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Abstract

Stroke is a major global health burden with limited therapeutic options. Two major
subtypes of stroke exist, ischaemic stroke (IS) and intracerebral haemorrhage (ICH).
IS occurs following cerebrovascular occlusion, whereas ICH occurs when a vessel
bursts and blood enters parenchymal brain tissue. The acute inflammatory response
to both of these subtypes is thought to exacerbate neuronal injury and contribute to
poor patient outcomes. The prototypical cytokine interleukin-1 (IL-1) sits at the apex
of many inflammatory processes and a substantial amount of preclinical evidence
strongly implicates IL-1 in IS pathogenesis. However, despite this, it is currently
unclear whether IL-1 contributes to ICH pathophysiology. Thus, the primary aim of
this doctoral thesis was to determine the contribution of IL-1 to ICH. Further, the
canonical IL-1 family is composed of two distinct proteins, IL-1a and IL-1p, which
require proteolytic processing to activate the IL-1 receptor. Therefore, the secondary
aim of this doctoral thesis was to further our understanding of the active IL-1
proteolytic processing pathways in IS and ICH. Initial work carried out for this thesis
refined the collagenase-induced mouse model of ICH to reduce animal usage and
suffering. This refined model was subsequently used to uncover novel dichotomous
actions of IL-1 in ICH. Using RNA sequencing, IL-1 was revealed as the major
upstream regulator of cerebral inflammation that controlled harmful monocyte
trafficking to the haemorrhaged brain. However, inhibition of IL-1 actually worsened
neuromotor injury following ICH by preventing an IL-1-dependent increase in
cerebral blood flow to the affected hemisphere. IL-1B was the predominant IL-1
molecule produced in ICH, but inhibition of the IL-1p processing enzyme, caspase-
1, showed this pathway was not necessary for immune recruitment. Similarly,
pharmacological and genetic targeting of the NLRP3 inflammasome, which sits
upstream of caspase-1 activation, did not affect inflammation or lesion size in a clot-
induced mouse model of IS. Overall this thesis exposes novel actions of IL-1 in ICH.
Whilst IL-1 appears to be a major upstream regulator of harmful immune recruitment
in both IS and ICH, it may also positively regulate cerebral blood flow in ICH.
Therefore, future work should build upon the findings in this thesis and segregate the
downstream molecular mechanisms governing IL-1s beneficial and harmful effects,

in order to provide novel therapeutic targets for both stroke subtypes.
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1.1 Cerebrovascular disease

Cerebrovascular disease (CVD) is the term used to refer to a collection of medical
conditions that affect the vasculature supplying blood to the brain. Stroke is the most
common clinical presentation of CVD and may result in large catastrophic haemorrhagic
or ischaemic brain lesions (Feigin et al., 2019). CVD can also present more insidiously as
a form of dementia, termed vascular dementia, where small vessel changes lead to
haemorrhagic and ischaemic lesions on the microscale (Wardlaw et al., 2019). Thus, whilst
this thesis focusses on understanding the role of inflammation during stroke, it is important
to appreciate that much of the immunopathology described may also occur on the

microscale in cases of vascular dementia.

1.2 Stroke

Stroke is the devastating clinical consequence of acute disruption to cerebral blood supply
that affects cerebral function and leaves two thirds of patients either dead or disabled
(Corbyn, 2014). There are two distinct subtypes of stroke defined by their pathology.
Ischaemic stroke (IS) is the result of a vascular occlusion causing brain infarction and is
responsible for 67 % of cases world-wide (Feigin et al., 2017). Haemorrhagic stroke (HS)
is responsible for the remainder and occurs when a cerebral vessel ruptures and blood
enters parenchymal (intracerebral haemorrhage; ICH) or subarachnoid (subarachnoid
haemorrhage; SAH) compartments (Feigin et al., 2017). Although age-standardised
incidence rates of stroke have declined over the past 25 years, 6.5 million lives and 113
million disability-adjusted life years (DALY's) were lost to stroke in 2013 alone (Feigin et
al., 2017). This places stroke as the second most common cause of death worldwide,
responsible for 12 % of total deaths, and the third most common cause of disability (Feigin
et al., 2017, 2019). In the United Kingdom (UK) — a high-income country (HIC) — there is
around one stroke every 5 minutes and the economic impact of this is enormous (Stroke
Association, 2018). It is estimated that stroke alone costs the UK economy around £26
billion a year with the National Health Service (NHS) footing 13 % of that bill (Patel et al.,
2017). Worldwide, there are roughly 32 million new stroke cases per year with around 70
% occurring in low- to middle-income countries (LMICs) (Feigin et al., 2014, 2017;
Johnson et al., 2016). It is difficult to estimate the economic burden of stroke in LMICs,

