRP) and IL-6 (Emsley et al.,
2005). The study also demonstrated a trend towards an improved 3-month clinical
outcome among patients with cortical infarcts treated with IL-1Ra. A further small

phase Il, double-blinded, randomised controlled study of IL-1Ra in subarachnoid
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haemorrhage demonstrated safety and reduced levels of IL-6 in plasma and
cerebrospinal fluid (CSF), but failed to show statistical significance due to a small
sample size (Singh et al., 2014). In a recent phase |l clinical trial, subcutaneous
administration of IL-1Ra reduced plasma inflammatory markers CRP and IL-6, but
was not associated with better outcome on direct analysis (Smith et al., 2018). It is
critical to highlight the limitations in the current knowledge such as data on the
therapeutic window of IL-1Ra administration, routes of administration in patients
and interactions with pre-existing medications that patients may be taking or even
thrombolytic drugs (Sobowale et al., 2016).

1.7. Neurovascular damage after ischaemic stroke

1.7.1. BBB damage after stroke

The integrity and function of the NVU depends upon the intricate interactions
between the cellular and molecular components. However, during a diseased state
the CNS endothelium and ECM undergoes profound changes including the
breakdown of TJs, remodelling of the ECM and enzymatic degradation of ECM
proteins by matrix metalloproteinases (MMPs) and ROS (Wang et al., 2007; Lu et
al., 2011). The loss of BBB integrity and endothelial hyperpermeability exacerbates
the damage post-ischaemia through facilitating the infiltration of macromolecular
serum proteins, fluid and immune cells into the extracellular space, resulting in
vasoactive oedema (Hu et al., 2017). The increased permeability of the TJs of
endothelial cells to macromolecular serum proteins results in cerebral oedema,
which accounts for much of the disability and death associated with stroke (Deb et
al., 2010).

1.7.2. Evolution of BBB permeability
There are discrepancies in the studies regarding the evolution of BBB permeability.
Several animal studies suggest that there is a biphasic profile of permeability
characterised by an initial increase in permeability, followed by a refractory period
of baseline BBB permeability then a delayed secondary increase in permeability
(Belayev et al., 1996; Rosenberg et al., 1998; Sizemore et al., 1999). However,
recent animal studies have disputed this and suggest that there is continuous
leakage for days to weeks after the ischaemic insult (Lin et al., 2002; Strbian et al.,

2008). A recent human study of ischaemic insult supports this profile of BBB
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permeability and suggests that permeability remains elevated, but peaks 6-48 h
after ischaemic insult (Merali et al., 2017).

Early BBB damage is characterised by increased paracellular permeability and
weakening of endothelial TJ integrity. During normal physiology, TJ proteins and
the actin cytoskeleton interact to maintain BBB integrity and function (Hu et al.,
2017). A recent study has demonstrated that early BBB disruption within 1 h of
ischaemia is caused by structural changes to endothelial cells and cytoskeletal
rearrangement induced by activation of rho-associated protein kinase (ROCK)/
myosin light chain (MLC) signalling, disassembly of TJ proteins and actin
polymerisation (Shi et al., 2016). The study suggests that these structural changes
alter endothelial junctional sealing and facilitate infiltration of small
macromolecules of <3 kDa. The early stage of damage is then thought to progress
into late stage of BBB damage caused by MMP-9 occurring 3 h after ischaemia,
facilitating the infiltration of larger macromolecules and immune cells (Shi et al.,
2016). MMPs are a family of proteases that contribute to the degradation of TJ
proteins and the BM after ischaemic stroke (Kim et al., 2013). MMP-2 and MMP-9
are known to be major BBB disruptors and are produced by endothelial cells, glial
cells, and recruited immune cells (Hu et al., 2017). Indeed, genetic deletion of
MMP-9 in mice or the pharmacological inhibition of MMPs reduced lesion volumes
after cerebral ischaemia (Asahi et al., 2000).

1.7.3. Changes to the ECM after stroke
A dynamic ECM response is triggered after ischaemic stroke that involves the
degradation, downregulation and upregulation of several ECM components (Kang
and Yao, 2020). This will be determined spatially and temporally, varying across
acute and chronic time points, as well as in proximity to the lesion. The changes to
the ECM composition are related to the pathogenesis of ischaemic stroke, since
the biological properties of the ECM having functional implications on BBB
integrity, cellular transmigration across the BBB and repair mechanisms. There
have been different approaches to investigate ECM changes, with earlier studies
focusing on specific ECM components using histological techniques or reverse
transcription polymerase chain reaction (RT-PCR), whilst more recent studies
using ribonucleic acid (RNA) sequencing to determine vast gene expression.

However, there remains a lack of consensus on the specific patterns of ECM
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expression after cerebral ischaemia (Yao, 2019). It has been demonstrated after
experimental stroke that BM degradation occurs as early as 10 min after
reperfusion (Yepes et al., 2000). There is early upregulation of some ECM
molecules as evidenced by the upregulation of fibronectin at 4 h in the stroke region
of the brain post-MCAO, followed by downregulation at 24 h and 48 h (Summers
et al., 2013). In contrast, collagen 1V is upregulated at 48 h in the stroked region
(Summers et al., 2013). However, in a different study fibronectin expression in the
penumbra post-stroke was demonstrated at 7 d after surgery (Li et al., 2012). The
differential regulation of laminin chains between 6 h and 24 h post-MCAO has been
demonstrated and the role of COX-2 was observed, providing a link between
inflammation and ECM remodelling (Ji and Tsirka, 2012). At the later time point of
7 d post-stroke, a study reported the observation that there is a decrease in
endothelial laminin expression in the ischaemic core which is thought to be
associated with the loss of vasculature, whilst no change of laminin in the
penumbra was demonstrated (Li et al., 2012). A sophisticated study using a
permanent model of MCAO and RNA sequencing at acute (24 h), sub-acute (72 h)
and chronic (28 d) time points provides insight into the differential regulation of
ECM components, including collagen, laminins, fibronectin, perlecan and
syndecan, in the infarcted region (Muniji et al., 2019). It is suggested that the early
loss of BM is a result of protein degradation as a result of the early ischaemic
cascade rather than decreased protein synthesis (Yao, 2019). At chronic time
points, the ECM composition is modulated by the upregulation and downregulation
of ECM protein expression. However, the mechanisms that regulate ECM

expression are not fully known.

1.7.4. Changes to ECM receptors
As the NVU injury progresses the structural changes becomes more profound and
the detachment of endothelial cells from the vessel wall occurs. This structural
change alongside the effect of ischaemia and the altered ECM composition will
have profound effects on ECM receptors. After cerebral ischaemia, the expression
of ECM receptors can either be upregulated or downregulated and will in turn effect
ECM-cell interactions (Baeten and Akassoglou, 2011; Edwards and Bix, 2019).
After MCAO in baboons, there is a rapid loss of cerebral a1 or 1 integrin
expression, showing a 30% reduction after 2 h and a higher 75% reduction after
24 h (Tagaya et al., 2001). A further study in baboons shows that after MCAO there
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is the rapid loss of integrin a6B4 in the brain, resulting in a loss of astrocyte-ECM
interaction leading to a loss of cell anchoring and integrin signalling (Wagner et al.,
1997). Integrin expression is also modulated at later time points, including the
upregulation of the fibronectin receptors, a5p1 and avB3 integrins at 7 d after
stroke (Li et al., 2012).

1.8. Repair process

1.8.1. Repair process
After cerebral ischaemia, the brain mounts a complex and dynamic recovery
process in an attempt to restore the diminished blood flow and aid neuronal
replacement following cerebral damage. The response initiated involves several
interconnected and coordinated processes of synaptic plasticity, gliogenesis,
angiogenesis and neurogenesis (Gutiérrez et al., 2009). It is critical to appreciate
that the remodelling of ischaemic tissue during the repair phase involves the
coordinated response of all components of the NVU and the associated
inflammatory cells, accompanied by endothelial progenitor cells (EPCs) and neural
progenitor cells (NPCs) (Hermann et al.,, 2015). Although inflammation is
considered detrimental during the acute phase of stroke, increasing evidence
supports the protective role of inflammation during the repair phase and suggests

a biphasic nature of many inflammatory mediators (ladecola and Anrather, 2011).

1.8.2. Angiogenesis
Angiogenesis is the sprouting of new microvessels from pre-existing vasculature,
and is known to be enhanced in the peri-infarct regions post-stroke (Hermann et
al., 2015). There is experimental and clinical evidence showing a correlation of
angiogenesis with improved tissue recovery and functional outcome (Krupinski et
al., 1994; Hayashi et al., 2003; Arenillas et al., 2007; Liu et al., 2007). The process
is tightly regulated through angiogenic growth factors and inhibitors to control the
migration, proliferation and assembly of endothelial cells into tube-like structures
which form networks to restore CBF (Seto et al., 2016). Angiogenesis is known to
be induced by several growth factors such as vascular endothelial growth factor
(VEGF), platelet-derived growth factor (PDGF), TGB-B and FGF-2 (Seto et al.,
2016). Furthermore, evidence suggests that inflammatory mediators such as TNF-
a and nitric oxide (NO), which are associated with early neurotoxicity, can mediate

angiogenesis during the repair phase (Angels Font et al., 2010). Angiogenesis
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contributes to repair in the post-ischaemic brain by restoring blood flow, through
the stabilisation of brain hemodynamics and by providing a route for blood-derived
macrophages to aid the removal of dead cells (Hermann et al., 2015). Furthermore,
angiogenesis contributes to neurogenesis through the release of neurotrophic
factors and the attraction of neural precursor cells that release growth factors
(Hermann et al., 2015). Vasculogenesis is also induced after ischaemia and is
thought to contribute to vascular remodelling via the de novo formation of blood
vessels by bone marrow derived EPCs which are able to invade the ischaemic
brain and differentiate (Arenillas et al., 2007). Clinically, higher levels of circulating
EPCs is associated with improved patient outcome in acute ischaemic stroke
patients (Sobrino et al., 2007).

1.8.3. Neurogenesis

The spatiotemporal dynamics of cerebral vascular remodelling and angiogenesis
post-stroke is closely associated with stroke-induced neurogenesis. Neurogenesis
is the formation of new neurones from neural stem cells (NSCs) and can occur
endogenously post-stroke. NSCs can proliferate and differentiate into several
neural cells including neurones, astrocytes, oligodendrocytes and ependymal cells,
replacing damaged cells and contributing to the recovery process (Koh and Park,
2017). Stroke induces neurogenesis in several regions including the subventricular
zone (SVC), subgranular zone (SGZ2), striatum and cerebral cortex (Han et al.,
2016; Koh and Park, 2017). Neurogenesis is controlled by several mediators
including growth factors, cytokines and neurotransmitters. Co-coordinators of post-
stroke neurogenesis include epidermal growth factor (EGF), FGF-2, erythropoietin
(EPO), VEGF and NO (Wiltrout et al., 2007). Increasing evidence suggests an
intimate relationship between post-ischaemic angiogenesis and neurogenesis
(Merson and Bourne, 2014). Neurogenesis is closely associated with vascular
remodelling and it is suggested that migrating neuroblasts use the vasculature to
guide them to the damaged region (Angels Font et al.,, 2010). A study has
demonstrated that the pro-angiogenic angiopoietin 2 is upregulated post-stoke and
mediates the differentiation and migration of NPCs, contributing to neurogenesis
post-stroke (Liu et al., 2009).
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1.8.4. Glial scar

A key hallmark of CNS injury is reactive astrogliosis which is characterised by
increased astrocyte proliferation and increased glial fibrillary acidic protein (GFAP)
expression in the region surrounding the infarct, and contributes to the formation
of the glial scar (Becerra-Calixto and Cardona-Gomez, 2017). The formation of the
glial scar is a dynamic process involving reactive astrocytes, microglia,
macrophages and ECM components (Rolls et al., 2009). It has been suggested
that the glial scar presents a dual nature during the repair phase after stroke
determined by its temporal context, exhibiting protective properties during the
acute phase and acting as a barrier to repair during the late post-injury repair phase
(Rolls et al., 2009; Cekanaviciute and Buckwalter, 2016). During the acute phase,
the glial scar acts as a physical barrier that prevents the spread of toxicity from the
damaged region and limits inflammation, which helps to limit tissue damage
(Cekanaviciute and Buckwalter, 2016). However, during the chronic post-injury
phase the glial scar is thought to impede recovery by preventing axonal regrowth
via the production of CSPGs (Rolls et al., 2009; Cekanaviciute and Buckwalter,
2016).

1.8.5. Role of IL-1 and the ECM in the glial scar
There is in vitro and in vivo evidence that IL-1 is essential for the induction of
reactive astrogliosis required for formation of the glial scar, demonstrating the role
that inflammatory mediators can play during repair (Herx and Yong, 2001; John et
al., 2004). Furthermore, a novel role of ECM molecules as critical regulators of IL-
1B-induced signalling in astrocytes which results in cellular morphological changes
and loss of focal adhesions associated with a reactive astrocyte phenotype has
been demonstrated in vitro (Summers et al., 2010). The evidence suggests that
vascular ECM molecules that become available to astrocytes after CNS injury may
be critical regulators of IL-1B-induced astrogliosis. After experimental cerebral
ischaemia there is an increase in key ECM molecules and increased expression
and activation of the ECM receptor integrin 1 (Summers et al.,, 2013). This
occurred concomitantly with increased IL-1 signalling in perivascular GFAP-
positive astrocytes, providing further evidence that the ECM regulates IL-1-induced

astrogliosis (Summers et al., 2013).
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1.8.6. Role of IL-1 in repair

Although IL-1 is initially characterised as detrimental during the acute phase of
stroke, increasing evidence suggests a biphasic nature that exhibits
neuroprotective properties during the repair phase. After stroke, IL-1 is known to
induce expression of the acute phase protein pentraxin-3 (PTX3) in the brain,
contributing to BBB repair, angiogenesis and neurogenesis (Rodriguez-Grande et
al., 2014, 2015). Further evidence that supports the protective properties of PTX3
has been demonstrated in vivo, showing that PTX3 promotes long-term
angiogenesis and CBF recovery after cerebral ischaemia at chronic time points
measured (Rajkovic et al., 2018). Differential actions of the isoforms of IL-1 have
been demonstrated in several studies and attribute the neuroprotective properties
to the IL-1a isoform. IL-1a has been shown to be a more potent inducer of laminin
globular domain 3 (LG3) from perlecan, a component of the ECM of the NVU,
which is thought to be neuroprotective and anti-apoptopic (Saini et al., 2011; Saini
and Bix, 2012). Furthermore, a recent study has demonstrated that IL-1a induces
endothelial activation and angiogenic markers, CXCL-1 and IL-6 in vitro (Salmeron
et al., 2016).

1.8.7. Role of ECM in repair

The ECM provides a structural and functional environment for the cells of the NVU
during physiological conditions. However, the ECM also plays a dynamic role in
repair in the CNS. The importance of the ECM environment in the CNS after
disease should be appreciated as supportive framework that can contribute to
recovery (Burnside and Bradbury, 2014). ECM remodelling that occurs post-stroke
creates ECM tracts that can be used by migrating endothelial cells to establish new
capillary buds (Seto et al., 2016). Furthermore, integrin-laminin interactions have
been identified as critical controllers of neurite outgrowth from adult dorsal root
ganglion (DRG) neurones in vitro, contributing to neural regeneration (Plantman et
al., 2008).

A novel function of the ECM as a regulator of IL-1-induced cerebral endothelial
activation during acute brain injury has been demonstrated in vitro, whereby
attachment of cells to ECM components enhances IL-1-induced activation of
endothelial cells (Summers et al., 2013). ECM remodelling after CNS injury is
associated with BBB repair, and therefore this has led to the hypothesis that BBB

46



repair driven by IL-1 could also be regulated by ECM remodelling. Kangwantas et
al. (2016) have identified LM-10 as key ECM molecule involved in BBB repair after
hypoxic injury and inflammation. The BBB dysfunction induced by oxygen glucose
deprivation (OGD)/reperfusion and IL-1( treatment has been demonstrated in vitro
using rat primary brain endothelial cells. The study showed changes to cell
circulatory and the relocalisation of the TJ proteins occludin and ZO-1 from the
plasma membrane to the cytoplasmic compartment (Kangwantas et al., 2016). The
study distinguished LM-10 as the specific ECM molecule to reverse the key
features of BBB dysfunction in vitro, including occludin cellular localisation and
cellular morphology. Furthermore, LM-10 promoted endothelial cell attachment
and spreading, with cell spreading an early marker of angiogenesis. This evidence
suggests that ECM remodelling may be an essential step for restoring BBB integrity
after CNS injury and implicates LM-10 as a potential mediator of BBB repair and

recovery after stroke.

1.9. The Hippo pathway

1.9.1. Overview of the Hippo pathway
It is important to consider the potential signalling mechanisms that may regulate
the repair response mediated by inflammation and the ECM after cerebral
ischaemia. Indeed, the Hippo pathway is of particular interest. The Hippo pathway
was originally identified in Drosophila and is highly conserved in mammals (Justice
etal., 1995; Xu et al., 1995). Hippo signalling is often associated with development,
controlling organ size, tissue homeostasis and during disease such as cancer
(Meng et al., 2016). This signalling pathway plays key roles in cellular processes
such as cell proliferation, differentiation, apoptosis, tissue homeostasis and organ
morphogenesis. There are several upstream regulators of the Hippo cascade that
have aptly depicted the pathway as sensors of the endothelium, specifically
sensing the cells environment and physical nature, responding to different stimuli
such as cell-cell contacts, cellular polarity, cellular metabolic stress, and of
particular interest is the response to mechanical cues via the ECM and to secreted
factors (Meng et al., 2016). Interestingly, pathways downstream of integrin-ECM
signalling are known to regulate the Hippo pathway (Warren et al., 2018),
implicating it as a critical pathway in understanding ECM function. More recently,
crosstalk between the Hippo pathway and inflammation, specifically NF-kB, has

been demonstrated which further highlights the complexities of the pathway (Wang
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et al., 2020). Furthermore, Hippo signalling has been shown to have critical roles
in vascular systems, contributing to vessel homeostasis, vascular development,

angiogenesis (Park and Kwon, 2018).

1.9.2. The Hippo cascade
The Hippo pathway is a kinase cascade centred around the downstream effectors
yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding
motif (TAZ) as illustrated in Figure 1.4 (Piccolo et al., 2014). The Hippo cascade is
composed of a series of serine/threonine kinases MST1/2 and LATS1/2, the
scaffolding protein WW45 and the downstream effectors of the pathway; the
transcriptional co-activator YAP and its paralogue TAZ. The regulation of the
pathway is focused around the cytoplasmic sequestration and nuclear shuffling of
YAP/TAZ. The regulation of the pathway is dependent upon the phosphorylation
of YAP by LATS1/2 at five serine/threonine residues (different sites on YAP),
resulting in nuclear exclusion, and sequestration in the cytoplasm or proteasomal
degradation. Hence, when the pathway is ‘on’ and the kinases are activated, YAP
is subsequently phosphorylated and expelled from the nucleus and unable to
activate genes. It has been well established that phosphorylation of YAP on S127
creates a binding consensus with 14-3-3 proteins, resulting in the sequestering of
YAP in the cytoplasm (Zhao et al., 2007), whilst phosphorylation on S397 creates
a phospho-degron motif for 3-TrCP binding resulting in proteasomal degradation
(Zhao, Li, Tumaneng, et al., 2010). When the pathway is switched ‘off’ and the
kinases are inactivated, YAP is dephosphorylated and can translocate into the
nucleus. Since YAP and TAZ are transcriptional coactivators they do not have
DNA-binding domains, therefore they interact with the TEAD transcription factor
family to mediate gene transcription (Zhao et al., 2008). It is important to appreciate
that there are experimental circumstances that show contradictions to this and do

not fully support this simple explanation of the model.
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Figure 1.4. Schematic of the core Hippo kinase cascade.

When the Hippo pathway is on, upstream regulators regulate the phosphorylation of the
core kinases, MST1/2 and LATS1/2. MST1/2 bind to their regulatory protein SAV1 to
phosphorylate and activate the LATS1/2 kinases and the regulatory subunits MOB1.
Resulting in subsequent YAP/TAZ phosphorylation and either cytoplasmic retention or
degradation. When the Hippo pathway is off, YAP/TAZ is not phosphorylated and hence
can translocate into the nucleus. Subsequently, YAP/TAZ can bind to TEAD transcription
factors to induce gene transcription.

1.9.3. Upstream regulators of the Hippo pathway

The Hippo pathway is regulated in response to a myriad of extracellular and
intracellular signals as previously mentioned. These include cell contact, cell
polarity, mechanical signals, G-protein-coupled receptor (GPCR) signalling,
cellular energy status. Typically these signals will modulate phosphorylation events
of the core kinase cascade, resulting in altered MST1/2 and LATS1/2 activity and
hence YAP phosphorylation status (Meng et al., 2016). However, it is important to
appreciate that there are proteins that can directly regulate YAP localisation and
activity, independent of the core kinase cascade. Furthermore, the Hippo pathway
crosstalks with other signalling pathways such as Wingless/Ints (Wnt), TGF-B and
bone morphogenetic proteins (BMPs), Notch, and Hedgehog (Hh), adding further
complexity in understanding the regulation of the Hippo pathway (Zhao, Li and
Guan, 2010).
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Physical cues in the form of cell-cell contact and cellular attachment to the ECM
are major regulators of YAP signalling. Cell-cell contact activates the kinase
cascade and results in subsequent YAP phosphorylation and sequestration in the
cytoplasm, hence proliferation associated genes are not activated providing an
inhibitory mechanism to cell growth. It has been demonstrated in HUVECs that
contact-inhibition is mediated by YAP/TAZ signalling through vascular endothelial
cadherin (VE-cadherin)-mediated YAP phosphorylation (Choi et al., 2015). The
attachment of cells to the ECM can regulate YAP signalling through pathways
downstream of ECM-integrin signalling. This includes FAK-Src-PI3K signalling and
Rho-GTPases that can directly affect the core kinase cascade or act independently
to alter YAP activation (Meng et al., 2016).

1.9.4. Role of the Hippo pathway in inflammation, vessel biology and

atherosclerosis
There is increasing evidence of crosstalk between the Hippo pathway and
inflammation (Wang et al., 2020). Understanding the relationship between
inflammation and Hippo signalling is a growing area and there is conflicting
evidence demonstrating opposing effects of deletion of YAP (Lv et al., 2018) and
knockdown of YAP/TAZ (K.-C. Wang et al., 2016) respectively. There is evidence
that YAP/TAZ is involved in TNF-a-induced inflammatory responses in endothelial
cells, whereby TNF-a induced YAP translocation into the nucleus and that nuclear
YAP was required for optimal TNF-a induced ICAM-1 and VCAM-1 expression
(Choi et al., 2018). The crosstalk between the Hippo pathway and other signalling
pathways downstream of inflammatory stimuli has been observed at the level of
p38 MAPK (Huang et al., 2016) and ERK1/2 (You et al., 2015) pathways, whereby

kinases involved in these pathways may modulate kinases of the Hippo cascade.

Atherosclerosis is associated with endothelial dysregulation in the arterial wall
(Libby et al., 2002). The haemodynamic forces acting on the vessel wall are
determined by the flow patterns and direction of the blood in that region. In healthy
vessels with straight forward flow, termed laminar sheer, the phenotype of the
endothelial cell is described as athero-protective due to their anti-inflammatory and
anti-proliferative properties (Chiu and Chien, 2011). However, atherosclerosis

develops in arterial branches and the aortic arch when flow patterns in those areas
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become disturbed, which results in an atheroprone phenotype characterised by
pro-inflammatory state and pro-proliferation (Chiu and Chien, 2011). Considering
that atherosclerosis is a mechanobiology-related disease and that YAP signalling
is implicated in mechanotransduction, it is not surprising that there is evidence
linking the Hippo pathway and atherosclerosis. Indeed, disturbed blood flow has
been shown to activate YAP/TAZ signalling to induce an atheroprone phenotype
and a reduced atheroprone phenotype was observed in atherosclerotic mice after
YAP/TAZ inhibition (K.-C. Wang et al., 2016). Further support of YAP/TAZ in
atherogenesis has been demonstrated whereby disturbed flow increases YAP/TAZ
signalling, resulting in pro-inflammatory gene activation. The study investigated a
mechanism whereby atherprotective unidirectional sheer stress triggers integrin
signalling leading to integrin—-Ga13 interaction, subsequent RhoA inhibition and

YAP phosphorylation and sequestration in the cytoplasm (L. Wang et al., 2016).

There is increasing evidence implicating the Hippo pathway in angiogenesis
(Boopathy and Hong, 2019). Indeed, YAP/TAZ has been implicated in endothelial
cell proliferation, migration and survival. Furthermore, YAP/TAZ signalling has
been critically implicated as regulator of vascular barrier formation, vascular
sprouting and angiogenesis; further cementing the pathway in vessel physiology.
VEGEF is a key mediator of sprouting angiogenesis and blood vessel formation. It
has been demonstrated that VEGF activates YAP/TAZ via its effects on the actin
cytoskeleton to trigger a transcription programme required for a full angiogenic
response (Wang et al., 2017). The multifaceted properties of YAP/TAZ in
endothelial cell behaviour include actin cytoskeleton remodelling contributing to
sprouting angiogenesis (Kim et al., 2017). Further dissection of the relationship
between VEGF/VEGFR signalling was determined using a bioluminescence-
based biosensor of LATS kinase activity that demonstrated VEGF triggers PI3K-
AKT and MEK-ERK (MAPK) signalling which inhibits LATS kinase and thus
enables YAP/TAZ activation and translocation into the nucleus (Azad et al., 2018).
Angiopoietins are another family of growth factors that are known to bind to Tie
receptors expressed on endothelial cells, contributing to angiogenesis and
vascular remodelling. It has been demonstrated in vitro using endothelial cells that
ANG-2 is a key transcriptional target of YAP which enhances angiogenesis
sprouting (Choi et al., 2018).
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1.10.Mouse models of ischaemic stroke

1.10.1. Overview of animal models

The ability to genetically manipulate mice has been a powerful tool for investigating
gene function in vivo and genetic knockouts (KOs) can be used in experimental
stroke models. A variety of animal stroke models have been developed to aid
research into the underlying mechanisms and potential therapeutic targets
associated with stroke. However, it is of paramount importance that the animal
model used is carefully chosen to ensure that research is clinically translatable and
ethically responsible. Animal models provide the benefit that they can be
standardised and reproducible, whilst providing a tool that contains the vasculature
needed to mimic the pathophysiology of stroke (Fluri et al., 2015). Animal models
also enable direct access to brain tissue and provide tools that can be studied from
the onset of ischaemia (Fluri et al., 2015). However, it is essential that the Animals
(Scientific Procedures) Act 1986 (ASPA) is strictly followed and that the 3 R’s of
replacement, reduction, and refinement are achieved to the highest standard
possible (Fenwick et al., 2009).

1.10.2. Occlusive middle cerebral artery stroke models
Occlusive middle cerebral artery (MCA) stroke models are thought to be the closest
representation of human stroke as it is often the MCA and associated cerebral
vessels that are affected in patients (Fluri et al., 2015). In order to induce an
occlusion, an intraluminal filament is introduced into the carotid artery and
advanced until it reaches the MCA. There are two approaches to this method; the
Koizumi method whereby the filament is inserted directly through the common
carotid artery and requires permanent ligation (Koizumi et al., 1986), or the Longa
method whereby the filament is inserted into the external carotid artery and hence
does not require ligation (Longa et al., 1989). The filament can be kept in place for
the required time to induce an occlusion time of choice. The two approaches will
trigger different reperfusion profiles, since the Longa method facilitates more
reperfusion. These methods of occlusion produce striato-cortical lesions (Howells
et al., 2010), malleable upon occlusion time. The model mimics the key hallmarks
of ischaemic stroke in humans including neuronal cell death, neuroinflammation

and BBB damage.
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1.11.Summary and aims

The endogenous remodelling of the CNS associated with repair post-stroke is
limited and therefore it would be of benefit for the development of therapeutic
strategies that target the repair phase to aid recovery. The dynamic role of the
ECM in the CNS has started to be appreciated as its ability to modulate cell
survival, differentiation and activation has been discovered. Interestingly, there is
growing evidence that laminins exert protective properties on the endothelium and
neurones of the CNS. Furthermore, a novel role of the ECM as a regulator of IL-1-
induced cerebral inflammation has been demonstrated and LM-10 has been
identified as a mediator of BBB repair. This evidence suggests that targeting
inflammation and components of the ECM, specifically LM-10, in order to create a
cerebral environment that promotes BBB repair is an attractive therapeutic strategy
post-stroke. However, the relationship between LM-10 and inflammation remains
poorly understood.

The overarching aim of this thesis was to investigate the role of LM-10 on
endothelial inflammation and repair mechanisms after cerebral ischemia using in

vitro and in vivo approaches. This thesis will specifically aimed to:

1. Establish an in vitro model to investigate the effect of LM-10 on the IL-13-
induced activation, IL-1B-induced signalling and angiogenic response of
cerebral endothelial cells.

2. Determine the role of IL-1R1 in the cerebrovasculature after cerebral
ischaemia, specifically on laminin a4 and laminin a5 expression across
several time points post-stroke.

3. Generate and characterise a brain endothelial laminin a5 conditional
deletion genetic strain mouse, in order to investigate the role of brain

endothelial laminin a5 in cerebral ischaemia.
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Chapter 2.