but with stroke severity being the best predictor of cost, and these countries having greater
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stroke severity; it will be an outlay much larger than the UK’s (Evers et al., 2004; Kaur et
al., 2014).

1.2.1 Stroke aetiology

Stroke is a heterogeneous disease and this is in part due to the variety of factors that can
trigger its onset. Whilst age, sex, ethnicity, and genetics represent important non-
modifiable risk factors, it is estimated that the majority of worldwide stroke burden can be
attributed to just ten modifiable risk factors (O’Donnell et al., 2016), seven of which are

shared between both stroke subtypes (Table 1).

Table 1. Modifiable risk factors associated with stroke subtypes

Risk Factor Ischaemic Stroke Haemorrhagic Stroke
Hypertension + ++
Current smoking ++

Waist-to-hip ratio + +
Diet -+ -+
Physical inactivity + +
Alcohol consumption + +
Apolipoprotein B to Al ratio ++

Diabetes mellitus ++

Psychosocial factors + +
Cardiac causes ++ +

Data taken from (O’Donnell et al., 2016). ++ indicates risk factors with significantly
stronger association to the relative stroke subtype.

IS aetiology

There are a number of IS classification systems to categorise cases based on their aetiology
but the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria are the most
widely used (Adams et al., 1993). TOAST classifies IS into the following 5 categories (i)
large artery atherosclerosis (LAA) (23%), (ii) cardioembolism (22%), (ii1) small vessel
occlusion (22%), (iv) other determined aetiology i.e. rare causes of IS (3%), and (v)
indeterminate aetiology (26%), although the proportion of these subtypes changes
dependent on age, race, ethnicity, and geographical location (Adams et al., 1993; Ornello

et al., 2018).
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The exact pathogenesis leading up to clot formation is unknown but in general clots are
formed either locally or proximal to the site of infarction. Patients with LAA present with
an occlusion in a major brain artery, or a branch cortical artery, caused by locally formed
plaques that develop over decades in a well-defined process (Lusis, 2000). Atherosclerosis
is first triggered by oxidation of low-density lipids (OxLDL) within the arterial wall.
OxLDL initiates an immune response that leads to white blood cell infiltration, lipid
deposition, smooth muscle cell proliferation, and cellular necrosis. Together these
pathological changes to the vasculature result in the formation of a lipid rich fibrous scar
known as an atheroma. Over time, circulating LDLs expand the atheroma until clinical
complications arise through thrombus formation or complete luminal stenosis (Banerjee

and Chimowitz, 2017).

In contrast to in situ formed thrombi, emboli can travel to the brain from a proximal site of
origin. Cardioembolic strokes therefore have a multifaceted and heterogenous
pathogenesis but cause large artery occlusion and thus result in comparable clinical
features as LAAs (Kamel and Healey, 2017). Risk factors for cardioembolic stroke include
atrial fibrillation, systolic heart failure, myocardial infarction and patent foramen ovale.
Each of these conditions is linked to a hypercoagulable state and clots removed from
cardioembolic stroke patients tend to have a greater density of platelets and fibrin (Sporns
et al., 2017). In fact, the clot composition of cardioembolic stroke patients is similar in
many ways to the clots retrieved from cryptogenic stroke patients and it is now estimated
that many of these cryptogenic strokes could be of cardioembolic origin (Kamel and

Healey, 2017; Sporns et al., 2017).

ICH aetiology

Spontaneous non-traumatic ICH is often subclassified into primary (presenting
independently of other insults), or secondary to underlying morbidities or anticoagulant
therapy (Qureshi et al., 2009). More recently ICH has been categorised as hypertensive
(47%), cerebral amyloid angiopathy (CAA) related (20%), anticoagulant (9%), and
structural (6%) (Rannikméde et al., 2016). Hypertension, leading to hypertensive
vasculopathy, and CAA are the 2 predominant aetiologies for ICH and are linked to bleeds

in basal and lobar brain regions respectively.