Methods
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2.1. General cell culture and reagents

2.1.1. LM-10 and control wells plate coating
Tissue culture plates (Corning, UK) were pre-coated at 4°C overnight with human
recombinant LM-10 (BioLamina, Sweden), diluted in phosphate-buffered saline
with calcium and magnesium (PBS*) at concentrations of 0.1, 1, 2.5, 5, 10 ug/ml.
Control wells were incubated with filter sterilised (0.22 um pore size filter, Starlab,
UK) 0.1 % (w/v) low endotoxin bovine serum albumin (BSA) in PBS* or with 50
png/ml mouse collagen IV (VWR, UK). After overnight incubation, LM-10 solutions
were removed from the wells and stored at 4 °C. The collagen IV was stored at -
20°C and the other control wells were aspirated into waste. PBS*™ was added to
LM-10 coated wells and PBS without calcium and magnesium (PBS) to control
wells to prevent drying out. Sterile gelatin 0.1 % (w/v) (BDH, UK) in distilled water
was also added as a further control and incubated at 37°C and 5 % CO; for 1 h to
allow the gelatin coating to set. Non-specific cell-binding sites were then blocked
with filter sterilised (0.22 pym pore size filter) 0.1 % (w/v) low endotoxin BSA in PBS
and plates were washed in PBS three times before cell seeding. The collagen IV
and 0.1% gelatin wells were allowed to dry at room temperature 1 h prior to cell
seeding, whilst extra care was taken with the LM-10 wells to ensure they never
dried before seeding. For experiments using Matrigel (20 pug/ml), neat Matrigel
(9.126 mg/ml, Corning) was diluted in Dulbecco’s Modified Eagle’s Medium to 20
pg/ml and stored at -20°C. Matrigel was thawed overnight on ice at 4°C. Tissue
culture plates were pre-coated at 4°C overnight, alongside the LM-10 coating, and
incubated at 37°C and 5 % CO- for 45 min. Plates were washed in PBS before cell

seeding.

2.1.2. Bend.5 cell culture
The immortalised mouse brain endothelial cell line bEnd.5 was acquired from
Public Health of England (UK). bEnd.5 cells were cultured and maintained in T
75cm? flasks (Corning) containing bEnd.5 maintenance media; Dulbecco’s
Modified Eagle’s Medium (DMEM, high glucose with 4500 mg/L glucose, L-
glutamine, and sodium bicarbonate) supplemented with 1 % L-glutamine solution,
10 % fetal bovine serum (FBS; Thermo Fisher Scientific, Hemel Hempstead, UK),
1 % penicillin-streptomycin and were kept at 37°C and 5 % CO?. Cells were
passaged at 80-90 % confluency using 10 % trypsin in PBS and counted using a

haemocytometer.
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2.1.3. Primary mouse brain endothelial cell culture

For experiments using primary mouse brain endothelial cells (MBECSs), 8-12 week
old adult male C57BL/6J (Charles River, UK) mice were used. Plates were coated
as previously described in section 2.1.1. Primary MBEC starve media
[(DMEM/F12, 1% penicillin streptomycin solution, 1 % L-glutamine] and primary
MBEC maintenance media [[DMEM/F12, 5 % plasma derived serum (First link Ltd,
UK), 5 % fetal calf serum, 1 % L-glutamine, 1 % penicillin streptomycin, heparin
sodium salt (100 ug/ml) and endothelial cell growth supplement (100 ug/ml)
(ECGS; VWR)] were prepared and stored in fridge.

For primary MBEC isolations, mice were euthanized using CO, gas and neck
dislocation. Mice were decapitated, and brains were removed and kept in starve
media on ice. The following recommended volumes are for 5 mice brains and the
protocol should be performed under sterile conditions. The brains were dissected
and the cerebellum, meninges and white matter were removed. The dissected
brains were placed in starve media at a ratio of 1 brain:1 ml media and minced
using a sterile scalpel, then homogenised using a dounce homogeniser. The
homogenate was then centrifuged at 200 x g for 5 min at 4°C. The supernatant
was removed and resuspended in 15 ml of 18 % (w/v) dextran (Affymetrix, Thermo-
Fisher Scientific) in starve media and centrifuged at 3893 x g for 10 min at 4°C.
The aqueous layer and white layer were removed and the dark red pellet was
resuspended in 1 ml Hanks' balanced salt solution (HBSS) with sodium
bicarbonate / without calcium chloride and magnesium sulphate. The suspension
was passed through a 70 pm cell strainer (Falcon, Corning) and the microvessels
were retained on the strainer. The cell strainer was inverted and rinsed nine times
with 0.5 ml of HBSS to transfer microvessels into a glass dish and a further 0.5 ml
of HBSS was added to the dish. The following three enzymes were added to the
glass dish: 4.2 yl of DNase | (125.1 U/ml), 5 pl protease inhibitor Tosyl-L-lysine
chloromethyl ketone hydrochloride (TLCK) (14.7 pg/ml) and 12.5 pl of
collagenase/dispase (100 mg/ml). The glass dish was incubated at 37°C for 12 min
or until the vessel walls take on the appearance of ‘pearls on a string’. The digested
microvessel solution was collected and centrifuged at 800 x g for 5 min. The
supernatant was removed and the pellet resuspended in the required volume of

maintenance media containing puromycin at a 1:1000 ratio. MBECs were seeded
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on plates. Media was replaced with maintenance media every two days and cells
were grown until confluency (day 13-14).

2.1.4. hCMEC/D3 cell culture
The immortalised human cerebral microvascular endothelial cell line, hCMEC/D3,
was purchased from Merck (UK). hCMEC/D3 cells were maintained in T75 cm?
flasks pre-coated with rat tail collagen type | (Merck) diluted in phosphate buffered
saline (PBS) 1:100 and incubated at 37°C for 30 min-1 h. hCMEC/D3 cells were
maintained in EndoGRO-MV Complete Culture Media; 5 % FBS, L-glutamine (10
mM), EndoGRO-LS supplement (0.2 %), heparin sulphate (0.75 U/ml), ascorbic
acid (50 pg/ml), hydrocortisone hemisuccinate (1 pg/ml), recombinant human
epidermal growth factor (5 ng/ml), freshly added recombinant human fibroblast
growth factor-basic (1 ng/ml; Merck) and 1 % penicillin-streptomycin maintained at
37°C in a humidified atmosphere containing 5 % CO.. Cells were passaged at 80-

90 % confluency using 0.25 % trypsin/ 1 mM EDTA solution.

2.2. Cell attachment assays in vitro

2.2.1. bEnd.5 cell attachment assay (crystal violet assay)
96-well plates were coated with 0.1 % BSA in PBS*, 50 pg/ml collagen 1V, sterile
0.1 % gelatinand LM-10 (0.1, 1, 2.5, 5, 10 pug/ml) as previously described in section
2.1.1. bEND.5 cells were seeded at a density of 2 x 10* cells per well and incubated
at 37°C and 5 % CO; for 1 h. To estimate 100 % cell attachment, the working
concentration of 2 x 10* cells per well of bEnd.5 cells was diluted to 25 %, 50 %
and 75 % using bEnd.5 maintenance media and 70 pl was added to uncoated,
unblocked wells and was incubated for the same 1 h incubation as the sample

wells.

Cells in the wells to be used for determining 0, 25 %, 50 %, 75 % and 100 % cell
attachment were fixed by adding 20 pl of 25 % (w/v) glutaraldehyde directly to the
well containing the media. Non-adherent and loosely attached cells were removed
from all other wells by aspirating the solution, washing once with PBS and then
fixing with 100 pl of 5 % (v/v) glutaraldehyde in PBS per well. The microtiter plates
were incubated at room temperature for 30 min then washed three times with 200
Ml of dH,O. Cells were stained by adding 100 ul of vacuum filtered 0.1 % (w/v)

crystal violet (Gurr Certistain, UK) in PBS to each well and incubating the microtiter
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plates at room temperature for 1 h. Wells were then washed once with 200 pl of
dH-0, followed by 300 pul of dH,0 three times. The dye was solubilised in 100 pl of
10 % (v/v) acetic acid in dH20 and plates were shaken on a rocker at high speed
for 5 min at room temperature. The absorbance at 570 nm measured using a Biotek
plate reader (Synergy HT, BioTek, UK). Cell adhesion was measured by the
absorbance at 570 nm, compared to the absorbance of the standard curve. The
standard curve was fitted by a sigmoidal 4PL equation in GraphPad Prism 8.1.2
(GraphPad Software Inc). Number of cells attached was then calculated using the
standard curve. Each condition was performed in triplicate and was repeated on 3

different cultures.

2.2.2. Primary MBEC cell attachment assay (crystal violet assay)
96-well plates were coated with 0.1 % BSA in PBS+, 50 pug/ml collagen 1V, sterile
0.1% gelatin and LM-10 (0.1, 1, 2.5, 5, 10 pg/ml) as previously described in section
2.2. Primary MBEC were isolated as previously described in section 2.1.3, and
grown to confluency (day 13-14). Cell attachment was measured as previously
described using crystal violet staining in section 2.2.1. The absorbance at each
coating is expressed as a percentage absorbance of each control. Each condition

was performed in quintuple and was repeated on 4 different cultures.

2.2.3. Incucyte confluence measurement
24-well plates were pre-coated with Matrigel (20 pg/ml) or LM-10 (10 pg/ml) as
previously described in section 2.1.1. hCMEC/D3 cells were seeded at several
densities (5 x 10* cells/well, 1 x 10° cells/well, 2 x 10° cells/well) in EndoGRO-MV
Complete Culture Media. Phase contrast images were acquired at 4 h and 24 h
after seeding using an Incucyte Zoom Live Cell Analysis system (Essen
BioScience, UK) with a 123 10x/1.22 Plan Apo OFN25 objective. The IncuCyte
ZOOM's Confluence Processing analysis tool (Basic Analyzer) was used to

calculate percentage confluence. Experiment was repeated on 3 different cultures.

2.3. Endothelial IL-1B treatment in vitro

2.3.1. IL-18 treatment of bEnd.5 cells after a 24 h seeding time
48-well plates (Corning) were coated with 0.1 % BSA in PBS*, 50 pg/ml collagen
IV, sterile 0.1 % gelatin and 10 pg/ml LM-10 as previously described in section
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2.1.1. The bEnd.5 cells were seeded at a density of 50,000 cells/ well on 48-well
plates and were incubated for 24 h at 37°C and 5 % CO,. Recombinant mouse IL-
18 (R&D Systems, UK) was diluted in the bEnd.5 cell culture media; DMEM,
supplemented with 1 % L-glutamine solution, 10 % FBS, 1 % penicillin-
streptomycin. Cultures were treated with vehicle control (bEnd.5 media without IL-
1B) or IL-1B (0.1, 1, 10, 100 ng/ml) and incubated for a further 24 h. Experiment
was repeated on 3 different cultures.

2.3.2. IL-18 treatment of primary MBECs
96-well plates were coated with 0.1 % BSA in PBS+, 50 pug/ml collagen 1V, sterile
0.1 % gelatin and 10 pg/ml LM-10 as previously described in section 2.1.1. Primary
MBECs were isolated and grown to confluency (day 13-14) as previously described
in section 2.1.3. Recombinant mouse IL-1B (R&D Systems) was diluted in the
primary MBEC maintenance media. Cultures were treated with vehicle (MBEC
maintenance media without IL-18) or IL-1p (0.1, 1, 10, 100 ng/ml) and incubated
for 24 h. Each condition was performed in quintuple and was repeated on 4

different cultures.

2.3.3. IL-18 treatment of bEnd.5 cells after a 4 h seeding time
24-well plates were pre-coated with Matrigel (20 pg/ml) or LM-10 (10 pg/ml) as
previously described in section 2.1.1. bEnd.5 cells were seeded at a density of
200,000 cells/well for 4 h. Recombinant mouse IL-1f (R&D Systems) was diluted
in the bEnd.5 cell culture media. Cells were treated with IL-13 (10 ng/ml) for 15,
30, 60,120 min. Cell supernatants and lysates were then collected. Experiment

was repeated on 3 different cultures.

2.3.4. IL-18 treatment of hCMEC/D3 cells after a 4 h seeding time (log-

concentration response)
24-well plates were pre-coated with Matrigel (20 pg/ml) or LM-10 (10 pg/ml) as
previously described in section 2.1.1. hCMEC/D3 cells were seeded at a density
of 200,000 cells/well for 4 h. Recombinant human IL-18 (R&D Systems) was
diluted in the EndoGRO-MV Complete Culture Media. Cultures were treated with
vehicle control (0 ng/ml of IL-13 in EndoGRO-MV Complete Culture Media) or IL-
18 (0.1, 0.3, 1, 3, 10, 10, 100 ng/ml) and incubated for 24 h. Experiment was

repeated on 4 different cultures.
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2.3.5. IL-18 treatment of hCMEC/D3 cells for signalling pathway analysis,
Western blots and qPCR
24-well plates were pre-coated with Matrigel (20 pg/ml) or LM-10 (10 pg/ml) as
previously described in section 2.1.1. hCMEC/D3 cells were seeded at a density
of 200,000 cells/well in EndoGRO-MV Complete Culture Media for 4 h.
Recombinant human IL-18 (10 ng/ml) was added into wells for 5, 15, 30, 60,120
and 240 min as stated in figure legends. Experiment were repeated on 4 separate

cultures.

2.4. Neutrophil transmigration assay

2.4.1. Neutrophil isolation
8-12 week mice were culled via CO; and cerebral dislocation as confirmation. The
femur were then dissected out and maintained in Roswell Park Memorial Institute
(RPMI) media (Thermo-Fisher Scientific) at room temperature (RT). The bone
marrow was then extracted from the femur via a centrifuge flushing method
consisting of a 0.5 ml eppendorf (with hole in the bottom created by a 21 gauge
needle) placed inside a 2 ml eppendorf containing 200 pl sterile PBS. Femurs were
cleaned with blue roll and a scalpel used to cut the femurs at the hip end, which
were then placed cut end down into the flush tube. Centrifuge tubes were spun at
maximum speed on micro centrifuge (10000 x g, 10 secs) and the bone marrow
was flushed out of the femur. The supernatant (PBS) was removed to leave the
red pellet. Pellet resuspended in 3 ml ACK lysis buffer (Thermo Fisher Scientific)
for 3 min and reaction stopped with 7 ml DMEM. Suspensions were then passed
through a 70 uM strainer and centrifuged at 1500 g, 4°C for 3 min. Supernatants
were discarded and pellets were resuspended in 5 ml HBSS. 5 ml of 62 % isotonic
percoll was added to suspensions and centrifuged at 1000 g, 30 min, O brake
acceleration 3. Supernatant was then removed and pellets were resuspended in
10 mlI HBSS. Suspensions were then centrifuged at 2000 x g, 4°C for 5 min. Finally,
supernatants were discarded, pellets resuspended in 5 ml RPMI, and counted

using a haemocytometer.

2.4.2. Neutrophil transmigration assay
The neutrophil transmigration assay was carried out as described previously with
some modifications as detailed below (Allen et al., 2012). Transwell inserts (6.5

mm with 3.0 um pore polycarbonate membrane) were coated with gelatin, collagen
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IV and LM-10 as previously described in section 2.1.1. 1 x 10° cells/well of bEnd.5
cells in bEnd.5 maintenance media were seeded onto transwell inserts for 24 h.
bEnd.5 cells were then pre-treated with mouse IL-13 (100 ng/ml) or vehicle for 4
h, in the presence or absence of IL-1Ra (100 pg/ml, Kineret, SOBI, Sweden) which
was pre-treated in the well 15 min before IL-1B3 treatment. Inserts were then
washed and transferred to a fresh 24-well plate. 5 x 10° neutrophils were added to
the luminal compartment of the transwells inserts and allowed to transmigrate for
24 h into the abluminal compartment containing serum free RPMI. Cultures were
collected from abluminal compartments and centrifuged at 2000 x g for 5 min and

counted with a haemocytometer.

2.5. Measurement of adhesion molecules and cytokines/chemokines

2.5.1. Collection of supernatants and cell lysates for ELISAs
After treatment with IL-13, the conditioned medium (supernatant) and cell lysates
were collected. To collect the cell lysates, the wells were washed with PBS and
150 pl/well or 50ul/well of lysis buffer [0.1 % Triton X-100 in PBS + 1 % protease
inhibitor cocktail (Merck)] was added to 48-well plates and 96-well plates
respectively. Plates were kept on ice for 10 min and the cell layer was scratched
mechanically using a 200 pl pipette tip. The lysed cells were collected and kept

frozen at -20°C.

2.5.2. Analysis of cell number by total protein assay (bicinchoninic acid

assay)
Total protein in the cell lysate of primary MBECs was assessed as an indirect
measure of cell number. A Pierce™ bicinchoninic acid assay (BCA) Protein Assay
Kit (Thermo-Fisher Scientific) was performed using a standard curve of BSA from
20 to 2000 pg/ml, according to manufacturer’s instructions. Briefly, 10 pl of each
sample or 10pul of BSA standard was added to a 96-well plate with 200 ul of working
reagent, composed of 50 parts Reagent A (bicinchoninic acid solution) and 1 part
Reagent B (4 % cupric sulphate). The plate was incubated at 37 °C in the dark for
30 min. The absorbance was measured at 570 nm and protein concentration in
samples was calculated using the standard curve. Total protein was expressed as

pg/ml of protein.
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2.5.3. ELISAs
Human ICAM-1/VCAM-1, phospho-p38a and phospho-ERK1/2 in cell lysates, and
IL-8 in supernatants were quantified by enzyme-linked immunosorbent assay
(ELISA) (R&D Systems) according to manufacturer’s instructions. Mouse ICAM-
1/VCAM-1 and P/E-selectin in the cell lysate and mouse chemokine KC/CXCL1,
VEGF, IL-6 and monocyte chemoattractant protein-1 (MCP-1) in the supernatant
were quantified by ELISA (R&D Systems) according to manufacturer’s instructions.
Absorbance was measured at 450 nm and corrected at 570 nm with a plate reader
(Synergy HT, BioTek, UK). The standard curve was fitted by a sigmoidal 4PL
equation in GraphPad Prism. Concentrations of the samples were achieved by
interpolating the values from the standard curve. Levels for all cytokines analysed
were expressed as pg/ml. Levels of cytokines were corrected for cell number and
expressed as pg/ml per pg/ml of total protein (pg/ug of protein), using total protein

calculated in the BCA assay in section 2.5.2.

2.6. Measurement of protein by Western blot

2.6.1. Western blot
hCMEC/D3 cells were lysed in RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1 %
sodium deoxycholate, 0.1 % SDS, and 2 mM EDTA) supplemented with 1 %
protease inhibitor cocktail and phosphatase inhibitors (1X). Lysates were
scratched and titrated thoroughly before the addition of Laemmli buffer (2 % (w/v)
SDS, 5 % (v/v) B-mercaptoethanol, 10 % (v/v) glycerol in 60mM Tris-HCI, pH 6.8).
Samples were then boiled at 95°C for 5 min. Equal quantities of protein were
loaded. Samples were run on 10 % SDS polyacrylamide gel at 70 V for 20 min
then 120 V for 1 h. Proteins were transferred at 25 V (high MW setting) onto
polyvinylidene difluoride (PVDF) (Bio-Rad) using a Trans-Blot Turbo Transfer
System (Bio-Rad) before blocking with 5 % w/v BSA in PBS 0.1 % (v/v) Tween 20
(PBST) for 1h at RT. Membranes were incubated (4°C) overnight in primary
antibody in PBST 5 % BSA. Following this, membranes were washed in PBST (3
x 5 min wash) and incubated with secondary antibody in PBST % BSA for 1 h at
RT. Details of all antibodies used are presented in Table 2.1. Membranes were
washed in PBST (3 x 5 min wash) and then incubated in ECL Prime Western
Blotting Detection Reagent (GE Life Sciences) before exposure with G:BOX

(Syngene) and Genesys software. 3-Actin (Abcam) was used as a loading control.
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Densitometry was determined using ImageJ software and detected intensities

were normalised against B-Actin. Ratios of pYAP/YAP were calculated.

Table 2.1. Primary and secondary antibodies for use in Western blots.
Antibody description and the correct dilution to use.

Antibody Primary or Company Dilution
Secondary

IkBa Primary Cell Signalling 1:1000
Phospho-p65 Primary Cell Signalling 1:1000
(Ser536)

p-YAP127 Primary Cell Signalling 1:1000
p-YAP397 Primary Cell Signalling 1:1000
Rabbit anti-lgG Secondary .

(rabbit polyclonal) Agilent 1:1000
YAP Primary Cell Signalling 1:1000

2.7. Measurement of gene expression by qPCR

RNA was extracted using Purelink RNA minikit (Thermo Fisher Scientific)
according to the manufacture’s protocol, with the use of PureLink™ DNase Set
(Thermo Fisher Scientific) for the DNase treatment as stated in the protocol.
Extracted RNA was checked for yield and purity using the Nanodrop 1000. RNA (1
png) was converted to cDNA using SuperScript™ Il Reverse Transcriptase
(Thermo Fisher Scientific), according to the manufacturer’s protocol. Quantitative
polymerase chain reaction (JQPCR) was performed using Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific) in 384-well format using a 7900HT Fast
Real-Time PCR System (Applied Biosystems). Three microliters of 1:20 diluted
cDNA was loaded with 200 mmol/l of primers in triplicate, primers in Table 2.2.
Data were normalized to the expression of the housekeeping gene GAPDH.
Expression levels of genes of interest were calculated as follows: relative mRNA
expression=E—(Ct of gene of interest)/ E-(Ct of housekeeping gene), where Ct is

the threshold cycle value and E is efficiency.
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Table 2.2. Primer sequences for genes of interest after IL-1B treatment in hCMEC/D3
cells.
Forward (FWD) and reverse (REV) primers for each gene target.

Gene Target Primer sequence

Ctgf FWD: CAGCATGGACGTTCGTCTG
REV: AACCACGGTTTGGTCCTTGG

Serpine 1 FWD: ACCGCAACGTGGTTTTCTCA
REV: TTGAATCCCATAGCTGCTTGAAT

GAPDH FWD: GCACCGTCAAGGCTGAGAAC
REV: AGGGATCTCGCTCCTGGAA

2.8. Angiogenic assays

2.8.1. Scratch assay

hCMEC/D3 cells were seeded at 40,000 cells/well in 96-well ImageLock plate
(Essen BioScience) and left to adhere for 4 h. Wells were scratched using a 96-pin
IncuCyte WoundMaker Tool (Essen BioScience), cells were then washed twice
with PBS and replaced with fresh media. Phase contrast images were acquired at
2 h intervals for a period of 24 h on an Incucyte Zoom Live Cell Analysis system
using a 4x/3.05 Plan Apo OFN25 objective. The 96-well Cell Migration Software
Application Module (Essen BioScience) was used to quantify relative wound
density. Relative wound density is a measure (%) of the density of the wound
region relative to the density of the cell region:

%RWD(t)= (w(t)-w(0)) / (c(t)-w(0)) x 100
w(t)=Density of wound region at time, (t)

c(t)=Density of cell region at time, (t)

2.8.2. Tube formation assay
50 pl of undiluted Matrigel (9.16 mg/ml) was added to an ice-cold 96-Well plate
and incubated at 37 °C for 45 min to gel. 70 pl of LM-10 (10 pg/ml) was added to
any LM-10-supplemented wells, whilst PBS was added to control wells and the
plate was incubated for a further 2 h at 37°C. The PBS and LM-10 aqueous layers
on top of the Matrigel were aspirated. \(CMEC/D3 cells were resuspended in media
supplemented with 3 ug/ml bFGF at a density of 10,000 cells/well and seeded on

the Matrigel layer. Phase contrast images were acquired at 0 and 6.5 h on an

64



Incucyte Zoom Live Cell Analysis system using a 4x/3.05 Plan Apo OFN25
objective. The angiogenesis analyser macro in ImageJ was used to quantify total
number of branches and total branching length.

2.9. Animals

2.9.1. Animal housekeeping

All scientific animal procedures were carried out in accordance with the Animal
Scientific Procedures Act (1986) and the European Council Directive 2010/63/EU,
and procedures were approved by the Animal Welfare and Ethical Review Body,
University of Manchester (UK), and the Animal Care and Use Committee of the
Institute of Experimental Medicine, Budapest (Hungary). Experiments adhered to
ARRIVE (Kilkenny et al., 2010) and IMPROVE guidelines (Percie du Sert et al.,
2017). All animals were group housed in individually ventilated cages in standard
housing conditions (temperature 21 £ 1°C; humidity 55% + 10%; 12-hour light-dark
cycle). Animals had free access to standard rodent diet (SDS, UK) and water. All
C57BL/6J throughout studies were purchased from Charles River (UK).

2.9.2 Brain endothelial IL-1R1 KO mice
Brain endothelial-specific 1L-1R1 knockout (KO) mice were generated and
characterised as previously described (Wong et al., 2019). Mice were maintained
at the Institute of Experimental Medicine, Budapest. Mice were previously
generated by crossing mice in which exon 5 of the I11r1 gene is flanked with loxP
sites (IL-1R1"™) (Abdulaal et al., 2016) with mice expressing Cre recombinase
under the promoter of the thyroxine transporter (Slcolcl) that is specifically
expressed in brain endothelial cells (Ridder et al., 2011). These mice are named
throughout the studies as IL-1R1%14Sleolet Sy ccessful ablation of brain endothelial
IL-1R1 deletion was achieved by a tamoxifen regimen consisting of 2 mg/100 pl
tamoxifen in corn oil for five consecutive days in 6 week old male mice, followed
by a period of 21 d (from the start of treatment) to ensure sufficient time for
successful deletion. Controls were IL-1R1"" mice treated with tamoxifen for the
same regimen. Mice designated for experimental stroke underwent surgery at least

21 d after the start of tamoxifen regimen.
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2.9.3. Brain endothelial laminin a5 KO mice
Brain endothelial-specific laminin a5 KO mice were generated at the University of
Manchester, UK. Laminin alpha 5 (lama5) floxed mice (Lama5"") mice were
obtained from Miner and colleagues at Washington University, USA (Nguyen et al.,
2005). Briefly, Lama5"" mice were generated by inserting a loxP site into intron
21 of Lamab, and a second loxP site was inserted into intron 14 (Nguyen et al.,
2005). Slcolcl mice were previously generated (Ridder et al.,, 2011) and
maintained at the University of Manchester. | generated a brain endothelium-
specific laminin a5 KO (Lama5™ 2 Sleolely by crossing Lama5™ mice with mice
expressing the Slcolcl. After Cre-mediated recombination, splicing from exon 14
to 22 occurs and removes exons 15-21. The 7 exons that are removed encode

40% of domain V, which consists of laminin EGF-like repeats (Nguyen et al., 2005).

Lama5™ & Sicolel mice and Lama5™ allocated for characterisation underwent a
tamoxifen regimen consisting of 2 mg/100 pl tamoxifen in corn oil (Sigma-Aldrich)
for five consecutive days in 6 week old male mice. Animals were culled 0, 7, 14
and 21 d after tamoxifen administration to determine successful ablation of laminin
a5. All mice allocated for experimental stroke underwent surgery at least 21 days

after the start of tamoxifen or vehicle administration.

2.10.Genotyping

2.10.1. DNA extraction
Extract-N-Amp™ Tissue PCR Kit (XNAT2-1KT) was used to extract DNA from
samples (ear punches) according to the manufacture’s protocol, with some
moadifications to volumes used stated below. Briefly, 25 pl of extraction solution and
6.25 pl of tissue preparation solution were added per sample and incubated at RT
for 10 min, then 95°C for 3 min. 25 pl neutralisation buffer was added per sample.
Extracted DNA was kept at 4°C.

2.10.2. IL-1R1, Lamab and Sico1c1 PCR genotyping
1 pl of DNA was added to the PCR master mix (For 1 PCR reaction: 10 pl 5x One
Taq standard reaction buffer, 1 pl 10mM dNTPs mix, 0.25 pl One Tag Hot Start
DNA Polymerase, 1 pl reverse primer (Table 2.3), 1 ul forward primer (Table 2.3),
35.75 pl Nuclease free water. A blank sample (1 pl of nuclear free water in 49 pl of

PCR master mix) was used as a negative control. Samples were then run in Prime
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elite PCR thermal cycler (Bibby Scientific, UK) set to the required PCR programme
(Table 2.4).

6 pl of ladder (1 kb) (Bioline, UK) and 14 pl of DNA samples was mixed with 4 pl
of DNA Loading Buffer Blue (Bioline), and loaded into a 2.5 % agarose gel
containing SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific) and run at 100
V for 45 min. Bands were imaged using G:BOX (Syngene) and Genesys software.

Representative gel from Slcolcl genotyping in Fig. 2.1.

Table 2.3. PCR primer sequences required to genotype IL-1R1, Lama5 and Sicolcl
genes in mice.

Mice are genotyped to determine whether the floxed allele (IL-1R1 and Lama5) and
Slcolcl gene is present. Primers flank the loxP site.

Gene Primer Band size
IL-1R1 40: GGGGATGGAGGTAGAGGTATGG WT: 215 bp
39: GATAAAGCAGAGCTGGAGACAGG Floxed allele: 364
bp

Lama5 Lama5-F17: GTG CCG CCC TAA CAC CCAAGG | WT:296 bp
Lama5-R17: GTT GAA GCC AAA GCG TAC AGC Floxed allele:460

G bp
Slcolcl Rec 1: GCTATTCATGTCTTGGAAGCC WT: no band
Rec 2: CAGGTTCTTCCTGACTTCATC Cre: 521 bp

Table 2.4. PCR programmes required for each primer pair.
Required temperature and time cycles for genotyping using a Prime elite PCR thermal
cycler.

Gene PCR programme

IL-1R1 95°C 5 min, 35 cycles (95°C 30 min, 60°C 30 min, 72°C 1 min, 72°C 10
min), 4°C hold

Lamab 95°C 5 min, 30 cycles (95°C 30 min, 56°C 30 min, 72°C 30 min, 72°C 10
min), 4°C hold

Slcolcl 94°C 5 min, 29 cycles (94°C 30 min, 60°C 30 min, 72°C 45 min, 72°C 10
min), 4°C hold
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Slco1c allele

Ladder 1 2 3 4 5 6

bp

Cre* Cre

Figure 2.1. Representative PCR gel obtained from genotyping littermates for Slcolc
gene.
Cre+ and Cre- bands are indicated on the gel. Band sizes are 521 bp (Cre+) and no band
(Cre-).

2.11.Experimental design of studies and group sizes

2.11.1. Brain endothelial IL-1R1 MCAO study experimental design

There were two groups for the experimental study, IL-1R1""+Tam mice and IL-
1R1%"12 Slcolcl+Tam mice. Mice recovered for 48 h, 14 d and 28 d post-stroke.
Animals underwent surgery at least 21d after the start of tamoxifen regimen
(Section 2.9.2). Behavioural assessment (28-point neuroscore and Bederson’s
neuroscore) were determined at 24 h, 48 h, 7 d, 14 d and 28 d. Body weight was
assessed at 24 h, 48 h, 7 d, 14 d, 21 d and 28 d. For mice recovering for 14 days,
bromodeoxyuridine (BrdU) (50 mg/kg) was injected intraperitoneally once daily
from days 10 to 14. Injecting BrdU at a later time window helps to ensure the
optimum time point of proliferation close to the peak of angiogenesis is evaluated,
and is important to ensure the strength of BrdU staining. Animals were then culled
2 d, 14 d or 28 d after surgery.

| allocated 6 animals per group (IL-1R1""+Tam and IL-1R1%1 4 Slcelcl+Tam) at each
time point (48 h, 14 d, 28 d). A total of 36 animals were used. 1 animal (IL-
1R1""+Tam) died before the 28 d cull point. 1 animal (IL-1R1""+Tam) at the 48 h
time point clearly displayed a haemorrhage and was therefore excluded. The final
animal numbers for histology are in Table 2.5. One animal from each group was
not injected with BrdU due to technical limitations and the final BrdU stained

animals are presented in Table 2.5.
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Table 2.5. Final group sizes for brain endothelial IL-1R1 KO MCAO study.
Animal numbers for histology and BrdU analysis.

Group Time Total Exclusions Final BrdU
point animals animals | injected
used for animals
histology
IL-1R1%1+Tam 48 h 6 1 5 N/A
(haemorrhage)
14 d 6 0 6 4
28d 6 1(diedat14d) | 5 N/A
IL- 48 h 6 0 6 N/A
1R1fl/fIASICO1C1 +Tam 14 d 6 0 6 5
28d 6 0 6 N/A
2.11.2. Brain endothelial laminin a5 characterisation study experimental
design

There were two groups, Lama5""+Tam (n=12) and Lama5"f 2 Slcolel+ Tam (n=12).
All animals underwent the tamoxifen regimen (Section 2.9.3). Animals were then
culled at 0 d, 7 d, 14 d and 21 d after the start of the tamoxifen treatment. Animal
numbers used in histological analysis for characterisation are shown in Table 2.6.
Laser speckle contrast imaging (LSCI) was performed on animals at 21 d to

measure baseline cerebral blood flow and animals used are shown in Table 2.7.
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Table 2.6. Final group sizes for brain endothelial laminin a5 KO characterisation
study.
Animal numbers for histology.

Group Time point | Total animals

used

Lama5"+Tam od
7d
14d
28d
Lamq5ﬂ/ﬂ A Sico1ct +Tam od
7d
14d
28d

B NN B BN DN A

Table 2.7. Final group sizes for brain endothelial laminin a5 KO characterisation
study.
Animal numbers for LSCI.

Group Total animals used in LSCI
Lama5"+Tam 3
Lamasfl/ﬂ A Sico1ct +Tam 3
2.11.3. Brain endothelial laminin a5 MCAO study experimental design

There were three groups, Lama5™ & Siotely\/gh  Lama5”™+Tam and Lama5™ 2
SlolcltTam. Animals underwent surgery at least 21d after the start of
tamoxifen/vehicle regimen (Section x). Infarct volume was assessed at 2 d post-
stroke using MRI, and LSCI was performed at 3 d, 7 d and 14 d post-MCAO.
Behavioural assessment (28-point neuroscore) was determined at 24 h, 48 h, 7 d
and 14 d. Body weight was assessed at 24 h, 48 h, 3d,4d,5d,6d, 7d, 14 d, 21
d and 28 d. BrdU (50 mg/kg) was injected intraperitoneally once daily from days

10 to 14. Animals were culled 14 d after surgery.

| allocated mice to each group Lama5™" 2 Slcolci+\eh (n=8), Lama5"+Tam (n=8)
and Lama5™™ 2 Sio1el+ Tam (n=10) as shown in Table 2.8. During the 14 d post-
MCAO, several animals reached humane endpoints for animal suffering (Percie du
Sert et al., 2017) and therefore several were euthanised. A total of 6 animals were
culled before MRI imaging [(Lama5™ 4 Sicotel+\/gh (n=1), Lama5"+Tam (n=3) and

Lama5™® & Sleic’+Tam (n=2)] .A further 3 animals (Lama5™ 2 Sleo’cl+Tam) were
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culled post-MRI but before 14 d. One animal each from Lama5"™2 Sico'e’+veh and

Lama5™1+Tam were excluded due to no stroke.

Table 2.8. Final group sizes for brain endothelial laminin a5 KO MCAO study.
Animal numbers for MRI, LSCI and histology are shown.

Group Total Early MRI Excluded Final
animals culled animals animals animals in
used animals after MRI LSClI and

due to histology
humane
end point

Lama5ffia 8 1 7 1 (no | 6

Sleolel+\/eh stroke)

Lama5"1+Tam 8 3 5 1 (no | 4

stroke)
Lama5f/fia 10 5 8 0 5
Slcolely Tam

2.12.MCAO surgery

A code was allocated to each animal by a non-experimenter and animals were
randomly assigned to different treatment groups and surgery days. During all
surgical procedures and behaviour tests, the experimenter was blinded to
genotype and treatment group. Induction of anaesthesia was achieved by
inhalation of 4 % isoflurane (30 % oxygen and 70 % nitrous oxide gas mix, AbbVie
Ltd, UK or Linde Ltd, Hungary) and was maintained at 1.75%. During surgery, core
body temperature was monitored using a rectal probe and maintained at 37 + 0.5°C
with a homeothermic blanket (Harvard Apparatus, Edenbridge, Kent, UK). A laser
Doppler monitor (Oxford Optronix, Abingdon, UK) was used to monitor CBF and
confirm a drop in CBF in the MCA region following occlusion. Transient middle
cerebral artery occlusion (MCAQO) was used to induce focal cerebral ischaemia,
based on a previously described protocol (Wong et al., 2019). Briefly, topical
anaesthetic (EMLA, 5 % prilocaine and lidocaine, AstraZeneca, UK) was
administered on to the areas of skin prior to incision. An incision was made into the
temporalis muscle, located 6 mm lateral and 2 mm posterior from bregma, and the
laser-Doppler probe was fixed on to the skull using tissue adhesive (Vetbond, UK).

A midline incision was made into the middle front section of the neck, and the right
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common carotid artery was exposed and ligated. The internal carotid artery was
temporarily ligated. An incision in the common carotid artery was made for the
insertion and advancement of a 6-0 monofilament (Doccol, Sharon, MA, USA)
through into the internal carotid artery, advanced approximately 10 mm distal to the
carotid bifurcation, beyond the origin of the middle cerebral artery. The Doppler
monitor was used to ensure a reduction of CBF by at least 70% of pre-ischaemic
values. After 30 min of occlusion (Chapter 4 - brain endothelial-specific IL-1R1
deletion study) or 25 min of occlusion (Chapter 5 - brain endothelial-specific laminin
ab deletion study) the filament was removed to allow reperfusion. The neck wound
was sutured, and mice were administered subcutaneously saline (500 pl) for
hydration and buprenorphine (0.05 mg/kg, Vetergesic, UK). Animals were allowed
to recover in an incubator at 26—28°C, and then transferred to ventilated cages
suspended over a heating pad (24°C) with free access to mashed food and water,
under standard housing conditions for 24 h. After 24 h, cages were returned their
home rack and kept under normal housing conditions for the remaining duration of
the study. Animals were excluded from the studies if occlusion was not successful
(defined as <70% reduction in cerebral blood flow and/or if no infarct detected by
MRI in Chapter 5) or exceeded humane end points in the IMPROVE guidelines
(Percie du Sert et al.,, 2017). Excluded animals detailed in section 2.11.2 and
2.11.3.

2.13.Behavioural outcomes after experimental stroke. Behavioural
assessment and body weight measurement after experimental
stroke
2.13.1. 28-point neuroscore
The 28-point neuroscore was used to assess sensorimotor function in the brain
endothelial-specific IL-1R1 KO MCAO study (Chapter 4) and the brain endothelial-
specific laminin a5 KO MCAO study (Chapter 5), modified from methods previously
described (Encarnacion et al., 2011). Briefly, 7 tests with a cumulative maximum
score of 28 were used; body symmetry, gait, climbing, circling behaviour, front limb
symmetry, compulsory circling and whisker responses. Scoring was determined

out of 4, where 0 is normal and 4 is severe impairment.
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2.13.2. Bederson’s neuroscore
Bederson’s neuroscore was used to assess further functional outcome in the brain
endothelial-specific IL-1R1 KO MCAO study (Chapter 4), as previously described
(Wong et al., 2019). In brief, 6 tests with a cumulative score of 28 were used (score
range as indicated); hair (0-2), ears (0-2), eyes (0-4), posture (0—4), spontaneous
activity (0—4), and epileptic behaviour (0—12). Scoring scales stated, whereby O is

deemed normal.

2.14.Perfusion and processing of tissues

2.14.1. Perfusion
Induction of anaesthesia was achieved by inhalation of 4 % isoflurane, the animal’s
cardiac blood was removed and perfused transcardially with 0.9 % saline. Liver
and spleens were removed and snap frozen on dry ice, later stored at -80°C. Brains
were removed and kept in saline on ice at 4°C. Subsequently, brains were coated
in Optimal cutting temperature compound (OCT) and frozen in -50°C to -60°C
isopentane using dry ice. Brains were stored at -80°C. Prior to perfusion, cardiac
blood was removed from the right ventricle and centrifuged at 2000 g, 4°C for 10

min, and the plasma collected and stored at -80°C.

2.14.2. Brain sectioning

In the brain endothelial-specific IL-1R1 KO MCAO study (Chapter 4) and the brain
endothelial-specific laminin a5 KO MCAO study (Chapter 5) 20 ym coronal
sections were taken every 500 um using a Leica cryostat. In the brain endothelial-
specific laminin a5 KO characterisation study (Chapter 5), 10 um coronal sections
were taken every 500 pm using a Leica cryostat. All brain sections were mounted
onto superfrost slides (Thermo Fisher Scientific) and stored wrapped in foil in the
-80°C.

2.15. Histology and quantification

2.15.1. Cresyl violet
For lesion volume analysis of the brain endothelial-specific IL-1R1 KO, cryostat-
cut sections (20 um) were stained with cresyl violet and coverslipped with DPX
mounting medium MCAO study (Chapter 4). Images were collected using a 3D

Histec Pannoramic 250 slide scanner (3D Histec, Hungary). Lesion volume was
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analysed using CaseViewer (3D Histec) and calculated as the sum of every lesion
area multiplied by the distance between each section (0.5 mm). Analyses of
images were carried out by a blinded experimenter.

2.15.2. Immunofluorescence
Slides were allowed to acclimatise to RT. For BrdU immunostaining, sections were
fixed with ice cold acetone for 10 min at RT and dried at RT for 20 min. Slides were
rehydrated in PBS for 10 min. For BrdU immunostaining, sections were pre-treated
with 2 M HCI for 30 min at 37°C. Antibodies were diluted in 1 % (wt/vol) BSA in
PBS and incubated on sections for 2 h (laminin a5) or ON at 4°C (laminin a4,
BrdU), using a section of parafilm to place over the slide to evenly spread the
antibody. Primary antibodies used were rabbit anti-laminin a5 (1:800, provided by
Miner et al., 1997), goat anti-laminin 4 (1:400; R&D) and sheep anti-BrdU (1:200,
Abcam). Slides were washed with PBS (3 x 5 min). Secondary antibodies were
applied for 2 h, using a section of parafilm to place over the slide to evenly spread
the antibody. Secondary antibodies used were donkey anti-rabbit Alexa Fluor 594
(1:400, Thermo Fisher Scientific), donkey anti-goat Alexa Fluor 594 (1:400,
Thermo Fisher Scientific) and donkey anti-sheep Alexa Fluor 594 (1:400, Thermo
Fisher Scientific). Slides were washed with PBS (3 x 5 min). Slides were gently
rinsed in distilled water, dried overnight in the dark at RT and then coverslipped in
ProLong Diamond anti-fade mountant (Thermo Fisher Scientific). Images were
collected using a 3D Histec Pannoramic 250 slide scanner. CaseViewer was used
to collect images from the ROIs. For quantifications, three region of interest (ROI)
in the striatum and cortex of each hemisphere, across 3-4 sections per animal were
collected. The percentage area, integrated density and cell count of the staining
were calculated in ImageJ using the macro function. All collection and analyses of

images were carried out in a blinded manner.

2.16. Magnetic resonance imaging

Magnetic Resonance Imaging (MRI) was used to assess infarct volume at 48 h
post-MCAO in the brain endothelial-specific laminin a5 KO MCAO study (Chapter
5). Animals were anaesthetised with isoflurane and T2-weighted TurboRARE high
resolution scans were conducted on a Bruker Advance 1l console (Bruker Biospin
Ltd, UK) using a 7T horizontal bore magnet (Agilent Technologies). A water bath

connected to the MRI’'s bed was used to maintain the animal’'s body temperature
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for the short time of the scan. Multi-scale gradient echo sequence was used to
collect coronal pilot images to ensure correct positioning of the brain in the MRI
scanner. A total of 17 serial slices with a thickness of 0.8 mm were acquired. Lesion
volumes were analysed using ImageJ and calculated as the sum of every lesion
area multiplied by the distance between each section (0.8 mm). Analyses of

images were carried out by a blinded experimenter.

2.17.Laser speckle contrast imaging

Laser speckle contrast imaging (LSCI) performed by a moorFLPI2 Full-Field
Perfusion Imager (Moor instruments, UK) was used to measure CBF at 3d, 7 d
and 14 d post-MCAO in the brain endothelial-specific laminin a5 KO MCAO study
(Chapter 5). Anaesthesia was induced in the mice with inhalation of 4 % isoflurane,
and animals were secured in a stereotaxic frame (World Precision Instruments,
USA) positioned under a moorFLPI2 Full-Field Perfusion Imager. Anaesthesia was
maintained at 1.75% isoflurane throughout imaging. During imaging, core body
temperature was monitored using a rectal probe and maintained at 37 £ 0.5°C with
a homeothermic blanket (Harvard Apparatus). Topical anaesthetic (EMLA, 5 %
prilocaine and lidocaine) was administered on to the areas of head prior to incision.
A clean midline incision on the skin on top of the skull was used to expose the
skull. To facilitate a clear image, ultrasound gel was applied on top of the skull and
a 16 mm cover slip was placed on top. Animals were imaged for 5 min at 31 frames.
CBF was analysed by the moorFLPI2 Full-Field Laser Perfusion Imager Review
V5.0 software (Moor instruments, UK) and shown with arbitrary units in a 256-color
palette. A ROl was drawn around the infarct area on the ipsilateral hemisphere and
a matched ROI was reciprocated on the contralateral hemisphere. ROls across the
3 time points for the same animal were matched by eye. Flux values for both
regions of interest were extracted and an average was calculated. Average flux
values for both ROI were used to express the ipsilateral flux as a percentage of

contralateral flux. All analysis was performed under blinded conditions.

2.18. Statistical analysis

All data were analysed with GraphPad Prism 8.1.2 (GraphPad Software Inc) using
the appropriate tests (further details stated in the figure legends).
Homoscedasticity of the standard deviations were evaluated with a Brown-

Forsythe and Bartlett’s test, alongside the use of homoscedasticity plots (predicted
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vs residual) and QQ plots to assess equal variance and normality. Appropriate
transformations were applied where necessary. All figures show untransformed
data even if data were transformed. Data are presented as mean + standard error
of mean (SEM). For data with non-normal distributions (body weight, neuroscore),
mixed effects model (REML) was used and data is represented with a line at the
median (neuroscore) and mean (body weight). Details of replicates are recorded
in the figure legend. Statistical significance was accepted at *p < 0.05, **p < 0.01,
*** < 0.001, and ****p < 0.0001.
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Chapter 3. The role of the extracellular matrix
protein LM-10 in inflammation, repair and IL-1-
induced YAP signalling in brain endothelial cells in
vitro.

All experiments were designed and analysed by myself with the input of Dr
Emmanuel Pinteaux. All experiments and analysis were performed by me with the
input of others as stated below. Dr Eloise Lemarchand provided assistance in the

training of gPCR.
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3.1. Introduction

The ECM of the CNS provides a structural and functional environment for the cells
of the NVU during physiological conditions that is essential for maintaining BBB
integrity and brain homeostasis. After cerebral ischaemia the BBB undergoes
profound changes associated with the breakdown of TJs, remodelling of the ECM
and enzymatic degradation of ECM proteins. The early events of BBB breakdown
are also associated with leukocyte infiltration, mediated by cell adhesion molecules
and chemokines. IL-1 is an established mediator of the inflammation associated
with BBB dysfunction and subsequent tissue damage (Denes et al., 2011).
Although IL-1 is initially characterised as detrimental during the acute phase of
stroke, increasing evidence suggests a biphasic action of IL-1 that exhibits
neuroprotective properties during the repair phase (Rodriguez-Grande et al.,
2015). Furthermore, there is increasing evidence that suggests the ECM plays a
dynamic role throughout pathology and mediates repair in the CNS during later
stages post-stroke. Interestingly, a novel function of the ECM as a regulator of IL-
1B-induced signalling in astrocytes and cerebral endothelial activation has been
demonstrated in vitro (Summers et al., 2010, 2013). ECM remodelling after CNS
injury is associated with BBB repair and IL-1 has been shown to mediate repair
mechanisms, and therefore this has led to the hypothesis that BBB repair driven
by IL-1 could be regulated by ECM remodelling. Our colleagues previously
identified LM-10 as a key ECM molecule involved in BBB repair after hypoxic injury
and IL-1-induced inflammation in vitro (Kangwantas et al., 2016). However, the role
of LM-10 as regulator of inflammation and angiogenesis had not yet been

determined.

The mechanisms underlying the dynamic relationship between the ECM and
inflammation is still poorly understood. Although it has been previously
demonstrated that different components of the ECM alter IL-1 signalling pathways
in astrocytes and endothelial cells in vitro (Summers et al., 2010, 2013), the
crosstalk between signalling pathways downstream of the IL-1R1 and other key
signalling pathways has not been fully characterised. The Hippo pathway has
gained significant interest as an extremely dynamic pathway that is not just
responsible for controlling organ size, but is implicated in cancer and inflammatory
diseases (Warren et al., 2018; Wang et al., 2020). It is well established that ECM-

integrin signalling is a regulator of the Hippo pathway. Critically, recent evidence
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has demonstrated a key role of YAP in TNF-a-induced endothelial activation (Choi
et al., 2018). However, the role of YAP in endothelial cells after IL-1p treatment
had not yet been determined, and whether LM-10 could modulate the response
was unknown. Using in vitro approaches, | demonstrate that LM-10 modulates the
inflammatory response in endothelial cells after IL-18 treatment through the
upregulation of key adhesion molecules. Furthermore, | show that LM-10 increases
endothelial proliferation and migration, key in vitro hallmarks of angiogenesis.
Crucially, | reveal a novel mechanism whereby YAP is involved in endothelial
activation by IL-1B, and whereby LM-10 modulates the temporal pattern of YAP
phosphorylation.

3.2. Aims

The initial aim of this study was to establish an in vitro model that was suitable to
investigate the effect of LM-10 on the IL-1B-induced activation and angiogenic
response of cerebral endothelial cells. Specific objectives for this part of the study
were:

o To investigate the role of LM-10 as a regulator of IL-1p-induced
endothelial activation in mouse brain endothelial cell line (bEnd.5
cells) and primary MBECs.

o To determine the appropriate experimental conditions including
control ECM coating, seeding time and endothelial cell type most
suitable for our readouts.

Our next aim of the study was to use the chosen experimental model to thoroughly
characterise the IL-1B-induced activation, IL-1B-induced signalling and angiogenic
response of cerebral endothelial cells seeded on LM-10. Specific objectives for this
part of the study were:

o To establish the role of LM-10 as a regulator of IL-1B-induced
endothelial activation and IL-1B-induced signalling pathways in
hCMEC/D3 cells.

o To investigate the crosstalk between IL-18 signalling and YAP in
hCMEC/D3 cells.

o To determine the role of LM-10 in mechanisms of angiogenesis in

vitro.
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3.3. Results

3.3.1. Preliminary experiments investigating the effect of LM-10 on
endothelial adhesion and inflammatory activation

Conventional cell culture involves either the use of primary cells or cell lines.
Primary cells are isolated directly from tissue and then cultured, hence present a
limited lifespan and there is batch variation (Helms et al., 2016). Cell lines are
immortalised and therefore have the ability to proliferate indefinitely, offering
stability, high throughput, and ease of use. The use of these in vitro models
presents differing benefits and disadvantages, and therefore should be adapted to
address the objectives of the experiment, readouts and practical limitations of the
study in question. Thus, in this study, preliminary experiments were critical in
determining the in vitro set-up most suitable for investigating the mechanisms of
IL-1B-driven endothelial activation and angiogenesis | aimed to investigate in
cerebral endothelial cells. The initial experiments consisted of the use and
characterisation of the established mouse brain endothelial cell line (bEnd.5) and
primary mouse brain endothelial cells (primary MBECs). The mouse bEnd.5 cell
line was used for early preliminary experiments to test the hypothesis that LM-10
can promote endothelial cell attachment, and that IL-1B responses can be
potentiated in endothelial cells adhered to LM-10. The bEnd.5 cell line was used
for these early optimisation steps as they are a suitable in vitro model for mouse
brain endothelial cells and are fast growing. The bEnd.5 cells exhibit typical
endothelial phenotypes including tight junction proteins ZO-1 and occludin,
claudin-1 and several key BBB transporter proteins, whilst also demonstrating

barrier function (Yang et al., 2007).

In order to determine the effect of LM-10 on endothelial adhesion, bEnd.5 cell
attachment on increasing concentrations of LM-10 was investigated (Fig. 3.1A).
0.1% BSA and 0.1% gelatin were used as non-ECM controls, whilst collagen IV
(50 pg/ml) was used as a positive ECM control. There was an increase in bEnd.5
cell attachment on LM-10 in a concentration-dependent manner, with an optimum
concentration of LM-10 achieved at 10 pg/ml. There were a low basal number of
bEnd.5 cells attached on 0.1% BSA, collagen IV and 0.1% gelatin. Adhesion of
bEnd.5 cells progressively increased between 0.1 and 5 pg/ml of LM-10 and a
significant increase in bEnd.5 cell attachment was observed on 10 pug/ml of LM-10

compared to 0.1% BSA, collagen IV or 0.1% gelatin.
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Another key component of our initial objective was to establish the role of LM-10
as a regulator of inflammation in vitro by measuring the effect of LM-10 on IL-18-
induced expression of endothelial cell adhesion molecules, as well as key
cytokines and chemokines (Fig. 3.1B,C). IL-1 treatment resulted in elevated
levels of ICAM-1 and chemokine KC with higher concentrations of IL-13 inducing
a stronger cytokine response (p=0.0008, Fig. 3.1B; p<0.0001, Fig. 3.1C,
respectively). This response reached maximum levels at the highest
concentrations and was relatively consistent across all coating treatments. Plate
coating (ECM) had a significant effect on ICAM-1 expression (p=0.0001),
specifically LM-10 caused significantly elevated ICAM-1 levels compared to 0.1%
BSA, Collagen IV and gelatin controls (p=0.006, p=0.005 and p<0.0001,
respectively) (Fig. 3.1B). No differences in ICAM-1 expression were observed
between the control groups. Plate coating did not have a significant effect on
chemokine KC expression (p=0.2488, Fig. 3.1C).
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Figure 3.1. Effect of LM-10 on bEnd.5 cell attachment and IL-1B-induced endothelial
cell activation.

(A) 96-well plates were coated with LM-10, 0.1% BSA, collagen IV or 0.1% gelatin prior to
cell seeding. bEnd.5 cells were seeded at a density of 2 x 104 cells per well and cell
attachment was measured by crystal violet staining after 1 h. Cell adhesion was measured
by the absorbance at 570 nm, compared to the absorbance of the standard curve of bEnd.5
cells. (B-C) bEnd.5 cells were seeded at a density of 50,000 cells per well in a 48-well plate
for 24 h. Cells were treated with IL-1f at various concentrations for 24 h. Cell supernatants
and lysates were then collected. (B) Cell lysate was assayed for ICAM-1 by ELISA. (C) Cell
supernatant was assayed for chemokine KC (CXCL1) by ELISA. Data are represented as
mean + SEM of 3 technical replicates and 3 biological replicates (n=3, A) and of 3 biological
replicates (n=3, B-C). Data were assessed by a one-way ANOVA with Dunnett’'s multiple
comparisons post-hoc, LM-10 concentrations versus controls (0.1% BSA, collagen IV and
gelatin) (A); a two-way RM ANOVA with Tukey’s multiple comparisons post-hoc comparing
the means across each plate coating (B-C), significant main effects of IL-1f3 treatment and
the ECM coating are indicated on the top left of the graphs, *p<0.05, **p<0.01, ***p<0.001,
*++%n<0.0001.
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To validate our experiments in the mouse brain endothelial cell line, key
experiments to determine the effect of LM-10 on cellular adhesion (Fig. 3.2A-B)
and expression of key inflammatory markers (Fig. 3.2C-H) in primary MBECs were
performed. The primary MBEC adhesion assay also acts as a measure of
endothelial proliferation on each plate coating as the primary MBECs are grown
over a 13/14 day period as opposed to the 1 h attachment period in the bEnd.5 cell
attachment experiment. Gelatin was used as a non-ECM control and collagen IV
was used as a positive ECM control. The controls were chosen as both have been
used as effective plate coatings to support primary MBEC growth. Although not
significant, there was a marked concentration-dependent effect of LM-10 on cell
adhesion and proliferation, which was demonstrated when comparing the
absorbance at each concentration of LM-10 to 0.1% gelatin (Fig. 3.2A) and
collagen IV (Fig. 3.2B). The endothelial cell adhesion on LM-10 concentrations of
1, 2.5, 5and 10 pg/ml was higher than the endothelial cell adhesion on 0.1% gelatin
(Fig. 3.2A), whilst LM-10 concentrations of 2.5, 5, 10 pg/ml exceeded the
endothelial cell adhesion on collagen IV (Fig. 3.2B), demonstrating that LM-10
enhances cell adhesion and proliferation. Notably, | observed a more apparent
adhesion effect of LM-10 on primary MBECs compared to bEnd.5 cells.

I next investigated the effect of LM-10 on IL-1B-induced expression of key
endothelial adhesion molecules and cytokines/chemokines in primary MBECs (Fig.
3.2C-H). | previously found no differences between the control groups (0.1% BSA,
collagen IV and 0.1% gelatin) for ICAM-1 and chemokine KC expression in bEnd.5
cells (Fig. 3.1B,C), and therefore | decided to use gelatin as the control for IL-13
treatment experiments in primary MBECs. There was a significant effect of
increasing IL-18 concentration on ICAM-1 (p=0.0011, Fig. 3.2C), VCAM-1
(p=0.0355, Fig. 3.2D), P-Selectin (p=0.0016, Fig. 3.2E), E-Selectin (p=0.0009, Fig.
3.2F), chemokine KC (p<0.0001, Fig. 3.2G) and IL-6 (p=0.00199, Fig. 3.2H)
expression, showing that they were upregulated in response to IL-1B in a
concentration-dependent manner. The ECM had a significant effect on the
expression of ICAM-1 (p=0.0368, Fig. 3.2C) and P-selectin (p=0.0133, Fig. 3.2E),
demonstrating an elevated expression of ICAM-1 and P-selectin in primary MBECs
when grown on LM-10 compared to gelatin. Although not significant, a trend to
increase in chemokine KC expression on LM-10 (p=0.0567, Fig. 3.2G) was
detected. ECM did not have a significant effect on VCAM-1 (p=0.4713, Fig. 3.2D),
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E-Selectin (p=0.1505, Fig. 3.2F) and IL-6 (p=0.1860, Fig. 3.2H) expression,
suggesting that LM-10 does not influence their expression in primary MBECs.
Furthermore, LM-10 induced a significantly higher expression of ICAM-1 in primary
MBECs at 0.1 ng/ml (p=0.0426), 10 ng/ml (p=0.0015) and 100 ng/ml (6-fold
increase, p=0.0204); P-selectin at 0.1 ng/ml (p=0.0316), 1 ng/ml (p=0.0149), 10
ng/ml (p=0.0029) and 100 ng/ml (5.3-fold increase, p=0.0008); and chemokine KC
at 10 ng/ml (p=0.0022) and 100 ng/ml (2.5-fold increase, p=0.0224) of IL-13
treatment compared to corresponding IL-1B concentration treatments on gelatin.
VEGF secretion was also measured in the supernatant but was not detected (data

not shown).

Since | observed increased expression levels of inflammatory markers in
endothelial cells on LM-10, | next sought to investigate the role of LM-10 as a
regulator of neutrophil transmigration in an in vitro model of neutrophil
transmigration across an IL-1p activated endothelial monolayer (Fig. 3.3). Due to
experimental difficulty in culturing primary MBECs on Transwell inserts, | used the
b.End5 cell line as the endothelial monolayer and isolated bone marrow derived
neutrophils from wild type (WT) mice. Interestingly, the addition of the b.End5
monolayer increased transmigration compared to just ECM coating alone (no
coating (p<0.0001), gelatin (p<0.0001), Col IV (p<0.0001) and LM-10 (p<0.0001),
Fig. 3.3). | assessed the effects of IL-1B treatment within each matrix, compared
to neutrophil transmigration across an untreated endothelial monolayer. IL-13
treatment induced a significant increase in neutrophil transmigration in no coating
(p<0.0001), gelatin (p<0.0001), Col IV (p<0.0001) and LM-10 (p<0.0001) (Fig. 3.3).
Interestingly, neutrophils transmigrated significantly less across an IL-1B activated
endothelium seeded on LM-10 compared to all control groups (no coating,
p=0.0016; gelatin, p=0.0005; Col IV, p=0.0128) (Fig. 3.3). IL-1Ra blocked the effect
of IL-18 on all coatings apart from gelatin (Fig. 3.3).
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Figure 3.2. Effect of LM-10 on primary MBECs attachment and IL-1B-induced
activation.