Alongside its propensity to promote LAA, malignant hypertension induces lipohyalinosis

in the penetrating arteries and arterioles in the brain (Lammie, 2002). Lipohyalinosis
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(fibrinoid necrosis) is characterised by abnormal vessel wall architecture, collagenous
sclerosis and lipid-laden mural cells and is often found in cerebral small vessel disease.
Such changes render the affected arterioles susceptible to rupture, particularly those in
close proximity to the high pressure circle of Willis. In hypertension-associated ICH,
bleeding can indeed be traced to multiple deep-seated vessels in regions such as the basal
ganglia, thalamus, cerebellum and pons (Fisher, 1971; Jackson and Sudlow, 2006;
Sutherland and Auer, 2006).

Most studies refer to CAA as the main cause of ICH in aged individuals, although, one
study found hypertension is apparent in >40 % of these individuals and CAA was present
in less than 50% of those with ICH (Attems et al., 2008). It is clear, however, that lobar
ICH has a stronger association with CAA and age than with hypertension (Kremer et al.,
2015). In line with this, Amyloid-p (AP) accumulates over time within the perivascular
space of the white matter and cortical regions of the brain (Yamada, 2015). The AP
peptide first presents in the outer basement membrane of cerebral arteries and arterioles in
the form of amyloid fibrils (Yamaguchi et al., 1992). These fibrils then begin to congregate
around smooth muscle cells of the media, causing degeneration of the smooth muscle and
subsequent structural abnormalities in the capillaries, arterioles and arteries (Qureshi et al.,
2009; Yamada, 2015). The vasculopathological changes brought on by AP include
lipohyalinosis, hyaline degeneration, microaneurysmal dilatation, amongst others, which

lead to vessel instability.

1.2.2 Current acute stroke interventions
Due to the rapidly progressing nature of stroke injury; “time is brain”. The recommended

course of action is, therefore, heavily dependent on subtype and speed of diagnosis.

There are currently no licensed acute therapies for ICH and thus current treatments aim to
return body physiology back to homeostasis. Anticoagulant reversal, intensive blood
pressure lowering and surgical interventions are indicated for subsets of acute ICH patients
and can dramatically improve patient survival if rapidly implemented (Parry-Jones et al.,
2019). Large haematomas are associated with extremely poor outcome and haematoma
aspiration via minimally invasive surgery was hypothesised to improve functional outcome
in cases where haematomas were > 30 mL. However, despite a trend toward improvement,
a recent multi-centre phase 3 clinical trial showed no benefit (Hanley et al., 2019). ICH

therefore remains an area of unmet clinical need.
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There are currently two approved therapies for IS and both aim to restore cerebral blood
flow (CBF) by dislodging the occluding clot. Intravenous application of a thrombolytic
(tissue plasminogen activator) that degrades the problematic clot is only efficacious within
4.5 h of stroke onset (Hacke et al., 2008). This 4.5 h time window is particularly narrow as
patients must first reach hospital and undergo imaging to be subsequently diagnosed with
IS prior to treatment. It is, therefore, estimated that only 12 % of UK IS patients are
eligible for thrombolysis.

Intrarterial thrombectomy (IAT) is the most recently developed treatment for IS and is
often coupled with thrombolysis to increase the 4.5 h time-window to at least 6 h for
eligible patients (Goyal et al., 2016). In order to mechanically remove the blood clot,
highly skilled interventional radiologists are required to guide specially-designed clot
removal devices to the affected region from distal arteries. It is estimated that around 10 %
of UK IS patients are eligible for IAT yet less than 1 % of patients received this treatment
between April 2017 and March 2018 (McMeekin et al., 2017; Royal College of
Physicians, 2019). The reason for this poor uptake of IAT in the UK is due to a lack of
skilled operators. However, the impressive benefit shown by IAT (Figure 1.1) has
motivated the NHS to commission the procedure (NHS England, 2018).
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Figure 1.1 Intra-arterial intervention (IAT) reduces acute ischaemic stroke severity.
Patients presenting at UK stroke centres were scored on the National Institutes of Health Stroke Scale (NIHSS) on arrival
(x axis) and 24 h following IAT (y axis). Graph taken from (Royal College of Physicians, 2019).

Acute treatment options for stroke patients are clearly limited but progress has been made
to improve medical management in HICs, which in return has improved patient outcome.
Thus, stroke related mortality and morbidity rates are highest in LMICs (Feigin et al.,
2014; Johnson et al., 2016). Current acute stroke treatment guidelines are based on HIC
data and it is clear that these guidelines are not optimal for cases in LMICs. For example, it
is critical to identify the stroke subtype to inform treatment strategies and this is done
using computed tomography (CT) scans. CT scanners are often unavailable or
unaffordable in LMICs and clinicians must therefore make decisions in the absence of
subtype diagnoses (Johnson et al., 2016). On top of this, higher HS rates in LMICs (34 %
vs 9 %) compound the difficulties in subtype diagnosis and, due to the diametrically
opposed pathophysiology of IS and HS, increase the chances of starting contraindicated
therapies (Johnson et al., 2016; Feigin et al., 2019).

If all eligible patients were to undergo licensed procedures to reduce acute stroke damage,
roughly 90 % of IS and 100 % of ICH patients remain without a licensed treatment option

in the UK. The logistics, expense and complexities of current licensed procedures make it
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difficult for LMICs to incorporate even these limited options. There is, therefore, a need to
fully understand the pathophysiology of stroke to design therapies that are easier to apply

and that can be implemented on a global scale.

1.3 Animal models of stroke

The inaccessible nature of human brain tissue and ethical barriers to human
experimentation make it difficult to evaluate stroke pathophysiology without model
systems. Moreover, the complex interactions of multiple biological systems, which occur
following stroke, are currently impossible to mimic in vitro. Animal models have,
therefore, been essential in dissecting stroke pathophysiology and differentiating between

correlation and causation in pathological processes.

1.3.1 Spontaneous models of stroke

Spontaneous models of stroke are useful in modelling the heterogeneity of the human
condition. Hypertension is the predominant risk factor for both IS and ICH and can be
induced to promote spontaneous stroke in rodents. Spontaneously hypertensive stroke-
prone rats (spSHRs) are a genetic breed of rat that develop malignant hypertension when
fed a high salt diet (Bailey et al., 2011). By 20 weeks of age spSHRs develop symptomatic
ischaemic and haemorrhagic lesions in the cortex due to hypertension induced vascular
changes (Bailey et al., 2011). There are also two mouse models that induce malignant
hypertension pharmacologically with or without transgenic overexpression of human renin
and angiotensin (lida et al., 2005; Wakisaka et al., 2010). However, these hypertensive

mouse models of spontaneous stroke only induce haemorrhagic lesions.

Mutations to the gene encoding the collagen type IV alpha 1 protein (COL4ALl) that cause
reductions in protein secretion are linked to ICH in patients (Weng et al., 2012). A
transgenic mouse line with Col4al mutations, causing intracellular accumulation of the
protein, has severe developmental issues, including cerebral haemorrhage (Jeanne et al.,
2015). When expressed specifically in adulthood these mice consistently develop sporadic

ICH.

CAA occurs during aging and in humans is linked to lobar bleeds in older individuals.
Dogs and non-human primates are also prone to develop CAA during aging and
microbleeds are evident in extreme cases (Alharbi et al., 2016). Five transgenic mouse

models incorporate rare familial mutations of the human amyloid precursor protein (APP)
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gene on neuronal promoters to induce CAA, which results in development of microbleeds
(Alharbi et al., 2016). The best characterised are the APP23 mice that overexpress human
APP751 with the Swedish double mutation on a Thy-1 promoter (Winkler et al., 2001).
Haemorrhages in these mice develop exponentially from 19 months of age but are mostly

below 100 um in size (Reuter et al., 2016).