(A-B) Primary MBECs were seeded in pre-coated 96-well plates and grown to confluency
(~day 13/14). Cell attachment was measured by crystal violet staining. The absorbance at
570 nm was measured and is proportional to cells attached. The absorbance at each
concentration of LM-10 has been compared as a percentage of the absorbance of (A)
gelatin and (B) collagen IV. Primary MBECs were seeded in pre-coated 96-well plates and
grown to confluency (day 13/14). Cells were treated with IL-1f3 at various concentrations
for 24 h. Cell supernatants and lysates were then collected. Cell lysates were assayed for
ICAM-1 (C), VCAM-1 (D), P-Selectin (E), E-Selectin (F). Cell supernatants were assayed
for chemokine KC (CXCL1) (G) and (F) IL-6. Data are represented as mean + SEM of 5
technical replicates and 4 biological replicates (n=4, A-H). Data were assessed by one-
sample t-test versus value of hypothetical value of 100% followed by Holm-Sidak
corrections (A-B); a two-way RM ANOVA followed by Sidak’s, post-hoc analysis comparing
the means of expression of adhesion molecule/cytokine at corresponding concentrations
of IL-1B treatment on gelatin vs LM-10 (C-H), significant main effects of IL-1f treatment
and the ECM coating are indicated on the top left of the graphs *p<0.05, **p<0.01,
***n<0.001.
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Figure 3.3. Effect of LM-10 on neutrophil transmigration across a bEnd.5 cell
monolayer.

bENnd.5 cells (1 x 10° cells/well) were seeded onto pre-coated (0.1% gelatin, 0.1% BSA,
collagen IV or LM-10) transwell inserts for 24 h. bEnd.5 cells were pre-treated with IL-1RA
for 15 mins before IL-1B (100 ng/ml) treatment for 4 h. 5 x 105 neutrophils were added to
the luminal compartment of the transwell and transmigrated neutrophils were counted after
24 h. Data are represented as mean + SEM of 3 biological replicates (n=3). Data were
assessed by a two-way RM ANOVA with Tukey’s multiple comparisons post-hoc analysis,
* denotes significance of transmigrated neutrophils across each ECM at corresponding
treatment conditions, # denotes significance within ECM coating compared to untreated
endothelial monolayer, significant main effects of treatment condition and the ECM coating
are indicated on the top left of the graphs, *p<0.05, **p<0.01, **p<0.001.
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3.3.2. The effect of changing endothelial seeding time and control on

outcome measures of IL-18-driven endothelial activation
| decided to modulate experimental conditions to ensure that | were using the
optimum experimental conditions for investigating the effect of the ECM on IL-1B-
driven endothelial activation in vitro. Our two major alterations were the change of
control condition, from cells seeded on gelatin to cells seeded on Matrigel, as well
as the introduction of a 4 h seeding time as opposed to a 24 h seeding time.
Matrigel is considered a more valid ECM control for in vitro experiments as it
consists of key basement membrane proteins including laminin, collagen 1V,
heparan sulfate proteoglycans and entactin/nidogen. The Matrigel was used at a
diluted concentration of 20 pg/ml to mimic similar 2D cell culture conditions
between the LM-10 and Matrigel. The other key adjustment to experimental
protocol was the reduction in seeding time from 24 h to 4 h, which is deemed to be
critical in ensuring that the endothelial cells do not have sufficient time to secrete

their own basement membrane and potentially mask the effect of the plate coating.

To validate our new experimental conditions, | used the bEnd.5 cell line to
investigate the effect of shorter seeding time on chemokine KC (Fig 3.4.A) and
MCP-1 (Fig. 3.4B) expression, with cells seeded on Matrigel as the control group.
IL-1B treatment had a significant effect on MCP-1 (p<0.0001, Fig. 3.4A) and
chemokine KC (p=0.0010, Fig. 3.4B) secretion in a time-dependent manner. ECM
had a significant effect on MCP-1 (p=0.0161) and chemokine KC (p=0.0027)
secretion, with an elevated expression of both markers when b.End5 cells were
seeded on LM-10 compared to Matrigel. LM-10 triggered a higher expression of
chemokine KC in bEnd.5 cells at 60 min (p=0.0250) and 120 min (p=0.0028) after
IL-1B treatment, whilst a higher expression was observed at 240 min (p<0.0001)
after IL-1B treatment for MCP-1 expression compared to corresponding time-points
on Matrigel. A 1.3-fold and 1.2-fold increase in chemokine KC and MCP-1
expression, respectively, was observed 240 min after IL-1f3 treatment when cells

were seeded on LM-10 compared to Matrigel.
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Figure 3.4. Effect of LM-10 on bEnd.5 IL-1B-induced activation after a reduced
seeding time of 4 h.

(A-B) 24-well plates were pre-coated with Matrigel (20 ug/ml) or LM-10 (10 pg/ml). bEnd.5
cells were seeded at a density of 200,000 cells per well in a 24-well plate for 4 h. Cells were
treated with IL-13 (10 ng/ml). Cell supernatants and lysates were then collected. (A-B) Cell
supernatant was assayed for chemokine KC (CXCL1) and MCP-1 by ELISA. Data are
represented as mean + SEM of 3 biological replicates (n=3, A-B). Data were assessed by
a two-way RM ANOVA with Sidak’s post-hoc analysis, * represents significance comparing
the means of cytokine expression at corresponding time points on Matrigel vs LM-10, #
represents significance within ECM to untreated. Significant main effects of IL-1 treatment
and the ECM coating are indicated on the top left of the graphs. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001.
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Further optimisation of our experimental model involved the decision to acquire an
endothelial cell line that would be suitable for future angiogenic assays and that
resembled human cerebral endothelial cells better. The hCMEC/D3 cell line has
been extensively characterised for brain endothelial phenotype and as a model of
human BBB function (Weksler et al., 2013) and therefore | decided to use this cell
line for future experiments. Subsequently, | sought to determine the effect of LM-
10 on hCMEC/D3 cell adhesion at 4 h (Fig. 3.5B) and at 24 h (Fig. 3.5C) after
seeding on Matrigel and LM-10 (Fig. 3.5A-C). | also assessed the effect of different
seeding densities to determine the density at which the cells were sufficiently
confluent for experimental assays (Fig. 3.5B,C). Throughout the study | were also
open to alternative experimental techniques that could better answer our question.
Therefore, | decided to use the Incucyte software to acquire images (Fig. 3.5A) of
the hCMEC/D3 cells at 4 h and 24 h and subsequently measure confluence (Fig.
3.5B,C) as opposed to the crystal violet staining method for cellular adhesion. |
observed no significant difference in confluency of hCMEC/D3 cells seeded on
Matrigel compared to LM-10 at each seeding density assessed across the 4 h (Fig.
3.5B) and 24 h (Fig. 3.5C) time point after seeding.
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Figure 3.5. Effect of LM-10 on hCMEC/D3 cell adhesion.

(A) Representative images of hCMEC/D3 cells on different plate coatings and (B-C)
quantification of confluence. 24-well plates were pre-coated with Matrigel (20 ug/ml) or LM-
10 (10 ug/ml). Several densities of hCMEC/D3 cells were seeded. Phase contrast images
were acquired at 4 h and 24 h on an Incucyte Zoom Live Cell Analysis system (Essen
BioScience, UK) using a 123 10x/1.22 Plan Apo OFN25 objective. Scale bar 300 um. (B-
C) The IncuCyte ZOOM’s Confluence Processing analysis tool (Basic Analyzer) was used
to calculate percentage confluence at 4 h (B) and 24 h (C). Data are represented as mean
+ SEM of 3 biological replicates (n=3). Data were assessed by a two-way ANOVA followed
by Tukey’s post-hoc analysis comparing the means of percentage confluence at each
density of hCMEC/D3 cells across each plate coating.
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3.3.3. The effect of LM-10 on expression of IL-1B-driven inflammatory

markers in hCMEC/D3 cells
After our changes to the experimental model and choice of cell line, | next aimed
to confirm that hCMEC/D3 cells replicated our previous findings that LM-10
modulates the inflammatory activation of endothelial cells. Therefore, | used the 4
h seeding time and a log-concentration response curve of IL-1f treatment to
determine the inflammatory activation of hCMEC/D3 cells on LM-10 and Matrigel
(Fig. 3.6A-C). IL-1B treatment had a significant effect on ICAM-1 (p<0.0001, Fig.
3.6A), VCAM-1 (p<0.0001, Fig. 3.6B) and IL-8 (p<0.0001, Fig. 3.6C) expression in
a concentration-dependent manner. The ECM had a significant effect on
expression of VCAM-1 (p=0.0245, Fig. 3.6B) demonstrating an elevated
expression of VCAM-1 in hCMEC/D3 cells when grown on LM-10 compared to
Matrigel, whilst a trend towards a statistically different effect of LM-10 on ICAM-1
(p=0.0576, Fig. 3.6A) expression was detected. Specifically, LM-10 induced a
higher IL-1B-induced expression of ICAM-1 in hCMEC/D3 cells treated with IL-13
at 100 ng/ml (1.16 fold, p=0.0089) and VCAM-1 at 10 ng/ml (1.17 fold, p=0.0058),
30 ng/ml (1.16 fold, p=0.0013) and 100 ng/ml (1.22 fold, p<0.0001) compared to
corresponding IL-1B concentrations on Matrigel. No significant effect of ECM
coating on IL-8 (p=0.6916, Fig. 3.6C) expression was observed, suggesting that
LM-10 does not influence IL-8 expression in hCMEC/D3.

Since | have demonstrated that LM-10 modulates the inflammatory activation of
brain endothelial cells, | next investigated whether LM-10 alters IL-1f signalling
pathways in those cells (Fig. 3.7A-B). The ERK1/2 signalling pathway mediates
endothelial cell activation by IL-1[3, and previous evidence has shown that different
ECM components modulate this signalling pathway (Summers et al., 2013).
Therefore, | hypothesised that LM-10 modulates the inflammatory activation of
endothelial cells via the ERK1/2 pathway. Although IL-1B treatment (p=0.0012)
affected phopsho-ERK1/2 levels in a time-dependent manner both on Matrigel and
LM-10, no effect of ECM was determined (Fig. 3.7B). Therefore, | investigated
alternative members of the MAPK family, specifically p38a. However, in a similar
manner, IL-1f3 treatment (p=0.0002) significantly activated phospo-p38a levels in
a time-dependent manner both on Matrigel and LM-10, whereas no effect of ECM

was determined (Fig. 3.7A).

91



IL-1p p<0.05 b
— 4000- 1
£ g -
3 g ul = LV-10
o , # -
£ 30001 gt #
s u#
2 2000 #
o
2
< 1000
=
<L
(&)
° |
Q Q{\ Q"J LS -] ,\() .-.JQ \QQ
IL-1B (ng/ml)
B 100, [18 P<0.05 O
= TECM p=0.0- 1
s F,{, S
S 80 1 LM-10
= " =
= .
o, 60- "
-E- #I
2 40 H
= #
= 20
<L
(8]
> B
IL-18 (ng/ml)
IL-1p p<0.05
200~ P P00
C - -
£
@
£ 1504 4 =1 LV-10
5 #
“6 # 44
o 100 ##
=
2 .
= 504 ##
q)
-

SN NS S

IL-1B (ng/ml)

Figure 3.6. Effect of LM-10 on IL-1B-induced activation in hCMEC/D3 cells and IL-1B
signalling pathways.

(A-C) hCMEC/D3 cells were seeded at a density of 200,000 cells/well per well in a 24-well
plate for 4 h. Cells were treated with IL-13 at various concentrations for 24 h. Cell
supernatants and lysates were then collected. Cell lysate was assayed for ICAM-1 (A) and
VCAM-1 (B) by ELISA. Cell supernatant was assayed for chemokine IL-8 (C) by ELISA.
Data are represented as mean + SEM of 4 biological replicates (n=4, A-C). Data were
assessed by a two-way RM ANOVA followed by Sidak’s post-hoc analysis comparing the
means of expression of adhesion molecule/cytokine at corresponding concentrations of IL-
1B treatment on Matrigel vs LM-10 and comparing the means of signalling molecules at
corresponding time points on Matrigel vs LM-10, # represents significance within ECM to
untreated. Significant main effects of IL-1f treatment and the ECM coating are indicated
on the top left of the graphs. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.7. Effect of LM-10 on IL-1B signalling pathways in hCMEC/D3 cells.

(A-B) hCMEC/D3 cells were seeded at a density of 200,000/well in a 24-well plate for 4 h.
Cells were treated with 10 ng/ml of IL-1B for various times. Cell lysate was assayed for
phospho-p38a (A) and phospho-ERK1/2 (B) by ELISA. Data are represented as mean +
SEM of 4 biological replicates (n=4, A-B). Data were assessed by a two-way RM ANOVA
followed by Sidak’s post-hoc analysis comparing the means of signalling molecules at
corresponding time points on Matrigel vs LM-10, # represents significance within ECM to
untreated. Significant main effects of IL-18 treatment time and the ECM coating are
indicated on the top left of the graphs
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3.3.4. The effect of IL-18 treatment on YAP signalling and the modulation

by LM-10
Having determined that ERK1/2 and p38a signalling were not affected by LM-10, |
investigated alternative signalling pathways that may be modulated by LM-10 and
may lead to the altered inflammatory activation | observed. The ECM has been
implicated as a regulator of the Hippo pathway (Warren et al., 2018) and evidence
suggests that inflammation can modulate Hippo signalling (Choi et al., 2018).
Therefore, | hypothesised that IL-1 and/or LM-10 alters Hippo signalling in
endothelial cells. To address this hypothesis, | initially measured the
phosphorylation of YAP at S127 (Fig. 3.8) and S397 (Fig. 3.9) after IL-1 treatment.
These phosphorylation sites play differential roles in YAP signalling whereby p-
YAP(S127) induces cytoplasmic retention of YAP (Zhao et al., 2007, 2008), and p-
YAP(S397) creates a phospho-degron motif for proteasomal degradation (Zhao,
Li, Tumaneng, et al., 2010). The p-YAP(S127)/YAP and p-YAP(S397)/YAP ratios
are an indicator of levels of dephosphorylated YAP in the cell that is able to

translocate into the nucleus and activate associated genes.

IL-18 treatment (p<0.0001) affected p-YAP(S127) levels in a time-dependent
manner both on Matrigel and LM-10 (Fig. 3.8). When hCMEC/D3 cells were
seeded on Matrigel the phosphorylation of YAP(S127) decreased at 5 min (54%,
p=0.0.164) and 15 min (54%, p=0.0053) compared to the respective baseline, then
slowly returned to baseline levels at 120 min and 240 min. Similarly, a decrease in
p-YAP(S127) was observed at 15 min (46%, p=0.0038) on LM-10, which then
returned to baseline levels on LM-10 at 120 min and 240 min. No effect of ECM on
p-YAP(S127) levels was observed, and no significant differences between Matrigel
and LM-10 were observed at each time point after IL-1p treatment.

Similarly, | analysed the p-YAP(S397)/YAP ratio at the same time intervals after
IL-1B treatment in hCMEC/D3 cells (Fig. 3.9). IL-1f treatment (p=0.0002) affected
p-YAP(S397) levels in a time-dependent manner both on Matrigel and LM-10.
When hCMEC/D3 cells were seeded on Matrigel, there was a small, not significant,
initial reduction in p-YAP(397) levels at 5 min (35% p=0.7288) and 30 min (15%,
p=0.9978) after IL-1B treatment compared to baseline. This was followed by a
marked increase in p-YAP(397) levels between 30 min and 240 min after IL-18

treatment, and significant increases were observed at 120 min (2.7-fold increase,
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p=0.0063) and 240 min (4.1-fold increase, p<0.0001) compared to baseline on
Matrigel. In contrast, the signalling pattern of p-YAP(397) expression on
hCMEC/D3 seeded on LM-10 did not resemble that on Matrigel. A consistent,
significant reduction in p-YAP(397) levels in hCMEC/D3 cells on LM-10 were
observed between 15 min and 120 min after IL-18 treatment compared to basal
levels, with a significant reduction at 15 min (55%, p=0.0349), 30 min (72%,
p=0.0089) and 60 min (69%, p=0.0073), with a small increase in levels observed
at 240 min (36%, p=0.4310). Interestingly, the ECM (p=0.0112) had a significant
effect on the levels of p-YAP(S397), demonstrating elevated levels of p-YAP(S397)
on Matrigel compared to LM-10. On direct comparison between corresponding
time points on Matrigel and LM-10, significantly higher levels of p-YAP(397) was
observed at 30 min (4.2-fold increase, p=0.0219), 120 min (4.5-fold increase,
p=0.0014), 240 min (3.63-fold increase, p<0.0001) after IL-1B treatment on
Matrigel.

Alongside assessment of YAP activation, | also assessed the levels of phopsho-
NF-kB p65 (Fig. 3.10) and IkBa (Fig. 3.11), well characterised components of NF-
KB signalling, to confirm successful IL-1 activation at each time interval. IL-13
treatment (p=0.0002) affected the levels of phopsho-NF-kB p65 in a time-
dependent manner both on Matrigel and LM-10 (Fig. 3.10). Similar patterns of
phopsho- NF-kB p65 signalling were observed when cells are seeded on Matrigel
or LM-10, whereby there was a rapid increase of phopsho-NF-kB p65 at 5 min after
IL-1B treatment. In hCMEC/D3 cells seeded on Matrigel, there was a significant
increase in phopsho-NF-kB p65 expression at 5 min (15.5-fold increase, p=0.0002)
after IL-1B treatment compared to baseline, which slightly dropped but remained
elevated at 15 min (11-fold increase, p=0.0081), 30 min (13-fold increase,
p=0.0011), 60 min (11-fold increase, p=0.0063) before more markedly reducing at
120 min and 240 min after IL-1B treatment. A significant increase in phopsho-NF-
KB p65 expression in hCMEC/D3 cells on LM-10 was observed at 5 min (12.8-fold
increase, p<0.0001) after IL-1B treatment compared to baseline, which slightly
dropped but remained elevated at 15 min (8.9-fold increase, p=0.0002) and 30 min
(7-fold increase, p=0.0046), before markedly reducing at 60 min after IL-1B
treatment. Interestingly the ECM (p=0.0161) had a significant effect on phopsho-
NF-kB p65 levels, with significantly higher levels of phopsho-NF-kB p65 observed
at 5 min (1.5-fold increase, p=0.0425) on LM-10 compared to 5 min on Matrigel.
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| next assessed IkBa expression after IL-13 treatment in hCMEC/D3 cells (Fig.
3.11). Although IL-1B treatment (p<0.0001) affected IkBa in a time-dependent
manner both on Matrigel and LM-10, no effect of ECM was determined. There was
a marked, significant reduction in IkBa levels in hCMEC/D3 cells seeded on
Matrigel after 5 min (84%, p= 0.0021), 30 min (95%, p=0.0001) and 60 min (87%,
p=0.0016) of IL-1B treatment. A marked and significant reduction in IkBa at 5 min
(82%, p=0.0013), 30 min (92%, p=0.0001) and 60 min (88%, p=0.0005) after IL-
1B treatment was observed in hCMEC/D3 cells seeded on LM-10. Direct
comparison between corresponding time-points on Matrigel and LM-10 showed no

significant differences in IkBa levels were detected.
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Figure 3.8. Effect of LM-10 on p-YAP(S127) signalling after IL-1B-induced activation
in hCMEC/D3 cells.

hCMEC/D3 cells were seeded at a density of 200,000 cells/well in a 24-well plate for 4 h.
Cells were treated with IL-1B (10 ng/ml) for various length of time (from 5 min to 240 min).
Cell lysates were then collected and assayed for p-YAP(S127) and total YAP by Western
blot. p-YAP(S127), YAP and [B-actin were quantified using densitometry on ImageJ. p-
YAP(S127) and YAP were normalised to B-actin, and the ratio of normalised p-YAP
(S127)/total YAP was calculated. Data are represented as mean + SEM of 4 biological
replicates (n=4). The blot is a representative image. Data were assessed by a two-way RM
ANOVA followed by Sidak’s post-hoc analysis. * represents significance comparing the
mean ratio of p-YAP(S127)/total YAP at corresponding time points on Matrigel vs LM-10
and # represents significance within ECM to baseline. Significant main effects of IL-13
treatment time and the ECM coating are indicated on the top left of the graphs. *p<0.05.
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Figure 3.9. Effect of LM-10 on p-YAP(S397) signalling after IL-1B-induced activation
in hCMEC/D3 cells.

hCMEC/D3 cells were seeded at a density of 200,000 cells/well per well in a 24-well plate
for 4 h. Cells were treated with IL-1B (10 ng/ml) for various length of time (from 5 min to
240 min). Cell lysates were then collected and assayed for p-YAP(S397) and total YAP by
Western blot. p-YAP(S397), YAP and B-actin were quantified using densitometry on
ImageJ. p-YAP(S397) and YAP were normalised to B-actin, and the ratio of normalised p-
YAP(S397)/total YAP was calculated. Data are represented as mean + SEM of 4 biological
replicates (n=4). The blot is a representative image. Data were assessed by a two-way RM
ANOVA followed by Sidak’s post-hoc analysis. * represents significance comparing the
mean ratio of p-YAP(S397)/total YAP at corresponding time points on Matrigel vs LM-10
and # represents significance within ECM to baseline. Significant main effects of IL-1f3
treatment time and the ECM coating are indicated on the top left of the graphs. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.10. Effect of LM-10 on phospho-NF-kB p65 signalling after IL-1B-induced
activation in hCMEC/D3 cells.

hCMEC/D3 cells were seeded at a density of 200,000 cells/well per well in a 24-well plate
for 4 h. Cells were treated with IL-13 (10 ng/ml) for various length of time (from 5 min to
240 min). Cell lysates were then collected and assayed for phospho-NF-kB p65 by western
blot. Phospho-NF-kB p65 and B-actin were quantified using densitometry on ImageJ.
Phospho-NF-kB p65 was normalised to B-actin and the ratio is presented. Data are
represented as mean + SEM of 4 biological replicates (n=4). The blot is a representative
image. Data were assessed by a two-way RM ANOVA followed by Sidak’s post-hoc
analysis * represents significance comparing phospho-NF-kB p65 at corresponding time
points on Matrigel vs LM-10 and # represents significance within ECM to baseline.
Significant main effects of IL-1p treatment time and the ECM coating are indicated on the
top left of the graphs. *p<0.05.
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Figure 3.11. Effect of LM-10 on IkBa signalling after IL-1B-induced activation in
hCMEC/D3 cells.

hCMEC/D3 cells were seeded at a density of 200,000 cells/well per well in a 24-well plate
for 4 h. Cells were treated with IL-13 (10 ng/ml) for various length of time (from 5 min to
240 min). Cell lysates were then collected and assayed for IkBa by western blot. IkBa and
B-actin were quantified using densitometry on ImageJ. IkBa was normalised to B-actin and
the ratio is presented. Data are represented as mean +SEM of 4 biological replicates (n=4).
The blot is a representative image. Data were assessed by a two-way RM ANOVA followed
by Sidak’s post-hoc analysis * represents significance comparing IkBa at corresponding
time points on Matrigel vs LM-10 and # represents significance within ECM to baseline.
Significant main effects of IL-1p treatment time and the ECM coating are indicated on the
top left of the graphs. *p<0.05.
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To investigate the nuclear activity of YAP as a transcriptional co-activator, |
analysed the mRNA levels of its target genes Ctgf (Fig. 3.12A) and Serpine 1 (Fig.
3.12B). Interestingly, a main effect of IL-18 (p=0.0024) and a main effect of ECM
(p=0.0026) on the mRNA levels of Ctgf was observed. There was a significant
marked reduction (97%, p=0.0197) of Ctgf mRNA levels in hCMEC/D3 cells on
Matrigel after IL-1B3 treatment, whilst the reduction on LM-10 was not significant
(22%, p=0.6031). On direct comparison of baseline Ctgf mMRNA levels between
Matrigel and LM-10, there was notably elevated levels on LM-10 (1.6-fold increase,
p=0.2515). After IL-1p treatment, there was a significant difference in levels of Cigf
MRNA levels between Matrigel and LM-10 (42-fold increase, p=0.0127). In
contrast, | observed a different IL-13 effect on Serpine 1 mMRNA levels whereby no
overall effect of IL-1B was observed, whilst there was a trend towards significance
effect of ECM (p=0.0667), suggesting potentially elevated levels of Serpine 1
MRNA on LM-10. On comparison within plate coating, although not significant,
there was an increase (47%, p=0.6333) in Serpine 1 mRNA on Matrigel after IL-13
treatment compared to the untreated condition on Matrigel. However, this was not
mirrored in cells seeded on LM-10 after IL-1B treatment. Similarly to basal levels
of Ctgf, and although not significant, there was an increase of Serpine 1 mRNA
levels at baseline in hCMEC/D3 cells seeded on LM-10 compared to Matrigel (1.7-
fold increase, p=0.3836).
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Figure 3.12. Effect of LM-10 on genes downstream of YAP after IL-1B-induced
activation in hCMEC/D3 cells.

(A-B) hCMEC/D3 cells were seeded at a density of 200,000 cells/well per well in a 24-well
plate for 4 h and cells were treated with IL-18 (10 ng/ml) for 2 h. Cell lysates were collected
and mRNA levels (normalised to GAPDH housekeeping control) of Ctgf (A) and Serpine 1
(B) were assayed by gPCR. Data are represented as mean = SEM of 4 biological replicates
(n=4). Data were assessed by a two-way RM ANOVA followed by Sidak’s post-hoc
analysis, * represents significance between corresponding conditions on Matrigel vs LM-
10 and # represents significance within ECM to baseline. Significant main effects of IL-1f3
treatment and the ECM coating are indicated on the top left of the graphs. *p<0.05.
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3.3.5. The effect of LM-10 on hallmarks of angiogenesis in vitro
I have shown that LM-10 modulates the inflammatory activation of endothelial cells,
and it has been well reported that inflammation plays a key role in angiogenesis
(Ceulemans et al., 2010; ladecola and Anrather, 2011). Despite evidence that
laminins play protective roles in the CNS (Sixt et al., 2001; Indyk et al., 2003; Song
et al., 2017; Zhang et al.,, 2017), the specific role of the LM-10 isoform in
angiogenesis had not yet been determined. Therefore, | hypothesised that LM-10
is a key driver of angiogenesis, and | investigated this using the scratch assay (Fig.
3.13A,B) and the tube formation assay (Fig. 3.14A-C). The ECM affected the
scratch essay in a time-dependent manner showing an increase in wound density
over time, reflective of increased endothelial migration into the scratched region,
and an elevated increase of wound density on LM-10 compared to Matrigel. LM-
10 increased wound density in hCMEC/DS3 cultures at every time-point (4 h (64%,
p=0.0404), 8 h (60%, 0=0.0006), 12 h (52%, p=<0.0001), 16 h (39%, p=0.0001),
20 h (20.7%, p=0.0052) and 24 h (16%, p=0.0293)) measured across the 24 h
period compared to corresponding time-points on Matrigel (Fig. 3.13B). Matrigel
supplemented with LM-10 increased the number of branches (1.35-fold increase,
p=0.0263, Fig. 3.14B) and total branching length (1.57-fold increase, p=0.0144,
Fig. 3.14C) compared to Matrigel in the tube formation assay, showing that LM-10
increase tube-like structures and their length. These data suggest that LM-10 aids
endothelial migration, a key hallmark in angiogenesis, and increases the ability of

endothelial cells to form tube-like structures, a critical stage in angiogenesis.
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Figure 3.13. Effect of LM-10 on hCMEC/D3 cell migration.

(A) Representative images and (B) quantification of the scratch assay. 96-well Essen
ImagelLock plates were pre-coated with Matrigel (20 pg/ml) or LM-10 (10 pg/ml). 40,000
hCMEC/D3 cells were seeded for 4 h and the 96-pin IncuCyte WoundMaker Tool was used
to create uniform cell-free zones. Phase contrast images were acquired every 4 h on an
Incucyte Zoom Live Cell Analysis system using a 123 4x/3.05 Plan Apo OFN25 objective.
Arrows indicate boundaries of the scratched regions. Scale bar 400 um. The Incucyte
scratch wound assay analysis software as used to calculate relative wound confluence (B).
Data are represented as mean + SEM of 3 technical replicates and 3 biological replicates
(n=3). Data were assessed by a two-way RM ANOVA followed by Sidak’s post-hoc analysis
comparing the means of wound confluence at corresponding time points on Matrigel vs
LM-10. Significant main effects of time and the ECM coating are indicated on the top left of
the graphs *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
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Figure 3.14. Effect of LM-10 on hCMEC/D3 cell tube formation.

(A) Representative images and quantification (B-C) of the tube formation assay. 96-well
plates were pre-coated with Matrigel (9.16 mg/ml) or Matrigel (9.16 mg/ml) supplemented
with LM-10 (10 pg/ml). 10,000 hCMEC/D3 cells were seeded on top of the Matrigel layer.
Phase contrast images were acquired at 0 and 6.5 h on an Incucyte Zoom Live Cell
Analysis system (Essen BioScience, UK) using a 123 4x/3.05 Plan Apo OFN25 objective.
Scale bar 800 um. The angiogenesis analyser macro in ImageJ was used to quantify
number of branches (B) and total branching length (C). Data are represented as mean +
SEM of 2 technical replicates and 4 biological replicates (n=4). Data were assessed by
paired t-test to compare coatings. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001.
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3.4. Discussion

Recent research has demonstrated a novel role of the ECM as a regulator of IL-1-
induced endothelial inflammation in vitro (Summers et al., 2013) and LM-10 has
been identified as a potential mediator of BBB repair in vitro (Kangwantas et al.,
2016). However, the specific role of LM-10 as a regulator of IL-1-driven endothelial
inflammation and angiogenesis in vitro remained unknown. Furthermore, the
signalling crosstalk between IL-1 and Hippo signalling in endothelial cells has not

been investigated. In this study, | have:

e Established an in vitro model using hCMEC/D3 cells, a short seeding time
of 4 h and the plate coating control of Matrigel.

e Established a novel role of LM-10 as a modulator of IL-1B-induced ICAM-1
and VCAM-1 expression in hCMEC/D3 cells.

e Demonstrated that LM-10 increases endothelial proliferation and migration
of hCMEC/D3 cells.

o Elucidated a novel crosstalk between IL-18 and Hippo signalling and
demonstrated altered YAP signalling and YAP associated gene expression
in hCMEC/D3 cells seeded on LM-10.

A focus point of discussion from this study is the development of the experimental
model in order to address our first key aim. Our preliminary experiments used
b.End5 cells and primary MBECs to initially establish the role of LM-10 on cellular
adhesion and endothelial inflammation. | first showed that LM-10 increases bEnd.5
cell attachment in a concentration-dependent manner, whilst a stronger
concentration-dependent effect of LM-10 on cellular adhesion was observed in
primary MBECs compared to bEnd.5 cells. Our preliminary experiments
investigating 1L-13 treatment on bEnd.5 cells and primary MBECs showed the
upregulation of several key adhesion molecules and cytokines/chemokines when
endothelial cells were seeded on LM-10, supporting our hypothesis that LM-10 is
a modulator of inflammation. | observed interesting results suggesting a protective
barrier function role of LM-10 in the context of neutrophil transmigration, whereby
LM-10 reduced neutrophil transmigration despite the enhanced inflammatory
response observed, suggesting that LM-10 may increase barrier properties that

attenuate the transmigratory effects of the upregulation of adhesion molecules.

106



This observed barrier properties is in agreement with other studies showing that
LM-10 reduces neutrophil transmigration across an endothelium (Song et al.,
2017) and the protective function of LM-10 in T cell transmigration in EAE (Sixt et
al., 2001). A striking observation during the preliminary stages was the pronounced
effect that a shorter seeding time of bEnd.5 cells had on the LM-10 effect as a
modulator of inflammation, with marked increases in chemokine KC expression
and MCP-1 observed. | speculate this is likely due to endothelial cells secreting
their own basement membrane once seeded (Davis and Senger, 2005; Thomsen
et al., 2017), and therefore over longer seeding periods the secreted basement
membrane could potentially mask the effect of the ECM plate coating. Hence, this
led us to decide on the use of a 4 h seeding time for future experiments, similar to
that used in other studies (Yun et al., 2016). This resulted in the experimental
reality that primary MBECs would not be viable for a shorter seeding time, and
since | had technical difficulties using bEnd.5 cells in angiogenic assays | pursued
other cell lines for future studies. Subsequently, our next pivotal decision was to
use hCMEC/D3 cells, the human BBB endothelial cell line, since this is a better
model of human cerebral endothelial cells and was suitable for future assays
(Weksler et al., 2013). Furthermore, | decided that Matrigel was a more suitable
ECM control to take forward for future experiments as it better mimicked the
basement membrane of the CNS.

Consequently, this led onto our second key aim to thoroughly characterise the
inflammatory, signalling and angiogenic response in hCMEC/D3 cells. | did not
observe an increase in confluency of hCMEC/D3 cells on LM-10 and hence
suggest this in indicative of no enhanced adhesion effect of LM-10 in this cell line.
Although previous evidence has demonstrated a novel function of the ECM as a
regulator of IL-1-induced cerebral endothelial activation in vitro whereby
attachment of cells to ECM components enhances IL-1-induced activation of
endothelial cells (Summers et al., 2013), the specific role of LM-10 had not yet
been determined. Here, | demonstrated that novel function of LM-10 whereby
endothelial attachment to LM-10 increased ICAM-1 and VCAM-1 expression in
hCMEC/D3 cells after IL-1B treatment, further confirming that the LM-10
inflammatory modulatory effect is conserved between several endothelial cell lines.
Indeed, after cerebral ischaemia there is the upregulation of several vascular
adhesion molecules, including ICAM-1 and VCAM-1, which aid leukocyte
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infiltration into the brain and contribute to subsequent tissue injury (Denes et al.,
2011). However, it is critical that the potential role of adhesion molecules during
angiogenesis is also considered (Liao et al., 2017). The dual nature of adhesion
molecules adds complexity in understanding their overall contribution post-stroke,
therefore their detrimental effects should be considered alongside their contribution
to endothelial progenitor cell homing and angiogenesis. It has been demonstrated
in vitro that VEGF upregulates ICAM-1 brain microvascular endothelial cells
(Radisavljevic et al., 2000), mediating their migration, a key hallmark in
angiogenesis, whilst in vivo data shows that ICAM-1 knockout mice show
attenuated VEGF-mediated angiogenesis (Kasselman et al., 2007), suggesting
that ICAM-1 plays a key role in pathological angiogenesis. There is similar
evidence demonstrating conflicting roles of VCAM-1 with the potential angiogenic
role evidenced in several studies (Gao et al., 2008; Kang et al., 2014). Interestingly,
| saw a strongly potentiated response of VCAM-1 expression compared to ICAM-
1 expression in hCMEC/D3 cells, therefore | speculate that they may be under
different regulatory mechanisms. In line with this speculation, | did not observe a
potentiation of IL-8 on hCMEC/D3 cells seeded on LM-10, which would suggest
that it is not just an overall increased inflammatory profile when cells are seeded
on LM-10, but a specific response dictated by the differential upregulation of
adhesion molecules and cytokines. | appreciate that this is not an exhaustive list
of adhesion molecules and cytokines/chemokines upregulated post-stroke and
suggest that future work using LEGENDplex assays or RNA sequencing would be
of benefit.

| next sought to determine the mechanisms by which LM-10 may modulate the
inflammatory activation of endothelial cells and turned our focus to classical IL-13
signalling pathways. Previous studies had shown a novel regulatory mechanism
by which the ECM modulates ERK1/2 signalling after IL-13 treatment in rat
astrocytes and rat brain endothelial cells in vitro (Summers et al., 2010, 2013) and
therefore this was our first avenue of investigation. However, | did not observe a
modulatory effect of the ECM on phospho-ERK1/2 signalling. Furthermore, | did
not observe the phospho-ERK1/2 signalling response previously observed after IL-
1B treatment in hCMEC/D3 cells, whereby a transient increase in phospho-ERK1/2
would be expected around 15-30 min (Ni et al., 2017). Although, in other studies

using primary mouse brain endothelial cells and a rat brain endothelial cell line
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phospho-ERK1/2 activation in response to IL-1( treatment has not been observed
(Thornton et al., 2010). This led to further investigation of the IL-1 signalling p38
MAPK pathway in which | did observe the signalling response expected of an
increase in phospho-p38a around 15-30 min (Ni et al., 2017). However, | did not
determine an altered signalling response in hCMEC/D3 cells on LM-10. Together,
these findings suggest that the altered inflammatory activation of hCMEC/D3 cells
on LM-10 was not dictated by these signalling mechanisms.

Although the Hippo pathway is typically associated with controlling cell size,
increasing evidence has demonstrated a cross talk between the Hippo pathway
and inflammation (Wang et al., 2020). Of particular interest is the involvement of
YAP/TAZ in TNF-a-induced inflammatory responses in endothelial cells, whereby
TNF-a induced YAP translocation into the nucleus and that nuclear YAP was
required for optimal TNF-a-induced ICAM-1 and VCAM-1 expression (Choi et al.,
2018). However, the interaction between IL-1B signalling and YAP/TAZ activation
had not yet been investigated and this led to our overarching hypothesis that IL-1
signalling would modulate YAP/TAZ activation through downstream effectors. The
understanding in the relationship between inflammation and Hippo signalling is a
growing area and there is conflicting evidence demonstrating conflicting effects of
deletion of YAP (Lv et al., 2018) and knockdown of YAP/TAZ (K.-C. Wang et al.,
2016) respectively. Furthermore, Hippo signalling has been shown to have critical
roles in vascular systems, contributing to vessel homeostasis, vascular
development, angiogenesis (Park and Kwon, 2018). Another complexity in the
Hippo pathway is the relationship with integrin-ECM signalling, whereby there is
extensive evidence that integrin signalling leads to YAP/TAZ activation (Warren et
al., 2018). Of particular interest are the downstream mechanisms in which integrins
modulate YAP/TAZ, hence the cross-talk between other signalling pathways
feeding into the Hippo cascade. There is extensive evidence implicating Src
kinases, FAK, PAK proteins and Rho as potential effectors acting as bridge
between integrin signalling and YAP/TAZ (Warren et al., 2018). This led to a further
hypothesis centred on the differential integrin signalling pathways activated in
hCMEC/D3 cells seeded on different ECM matrix, and whether these pathways
can activate or inhibit kinases of the Hippo cascade and alter YAP/TAZ signalling,
which in turn could then alter the inflammatory activation. There is evidence that

signalling pathways triggered in response to inflammatory stimulus, such as p38
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MAPK (Huang et al., 2016) and ERK1/2 (You et al., 2015), may modulate kinases
of the Hippo cascade. A third hypothesis was also formed as to whether LM-10
triggers altered pathways downstream of IL-1R1 and whether these crosstalk with
the Hippo pathway. It has been recently demonstrated that YAP can act as a
transcriptional repressor of COX-2 transcription downstream of IL-18 signalling
(Zhang et al., 2018). Thus, this led to speculation as to whether YAP could act as
a transcription repressor or activator of other genes downstream of IL-13/NF-kB.

To our knowledge this is the first study to show a YAP response after IL-1B
treatment in hCMEC/D3 cells seeded on Matrigel and LM-10, specifically
demonstrating a novel temporal pattern of YAP phosphorylation at S127 and S397.
The subcellular distribution of YAP is controlled by the reversible phosphorylation
of S127, resulting in 14-3-3 binding and cytoplasmic retention, hence unable to
bind to TEADs (Zhao et al., 2007, 2008). Whilst, the phosphorylation of S397
creates a phospho-degron motif for B-TrCP binding resulting in proteasomal
degradation, providing an irreversible longer-term mechanism of YAP inhibition
(Zhao, Li, Tumaneng, et al., 2010). This is a coordinated response in the regulation
of YAP activation and therefore understanding the patterns of both is critical to
better reflect the status of the cell. After IL-1B treatment in hCMEC/D3 cells, a
similar decrease in S127 was observed at 5-15 min on Matrigel and 15-60 min on
LM-10, followed by an increase back to respective basal levels at 240 min.
However, the temporal pattern of S397 phosphorylation was modulated on each
ECM. | suggest that the rapid reductions in pYAP(127) and pYAP(397) on Matrigel
at 5-15 min after IL-1 treatment are indicative of transient dephosphorylation of
YAP, and hence translocation into the nucleus. This is then followed by a sustained
sequestering of YAP in the cytoplasm between 30-240 min, maintained through
sustained phosphorylation at S127, in which time YAP also becomes
phosphorylated at S397, thus priming YAP for degradation. These findings suggest
that the phosphorylation of YAP at S127 and S397 is coupled when cells are
seeded on Matrigel and treated with IL-1f3. In contrast, | suggest that the transient
reductions in pYAP(127) and pYAP(397) on LM-10 at 15-60 min are indicative of
slightly longer but still transient dephosphorylation of YAP, and hence translocation
into the nucleus. This is then followed by a sustained sequestering of YAP in the
cytoplasm through phosphorylation at S127 between 120-240 min in hCMEC/D3
cells on LM-10. Interestingly, the increase in YAP phosphorylation at S127 is not
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mirrored at S397 in hCMEC/D3 cells on LM-10, instead a sustained decrease in
phosphorylation at S397 is maintained from 5-120 min, until a slight increase at
240 min. This would suggest that when cells are seeded on LM-10, the
phosphorylation of S127 and S397 is not coupled. Although, | should state that this
is not categorically conclusive as a longer time course may be needed to determine
whether there is a delayed upregulation of S397 on LM-10.

To further investigate the YAP response, the mRNA levels of key genes
downstream of YAP were determined. Ctgf is a direct gene downstream of YAP
that is important for cell growth (Zhao et al., 2008). In support of the increased,
sustained phosphorylation of S127 and S397 observed on Matrigel, | show heavily
decreased levels of Ctgf mMRNA 2 h after IL-1B treatment, reflective of decreased
activation of genes downstream of YAP-TEAD. In comparison, no significant
change in Ctgf mRNA was observed 2 h after IL-1f treatment in hCMEC/D3 cells
on LM-10, supporting our previous findings that YAP was not sequestered and
degraded to the same degree as on Matrigel. However, | did not detect any
significant change in Serpinel mRNA levels. | speculate that since Serpinel is
typically associated with mechano-signalling (Liu et al., 2015), that there is the
potential the gene is not regulated via YAP in hCMEC/D3 cells after IL-1
treatment. However, it is important to discuss the limitations of this experiment, by
which | only measured the mRNA levels 2 h after IL-13 treatment and a limited
number of genes. A more thorough approach in the future would be needed,
critically including earlier time points that would measure any rapid upregulation of
genes after the transient translocation of YAP into the nucleus. A time course would
better reflect the upregulation and downregulation of genes associated with YAP,
and enable the response to be mapped to the temporal phosphorylation of YAP

and thus nuclear-cytoplasmic shuttling of YAP.

The NF-kB pathway is a critical mediator of the inflammatory response (Liu et al.,
2017). It has a pivotal role in the expression of pro-inflammatory genes including
chemokines, cytokines, chemokines such as TNF-a and IL-1. Whilst it is also
implicated as a pivotal transcription factor in the downstream signalling response
to activation by pro-inflammatory cytokines, including TNF-a and IL-1. Indeed, NF-
kKB induced by IL-1B is known to upregulate ICAM-1 and VCAM-1 expression
(Collins et al., 1995). Alongside the YAP experiments, | determined the phopsho-
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NF-kB p65 and IkBa temporal expression after IL-1B treatment to ensure | were
stimulating sufficient IL-1f3 activation in the hCMEC/D3 cells. | observed phopsho-
NF-kB p65 and IkBa signalling patterns in response to IL-1B treatment that were
congruent with the well characterised NF-kB signalling (Oeckinghaus and Ghosh,
2009), demonstrating a rapid degradation in the inhibitory subunit IkBa coupled
with rapid phosphorylation of phopsho-NF-kB p65 after IL-18 treatment.
Furthermore, | observed a marked increase in phopsho-NF-kB p65 on LM-10
compared to Matrigel at 5 min after IL-1B treatment, suggesting higher levels of
NF-kB activation. This result should be interpreted with some caution since | could
not determine total p65 levels at the same time due to limited sample quantity.
However, the phopsho-NF-kB p65 have been normalised using (3-actin. Previous
studies do demonstrate modulated NF-kB responses on different ECM coating
(Summers et al., 2010, 2013), and therefore it is plausible speculation that the
effect | observed are reflective of the true NF-kB signalling. In order to categorically
confirm this finding it would be critical to perform further Western blotting to
determine phopsho-NF-kB p65 to total p65 ratios, or to investigate NF-kB signalling

through an alternative method such as a luciferase assay.

Our findings from the temporal phosphorylation pattern of YAP and the signalling
pathways activated after IL-1 treatment can be drawn together and interpreted in
the context our previously discussed YAP hypotheses. Although our findings
support the hypothesis that IL-18 signalling modulates YAP phosphorylation and
downstream YAP gene transcription, the mechanism behind the altered YAP
signalling has not been fully determined. Despite no modulation of p38a and
ERK1/2 pathways, | do observe altered NF-kB activation on LM-10. Hence, | can
speculate that when cells are seeded on LM-10 and treated with IL-1, there is an
altered signalling cascade that leads to increased NF-kB activation, resulting in the
upregulation of ICAM-1 and VCAM-1 | have observed. It has been clearly
demonstrated that the Hippo kinase cascade can be dynamically regulated at
several stages (Piccolo et al., 2014), and therefore | further speculate that the
signalling cascade downstream of IL-1R1 responsible for the increased NF-kB
activation observed on LM-10 may crosstalk with kinases of the Hippo pathway
and act as a regulator of YAP signalling. However, there is another hypothesis that
would need further exploring, which is whether YAP can act as a transcription

repressor or activator of genes downstream of NF-kB, as previously demonstrated
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(Zhang et al., 2018). Thus, whether the different YAP signalling on LM-10 is directly
responsible for the modulated inflammatory response observed on ICAM-1 and
VCAM-1. However, it is important to highlight that the increased expression of
ICAM-1 and VCAM-1 could be NF-kB independent, similar to TNF-a endothelial
activation, whereby YAP/TAZ plays critical roles in regulating endothelial cell
adhesive properties independently of the NF-kB pathway (Choi et al., 2018). This
could be further investigated by silencing YAP/TAZ in hCMEC/D3 cells or using
YAP/TAZ inhibitors to determine the effect on NF-kB, and to confirm that YAP/TAZ
is required for the upregulation of ICAM-1 and VCAM-1. The relationship between
IL-1 and Hippo signalling is worthy of further investigation and its potential role as
a regulator of the inflammatory responses on different ECM components should

be further dissected.

Thus far | have explored the role of LM-10 on the inflammatory activation of
endothelial cells and | next turned our focus to the role of LM-10 in in vitro pro-
angiogenic assays. Extensive evidence suggests that the ECM plays a dynamic
role in CNS repair, providing a supportive framework and contributing to recovery
(Burnside and Bradbury, 2014). Indeed, laminin has been shown to be protective
against neuronal loss and contributes to neuronal survival (Indyk et al., 2003).
Furthermore, LM-10 has been shown to be protective in vitro and reverse key
hallmarks of BBB dysfunction after inflammation in endothelial cells (Kangwantas
et al., 2016). Endothelial cell proliferation and migration are key hallmarks of
angiogenesis (Radisavljevic et al., 2000; Ucuzian et al., 2011). Here, | provide
evidence that LM-10 increased endothelial proliferation and migration of
hCMEC/D3 cells as demonstrated by the scratch assay. The tube formation assay
indicated increased tube-like structures in hCMEC/D3 on LM-10, indicative of
angiogenesis (DeCicco-Skinner et al., 2014). However, a caveat of the
experimental design is that these were measured under normoxic conditions and
for future investigations it would be important to also measure angiogenic assays
under inflammatory (IL-1 treatment) and hypoxic conditions. Although, | speculate
that since | observed increased ICAM-1 and VCAM-1 expression in hCMEC/D3
cells on LM-10 after IL-1B treatment, | would observe increased migration of
endothelial cells under inflammatory conditions as evidence suggests that both are

mediators of endothelial migration (Radisavljevic et al., 2000; Gao et al., 2008).
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In summary, | provide further compelling evidence that there is a dynamic
relationship between inflammation and the ECM. | have established a novel role of
LM-10 as a modulator of IL-1B-induced ICAM-1 and VCAM-1 expression in
hCMEC/D3 cells and that LM-10 increases endothelial proliferation and migration,
which | suggest is indicative of an angiogenic role of LM-10 in BBB repair. | have
elucidated a novel relationship between IL-18 and Hippo signalling, demonstrating
altered YAP signalling and gene expression on LM-10. Further dissection of the
cross-talk between IL-1 signalling and the Hippo pathway would be of particular
interest due to the vast biological processes these signalling pathways underlie in

homeostasis and disease.
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Chapter 4. The role of brain endothelial IL-1R1
deletion on laminin a5 and laminin a4 expression
after cerebral ischaemia.

All experiments were designed and analysed by myself with the input of Dr
Emmanuel Pinteaux. All experiments were performed by me with the input of
others as stated below. Dr Nikolett Lénart and Dr Adam Denés maintained the IL-
1R1% +Tam mijce and |L-1R1% & Sicolel+Tam mjce colony in Budapest, Hungary. Dr
Nikolett Lénart, working alongside Dr Adam Denés, performed the stroke
surgeries, neurological scoring and tissue collection. | performed the tissue
processing and histology. Sarah Ma assisted in the collection of fluorescent images
for analysis and infarct analysis. | performed all other analysis and statistical

analysis.
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4 1. Introduction

A robust inflammatory response is initiated after ischaemic stroke and IL-1 is
considered a key mediator of inflammation (Denes et al., 2011). IL-1, expressed
as two key isoforms IL-1a and IL-18, is rapidly upregulated in the brain after
cerebral ischaemia (Luheshi et al., 2011). IL-1 is known to exert its effects via IL-
1R1 and since brain endothelial cells express the IL-1R1 (Konsman et al., 2004),
the cerebrovasculature is considered a major target of IL-1-induced inflammation.
Several in vitro studies have demonstrated the effects of IL-1 on endothelial cells
including the direct activation of brain endothelial cells in response to IL-13
treatment (Thornton et al.,, 2010; Summers et al, 2013) and neutrophil
transmigration across an activated endothelial monolayer through the upregulation
of chemokines (Allen et al., 2012). Through recent advancement in the genetic
tools available, the conditional deletion of the IL-1R1 in specific cell types in vivo
has become available (Abdulaal et al., 2016) and has been pivotal in our
understanding in the role of IL-1 signalling in specific cell types after ischaemic
stroke (Wong et al., 2019).

The inflammatory response post-stroke is accompanied by a dynamic ECM
remodelling response. The ECM of the CNS plays a critical role in brain
homeostasis and function. The laminin family of glycoproteins are a major
component of the basement membrane (Baeten and Akassoglou, 2011). Laminins
are heterotrimers formed of a a, B, and y chain (Domogatskaya et al., 2012). In the
CNS there are two distinct basement membranes associated with the vessels, an
endothelial basement membrane composed of laminin a5 and laminin a4 (present
in LM-10 and LM-8 respectively), and an outer parenchymal basement membrane
composed of laminin al and laminin a2 (present in LM-1 and LM-2 respectively)
(Sixt etal., 2001). The vascular laminins, laminin a5 and lamnin a4, were of interest
in this study due to their close interaction with the endothelium. It has been
demonstrated in vitro that laminin a5 and laminin a4 are regulated in response to
IL-1 and TNF-a (Sixt et al., 2001). However, the in vivo contribution of endothelial
IL-1 signalling on laminin a5 and laminin a4 expression in the context of stroke had
not yet been determined. Using conditional deletion of IL-1R1 in brain endothelial
cells and the MCAO model of experimental stroke, | investigated the contribution
of IL-1 signalling in brain endothelial cells on infarct volume and laminin expression

post-stroke. | show that in this present study endothelial IL-1R1 signalling does not
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influence infarct volume or neurological outcome. Furthermore, | show that brain
endothelial IL-1R1 dynamically regulates laminin a4 expression but not laminin a5
expression at 2 d and 28 d post-MCAO. | also assessed the effect of brain
endothelial IL-1R1 on proliferation using BrdU staining and detected no effect after
endothelial IL-1R1 deletion.

4.2. Aims

The aim of this study was to establish the role of the IL-1R1 in the
cerebrovasculature after cerebral ischemia. Specific objectives were:
e To assess the role of the IL-1R1 on brain injury and neurological function
after stroke.
e To determine the role of IL-1R1 on laminin a4 and laminin a5 expression
across several time points post-stroke.

e To determine the role of IL-1R1 on angiogenesis post-stroke.

4.3. Results

4.3.1. Brain endothelial IL-1R1 deletion does not reduce infarct volume

and does not improve neurological function
This study first aimed to replicate previous findings that deletion of IL-1R1 from the
cerebrovasculature reduced infarct volume after cerebral ischaemia (Wong et al.,
2019). IL-1R1""*Tam mice and IL-1R1%f A Slcolet*Tam mjce underwent a 30 min MCA
occlusion. Assessment of infarct volume using cresyl violet revealed no significant
difference in lesion volumes in |L-1R1f 4 Sicotct*Tam mjce compared to IL-1R1V! +Tam
mice 48 h after MCAO (Fig. 4.1A-B). Although an improved neuroscore in IL-1R1"
Asleotct+Tam mjce at 24 h after cerebral ischemia has been previously demonstrated
(Wong et al., 2019), the effect of deletion of IL-1R1 on the cerebrovasculature on
body weight and neurological scores at chronic time points post-cerebral ischemia
had not been determined. | assessed the body weight and neurological scores of
IL-1R1%1+Tam mice and IL-1R1% 4 Sicotet+Tam mice across a 28 d period after MCAO.
| observed no effect of deletion of IL-1R1 in brain endothelial cells on body weight
(Fig. 4.2A) or neurological function assessed by 28-point neuroscore (Fig. 4.2B)

and Bederson’s neuroscore (Fig. 4.2C) across the 28 d period post-MCAO.
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Figure 4.1. Brain endothelial IL-1R1 deletion does not influence infarct volume after
stroke.

(A) Infarct volume at 48 h post-stroke was assessed on cresyl violet stained brain sections.
Representative cresyl violet images are shown, scale bar 2000 pm. (B) Lesion volume
analysis calculated using CaseViewer. Data are represented as mean + SEM, IL-
1R1fA+Tam: n=5 | -1R1%A A Sleotet: =6, Data were assessed by an unpaired t-test to
compare genotypes (B), n.s.=not significant.
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Figure 4.2. Brain endothelial IL-1R1 deletion does not influence body weight or
neurological function after stroke.

(A) Weight of animals expressed as percentage (%) of baseline weight across the 28 d
post-stroke. Neurological deficits were assessed using the Garcia’s (28-point neuroscore)
(B) and Bederson’s neuroscore (C). Data are represented as mean + SEM, IL-1R1f/+Tam:
n=5-6, IL-1R1MM & Slcotel: n=5_6 at each time point. Data were assessed by mixed-effects
model (REML) with Sidak’s post-hoc analysis comparing weights/neuroscores at
corresponding time points between genotypes (A-C).
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4.3.2. Brain endothelial IL-1R1 deletion on laminin a5 across at 2 d, 14 d,

28 d post-MCAO
Although several studies have demonstrated a dynamic ECM response after
cerebral ischemia, the role of brain endothelial IL-1R1 signalling on the expression
of laminin a4 and laminin a5 had not yet been investigated. Therefore, | assessed
the expression of laminin a5 at 2 d, 14 d and 28 d post-MCAO in IL-1R1"1*Tam mjce
and IL-1R1%" & Sieotet*Tam mjce  Qur findings revealed no significant effect of
endothelial IL-1R1 deletion (p=0.1433) or stroke (p=0.2468) on laminin a5
expression in the cortex 2 d after MCAO (Fig. 4.3A,C), demonstrating that IL-1R1
deletion did not influence laminin a5 expression, and that laminin a5 expression
was not differentially regulated on the ipsilateral side of the brain compared to the
contralateral side after cerebral ischemia. Similarly, our findings revealed no
significant effect of endothelial IL-1R1 deletion (p=0.6589) or stroke (p=0.0753) on
laminin a5 expression in the striatum 2 d after MCAO (Fig. 4.3B,D), demonstrating
that IL-1R1 deletion did not influence laminin a5 expression. | did not detect any
significant differences upon direct comparison of the contralateral and ipsilateral
hemispheres within genotypes and between genotypes at 2 d in the cortex and the

striatum.

Since 14 d post-cerebral ischaemia is typically associated with BBB repair, | next
assessed the effect of brain endothelial IL-1R1 deletion on laminin a5 expression
post-MCAO to test our hypothesis that LM-10 expression is increased during the
repair phase. Our findings revealed no significant effect of endothelial IL-1R1
deletion (p=0.7452) or stroke (p=0.5975) on laminin a5 expression in the cortex 14
d after MCAO (Fig. 4.4A,C), demonstrating that IL-1R1 deletion did not influence
laminin a5 expression, and that laminin a5 expression was not differentially
regulated on the ipsilateral side of the brain compared to the contralateral side after
cerebral ischemia. Similarly, our findings revealed no significant effect of
endothelial 1L-1R1 deletion (p=0.3781) or stroke (p=0.4701) on laminin a5
expression in the striatum 14 d after MCAO (Fig. 4.4B,D). Furthermore, | did not
detect any significant differences upon direct comparison of the contralateral and
ipsilateral hemispheres within genotypes and between genotypes at 14 d in the

cortex and the striatum.
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As relatively little is known about the chronic repair mechanisms in mice after
cerebral ischaemia, | next assessed the effect of brain endothelial IL-1R1 deletion
on laminin a5 expression 28 d post-cerebral ischemia. Our findings revealed no
significant effect of endothelial IL-1R1 deletion (p=0.9153) or stroke (p=0.0791) on
laminin a5 expression in the cortex 28 d after MCAO (Fig. 4.5A,C), demonstrating
that IL-1R1 deletion did not influence laminin a5 expression. Similarly, our findings
revealed no significant effect of endothelial IL-1R1 deletion (p=0.9066) or stroke
(p=0.3058) on laminin a5 expression in the striatum 14 d after MCAO (Fig. 4.5B,D),
demonstrating that IL-1R1 deletion did not influence laminin a5 expression, and
that laminin a5 expression was not differentially regulated on the ipsilateral side of
the brain compared to the contralateral side after cerebral ischemia. Furthermore,
| did not detect any significant differences upon direct comparison of the
contralateral and ipsilateral hemispheres within genotypes and between genotypes

at 28 d in the cortex and the striatum.
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Figure 4.3. Brain endothelial IL-1R1 deletion does not influence cortical or striatal
laminin a5 expression 2 d post-stroke.