Although these spontaneous models of stroke are useful tools to investigate mechanisms of
onset and thus develop prophylactic therapies, there are a number of limitations to their use
in understanding post-stroke pathophysiology. Prolonged treatment with hypertensives and
aging of transgenic models incur significant time and financial costs to researchers.
Moreover, the sporadic nature of the models leads to large variation in time of onset and
size of lesion. These limitations are compounded by the models generating microlesions
which may not contribute to behavioural alterations (Alharbi et al., 2016; Sommer, 2017).
Inducible models of stroke have therefore been developed to discriminate between

causative and symptomatic pathological pathways post-stroke.

1.3.2 Inducible models of ischaemic stroke

Emboli, photothrombotic dyes and endothelin-1 can be used to induce ischaemic lesions in
rodents (Sommer, 2017). However, the most widely used models of IS are those that
produce focal ischaemic lesions by occluding the middle cerebral artery (MCA). Around
50 % of IS patients present with occlusion to the MCA territories and there are 2 main
approaches to model this in rodents (Ng et al., 2007). The MCA can be occluded at its

origin by intraluminal filament insertion or at its distal branch following craniotomy.

1.3.3 Intraluminal filament middle cerebral artery occlusion

To occlude the MCA at its origin, a monofilament is introduced into the carotid artery and
advanced until it reaches the MCA. This method was first developed for use in rats by
Koizumi et al. (1986) and then later refined for use in mice. In the Koizumi method the
filament is inserted through the common carotid artery (CCA) and consequently requires
the surgeon to permanently ligate one CCA. A second intraluminal filament method was
developed by Longa ef al. (1989) wherein the filament is introduced through the external
carotid artery, thus negating the requirement to permanently ligate a CCA. Once occluded,
the monofilament is left in place for a period of time before being withdrawn. Following
filament withdrawal, striatal or striato-cortical lesions develop over time which results in

profound quantitative behavioural phenotypes (Howells et al., 2010). The Longa method
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allows greater reperfusion than the Koizumi method, although, there are questions to the
clinical relevance of this reperfusion (Morris et al., 2016). Patients with spontaneous
reperfusion and those that are thrombolysed experience protracted reperfusion in
comparison to the rapid reperfusion following filament removal. It is argued that the nature
of injury following protracted vs rapid reperfusion is distinct and this mismatch directly
harms translatability of findings from filament models (Hossmann, 2012). Moreover, due
to the natural anatomical variation in vascular collateralisation of inbred mice strains,
lesion sizes can be extremely variable and attrition rates high in filament models of MCA
occlusion (MCAO) (McColl et al., 2004; Howells et al., 2010). Each of these limitations
can be nullified by performing MCAO at a distal branch of the MCA.

1.3.4 Distal middle cerebral artery occlusion

Distal MCAO (dMCAO) requires an initial craniotomy be performed in order to expose
the distal branches of the MCA. Once exposed, the MCA can be occluded via
photothrombosis (Labat-gest and Tomasi, 2013), electrocoagulation (Llovera et al., 2014)
or by applying chemicals to induce clot formation. Histopathological examination of IAT-
retrieved thrombi has revealed that patient clots are heterogeneous but composed mainly of
various proportions of red blood cells (RBCs), leukocytes, platelets and fibrin (Kim et al.,
2015). Thrombin or FeCl; can be applied to the IMCA to induce formation of crosslinked
fibrin or platelet rich clots respectively (Orset et al., 2007; Karatas et al., 2011). This
ability to form clinically relevant thrombi in the MCA region separates dAMCAO from
other models of IS and permits study of in vivo clot biology in stroke. Moreover, these
dMCAO models produce consistent cortical lesions and detectable behavioural phenotypes
without overt mortality issues. However, surgical exposure of the brain does result in a
number of limitations in the IMCAO model. Craniotomy can be technically challenging
and cause accidental trauma to the brain, surgery-induced meningeal and brain

inflammation, and perturbed intracerebral pressure.

1.3.5 Inducible models of intracerebral haemorrhage

As with IS, there are a number of inducible preclinical models of ICH. Intracerebral
injection and subsequent inflation of a micro-balloon has been used to model the space-
occupying effect of an intracerebral haematoma (Ma et al., 2011). Whereas, laser-induced
and, more recently, transgenic mouse models exist which produce microbleeds with
limited surgical intervention (Rosidi et al., 2011; Li et al., 2018). Patients with focal

haematomas in deep brain regions have worse prognosis and are therefore most likely to
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benefit from targeted interventions (Samarasekera et al., 2015). Autologous blood or
collagenase can be injected into deep brain regions to model deep focal ICH and these two

methods represent the most commonly used preclinical ICH models.