(A-B) Laminin a5 (red) immunohistochemistry in ipsilateral or contralateral hemispheres of
cortical (A) and striatal (B) regions 2 d post-stroke. Scale bar 50 um. (C-D) Integrated
density (percentage area x mean fluorescence intensity) of laminin a5 staining in ipsilateral
or contralateral hemispheres of cortical and striatal regions was quantified with ImageJ
software. Data are represented as mean + SEM, IL-1R1+Tam: n=5 || -]R1f/ A Slcolct: n=@,
Data were assessed by a RM two-way ANOVA followed by Sidak’s post-hoc analysis
comparing the expression of laminin a5 between genotypes (C,D).
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Figure 4.4. Brain endothelial IL-1R1 deletion does not influence cortical or striatal
laminin a5 expression 14 d post-stroke.

(A-B) Laminin a5 (red) immunohistochemistry in ipsilateral or contralateral hemispheres of
cortical (A) and striatal (B) regions 14 d post-stroke. Scale bar 50 um. (C-D) Integrated
density (percentage area x mean fluorescence intensity) of laminin a5 staining in ipsilateral
or contralateral hemispheres of cortical and striatal regions was quantified with ImageJ
software. Data are represented as mean + SEM, IL-1R1/+Tam: n=@ |_-1R1%f A Slcotct: n=5
Data were assessed by a RM two-way ANOVA followed by Sidak’s post-hoc analysis
comparing the expression of laminin a5 between genotypes (C,D).
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Figure 4.5. Brain endothelial IL-1R1 deletion does not influence cortical or striatal
laminin a5 expression 28 d post-stroke.

(A-B) Laminin a5 (red) immunohistochemistry in ipsilateral or contralateral hemispheres of
cortical (A) and striatal (B) regions 28 d post-stroke. Scale bar 50 um. (C-D) Integrated
density (percentage area x mean fluorescence intensity) of laminin a5 staining in ipsilateral
or contralateral hemispheres of cortical and striatal regions was quantified with ImageJ
software. Data are represented as mean + SEM, IL-1R1f/+Tam: n=5 || -]R1%f A Slcolcl: n=g,
Data were assessed by a RM two-way ANOVA followed by Sidak’s post-hoc analysis
comparing the expression of laminin a5 between genotypes (C,D).
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4.3.3. Brain endothelial IL-1R1 deletion on laminin a4 at 2 d, 14 d and 28

d post-MCAO
Since laminin o4 is the other major laminin isoform associated with the vasculature
in the CNS, | next investigated the effect of endothelial IL-1R1 deletion on the
expression of the laminin o4 after cerebral ischemia. Our findings revealed a
significant effect of stroke (p=0.0146) on laminin a4 expression in the cortex 2 d
after MCAO (Fig. 4.6A, C), demonstrating that laminin o4 expression was
differentially regulated on the ipsilateral and contralateral sides of the brain.
Although not significant, there was a trend towards a significant reduction in laminin
a4 in the ipsilateral side of the cortex compared to the contralateral in IL-1R1"f+Tam
mice (14% reduction, p=0.0582, Fig. 4.6C). In contrast, no change in laminin a4
expression in the cortex 2 d post-stroke was observed in IL-1R1%/ 4 Sicotel+Tam mjce
(Fig. 4.6C). A significant effect of endothelial IL-1R1 deletion (p=0.0210) on laminin
a4 expression in the cortex 2 d after MCAO was observed (Fig. 4.6A, C).
Specifically, IL-1R1"" *Ta™ mijce show elevated expression of laminin a4 in the
contralateral side of the brain compared to the contralateral of IL-1R1/f 4 Sicotct+Tam
mice in the cortex at 2 d (40% difference, p=0.0299, Fig. 4.6C). Although not
significant, a marked reduction in laminin a4 was observed in IL-1R1% 4 Sicotct+Tam
mice in the ipsilateral side of the cortex at 2 d compared to IL-1R1""*Ta" mice (37%
difference, p=0.0611, Fig. 4.6C).

No significant effect of stroke on laminin a4 expression in the striatum at 2 d post-
MCAO was observed (p=0.1811); however despite not being significant, there was
a marked reduction in laminin a4 expression in IL-1R1"*TaM mice in the ipsilateral
side compared to the contralateral side (60% reduction, p=0.1052, Fig. 4.6D),
suggesting that laminin a4 may be downregulated in the striatum after MCAO in
mice with endothelial IL-1R1 deletion. No significant difference was observed
between the contralateral and ipsilateral striatal regions of IL-1R1"" *Ta™ mice at 2
d (Fig. 4.6D). Although not significant, a trend towards a significant effect of
endothelial IL-1R1 deletion on laminin a4 expression in the striatum at 2 d post-
MCAO was detected (p=0.1017, Fig. 4.6B,D), demonstrating that IL-1R1 deletion
may influence laminin a4 expression in this region at this time point. Interestingly,
upon direct comparisons of the contralateral striatal regions between IL-1R1%+Tam
mice and IL-1R1% A Slcolet*Tam mice there was a significant reduction in laminin a4
expression in [L-1R1M A Sleotet*Tam mice (62% reduction, p=0.0475, Fig. 4.6D). No
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significant difference was observed between the ipsilateral striatal regions of IL-
1R1%"+Tam mice and |L-1R1% A Slcotet*Tam mjce at 2 d (Fig. 4.6D).

| also measured laminin a4 expression at 14 d after MCAO in the cortex and
striatum. Our findings revealed no significant effect of stroke (p=0.8475) or
endothelial IL-1R1 deletion (p=0.5661) on laminin a4 expression in the cortex 14 d
after MCAO (Fig. 4.7A,C). Upon direct comparison between the cortical
contralateral and ipsilateral regions within each genotype, although not significant,
a trend toward a significant increase in the ipsilateral region in IL-1R1%1*Tam mjce
(33% increase, p=0.2763, Fig. 4.7C) and decrease in the ipsilateral region of IL-
1R/ A Sicotel+Tam mjce (28% decrease, p=0.1817, Fig. 4.7C) compared to their
respective contralateral regions were detected. Interestingly, upon direct
comparisons of the contralateral cortical regions between IL-1R1""*Ta" mice and
IL-1R1MM A Skeotct+Tam mice  there was a trend towards a significant increase in
laminin a4 expression in IL-1R1% 4 Sieotci*Tam mjce (58% increase, p=0.1546, Fig.
4.7C). Whereas, no significant difference between the ipsilateral cortical regions of
IL-1R1%1 +Tam mjce and IL-1R1MM & SicoTel*Tam mjce was detected (p=0.6413, Fig.
4.7C). Our findings revealed no significant effect of stroke (p=0.2761) or
endothelial IL-1R1 deletion (p=0.5365) on laminin a4 expression in the striatum 14
d after MCAO (Fig. 4.7B,D). Although not significant, there is a trend towards a
significant increase in laminin a4 in the ipsilateral side of the striatum compared to
the contralateral in IL-1R1"*Tam mjce (increase, p=0.1435, Fig. 4.7D). In contrast,
no change in laminin a4 expression in the ipsilateral region of the striatum
compared to the contralateral regions 14 d post-stroke was observed in IL-1R1%12
Sleolel+Tam mjjce (p=0.9246, Fig. 4.7D). | did not detect any significant differences
upon direct comparison of the contralateral and ipsilateral hemispheres between

genotypes in the striatum at 14 d (Fig. 4.7D).

| also measured laminin a4 expression 28 d post-MCAO. Our findings revealed no
significant effect of stroke (p=0.5020) or endothelial IL-1R1 deletion (p=0.1721) on
laminin a4 expression in the cortex 28 d after MCAO (Fig. 4.8A,C). Direct
comparison between the cortical contralateral and ipsilateral regions within each
genotype revealed no significant differences (IL-1R1""*Ta™ mjice, p=0.4307 and IL-
1R1MM A Slcotel*Tam mice p=0.9392, Fig.8C). Upon direct comparisons of the
contralateral (p=0.8575) and ipsilateral (p=0.1500) cortical regions between IL-
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1R1% +Tam mice and IL-1R1MM A Skote*Tam mice  no significant differences were
detected (Fig. 4.8C). Our findings revealed no significant effect of stroke
(p=0.6840) or endothelial IL-1R1 deletion (p=0.1577) on laminin a4 expression in
the striatum 28 d after MCAO (Fig. 4.8B,D). Direct comparison between the striatal
contralateral and ipsilateral regions within each genotype revealed no significant
differences (IL-1R1"1*Ta" mice, p=0.7973 and IL-1R1MMASlcotet*Tam mice n=0,9980,
Fig. 4.8D). Upon direct comparisons of the contralateral (p=0.4396) and ipsilateral
(p=0.2353) striatal regions between IL-1R1"" *T@8m mice and [L-1R1MM A Sicotct+Tam

mice, no significant differences were detected (Fig. 4.8D).
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Figure 4.6. Brain endothelial IL-1R1 deletion influences cortical and striatal laminin
a4 expression 2 d post-stroke.

(A-B) Laminin a4 (red) immunohistochemistry in ipsilateral or contralateral hemispheres of
cortical (A) and striatal (B) regions 2 d post-stroke. Scale bar 50 um. (C-D) Integrated
density (percentage area x mean fluorescence intensity) of laminin a4 staining in ipsilateral
or contralateral hemispheres of cortical and striatal regions was quantified with ImageJ
software. Data are represented as mean + SEM, IL-1R1/+Tam: n=g | -1R1f/M A Slcolcl: n=@,
Data were assessed by a RM two-way ANOVA followed by Sidak’s post-hoc analysis
comparing the expression of laminin a4 between genotypes (C,D).
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Figure 4.7. Brain endothelial IL-1R1 deletion does not significantly influence cortical
and striatal laminin a4 expression 14 d post-stroke.

(A-B) Laminin a4 (red) immunohistochemistry in ipsilateral or contralateral hemispheres of
cortical (A) and striatal (B) regions 14 d post-stroke. Scale bar 50 pm. (C-D) Integrated
density (percentage area x mean fluorescence intensity) of laminin a4 staining in ipsilateral
or contralateral hemispheres of cortical and striatal regions was quantified with ImageJ
software. Data are represented as mean + SEM, IL-1R1/+Tam: n=@ |-1R1%f A Slcolct: n=g,
Data were assessed by a RM two-way ANOVA followed by Sidak’s post-hoc analysis
comparing the expression of laminin a4 between genotypes (C,D).
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Figure 4.8. Brain endothelial IL-1R1 deletion does not significantly influence cortical
and striatal laminin a4 expression 28 d post-stroke.

(A-B) Laminin a4 (red) immunohistochemistry in ipsilateral or contralateral hemispheres of
cortical (A) and striatal (B) regions 28 d post-stroke. Scale bar 50 um. (C-D) Integrated
density (percentage area x mean fluorescence intensity) of laminin a4 staining in ipsilateral
or contralateral hemispheres of cortical and striatal regions was quantified with ImageJ
software. Data are represented as mean + SEM, IL-1R1+Tam: n=5 || -]R1f/ A Slcolct: n=@,
Data were assessed by a RM two-way ANOVA followed by Sidak’s post-hoc analysis
comparing the expression of laminin a4 between genotypes (C,D).
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4.3.4. Brain endothelial IL-71R1 deletion on laminin a5 and laminin a4

expression across a 28 d period post-MCAO
In order to determine the temporal profile of laminin expression post-stroke, |
presented the data across the 28 d period for the cortex and striatum. Our findings
revealed a significant effect of time on laminin a5 expression in the cortex
(p=0.0002, Fig. 4.9A) and striatum (p=0.0002, Fig. 4.9B) after MCAO. No
significant changes in laminin a5 expression was observed at 14 d in both IL-1R1""
*Tam mice and IL-1R1% A Sleotet+Tam mjce when compared to respective regions at 2
d. There was no significant increase in laminin a5 expression in the contralateral
cortical regions of IL-1R1%1+Ta™ mjce and IL-1R1M 4 Sleolci+Tam mice at 28 d post-
MCAO compared to their respective contralateral cortical regions at 2 d post-stroke
(Fig. 4.9A). Laminin a5 expression significantly increased in the ipsilateral cortical
regions of IL-1R1""+Tam mice (p=0.0454) and IL-1R1f 4 Sicotet+Tam mjce (p=0.0045)
at 28 d post-MCAO compared to their respective ipsilateral cortical regions at 2 d
post-stroke (Fig. 4.9A). Laminin a5 expression increased in the contralateral
striatal regions of IL-1R1%" *Tam (p=0.0492) mice and IL-1R1% A& Slcotct+Tam mjce
(p=0.0384) at 28 d post-MCAO compared to their respective contralateral striatal
regions at 2 d post-stroke (Fig. 4.9B). Although not significant, there was a trend
towards an increase in the ipsilateral striatal regions of IL-1R1" *Tam mice
(p=0.2418) and IL-1R1ASkcotet*Tam mjce (p=0.0756) at 28 d post-MCAO compared
to their respective contralateral ipsilateral striatal at 2 d post-stroke (Fig. 4.9B). No
significant effect of genotype/hemisphere of the brain was observed in the cortex
(p=0.8696, Fig. 4.9A) or striatum (p=0.7745, Fig. 4.9B) across the 28 d.

Our findings revealed a trend toward significant effect of time on laminin o4
expression in the cortex (p=0.1106, Fig. 4.9C) after MCAO. No significant changes
in laminin a4 expression was observed at 14 d in both IL-1R1%1*Ta" mice and IL-
1R 174 Sleotet*Tam mice when compared to respective regions at 2 d. There was no
significant change in laminin a4 expression in the contralateral cortical regions in
IL-1R1%1 +Tam mice and IL-1R1"" & Skotei*Tam mice at 28 d compared to their
respective contralateral cortical regions at 2 d post-stroke (Fig. 4.9C). Laminin o4
increased in the ipsilateral cortical regions of IL-1R1""*Ta" mice at 28 d post-MCAO
compared to their respective ipsilateral cortical regions at 2 d post-stroke
(p=0.0206, Fig. 4.9C). However, no significant change in laminin a4 expression in

the ipsilateral cortical regions of IL-1R1""+Ta™ mjce at 28 d post-MCAO compared
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to their respective ipsilateral cortical regions at 2 d post-stroke (0.7819, Fig. 4.9C).
Although not significant, a trend towards a significant effect of
genotype/hemisphere of the cortex (p=0.0578) was observed. Specifically, IL-
1R1"+Tam mice demonstrated elevated levels of laminin a4 in the ipsilateral cortical
regions at 28 d post-MCAO compared to the contralateral (p=0.0326) and
ipsilateral (p=0.0181) regions of IL-1R1"14 Sicotet+Tam mjce gt 28 d (Fig. 4.9C). Our
findings revealed a significant effect of time on laminin a4 expression in the
striatum (p=0.0009, Fig. 4.9D) after MCAO. Although there was a trend toward an
increase in laminin a4 in the contralateral striatal region of IL-1R1%"1+Tam mice at 28
d compared to 2 d (p= 0.1971, Fig. 4.9D), there was a significant increase in the
ipsilateral striatal region of IL-1R1""*Tam mice at 28 d compared to 2 d (p=0.0026,
Fig. 4.9D). However, no significant changes were observed in the contralateral (p=
0.6015) and ipsilateral (p= 0.5140) regions of IL-1R1MM 4 Slcotet+Tam mjce gt 28 d
compared to 2 d post-MCAO (Fig. 4.9D). A trend towards a significant effect of
genotype/hemisphere of the striatum (p=0.1286) was observed. Specifically, IL-
1R1%1+Tam mice demonstrated elevated levels of laminin a4 in the ipsilateral striatal
regions at 28 d post-MCAO compared to the contralateral (p=0.0476) and
ipsilateral (p= 0.0724) regions of IL-1R1MM4 Slcotcl*Tam mjce gt 28 d (Fig. 4.9D).
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Figure 4.9. Overview of laminin a5 and laminin a4 expression in the cortex and
striatum across each time point.

(A-D) Summary of the integrated density (percentage area x mean fluorescence intensity)
of laminin a5 (A-B) and laminin a4 (C-D) staining in the cortex and striatum. Data are
represented as mean + SEM, IL-1R1%+Tam: n=5.6, |L-1R1f/ A Slcolct: n=5-6 at each time
point. Data were assessed by a two-way ANOVA followed by Tukey’s post-hoc analysis, *
denotes significance comparing the expression of laminin a5/laminin a4 in each region of
interest and # denotes significance comparing back to the respective regions at 2 d post-
stroke (A-D).
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4.3.5. Brain endothelial IL-1R1 deletion does not modulate proliferation of

cells at 14 d post-MCAO
Since | hypothesised that the cerebral vascular IL-1R1 would play a critical role in
repair post-stroke, | next measured BrdU staining as an indication of cellular
proliferation and angiogenesis. IL-1R1"1*Ta" mice and IL-1R1%f4 Sicotet*Tam mjce to
be culled at 14 d had injections of BrdU daily beginning at 10 d after MCAO until
the day of sacrifice. The ipsilateral hemisphere was assessed in the cortex (Fig.
4.10A,C) and striatum (Fig. 4.10B,C) for BrdU positive cells. Although not
significant, there was trend toward an increase in BrdU positive cells in the
ipsilateral striatal regions of IL-1R1""*Ta" mjce (p=0.1663) and IL-1R1 /A Slcotci+Tam
mice (p=0.2555) compared to their respective ipsilateral cortical regions (Fig.
4.10C). However, on direct comparison of the ipsilateral cortex (p=0.8305) and
ipsilateral striatum (p=0.7183) between genotypes, no significant differences were
detected suggesting that endothelial IL-1R1 deletion does not affect cellular
proliferation at 14 d (Fig. 4.10C).
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Figure 4.10. Brain endothelial IL-1R1 deletion does not influence ipsilateral cortical
and striatal cellular proliferation 14 d post-stroke.

(A-B) Animals to be culled at 14 d had injections of BrdU daily beginning at 10 d after MCAO
until the day of sacrifice. BrdU (red) immunohistochemistry in the ipsilateral hemisphere of
cortical (A) and striatal (B) regions 14 d post-stroke. Scale bar 50 um. (C) Proliferation was
quantified by counting the number of bromodeoxyuridine (BrdU)-positive cells in a defined
region using ImageJ. Data are represented as mean +/- SEM, IL-1R1%M+Tam: n=4 [ -1R1
ASleotel+Tam: n=5, Data were assessed by a two-way RM ANOVA followed by Sidak’s post-
hoc analysis comparing within genotypes and between genotypes.
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4.4. Discussion

There is a dynamic ECM remodelling response post-stroke that occurs alongside
a potent inflammatory response driven by IL-1 signalling. The endothelium is a
known target of IL-1 signalling (Allen et al., 2012) and endothelial cells have been
demonstrated to increase laminin expression in response to IL-1 in vitro (Sixt et al.,
2001). However, the exact contribution of endothelial IL-1R1 signalling on laminin
a5 and laminin a4 expression post-stroke at acute and chronic time points had not
yet been investigated. Our data demonstrates that laminin a4 is more dynamically
regulated than laminin a5 post-stroke and that laminin a4 expression is regulated
by endothelial IL-1R1 signalling. In this study, | have:

e Demonstrated that endothelial IL-1R1 signalling does not influence infarct
volume or neurological outcome after MCAO.

e Demonstrated that brain endothelial IL-1R1 dynamically regulates laminin
a4 expression but not laminin a5 expression at 2 d and 28 d post-MCAO.

o Demonstrated that endothelial IL-1R1 signalling does not influence cellular
proliferation at 14 d after MCAO.

The sophisticated transgenic capacity to knockout the IL-1R1 in specific cell types
prior to experimental stroke has been a valuable tool to determine the cell specific
contribution of IL-1 signalling to brain injury. A recent study by Wong and
colleagues (2019) induced conditional IL-1R1 deletion in brain endothelial cells,
cholinergic neurons and blood cells, identifying the cerebrovascular endothelium
and cholinergic neurons as the major targets for IL-1-mediated brain injury after
cerebral ischemia in mice. Specifically, a 29% reduction in infarct size and reduced
neurological deficits after IL-1R1 deletion in brain endothelial cells was observed
at 24 h post stroke (Wong et al., 2019). However, despite the same occlusion time
of 30 min and the use of the same brain endothelial IL-1R1 deletion mouse strain,
| did not replicate the reduction in infarct size or improved neurological function at
48 h in our study. The stroke surgery in this study was performed by our
collaborators in Hungary and it was of importance that the strokes induced in the
animals did not result in a high mortality rate since | were interested in chronic time
points post-stroke. | were concerned that if | had produced the same size cortical

lesions produced by Wong and collaborators (2019) then this would have induced
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high animal mortality after 24-48 h. Therefore, our collaborators and the surgeon
adjusted the occlusion time to induce striatal strokes in their hands and hence
when taking this into consideration the stroke sizes observed were expected.

A dynamic ECM response after stroke involving the upregulation and
downregulation of several ECM components has been demonstrated in in vivo
models of stroke (Summers et al., 2013). Indeed, transient laminin remodelling
after MCAO has been demonstrated at the acute phase post-stroke (Ji and Tsirka,
2012) and laminin expression has been demonstrated to be dynamically regulated
after chronic mild hypoxia (Halder et al., 2018). In a recent study using a permanent
model of MCAO and RNA sequencing, laminin a5 and laminin a4 gene expression
was dynamically regulated at 24 h, 72 h and 28 d post-stroke (Munji et al., 2019).
It has been demonstrated that there is a distinct endothelial basement membrane
consisting of LM-8 and LM-10, the vascular laminins, and a parenchymal
membrane of LM-1 and LM-2 (Sixt et al., 2001). The vascular laminins were of
particular interest in this study and | aimed to determine the specific patterns of
laminin a4 and laminin a5 expression post-stroke. Furthermore, OGD and IL-1 in
vitro has been demonstrated to regulate the expression of ECM components,
including the laminin a4 and a5 isoforms (Kangwantas et al., 2016). Similarly, the
role of inflammatory cytokines IL-18 and TNF-a on laminin expression in
endothelial cells has also been demonstrated in vitro (Sixt et al., 2001). This led to
our hypothesis that endothelial IL-1 could regulate laminin expression post-stroke.
| first assessed the levels of laminin a5 at 2 d, 14 d and 28 d post-MCAO. At 2 d
and 14 d post-MCAO | observed no increase in laminin a5 expression in the
ipsilateral hemispheres of both genotypes, demonstrating no clear effect of stroke
on laminin a5 expression at these time points. However, at 28 d | observed an
increase in laminin a5 expression in both hemispheres (contralateral and
ipsilateral) of both genotypes, suggesting a widespread effect on laminin a5
expression post-stroke at chronic time points. | observed no effect of genotype on
laminin a5 expression at each time point measured, suggesting that endothelial IL-
1 signalling does not regulate laminin a5 expression. In contrast, laminin a4
expression appeared to be more dynamically regulated post-stroke. At 2 d post-
stroke, laminin a4 expression reduced in the ipsilateral hemispheres in IL-1R1""
*Tam mice, whilst no change in laminin a4 expression was observed in IL-1R1%12

Sleolel+Tam mice, demonstrating that endothelial IL-1R1 signalling regulates the
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acute reduction in laminin a4 expression. Although | did not detect any significant
effect of stroke or genotype on laminin a4 expression at 14 d post-stroke, there are
some trends towards significant differences in IL-1R1""*Ta™ mice, providing some
potential evidence to support the hypothesis that laminin a4 is more dynamically
regulated. Interestingly, at 28 d post-stroke | observed an increase in laminin a4
expression in both hemispheres of IL-1R1""*Ta™ mice compared to 2 d, which was
not reciprocated in the IL-1R1% & Sicotel+*Tam mjce  This further demonstrated that
laminin a4 expression was more dynamically regulated than laminin a5 and that

endothelial IL-1R1 is likely to play a key role in laminin a4 expression.

To summarise our findings on laminin expression post-stroke, our data suggest
that laminin a4 is more dynamically regulated than laminin a5 and that laminin o4
expression is regulated by endothelial IL-1R1 signalling. Although our colleagues
had previously demonstrated in primary rat brain endothelial cells that laminin a5
was regulated in response to IL-1 and OGD in vitro (Kangwantas et al., 2016),
there are several other studies that support the concept that laminin a4 is more
dynamically regulated. The in vitro investigation of laminin a4 and a5 expression
after IL-1 treatment in endothelial cells demonstrated that laminin a4 mRNA was
upregulated to a higher degree than laminin a5 (Sixt et al., 2001). This concept has
been further supported in a model of chronic mild hypoxia in mice, which is
associated with vascular remodelling response, has demonstrated a strong
upregulation of the laminin a4 but not laminin a5 over a 14 d period (Halder et al.,
2018).

In order to speculate the physiological relevance of our findings, they can be
interpreted with other relevant studies. Of particular interest is our observation that
at 2 d the |L-1R11 4 Sleotet*Tam mjce demonstrate reduced expression of laminin a4
in the contralateral and ipsilateral hemispheres of the cortex compared to IL-1R1""
*Tam mice. Wong and collaborators (2019) have previously demonstrated that at 24
h IL-1R1W! & Sicolcl+Tam  mice demonstrate dramatically reduced neutrophil
transmigration. Laminin a4 has been demonstrated as permissive to infiltrating T
cells in EAE, highlighting laminin a4 permissive barrier properties (Sixt et al., 2001).
Furthermore, increased neutrophil transmigration across a bEND.5 cell monolayer
seeded on LM-8 after TNF-a treatment compared to LM-10 had been

demonstrated in vitro (Song et al., 2017). Therefore, | speculate that if the reduced
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levels of laminin a4 expression | observed at 2 d in [L-1R 174 Slcotet*Tam mjce js also
present at 24 h post-MCAO, that this could impact neutrophil transmigration and
be a contributing factor to the reduced neutrophil transmigration observed by Wong
and colleagues (2019).

Previous studies have identified 14 d post-stroke as a critical time point for
angiogenesis (Rodriguez-Grande et al., 2015; Rajkovic et al., 2018) and therefore
| assessed angiogenesis at this time point. Furthermore, in vitro studies have
demonstrated that IL-1a has proangiogenic properties (Salmeron et al., 2016),
which led to our hypothesis that IL-1 regulates repair at chronic time points after
stroke. BrdU staining can be a useful tool to identify proliferating cells, however a
limitation of it use in histology is the requirement of pre-treatment of the tissue with
acid to expose the BrdU epitope (Ligasova et al., 2017). This presented us with the
technical challenge of optimising an endothelial marker that survived this stringent
processing. Unfortunately, | did not determine a suitable endothelial marker to stain
alongside BrdU in fresh frozen tissue and therefore | only have single BrdU
staining, hence it does not indicate which cell type is proliferating. However, since
| injected with BrdU from day 10 post-stroke, | speculate that | have avoided early
staining of mass glial proliferation, and that the staining is indicative of endothelial
proliferation during the peak of angiogenesis. Although our data do suggest that
proliferation increases in the striatum compared to the cortex for both genotypes,
no difference between the genotypes was observed, suggesting that at 14 d
endothelial IL-1R1 signalling does not regulate cellular proliferation. However,
further investigation of angiogenesis through different methods including EdU
staining (Salic and Mitchison, 2008), which does not require HCI pre-treatment,
alongside endothelial staining would be more suitable to categorically determine
endothelial proliferation and angiogenesis. Furthermore, LSCI could be used to

measure CBF recovery after stroke as a direct functional measure.

Although | did not detect any differences in cellular proliferation between genotypes
at 14 d, it is important to highlight that this was a time point when | did not observe
upregulation of either isoforms of laminin. However, | did observe differences in
laminin expression at 28 d. | observed a widespread increase in laminin a5
expression in both hemispheres in IL-1R1%1+Ta™ mice and |L-1R1"14 Sicotet+Tam mjce

at 28 d, and increased laminin a4 expression observed in IL-1R1%" *Tam mijce
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compared to IL-1R1% 4 Sicotet+Tam mjce at 28 d. Therefore | suggest that it would be
interesting to determine the physiological implications of the altered laminin a4
expression observed between genotypes at 28 d post-stroke. | had previously
hypothesised that LM-10 could confer protective and reparative properties due to
several studies suggesting that LM-10 exerts vasculorepair (Kangwantas et al.,
2016) and increases endothelial barrier function (Song et al., 2017). Sorokin and
collaborators have demonstrated that LM-10 increases endothelial barrier function
by stabilizing the tight junction protein VE-cadherin and through downregulation of
CD99L2, and that LM-10 increases TEER and reduces neutrophil transmigration
rather than LM-8 (Song et al., 2017) . However, Milner and collaborators (2018)
suggested that in the model of chronic mild hypoxia, the increased laminin a4 and
laminin al expression observed is associated with increased tight junction proteins
claudin-5 and ZO-1 and hence increases barrier integrity. It is clear that there is
conflicting evidence surrounding the differing roles of laminin isoforms in the brain
under different inflammatory and ischaemic conditions. Therefore, it would be
interesting to investigate the physiological consequences of the altered laminin a4
expression in IL-1R1% 4 Sieolei*Tam mice | observed to further determine the role of

endothelial IL-1R1 signalling.

It is important to consider the methodological limitations associated with this study.
The genetic strain used in this study incorporates a tamoxifen-inducible Cre system
and spontaneous activation in vivo has been demonstrated (Kristianto et al., 2017),
therefore it is important that potential limitations in the models used is highlighted.
There are other advanced models such as the genetic knockin reporter system that
can track and reciprocally delete or express IL-1R1 in specific cell types (Liu et al.,
2019). It is also important to critique the experimental techniques of this study and
discuss other valid approaches. This study implemented a histological approach to
the detection of laminin expression post-stroke, however there are other methods
including proteomics and RNA sequencing that would offer alternative readouts. It
would also be of benefit to have control brains for both genotypes to measure
laminin expression prior to stroke and determine whether there any basal

differences.

In summary, | provide novel evidence that endothelial IL-1R1 regulates laminin a4

expression but not laminin a5 expression post-stroke. In particular, endothelial IL-
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1R1 signalling dynamically regulates laminin a4 expression at 2 d post-stroke
which could have interesting implications on physiological processes such as
neutrophil transmigration during the acute phase of stroke. Furthermore, our study
identified 28 d post-MCAO as a critical time point for laminin a5 and a4 expression,
demonstrating that there are dynamic changes during the chronic phase after
stroke. Although | demonstrate that endothelial IL-1R1 signalling regulated laminin
a4 expression at 28 d, | do not provide evidence on whether this is detrimental or
protective. Understanding the role of endothelial IL-1R1 signalling at acute and
chronic phases post-stroke is of importance to fully elucidate the scope of
detrimental and protective properties of IL-1 signalling, whilst helping to shape the
approach to treatments such as IL-1RA aimed at blocking IL-1 signalling.
Furthermore, understanding the cell-specific contribution of IL-1R1 signalling, in
this study endothelial IL-1R1 signalling, is of importance as this would inform
potential therapeutic approaches such as the cell-specific targeting of IL-1R1 in the

brain after stroke to ensure they reap the most benefit.

141



Chapter 5. The generation of a brain endothelial
laminin a5 conditional deletion genetic mouse
strain and the role of laminin a5 in cerebral
ischaemia.

All experiments were designed and analysed by myself with the input of Dr
Emmanuel Pinteaux. All experiments were performed by me with the input of
others as stated below for further clarification. Professor Jeffrey Miner provided the
Lama5" mice. | generated the brain endothelial laminin a5 conditional deletion
mouse strain and performed all characterisation experiments and analysis,
including LSCI. Dr Raymond Wong performed the stroke surgeries with assistance
from me, and Dr Raymond Wong performed the neurological scoring. Dr Raymond
Wong and | performed the MRI together. | performed all LSCI after strokes. |
performed all perfusions, tissue processing and histology. Sarah Ma assisted in
the collection of fluorescent images for analysis. Dr Eloise Lemarchand assisted in
the infarct analysis of MRI images. | performed all other image analysis and
statistical analysis.
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5.1. Introduction

The BBB is part of an integrated and dynamic system of cells and ECM known as
the NVU. The cellular constituents of the NVU include endothelial cells, pericytes,
astrocytes, perivascular microglia/macrophages and neurones (Sandoval and Witt,
2008). The critical role of the ECM as a component of the NVU has started to be
elucidated as the diverse structural and signalling roles are discovered. The BM is
located at the abluminal side of endothelial cells in the brain and is composed of
several ECM components, of which the family of glycoproteins laminin are a major
component. In the CNS there are two distinct basement membranes associated
with the vessels, an endothelial basement membrane composed of laminin a5 and
laminin a4 (present in LM-10 and LM-8 respectively), and an outer parenchymal
basement membrane composed of laminin al and laminin a2 (present in LM-1 and
LM-2 respectively) (Sixt et al., 2001). Different cells of the NVU typically synthesise
the different isoforms of laminins; namely astrocytes synthesise LM-2 (Jucker et
al., 1996; Menezes et al., 2014; Hannocks et al., 2018), and LM-1 is secreted by
pial cells (Hannocks et al., 2018) and leptomeningeal cells (Sixt et al., 2001). In
contrast, brain endothelial cells synthesise LM-8 and LM-10 (Sixt et al., 2001).
However, it is also important to note that mural cell (pericytes and smooth muscle
cells) also synthesise laminin a5 and laminin a4 containing isoforms (Gautam et
al., 2016).

Understanding the specific contributions of the isoforms of laminin during
homeostasis and different disease conditions has gained much interest. There are
several studies demonstrating the diverse roles of laminins in the brain as
regulators of BBB integrity and neuronal survival. Indeed, in an intracerebral
haemorrhage stroke model using endothelial laminin a5 conditional knockout mice,
laminin a5 KO mice demonstrated an increased injury volume, reduced BBB
integrity and increased neuronal death (Gautam et al., 2019). In contrast, in an
ischaemic model of stroke, mural derived laminin a5 has been shown to be
detrimental since KO mice displayed reduced infarct volume, neuronal damage
and vascular damage (Nirwane et al., 2019). However, the role of brain endothelial
derived laminin a5 after ischaemic stroke on brain injury and repair mechanisms
had not yet been determined. Here, | have generated a brain endothelial specific
laminin a5 conditional deletion genetic strain mouse. | confirmed that laminin a5

expression is successfully ablated in brain blood vessels, and that laminin a4
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expression and CBF during homeostasis remain unaffected after laminin a5
deletion. Using the conditional deletion of brain endothelial laminin a5 in mice and
the MCAO model of ischaemic stroke, | show that endothelial laminin a5 does not
regulate infarct volume, neurological outcome or CBF recovery post-stroke.

52. Aims

The first aim of this study was to generate a brain endothelial laminin a5 conditional
deletion genetic strain mouse. Specific objectives were:

e To successfully generate a brain endothelial laminin a5 conditional deletion
mouse strain by crossing Lama5"" mice with mice expressing Cre
recombinase under the promoter of the thyroxine transporter (Slcolcl-
CreERT™).

e To characterise successful and specific deletion of laminin a5 expression.
The second aim of this study was to investigate the role of brain endothelial laminin
a5 in cerebral ischaemia. Specific objectives were:

e To assess the role of laminin a5 on infarct volume and neurological

outcome after stroke.

e To determine the role of laminin a5 on repair mechanisms after stroke.

5.3. Results

5.3.1. The generation and characterisation of a brain endothelial laminin
a5 conditional deletion in mice

| obtained lama5 floxed mice (Lama5™") mice from Miner and colleagues (Nguyen
et al., 2005), and Slcolcl-CreERT™ mice were previously generated (Ridder et
al., 2011) and maintained at the University of Manchester. Mice were genotyped
for Lamabfl (Fig. 5.1B) and Slcolcl (Fig. 5.1C). | generated a brain endothelium-
specific laminin a5 KO (Lama5™ A Sieolely [y crossing Lama5™ mice with mice
expressing Cre recombinase under the promoter of the thyroxine transporter
(Slcolcl-CreERT™) (Fig. 5.1A). After Cre-mediated recombination induced by
tamoxifen, splicing from exon 14 to 22 occurs and removes exons 15-21 (Fig.
5.1A). The 7 exons that are removed encode 40% of domain V, which consists of

laminin EGF-like repeats (Nguyen et al., 2005).
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To confirm deletion of lamab, | performed immunohistochemical analysis for
laminin a5 (Fig. 5.2A-B). Lama5"" and Lama5"M4Sicolet were treated with tamoxifen
for 5 consecutive days and culled after 7 d, 14 d or 21 d from first day of tamoxifen
treatment. | observed a steady decrease in laminin a5 expression from 7 d to 21 d
after tamoxifen treatment in Lama5" 2 Si©©’c! mjce but not in Lama5™" mice. In
Lama5™/ 4 Sleole! mice at 21 d post-tamoxifen treatment a 58% reduction in laminin
a5 expression was observed compared to the respective baseline (p=0.0163, Fig.
5.2B), this reduction was not reciprocated in Lama5"" mice. Genotype had a
significant effect on laminin a5 expression (p<0.0001), specifically | observed a
significant reduction in laminin a5 expression in Lama5™2 Sicoe! mice compared to
Lama5™ mice at 21 d (72%, p<0.0001, Fig. 5.2B).

To validate for specificity of the laminin a5 deletion, | also assessed laminin a4
expression in Lama5™ and Lama5™ 2 Slco’e! mice 21 d after tamoxifen treatment
(Fig. 5.3). | observed no difference in laminin a4 expression in Lama5/f & Slcotct
mice compared to Lama5™ mice (p=0.6864, Fig. 5.3). To determine if loss of
laminin a5 affected CBF during homeostasis, | assessed overall CBF 21 d after
tamoxifen treatment (Fig. 5.4). CBF was unaffected in Lama5""2 Sico'¢! mice as no

difference between Lama5" mice was detected (p=0.8498, Fig. 5.4).
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Figure 5.1. Generation of Lama5%f ASleole! mijce and representative PCR gel obtained

from genotyping littermates.

(A) Lamab®f & Sieolet (Brain endothelial-specific laminin a5) mice were generated by
crossing Lama5" mice (exon 15-21 of the Lama5 gene flanked with loxP sites) with
Slcolcl-CreER™ mice (expressing Cre recombinase under the promoter of the
thyroxine transporter). Representative PCR gel obtained from genotyping animals for the
Lamab5 allele (B) and the Slco1c1-CreER™ allele (C). (B) WT (296 bp), Hom (460 bp), Het
(296 bp and 460 bp) bands are indicated on the gel. (C) Cre* (521 bp) and Cre" (no band)

bands are indicated on the gel.
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Figure 5.2. Brain endothelial laminin a5 expression reduces over time after
tamoxifen treatment in Lama5™/f 4 Sicolc! gpimals.

(A-B) Lama5™ and Lama5®f & Skotel were treated with tamoxifen (2 mg/100 pl) for 5
consecutive days and culled after 7 d, 14 d or 21d from first day of treatment. Laminin a5
expression was identified by laminin a5 immunostaining. (A) Representative images of
laminin a5 staining is shown, scale bar 50 um. (B) Percentage (%) area of laminin a5 was
guantified with ImageJ software and significant deletion was detected in Lama5f/f 2 Sicotct
animals by day 21. Data are represented as mean + SEM, Baseline, 7 d, 14 d; Lama5/f
and Lama5f/f A Sicotet n=2 21 d; Lama5" and Lama57/ 4 Slcolct n=4, Data were assessed by
a two-way ANOVA followed by Sidak’s post-hoc analysis comparing the means of
expression of laminin a5 at each time point.
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Figure 5.3. Laminin a4 expression in the brain is unaffected after brain endothelial
laminin a5 deletion.

Lama5™ and Lama5f/f & Sicole! mijce were treated with tamoxifen (2 mg/100 ul) for 5
consecutive days and culled after 21 d from first day of treatment. Laminin a4 expression
was identified by laminin a4 immunostaining. (A) Representative images of laminin a4
staining are shown, scale bar 50 um. (B) Percentage (%) area of laminin a4 was quantified
with ImageJ software. Data are represented as mean + SEM, Lama5"+Tam; n=4,
Lama5fifl & Slcotel+Tam; n=4. Data were assessed by an unpaired t-test to compare
genotypes (B).
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Figure 5.4. Overall cerebral blood flow in the brain under homeostatic conditions is
unaffected after brain endothelial laminin a5 deletion.

(A-B) Lama5™" and Lama5ff 2 Sico’e mice were treated with tamoxifen (2 mg/100 pl) for 5
consecutive days and culled after 21 d from first day of treatment. CBF was quantified using
LSCI. (A) Representative images are shown and (B) analysis of cerebral blood flow across
the whole brain was calculated. Total flux is the average of raw flux values measured
across the whole brain during the imaging period. Data are represented as mean = SEM,
Lama5™1+Tam; n=3, Lama5f & Slcolel+Tam; n=3. Data was assessed by an unpaired t-test

to compare genotypes (B).
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5.3.2 Brain endothelial laminin ab deletion does not affect infarct volume

and does not influence neurological function
Since | had previously confirmed that 21 d after tamoxifen treatment was sufficient
for laminin a5 deletion, | devised an experimental design that consisted of a
tamoxifen or vehicle treatment regimen followed by MCAO surgery 21 d after the
regimen (Fig. 5.5A). All mice underwent a 25 min MCA occlusion. In order to
determine the role of brain endothelial laminin a5 post-stroke, | assessed infarct
volume at 2 d and used LSCI to measure CBF at 3 d, 7 d and 14 d post-MCAQO. |
observed some animal mortality throughout the 14 d post-MCAO across all
genotypes (Fig. 5.5B). However, higher mortality rates were observed in
Lama5"™+Tam and Lama5™ 4 Slcele’+ Tam compared to Lama5™ 2 Sleolel+yeh (Fig.
5.5B)

To assess the role of brain endothelial laminin a5 on brain injury post-stroke, |
measured infarct volume using MRI at 2 d post-MCAO surgery (Fig. 5.6). |
observed no significant difference in infarct volume across the three groups,
demonstrating that brain endothelial laminin a5 deletion does not modify infarct
volume at 2 d post-MCAO (Fig. 5.6). | assessed bodyweight and neurological
scores of all mice across a 14 d period after MCAO. | observed a significant effect
of time on bodyweight (p<0.0001, Fig. 5.7A) and neuroscore (p<0.0001, Fig. 5.7B),
demonstrating an improvement in both outcomes across the 14 d period. |
observed no significant effect of laminin a5 deletion of body weight (Fig. 5.7A) or

neurological score as assessed by 28-point neuroscore (Fig. 5.7B).
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Figure 5.5. Experimental design of brain endothelial laminin a5 deletion MCAO study
and survival graph from the study.

(A) Experimental design consisted of 5 day tamoxifen (2 mg/100 pl) or vehicle treatment
regimen followed by MCAO surgery (25 min occlusion) 21 d after the start of the
tamoxifen/vehicle treatment. MRI was performed at 2 d post-stroke. LSCI was performed
at 3d, 7 d and 14 d post-stroke. Animals culled at 14 d. (B) Survival graph of the three
experimental groups across the 14 d period. Results are shown as percentage (%) survival
of total animals (Lama5ff 2 Slcolct+\/eh; n=8, Lama5"+Tam; n=8, Lama5/ A Sicotct+Tam;
n=10) used in each group.
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Figure 5.6. Brain endothelial laminin a5 deletion does not influence infarct volume

after stroke.

(A) Representative T2-weighted MRI scans conducted at day 2 post-stroke. (B)
Quantification of lesion volume using ImageJ software. Data are represented as mean +
SEM, Lama5ff & Sicotety\/eh: n=6, Lama5¥1+Tam; n=4, Lama5¥ 2 Slco’e’4+Tam; n=8. Data
were assessed by a one-way ANOVA followed by Tukey’s post-hoc analysis comparing

each treatment group.
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Figure 5.7. Brain endothelial laminin a5 deletion does not influence body weight or
neurological function after stroke.

(A) Weight of animals expressed as percentage (%) of baseline weight across the 14 d
post-stroke. (B) Neurological deficits were assessed using the 28 point neuroscore. Data
are represented as mean * SEM, Lama5ff & Slcolclyy/eh; n=6, Lama5¥ +Tam; n=6,
Lama5ff A Slcolc’+ Tam; n=8. Data were assessed by mixed-effects model (REML) with
Tukey’s post-hoc analysis comparing weights/neuroscores at corresponding time points
(A,B).
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5.3.3. Brain endothelial laminin a5 deletion does not regulate CBF

recovery or increase cellular proliferation after MCAO
In Chapter 3, | demonstrated that LM-10 (isoform containing laminin a5) regulated
endothelial proliferation and tube formation in vitro. In order to test our hypothesis
that LM-10 regulated repair in vivo, | aimed to determine whether brain endothelial
laminin a5 deletion regulated recovery of CBF after cerebral ischemia. | measured
CBF 3d, 7 d and 14 d after MCAO surgery using LSCI (Fig. 5.8A,B). There was a
significant effect of time on CBF (p=<0.0001, Fig. 5.8B), demonstrating an
improvement of CBF over time across the three groups. However, no effect of
laminin a5 deletion was observed (p=0.4750). | observed no significant difference
in CBF at 3 d (Fig. 5.8B). Although, not significant, at 7 d there was a marked CBF
improvement in Lama5""+Tam mice compared to Lama5" 2 Slcolcl+Tam (55%,
p=0.1163) and Lama5" 4 Sicolelryeh (51%,p= 0.2232) (Fig. 5.8B). However, at 14

d | observed no significant differences in CBF between the three groups.

| also assessed BrdU staining at 14 d post-stroke as an indication of cellular
proliferation. All mice had injections of BrdU daily beginning at 10 d after MCAO
until the day of sacrifice. The ipsilateral hemisphere was assessed in the cortex
and striatum for BrdU positive cells (Fig. 5.9A,B). Although not significant, there
was a slight trend towards an increase in BrdU positive cells in the ipsilateral striatal
regions of Lama5"" A+Tam (41%,p=0.2393) and Lama5" 2 SlcolclyTam (48%,
p=0.2181) compared to their respective ipsilateral cortical regions (Fig. 5.9B).
However, no significant increase in BrdU positive cells in the ipsilateral striatum
compared to the ipsilateral cortex was observed in Lama5""+Tam mice (p=0.9889,
Fig. 5.9B). On direct comparison of the ipsilateral cortex and ipsilateral striatum
between genotypes, no significant differences were detected suggesting that
endothelial laminin a5 deletion does not affect cellular proliferation at 14 d (Fig.
5.9B).
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Figure 5.8. Brain endothelial laminin a5 deletion does not influence long term CBF
recovery after stroke.

(A) CBF was measured using LSCI. Representative images are shown. (B) The region of
interest was determined according to the site of occlusion and the respective area on the
contralateral hemisphere. CBF quantified with moorFLPI2 Full-Field Laser Perfusion
Imager Review V5.0 software and expressed as reduction in CBF in the ipsilateral
hemisphere compared to the contralateral hemisphere. Data are represented as mean +
SEM, Lama5f & Slcotelry/gh; n=5, Lama5™® +Tam; n= 4, Lama5%f & Sicolcl+Tam; n=5. Data
were assessed by a two-way RM ANOVA followed by Dunnet post-hoc analysis comparing
groups at each time point and # denotes significance comparing back to the respective
regions at 3 d post-stroke (B).
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Figure 5.9. Brain endothelial laminin a5 deletion does not influence ipsilateral
cortical and striatal cellular proliferation 14 d post-stroke.

(A-B) Animals had injections of BrdU daily beginning at 10 d after MCAO until the day of
sacrifice at 14 d. BrdU (red) immunohistochemistry in the ipsilateral hemisphere of cortical
and striatal regions 14 d post-stroke. Scale bar 50 um. (B) Proliferation was quantified by
counting the number of BrdU-positive cells in a defined region using ImageJ. Data are
represented as mean + SEM, Lama5bf/fi & Slcotel+y/eh; n=5, Lama5"" +Tam; n= 4, Lama5f &
Sleolcl+ Tam; n=5. Data were assessed by a two-way RM ANOVA followed by Tukey’s post-
hoc analysis comparing within genotypes and between genotypes (B).
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5.4. Discussion

Laminins are a major component of the BM in the CNS. Understanding the specific
roles of the different laminin isoforms during homeostasis and disease conditions
are of particular interest. In particular, the role of endothelial laminin a5 in

ischaemic stroke had not yet been determined. In this study, | have:

e Generated a brain endothelial specific laminin a5 conditional deletion
genetic strain mouse and confirmed that laminin a5 expression is ablated
in brain blood vessels, without affecting laminin a4 expression or CBF
during homeostasis.

e Demonstrated that endothelial laminin a5 does not regulate infarct volume,

neurological outcome or CBF recovery after MCAO.

The endothelial BM, also called the vascular BM, is composed of LM-8 (containing
laminin a4) and LM-10 (containing laminin a5) (Sixt et al., 2001). In the CNS, brain
endothelial cells are major contributors to the synthesis of laminin a5 (Sixt et al.,
2001; Hannocks et al., 2018). However an important consideration is that mural
cells, including smooth muscle cells and pericytes, also synthesise laminin a5
(Gautam et al., 2016). Since | were interested in the laminin a5 that composes the
endothelial BM, | decided to create a brain endothelial-specific laminin a5 KO in
order to investigate the role of LM-10 on BBB repair. Although the Tie2-Cre line
has been previously used to induce endothelial-specific laminin a5 deletion
(Gautam et al., 2019), | used the Slcolcl-CreERT' line as this was more specific
to the brain vasculature than Tie2-Cre that is known to cause widespread
endothelial deletion (Assmann et al., 2016). At 21 d after tamoxifen treatment,
which was used to induce Cre recombination, our genetic cross successfully
ablated laminin a5 expression by 72% compared to control animals. Furthermore,
| show that laminin a4 expression and CBF is unaffected in the Lama5"" 2
SloleltTam mice during homeostatic conditions. This finding is consistent with
other Lama5"" lines that demonstrate laminin a4 expression, BBB integrity and
brain angioarchitecture remain unaffected in laminin a5 KO animals (Gautam et
al., 2019). An important consideration with the use of cell-specific laminin KO
models, is the possibility of compensation mechanisms whereby there is an

increase in the other endothelial laminin isoform, LM-8, or whether mural cells
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increase their expression of LM-10 to compensate for the lack of endothelial
expression. Considering that mural cells are closely associated with the
vasculature, it is a plausible suggestion that mural cells could increase laminin a5
expression to contribute to the endothelial BM. However, | did not observe any
compensatory increase in laminin a4, and | were satisfied with the knockdown of
laminin a5 expression | achieved which did not cause concern of compensatory

mechanisms by other cell types.

Previous studies have demonstrated diverse properties of LM-10 during several
disease conditions. Sorokin and colleagues have consistently demonstrated the
endothelial barrier properties of LM-10 compared to LM-8 (Sixt et al., 2001; Wu et
al., 2009; Song et al., 2017). Specifically, a study using laminin a4 KO mice, which
show compensatory ubiquitous expression of laminin a5 along the vasculature,
demonstrated reduced T lymphocyte infiltration in an experimental model of
multiple sclerosis, EAE (Wu et al., 2009). A further study by Sorokin and colleagues
have demonstrated that in the cremaster muscle model whereby TNF-a is used to
induce leukocyte infiltration, increased leukocyte infiltration is observed in regions
of low laminin a5 expression (Song et al., 2017). Yao and colleagues have
demonstrated that endothelial-derived laminin a5 is protective in an intracerebral
haemorrhage stroke model (Gautam et al., 2019). The extensive evidence
demonstrating endothelial barrier properties in several contexts and the protective
role of endothelial laminin a5 in haemorrhagic stroke led to our hypothesis that
endothelial laminin a5 would regulate brain injury and neurological outcome after
ischaemic stroke. However, | observed no effect of brain endothelial laminin a5
deletion on infarct volume at 48 h, or body weight and neurological scores across

a 14 d period.

Although | did not detect an effect of laminin a5 on brain injury at acute time points
post-stroke, our next key objective was to determine the role of laminin a5 in repair
mechanisms at chronic time points after stroke. There is evidence that CBF after
ischaemic stroke is associated with neurological outcome and functional recovery
in clinical patients (Arkuszewski et al., 2009). The protective properties of laminin
a5 containing isoforms on neuronal health and function have been demonstrated
in several studies, including the promotion of survival and differentiation of

midbrain dopaminergic neurones (Zhang et al., 2017) and protection of neurones
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by the laminin matrix during excitotoxic damage (Indyk et al., 2003). Kangwantas
and colleagues (2016) identified LM-10 as a key ECM molecule that reversed
hallmarks of BBB dysfunction after OGD and IL-1 in vitro, specifically occludin
cellular localisation and cellular morphology, demonstrating the protective
properties of LM-10 on endothelial cells. Therefore, taking the literature and our
results in Chapter 3 that demonstrated the pro-angiogenic properties of LM-10 in
vitro into consideration, | hypothesised that LM-10 would be a regulator of repair
post-stroke in vivo. Since previous in vivo stroke studies have identified 14 d post-
stroke as a critical time point for angiogenesis (Rodriguez-Grande et al., 2015;
Rajkovic et al., 2018), | assessed CBF recovery at 3 d, 7 d and 14 d post-stroke.
Indeed, angiogenesis after ischaemia is also associated with improved tissue
recovery and functional outcome (Krupinski et al., 1994; Slevin et al., 2006;
Adamczak et al., 2014). Endothelial proliferation is a key stage of angiogenesis
(Ucuzian et al., 2011) and therefore | assessed cellular proliferation at 14 d using
BrdU staining. In this study, | did not detect any significant effect of brain
endothelial laminin a5 deletion on CBF or cellular proliferation. However, a
noteworthy observation is that at 7 d Lama5""+Tam mice show a marked
improvement compared to Lama5™ 2 Sicelcly\v/eh mice and Lama5™ 2 Sicolel+ Tam
mice. At 14 d, the CBF across the three groups returned to similar levels. |
speculate that the altered CBF response at 7 d may be an interesting finding,
indicating different repair responses. However, this result should be approached
with caution since the Lama5™4Sicolel+\/eh mice should present a similar response
to Lamao5""+Tam mice as they both should not induce laminin a5 deletion.
Spontaneous activation of the Cre system has been demonstrated in vivo, which
is an important consideration when discussing the limitations of the methods as
this could be a plausible explanation our findings (Kristianto et al., 2017). However,
due to the small sample sizes involved in this study, it is reasonable to say that no

categorically correct conclusions can be drawn.

It is important to discuss the limitations associated with this study. | experienced
animal mortality throughout the MCAO study, which resulted in smaller group sizes
than intended. Due to the low group sizes, it is hard to categorically rule out a
potential effect of laminin a5 in ischaemic stroke. Although the literature highlighted
14 d as a critical time point for repair post-stroke, it is important to discuss that

there could be potential interesting findings at more chronic time points such as 28
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d post-stroke. A recent study using a permanent model of MCAO and RNA
sequencing, demonstrated that laminin a5 gene expression was dynamically
regulated at 24 h, 72 h and 28 d post-stroke, showing an increase in gene
expression between 72 h and 28 d (Muniji et al., 2019). Therefore, | can speculate
that laminin a5 may contribute to chronic repair mechanisms, but unfortunately due
to time constraints of the study | could not further investigate. A methodological
limitation that has been previously discussed in chapter 4 is the technical
challenges associated with BrdU staining. | faced similar challenges of co-staining
the brain tissue with an endothelial marker and therefore suggest that similar
studies in the future that use EdU staining are recommended (Salic and Mitchison,
2008).

An important limitation to discuss is the potential influence of the mouse genetic
backgrounds on the results observed in this study. The genetic background of the
Lama5™" mice was not pure and instead consisted of a mixture of C57BL/6J and
CBA/J strains of mice. In contrast, the genetic background of the Slcolcl-
CreERT™ line was pure C57BL/6J. Since this study was the first to generate a
Lama5" x Slcolc1-CreERT™ genetic strain of mouse, the potential toxicity effects
of tamoxifen on this strain of mouse had not been investigated before. It has been
documented that the metabolism of tamoxifen can vary across different strains of
mice and hence the effects of tamoxifen can also vary (Valny et al., 2016).
Furthermore, there has been evidence that tamoxifen can affect glucose tolerance
(Ceasrine et al., 2019), as well as reduce food intake and reduce bodyweight
(Wade and Heller, 1993). In this study, the Lama5""+Tam group and the Lama5""
A Sleolel+ Tam group demonstrated similar weight loss and survival patterns after
MCAO that were not reciprocated by the vehicle control group (Lama5"" 2
Slcolelyveh). | had expected the two control groups (Lama5"+Tam mice and
Lama5™f & Sicolelrv/eh) to have the same effect on outcome measures, similar to
the comparable tamoxifen and vehicle controls in the brain endothelial IL-1R1
conditional deletion MCAO study performed by Wong and colleagues (2019). A
noteworthy difference is that the IL-1R1"" mice used in Wong et al. (2019) are on
a pure C57BL/6J genetic background. Therefore, the results | observed in this
study may suggest a potential tamoxifen effect on the Lama5™" mice, which could
be explained due to their mixed genetic background. This highlights the challenges

that may be faced when creating a new genetic strain.
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In summary, | have created a novel brain endothelial laminin a5 conditional
deletion genetic strain of mouse. | confirmed successful and specific ablation of
endothelial laminin a5 in the brain after tamoxifen-Cre induction. However, our
study did not demonstrate a role of endothelial laminin a5 after ischaemic stroke
on infarct volume, neurological outcome, CBF recovery or cellular proliferation.
Understanding the diverse roles of laminin isoforms and the -cell-specific
contributions in different disease settings such as stroke and multiple sclerosis still
remains worthy of investigation to identify therapeutic targets for potential
intervention.
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Chapter 6. Discussion
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6.1. Summary

Stroke remains a major worldwide health issue and there are currently limited
treatment options. Specifically, there are no therapies aimed at the repair phase to
aid recovery after ischaemic stroke. There has been increasing evidence that
inflammation presents a dual nature of detrimental and neuroprotective properties
during the pathogenesis of stroke and it has been suggested that IL-1 could play a
key role in repair mechanisms. Furthermore, the dynamic role of the ECM in
cerebrovascular diseases has started to be elucidated. Here, | investigated the role
of LM-10 on IL-1B-driven cerebral endothelial inflammation and repair mechanisms
in vitro and generated a brain endothelial laminin a5 conditional deletion genetic
strain mouse to investigate the role of LM-10 after cerebral ischaemia in vivo.
Furthermore, | investigated the role of cerebral endothelial IL-1R1 signalling on
laminin a4 and laminin a5 expression after stroke to determine the crosstalk

between IL-1 and laminin expression.

The overarching aim of this thesis was to investigate the role of LM-10 on
endothelial inflammation and repair mechanisms after cerebral ischemia using in
vitro and in vivo approaches. The key findings from this thesis are presented in

Figure 6.1. This thesis specifically aimed to:

1. Establish an in vitro model to investigate the effect of LM-10 on the IL-1[3-
induced activation, IL-1B-induced signalling and angiogenic response of
cerebral endothelial cells. (Chapter 3)

2. Determine the role of IL-1R1 in the cerebrovasculature after cerebral
ischemia, specifically on laminin a4 and laminin a5 expression across
several time points post-stroke. (Chapter 4)

3. Generate and characterise a brain endothelial laminin a5 conditional
deletion genetic strain mouse, in order to investigate the role of brain

endothelial laminin a5 in cerebral ischaemia. (Chapter 5)

In Chapter 3, | aimed to establish a suitable in vitro model to investigate the effect
of LM-10 on the IL-1B-induced activation, IL-1B-induced signalling pathways and
angiogenic response of cerebral endothelial cells. In this study, | established an
appropriate in vitro model using hCMEC/D3 cells, a short seeding time of 4 h and

the plate coating control of Matrigel. | established a novel role of LM-10 as a
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modulator of IL-1B-induced ICAM-1 and VCAM-1 expression in hCMEC/D3 cells
and demonstrated that LM-10 increases endothelial proliferation and migration,
which | hypothesise is indicative of an angiogenic role of LM-10 in BBB repair. |
have elucidated a novel crosstalk between IL-18 and Hippo signalling.
Furthermore, | demonstrated altered YAP signalling and YAP associated gene
expression in hCMEC/D3 cells seeded on LM-10.