1.3.6 Autologous blood injection

Blood injection models were first established in rats by aspirating blood from a donor and
injecting a set amount into the caudate nucleus of a subject (Ropper and Zervas, 1982).
The model has since undergone multiple iterations to improve infusion pressures and
reduce variability in haematoma location and spread (Ma et al., 2011). One key issue with
blood injection models is the predilection for blood to reflux up the needle tract.
Deinsberger et al. (1996) overcame this reflux issue by performing double injection rather
than the standard single injection of blood. For the double injection method, a small
amount of blood is injected and allowed to coagulate along the needle tract prior to
injection of the remaining blood volume. Another notable modification of the model was
the switch to using autologous blood rather than donor blood. Autologous blood is often
taken via cannulisation of the femoral artery of the subject animal and thus requires
femoral artery ligation. As focal ICH induces hemiparesis, femoral artery ligation can
complicate interpretation of behavioural phenotypes. Sansing et al. (2011) have since
modified the model for use in mice whereby tail vein blood is used and thus nullifies
femoral artery ligation issues. When performed correctly the autologous blood injection
model deposits a large RBC mass within the striatum. The resultant haematoma
recapitulates many features of ICH including raised intracranial pressure, cerebral
hypoperfusion, RBC toxicity, inflammation, and detectable neuromotor deficits. The

autologous blood model does not mimic persistent bleeding from in situ vessels however.

1.3.7 Collagenase injection

To promote ICH from in situ vessels Rosenberg ef al. (1990) generated the collagenase
injection model. Collagenases are proteolytic enzymes that digest the extracellular matrix
protein collagen. In the brain, collagen is predominantly deposited in the basement
membrane of capillaries and postcapillary venules (Baeten and Akassoglou, 2011).
Collagenase injection therefore causes breakdown of supporting structures and subsequent
bleeding from capillaries and postcapillary venules. Similar to the clinical condition, this
model produces a bleed that progresses over a 24 hour period and is said to mimic the
bleeding-rebleeding phenomenon (Kirkman et al., 2011). Due to dependence on

collagenase dose, haematoma volume in this model is also easily controlled and is not
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susceptible to reflux up the needle tract. In comparison to the autologous blood injection
model, collagenase injection recapitulates the same clinical features but produces less mass
effect due to the progressive nature of the bleed. However, collagenase injection promotes
small vessel rupture, as seen in the human disease, and thus allows study of active bleeding
and coagulation during ICH. This model can therefore be deemed the most clinically
relevant model of ICH. It must be noted, however, that collagenase is obtained from
bacteria and is said to induce a greater inflammatory response and may be directly
neurotoxic, though both of these points have been debated more recently (Kirkman et al.,

2011).

1.4 Pathophysiology of acute cerebrovascular events

Experimental models of stroke are unable to recapitulate the enormous heterogeneity of
the human condition. However, despite their limitations, the models discussed thus far,
along with basic in vitro findings, have contributed enormously toward the understanding

of the pathophysiological consequences of each stroke subtype.

1.4.1 Cerebral infarction

Once a cerebral artery is occluded, the territory supplied by the artery becomes
hypoperfused and subsequently deficient of vital oxygen and glucose. However, the degree
of hypoperfusion varies in this territory due to the many collaterals in neurovascular
architecture (Hossmann, 1994). In regions with poor collateral flow, where CBF falls
below 12 mL 100 g per minute, cells die rapidly and create a core of unsalvageable
infarcted tissue. Surrounding the infarcted core however, where greater collateral flow sees
CBF levels fall between 12 — 22 mL 100 g' per minute, cells become metabolically
compromised and functionally dormant yet remain salvageable (Heiss, 2000). This area of
compromised yet viable tissue is known as the ischaemic penumbra and is central to
efforts to limit damage following IS. Over the course of hours to days the ischaemic
cascade induces cell death within penumbral tissue and subsequently expands the infarct

core.