In Chapter 4, | aimed to determine the role of the IL-1R1 in the cerebrovasculature
after cerebral ischemia, focusing on laminin a4 and laminin a5 expression across
several time points post-stroke. | found that laminin a4 is more dynamically
regulated than laminin a5 post-stroke and that laminin a4 expression is regulated
by endothelial IL-1R1 signalling. Specifically, endothelial IL-1R1 signalling
dynamically regulates laminin a4 expression at 2 d and 28 d post-stroke.
Furthermore, our study identified 28 d post-MCAOQ as a critical time point for laminin
a5 and a4 expression, demonstrating that there are dynamic changes during the
chronic phase after stroke. Additionally, | also assessed the role of the IL-1R1 on
brain injury and neurological function, as well as the role of IL-1R1 on cellular
proliferation at 14 d. However, | found no effect of cerebrovascular endothelial IL-
1R1 deletion on infarct volume at 2 d or neurological outcomes, as well as no

significant difference in cellular proliferation at 14 d post-stroke.

In Chapter 5, | aimed to generate and characterise a brain endothelial specific
laminin a5 conditional deletion genetic strain mouse, in order to use the strain to
determine the role of laminin a5 after cerebral ischemia. Specifically, | aimed to
determine the role of laminin a5 on outcome measures of infarct volume,
neurological function and CBF recovery post-stroke. | successfully generated the
new genetic line and confirmed that laminin a5 expression is ablated in brain blood
vessels, without affecting laminin a4 expression or CBF during homeostasis.
However, | found that cerebral endothelial laminin a5 does not regulate infarct

volume, neurological outcome or CBF recovery post-stroke.
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Figure 6.1. Key in vitro and in vivo findings of the thesis.

(A) The seeding of \CMEC/D3 cells on LM-10 (compared to Matrigel) increased VCAM-1
and ICAM-1 expression, as well as NF-kB signalling after IL-1(3 treatment. LM-10 increases
endothelial migration and the formation of tube-like structures in the scratch assay and tube
formation assay respectively. (B) Novel crosstalk between IL-13, the ECM and the Hippo
(YAP) pathway was demonstrated in vitro. (C) Cerebrovasculature IL-1R1 deletion
regulated laminin a4 expression but not laminin a5 expression after experimental stroke
(MCADO) across several time points measured. (D) Cerebrovasculature laminin a5 deletion
did not regulate infarct volume, neurological outcome or CBF recovery after experimental
stroke (MCAOQ).

6.2. Discussion

6.2.1. The role of LM-10 as a regulator of inflammation
There is some disparity in our in vitro and in vivo data concerning the role of LM-
10 on inflammation, whereby | demonstrate an altered inflammatory activation in
vitro but do not detect an effect of laminin a5 deletion on brain injury in vivo.
However, it is important to highlight that infarct volume is not a direct measure of
inflammation and hence although | observed increased VCAM-1 and ICAM-1
expression in vitro, this does not necessarily translate to increased brain injury in
vivo. Thus, future experiments determining ICAM-1 and VCAM-1 expression and
neutrophil transmigration in vivo after ischaemic stroke using the laminin a5 KOs
would be of benefit to fully determine the role of laminin a5 on inflammatory
mechanisms post-stroke. Another important consideration is that our in vitro model

may not fully translate findings in our in vivo genetic KO model. Our in vitro model
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consisted of hCMEC/D3 cells seeded on LM-10 in a two-dimensional (2D)
environment without other cells of the NVU present, whilst our in vivo approach
enables investigation of the 3D environment of the brain in the in vivo state. Thus,
mimicking complex cell-ECM interactions in vitro is difficult and in vivo models
facilitate the genetic deletion of genes of interest providing more physiological
relevant insight. However, an important future consideration is the recent
development of 3D in vitro cell culture, whereby immortalized cells or stem cells
are placed within hydrogel matrices, which facilitates the creation of environments
that enable complex cell-cell and cell-ECM interactions (Antoni et al., 2015).
Indeed, tissue engineering and bioprinting presents the possibility of layered 3D
NVU models that could be designed with the required properties, which would
enable the investigation of different ECM compositions and the effect on outcome

measures such as BBB function and endothelial integrity (Potjewyd et al., 2018).

A further consideration is that the genetic line | created to facilitate the conditional
deletion of laminin a5 used the Slcolcl-CreERT™ to induce the deletion in brain
endothelial cells. There is evidence that mural cells, including smooth muscle cells
and pericytes, also synthesise laminin a5 (Gautam et al., 2016) and thus there is
the possibility of compensatory mechanisms whereby mural cells may increase
LM-10 synthesis. However, | were satisfied with the 72% reduction in laminin a5
expression in Lama5™ 2 Selc’+ Tam mice | observed after tamoxifen-induced
laminin a5 deletion. There is also the potential that other ECM components may
be upregulated as compensation. Although | did not observe any changes to
laminin a4 expression after laminin a5 deletion, | did not measure changes to other
ECM components and therefore it is important to consider there may be other
altered expression of BM proteins. However, | speculate that this is unlikely as it
has been reported that laminin a5 deletion under a Tie2-Cre (endothelial-specific
Cre) does not result in BM or structural changes (Song et al., 2017). However this
is a noteworthy contrast compared to mice lacking laminin a4, whereby there is
compensatory mechanisms resulting in the ubiquitous expression of laminin a5
along the vessel tree (Wu et al.,, 2009). This highlights the importance of
characterising new genetic lines and understanding the limitations of genetic

manipulations used.
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6.2.2. The crosstalk between IL-1, the ECM and the Hippo pathway

In Chapter 3, | explored the Hippo (YAP) signalling pathway as a mechanism that
may be altered after IL-18 treatment in hCMEC/D3 cells to induce an altered
inflammatory response on LM-10. Consequently, the in vitro data provides novel
evidence of a dynamic crosstalk between IL-13 and Hippo signalling. Furthermore,
to our knowledge this is the first study to show a YAP response after IL-1(3
treatment in hCMEC/D3 cells seeded on Matrigel and LM-10, specifically
demonstrating a novel temporal pattern of YAP phosphorylation at S127 and S397
on each ECM coating. | believe that these findings are of particular significance
and highly consider the crosstalk between IL-18, the ECM and Hippo signalling
worthy of further investigation. Our evidence is novel at two levels; first the
crosstalk between IL-1 and Hippo signalling (as indicated by the temporal patters
of YAP phosphorylation after IL-1B treatment) and second the potential role of
Hippo signalling as a regulator of the inflammatory responses on different ECM
components (as indicated by the modulated temporal patters of YAP
phosphorylation on different ECM components). It adds to evidence in the literature
that YAP plays a key role in endothelial inflammation, previously demonstrated in
the case of TNF-a, another key inflammatory cytokine (Choi et al., 2018).

It is important that the limitations of our experimental approach in Chapter 3 are
appreciated and future experiments discussed. As previously suggested in
Chapter 3, a more comprehensive time course of pYAP(127) and pYAP(397)
levels, as well as a time course of YAP-related gene expression after IL-13
treatment would enable fully supported conclusions. Furthermore, | did not
determine the direct mechanisms whereby the IL-1 signalling pathway and the
Hippo pathway may crosstalk, specifically which kinases of the pathways may be
critical in mediating the crosstalk. | speculate that NF-kB may act as a link between
the pathways as the cross-talk has been discussed in the literature (Wang et al.,
2020), and here | presented evidence that cells seeded on LM-10 induce a higher
NF-kB response after IL-1f treatment, resulting in the upregulation of ICAM-1 and
VCAM-1. | further speculate that the signalling cascade downstream of IL-1R1
responsible for the increased NF-kB activation observed on LM-10 may crosstalk
with kinases of the Hippo pathway and act as a regulator of YAP signalling.
However, another mechanism could be that YAP acts as a transcription repressor

or activator of genes downstream of NF-kB (Zhang et al., 2018). It is evident that
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the mechanisms behind the crosstalk between IL-1, the ECM and Hippo signalling
require further investigations. Advanced in vitro approaches such as the silencing
of YAP/TAZ in endothelial cells or YAP/TAZ inhibitors would elucidate whether
YAP/TAZ is required for the modulated inflammatory response observed on LM-
10. Furthermore, kinases of the IL-1R1 signalling cascade could also be silenced
or inhibited to determine the effect on Hippo signalling. In future experiments, in
vivo genetic tools to conditionally delete YAP in endothelial cells would enable the
in vivo investigation of Hippo signalling in disease models such as ischaemic

stroke.

6.2.3. The role of LM-10 as a regulator of repair mechanisms and

angiogenesis
Data presented in Chapter 3 supported a pro-angiogenic role of LM-10 compared
to Matrigel. Specifically, | presented evidence that LM-10 increased endothelial
proliferation and migration of hCMEC/D3 cells, as well as increased tube-like
structures in hCMEC/D3 cells on LM-10 as demonstrated by tube formation assay.
In contrast, data presented in Chapter 5 provided some insight into the role of LM-
10 on repair mechanisms after cerebral ischaemia in vivo. Specifically, |
demonstrated that cerebral endothelial laminin a5 does not regulate infarct volume,
neurological outcome or CBF recovery after ischaemic stroke. This would suggest

that LM-10 does not regulate repair mechanisms in vivo.

Similar to the disparity between our in vitro and in vivo data concerning the role of
LM-10 on inflammation, there is also discrepancies between our in vitro and in vivo
data regarding the role of LM-10 on BBB repair mechanisms and angiogenesis.
However, it is important to consider the methodological limitations in our
approaches. Our in vitro experiments were performed under normoxic conditions,
and hence | suggest that a better representation of ischaemic conditions would be
for the scratch assay and tube formation assay to be performed under inflammatory
and hypoxic conditions. This would enable more representative translation
between in vitro conditions and the in vivo conditions observed after cerebral
ischemia such as inflammation and hypoxia (Woodruff et al., 2011). However, it is
also important to appreciate that even with those modifications, the in vitro
approach will not fully resemble the complex in vivo environment of all cells of the
NVU that contribute to repair. In Chapter 5, | used LSCI to measure CBF at 3d, 7
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d and 14 d after stroke. The benefit of measuring CBF is that it is a functional
outcome measure of perfusion dynamics (Kazmi et al., 2015) and thus can indicate
the recovery of CBF, providing some indication of angiogenesis. Although |
attempted to measure BrdU staining alongside a vascular marker to provide a
direct measure of new blood vessels, | failed to optimise the use of a vascular
marker. | suggest that future experiments should utilise EdU staining that requires
less stringent tissue processing (Salic and Mitchison, 2008), alongside a vessel
stain to enable the measurement of new blood vessels. Studies that incorporate
CBF measurements as a functional outcome of repair mechanisms, alongside
staining techniques such as EdU staining to demonstrate proliferating vessels
would provide a more comprehensive and robust measure of changes. | also
suggest that further staining including measurements of vessel diameter and
integrin staining, as performed in other studies (Rajkovic et al., 2018), would be
good indicators of neurovascular repair post-stroke. Furthermore, there is evidence
that LM-10 promotes midbrain dopaminergic neuron survival (Zhang et al., 2017)
and therefore | suggest future in vivo experiments to measure neurogenesis in
laminin a5 KOs after cerebral ischaemia to draw further conclusions regarding the
repair role of LM-10.

In the case of the stroke study in Chapter 5, the major limitation that made data
interpretation difficult was the low group sizes due to the high animal mortality |
observed despite the adjustment of the occlusion time to 25 min. Mortality is
associated with the MCAO model of stroke, especially during chronic time point
studies. Although there was only one early cull in the Lama5™ 2 Sicoicly\v/eh group
(87.5% survival rate), | observed lower survival rates in the Lama5""+Tam (62.5%
survival) and Lama5™ & SlcolclyTam (50% survival). | are unsure the potential
explanations for this as | did not observe larger infarcts in any of the groups that
would explain higher mortality. A potential explanation, previously discussed in
Chapter 5, is that the mixed genetic background of the Lama5™" mice could result
in a higher tamoxifen toxicity in this strain of mouse. A higher powered study would
provide conclusive data regarding any significant differences, especially for the
CBF recovery data. Unfortunately due to time constraints of this thesis, | were

unable to use more animals in this study.
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6.2.4. The role of endothelial IL-1R1 signalling on ECM expression and

cellular proliferation
Understanding the cell-specific contribution of IL-1R1 signalling, as well as the
temporal profile of protective and detrimental properties of IL-1 signalling is critical
in understanding the pathology of ischaemic stroke and would inform cell-specific
targeting of IL-1R1 or therapies aimed at blocking IL-1R1. Data presented in
Chapter 3 provides in vitro insight into the signalling pathways activated in
response to IL-1B. Indeed, | show altered phospho-p38a signalling and NF-kB
signalling after IL-1p treatment in hCMEC/D3 cells. However, | did not demonstrate
altered ERK1/2 signalling in hCMEC/D3 cells after IL-1( treatment. This illustrates
that the signalling pathways elicited downstream of the IL-1R1 can depend upon
cell type and can vary according to experimental study, highlighting the

complexities in understanding signalling mechanisms.

The advancement of genetic tools have facilitated the genetic deletion of genes of
interest in mice. Indeed, a brain endothelial specific IL-1R1 conditional KO had
been previously generated (Wong et al., 2019). Although Wong and colleagues
(2019) have demonstrated the role of cerebrovasculature IL-1R1 signalling during
the acute phase after stroke, | aimed to determine the role of brain endothelial IL-
1R1 signalling during the chronic phase of stroke, and in particular on laminin a4
and laminin a5 expression across several time points post-stroke in Chapter 4. It
was of particular importance that | determined the patterns of expression of the
specific isoforms of laminins as in other stroke studies a pan-laminin antibody that
stains all isoforms is often used (Yao, 2019). This approach does not facilitate the
detection in changes of specific isoforms which is of importance considering the
different physiological properties of laminin isoforms in disease conditions. Data
presented in Chapter 4 provided insight into the temporal profiles of laminin a4 and
laminin a5 after stroke. Our data suggested that laminin a4 expression is more
dynamically regulated as a result of MCAO than laminin a5 at each time point
measured post-stroke and that laminin a4 expression is regulated by endothelial
IL-1R1 signalling. | observed no effect of stroke on laminin a5 expression in both
IL-1R1% *Tam mice and IL-1R1M" A Sicofel*Tam mjce gt 2 d and 14 d post-stroke.
However at 28 d | observed an increase in laminin a5 expression in the ipsilateral
cortex and contralateral striatum in both IL-1R1""*Tam mice and IL-1R1"f 4 Sicotct+Tam

mice compared to the respective regions at 2 d, suggesting that laminin a5
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expression may be regulated post-stroke at chronic time points. In contrast, at 2 d
post-stroke, our data demonstrated that endothelial IL-1R1 signalling regulates the
acute reduction in laminin a4 expression observed in the ipsilateral hemisphere.
Interestingly, at 28 d post-stroke | observed an increase in laminin a4 expression
in the ipsilateral cortex and striatum of control (IL-1R1%"*T@M) mice compared to
their respective regions at 2 d. This was not reciprocated in mice with
cerebrovasculature IL-1R1 deleted, demonstrating that cerebrovasculature IL-1R1
signalling regulates laminin a4 expression. However, our findings did not
corroborate with previous in vitro evidence that demonstrated laminin a5 is
regulated after IL-1 and OGD in rat brain endothelial cells (Kangwantas et al.,
2016).Consequently, our findings in Chapter 4 support the hypothesis in the
literature that it is laminin a4 that is more dynamically regulated than laminin a5 by
inflammation in vitro (Sixt et al., 2001) and after hypoxia in vivo (Halder et al.,
2018). The discrepancies between the studies investigating laminin expression can
be explained by different experimental settings and thus suggest that laminin
expression is under several regulatory inducers including inflammation and
hypoxia, but that the exact mechanisms are unclear. There is evidence in the
literature that IL-1 contributes to repair mechanisms (Salmeron et al., 2016) and
therefore | hypothesised that cerebrovasculature IL-1R1 would regulate cellular
proliferation. However, | did not observe an effect of cerebrovasculature IL-1R1
signalling on cellular proliferation at 14 d post-stroke.

There are several limitations associated with the in vivo stroke study in Chapter 4.
As previously discussed regarding the BrdU staining in Chapter 5, | were also
challenged with experimental difficulty in performing a dual stain of BrdU and an
endothelial marker. Therefore, | would recommend the same approach of EdU
staining instead (Salic and Mitchison, 2008). Critically, in Chapter 4 | observed that
28 d post-stroke was a key time-point for laminin expression and would therefore
suggest further investigation at this time point. In future experiments, it would be
interesting to determine the physiological implications of the altered laminin
expression observed in the IL-1R1 KOs during the pathogenesis of stroke. Hence,
at 2 d post-stroke it would be of interest to determine inflammatory cell infiltration
of neutrophils and leukocytes, as well as markers of BBB breakdown and vascular
inflammation. At 28 d, the investigation of neurogenesis and angiogenesis would
provide insight into whether the altered laminin expression modulates repair

mechanisms. Further approaches such as LSCI to measure CBF, would act as a
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functional outcome measure alongside EdU staining of vessels to provide a more
comprehensive investigation of angiogenesis. Considering the experimental
approach to answer all the intended questions of the study is always of importance
and there are other approaches such as RNA sequencing (Munji et al., 2019) that
would facilitate a vast readout of genes, but do come at a financial cost.

6.3. Future directions

Although | have previously discussed future experiments regarding studies
performed in this thesis, there are two broad further areas of research the data in
this thesis supports. The two broad areas are the:

1. Further investigation of the differential expression of laminin isoforms and
pathophysiological relevance of different laminin isoforms in stroke and
other CNS diseases.

2. Investigation of the crosstalk between IL-1 signalling, the ECM and the
Hippo pathway.

The data presented in this thesis add to evidence in the literature that laminin
isoforms are differentially regulated and confer different physiological properties.
Indeed, the differential roles of LM-8 and LM-10 have been demonstrated in an
experimental model of multiple sclerosis (Sixt et al., 2001) and different laminin
isoforms are differentially expressed after hypoxia (Halder et al., 2018). In Chapter
3 | demonstrated that different ECM coatings modulate the inflammatory response
of cerebral endothelial cells in vitro, and in Chapter 4 | demonstrated that laminin
a4 and laminin a5 are differentially regulated after stroke and are under different
mechanisms as only laminin a4 is regulated by endothelial IL-1R1 signalling.
Critically, the study in Chapter 4 identified 28 d post-stroke as a key time point for
laminin expression. Thus, | suggest that this acts as evidence of the importance of
research during the chronic phase post-stroke to understand repair mechanisms,
since currently the majority of studies have focussed on the acute phase. Although
| demonstrated a temporal profile of laminin a4 and laminin a5 expression, | only
investigated BrdU analysis at 14 d and did not investigate other outcome measured
of angiogenesis, neurogenesis or inflammation. Future experiments should
determine the physiological relevance of altered laminin a4 expression after IL-

1R1 deletion. In particular the effect of the altered laminin a4 expression at 2 d on
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neutrophil transmigration and BBB integrity should be determined. Furthermore,
the measurement of CBF in the cerebral endothelial IL-1R1 KO mice at chronic
time points would be of particular interest as it has been previously demonstrated
that deletion of endothelial IL-1R1 reduces early perfusion deficits 30 min after
reperfusion in ischaemic stroke (Wong et al., 2019). Other technigues such as MRI
to measure brain angiogenesis could also be employed (Seevinck et al., 2010).
Although I did not observe an effect of laminin a5 deletion on infarct volume or CBF
recovery after ischaemic stroke in Chapter 5, | still believe that the cell-specific
deletion of laminin isoforms provide a valuable tool in order to determine the roles
of laminin isoforms in disease. Considering that | observed an increase in laminin
a5 expression at 28 d in Chapter 4, | suggest that future experiments using the
brain endothelial laminin a5 KO should investigate repair mechanisms at 28 d as
this may be the critical time point. The role of laminin a4 in ischaemic stroke should
be investigated through conditional genetic deletion in cerebral endothelial cells.
Although this thesis focused on ischaemic stroke, the literature demonstrates the
role of laminin in different disease settings such as EAE and thus | suggest future
experiments should also be aimed at dissecting basic mechanisms whereby
laminin produces an altered physiological response. In particular these
mechanisms may be focused on cellular transmigration, BBB integrity and

endothelial activation under inflammatory and hypoxic stimulus.

A key finding from this thesis that should inform future studies is the relationship
between IL-1 signalling pathways, the ECM and the Hippo pathway. Considering
the contribution of IL-1 in the pathogenesis of stroke and the findings in Chapter 3
demonstrating novel crosstalk between IL-13 and YAP, the role of the Hippo
pathway should be investigated further in stroke since research in the literature is
currently limited. However, a recent study demonstrated that the YAP agonist
dexamethasone reduced infarct volume and increased TJ proteins after cerebral
ischaemia, suggesting that YAP may play a protective role (Gong et al., 2019).
Future studies should use a combination of in vitro and in vivo approaches which
would help to provide comprehensive insights and enable both the in vitro
dissection of mechanisms and in vivo observations after genetic deletion of YAP
in experimental stroke models. Furthermore, understanding the cell-specific
contribution of IL-1 and YAP signalling would also help to shape cell-specific

targeting therapies or therapy aimed at blocking IL-1R1. There has been increasing
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evidence implicating the Hippo pathway in inflammation and vascular biology
(Boopathy and Hong, 2019; Wang et al., 2020). Interestingly, YAP signalling has
been implicated in atherosclerosis (K.-C. Wang et al., 2016; L. Wang et al., 2016),
and ECM changes (Katsuda and Kaji, 2003; Chistiakov et al., 2013) and
inflammation (Libby, 2009) are associated with the development of the disease.
Thus, the investigation of Hippo signalling, IL-1 and ECM changes in
atherosclerotic prone mice would also be of particular interest. The investigation of
Hippo/YAP signalling could also be critical in other cerebrovascular diseases and
Alzheimer’s disease considering the inflammatory components often associated

with them.

6.4. Concluding remarks

In summary, this thesis has contributed to advanced knowledge regarding the
relationship between IL-1p3 and the ECM in vitro, specifically the role of LM-10, as
well as the role of cerebrovasculature IL-1R1 signalling on laminin expression after
cerebral ischaemia in vivo. | established LM-10 as a modulator of IL-1B-induced
cerebral endothelial activation and of angiogenic mechanisms in vitro. | have
elucidated a novel crosstalk between IL-18 and Hippo signalling. | provided novel
evidence that endothelial IL-1R1 regulates laminin a4 expression but not laminin
a5 expression post-stroke. Although | successfully created a new brain endothelial
laminin a5 conditional deletion genetic strain of mouse, | did not demonstrate a
role of laminin a5 deletion after ischaemic stroke. Despite not demonstrating a role
of laminin a5 in ischaemic stroke, | still stress that further investigation of the
isoform specific roles of laminins in CNS disorders is of importance. | strongly
believe that further investigation of the crosstalk between IL-1, the ECM and the
Hippo pathway could underpin several cerebrovascular diseases. Through the
identification of signalling mechanisms, the potential of identifying therapeutic
targets could become a reality and offer clinical relevance for a broad spectrum of

diseases.
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Appendix 1

Table of reagents/equipment and antibodies

Table A1.1 — Summary of reagents/equipment

Fisher Scientific

Reagent Company Catalogue number
0.22 ym pore size Starlab E4780-1226
filter
0.25 % trypsin/ 1 mM | Sigma T4049-100ML
EDTA solution
5-Bromo-2'- Sigma B5002
deoxyuridine (BrdU)
70 pm cell strainer Corning CLS431751
96-pin IncuCyte Essen BioScience 4563
WoundMaker Tool
96-well Cell Essen BioScience | 4400
Migration Software
Application Module
96-well Cell Essen BioScience 4400
Migration Software
Application Module
Acetic acid Sigma A6283
ACK lysis buffer Thermo Fisher A1049201
Scientific
BCA Protein Assay Pierce
Kit Biotechnology 28225
bEnd.5 cells Public Health of
England
Bovine Serum )
Albumin (BSA) Slgma AI04T
CaseViewer 3DHISTECH Ltd
Collagen IV VWR 734-0099
Collagenase/dispase | Sigma 10269638001
Cresyl violet Sigma 1052350025
Crystal violet Gurr Certistain 343122N
Dextran Affymetrix, Thermo | 15865218

189




DNA ladder (1 kb) New England N3232L
Biolabs
DNase | Thermo Fisher 18047019
Scientific
dNTP Mix 100mM Bioline BIO-39028
Final Conc
DPX mounting i
medium Sigma 6522
Dulbecco’s Modified | Sigma D6429
Eagle’s Medium
(DMEM)
Dulbecco’s Modified | Sigma 51445C
Eagle’s
Medium/Ham’s
Nutrient Mixture F12
ECL Prime Western GERPN2232
Blotting Detection GE Healthcare
Reagent
EndoGRO-MV Merck SCMEO004
Complete Culture
Media
Endothelial cell VWR 734-2391
growth supplement
(ECGS)
Extract-N-Amp™ Sigma XNAT2-1KT
Tissue PCR Kit
Fetal Bovine Serum Thermo Fisher
(FBS) Scientific 10500064
Gelatin BDH 24350.262
Glutamine Sigma G7513
Glutaraldehyde Sigma G6257
GraphPad Prism GraphPad Software
Inc
Hanks' balanced salt | Sigma H9394

solution (HBSS) with
sodium bicarbonate /

without calcium
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chloride and

magnesium sulphate

Heparin sodium salt | Sigma H3149-50KU
High Glucose DMEM | Sigma D6429
Human cerebral Merck SCC066
microvascular
endothelial cell line,
hCMEC/D3
Human ERK-1/2 R&D Systems DYC1018B-2
ELISA
Human ICAM-1 R&D Systems DY720
ELISA
Human IL-8 ELISA R&D Systems DY208
Human phospho- R&D Systems DYC869B-2
p38a ELISA
Human recombinant | BioLamina BIOLAMININ 511
LM-10 LN (LN511)
Human VCAM-1 R&D Systems DY809
ELISA
IL-1RA Kineret, SOBI
Image J ImageJ (NIH)
ImageLock plate (96- | Essen BioScience 4379
well)
Low endotoxin BSA Sigma A1470
Matrigel Corning 354230
MoorFLPI software Moor Instruments

Ltd
Mouse chemokine R&D Systems DY453
KC/CXCL1 ELISA
Mouse E-selectin R&D Systems DY575
ELISA
Mouse ICAM-1 R&D Systems DY796
ELISA
Mouse IL-6 ELISA R&D Systems DY406
Mouse MCP-1 ELISA | R&D Systems DY479
Mouse P-selectin R&D Systems DY737

ELISA
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Mouse VCAM-1 R&D Systems DY643

ELISA

Mouse VEGF ELISA | R&D Systems DY493

Nuclease free water | Gibco 10977035

One Taq Hot Start New England M0481S

DNA Polymerase/5x | Biolabs

One Taq standard

reaction buffer

Optimal Cutting Thermo Fisher 12678646

Temperature (OCT) Scientific

compound

Penicillin )

Streptomycin Slgma Po78l

Percoll Sigma P4937

Phosphatase Sigma 4906845001

inhibitors

(PhosSTOP)

Phosphate-buffered Sigma

saline (PBS) D8s37

Plasma derived First Link Ltd 60-00-810

serum (PDS)

Polyvinylidene Bio-rad 1620177

difluoride (PVDF)

Power SYBR Green | Thermo Fisher 4368702

PCR Master Mix Scientific

ProLong Diamond Thermo Fisher

anti-fade Mountant Scientific P36970

Protease Inhibitor )

Cocktail Set | Calbiochem 539131

Protease inhibitor Sigma 90182-100MG

Tosyl-L-lysine

chloromethyl ketone

hydrochloride (TLCK)

Purelink RNA minikit | Thermo Fisher 12183018A
Scientific

PureLink™ DNase Thermo Fisher 12185010

Set Scientific
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Rat tail collagen type | Merck 08-115

I

Recombinant human | Merck GF003
fibroblast growth

factor-basic

Recombinant human | R&D Systems 201-LB
IL-1B

Recombinant mouse | R&D Systems 401-ML
IL-18

Roswell Park Sigma R0883
Memorial Institute

(RPMI) media

Sodium dodecyl ) )

sulfate (SDS) Sigma Aldrich 62862
SuperScript™ 1| Thermo Fisher 18080044
Reverse Scientific

Transcriptase

SYBR™ Safe DNA Thermo Fisher S33102
Gel Stain Scientific

Tamoxifen Sigma T5648-5G
Transwell inserts (6.5 | Corning 3415

mm with 3.0 um pore

polycarbonate

membrane)

Triton X Sigma T8787
Trypsin Sigma T4174-100ML
Tween 20 Sigma P9416

Table A1.2 — Summary of antibodies

Alexa Fluor 594

Scientific

Antibody Company Catalogue number | Dilution
BrdU Abcam ab1893 1:200
donkey anti-goat Thermo Fisher A-11058 1:400
Alexa Fluor 594 Scientific

donkey anti-rabbit Thermo Fisher R37119 1:400
Alexa Fluor 594 Scientific

donkey anti-sheep Thermo Fisher A-11016 1:400
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HRP B-actin Abcam ab49900 1:50000
IkBa Cell Signalling 9242 1:1000
Laminin a4 R&D Systems AF3837 1:400
Laminin a5 Miner et al. 1997 1:800
Phospho-p65 Cell Signalling 3033 1:1000
(Ser536)
p-YAP127 Cell Signalling 13008 1:1000
p-YAP397 Cell Signalling 13619 1:1000
Rabbit anti-lgG

Agilent P0448 1:1000
(rabbit polyclonal)
YAP Cell Signalling 14074 1:1000
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