1.4.2 The ischaemic cascade
The ischaemic cascade is a complex sequence of events (depicted in Figure 1.2) with
intricate interplay and multiple directions of evolution which result in permanent cell death

following infarction. During ischaemia, metabolic failure and breakdown of ion
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homeostasis trigger lipolysis, proteolysis, and rapid cellular necrosis and apoptosis
(Brouns and De Deyn, 2009). Depletion of cellular adenosine triphosphate (ATP) quickly
leads to failure of energy dependent ion pumps and the subsequent depolarisation of cells.
Cell depolarisation causes activation of voltage dependent Ca?* channels leading to the
release of excitatory neurotransmitters such as glutamate. Extracellular concentrations of
glutamate rise further due to the inactivation of energy dependent reuptake processes and
induce a pathological neuronal cell death termed excitotoxicity. Glutamate accumulation
triggers the overstimulation of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) and N-methyl-d-aspartic acid (NMDA)-type glutamate receptors on nearby
neurones. Activation of these receptors results in the influx and intracellular accumulation
of Na*, Cl" and Ca" ions which, via osmosis, bring water and trigger cytotoxic oedema. At
the same time, Ca®*, as the universal second messenger, induces activation of proteases,
lipases and nucleases which destroy cell integrity. In addition, Ca?" contributes to
oxidative and nitrosative stress through activation of enzymes that produce nitric oxide,
arachidonic acid and superoxide. Alongside Ca’*" dependent oxidative and nitrosative
stress, excitotoxic NMDA receptor activation leads to nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase-generated free radicals (Brennan et al., 2009). In turn,
NADPH-generated free radicals are hypothesised to promote mitochondrial uncoupling
and release of further free radicals (Moskowitz et al., 2010). Free radicals are short lived
molecules that induce a plethora of detrimental cellular effects once levels rise above
antioxidant defences (Lo et al., 2003). During ischaemia, free radicals cause enzyme
inactivation, release of intracellular Ca?* stores, protein and lipid destruction, and damage
to the cytoskeleton and DNA. In the presence of ATP the aforementioned cell damage
induces a programmed cell death termed apoptosis, whereas, in the absence of ATP this
cell damage results in cellular necrosis, with the latter being the most dominant form of
cell death following ischaemia (Lo et al., 2003; Moskowitz et al., 2010). This energy
failure, ionic imbalance, excitotoxicity and free radical generation are all intrinsically
linked and persist within the ischaemic region until the core engulfs the penumbra. One
important process that mediates the speed at which the ischaemic cascade engulfs the

penumbra is inflammation.
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Figure 1.2 Pathophysiology of Ischaemic Stroke.
Starving the brain of blood supply triggers the ischaemic cascade that progressively kills neurones. Energy depletion
leads to the release of excitatory neurotransmitters, such as glutamate, which activate downstream receptors leading to
ionic imbalances. Greater amounts of Ca>" and Na" cause cell swelling and trigger intracellular signalling pathways
leading to mitochondrial damage, enzyme activation and DNA damage, which in turn promote membrane damage, cell

death and inflammation. The release of K* ions also propagates waves of spreading depolarisations through actions on
neighbouring neurones. Schematic taken from (Dirnagl et al., 1999)

1.4.3 Cerebral haemorrhage

The precise mechanisms underpinning neuronal damage following ICH remain elusive,
though current evidence suggests two distinct pathways exist that are summarised in
Figure 1.3. Primary brain injury occurs immediately upon rupture of a cerebral vessel due
to the mass effect of blood accumulating within parenchymal tissue (Qureshi et al., 2009).
This mechanical space occupying effect of the haematoma results in raised intracranial
pressure (ICP) and instant neuronal death (Sinar et al., 1987; Fernandes et al., 2000).
Primary injury can also persist for longer in up to 30 % of patients who are subject to
substantial (> 33 %) haematoma expansion in the first 24 hours (S. M. Davis et al., 20006).
At the same time, cytotoxic oedema and clot retraction produce an ionic gradient that
rapidly results in the genesis of perihaematomal oedema, which further increases ICP and
contributes to mass effect (Urday et al., 2015). Although CBF drops following ICH, there
is no evidence to suggest this reduction is adequate enough to promote ischaemia within or
around the haematoma, though patients are susceptible to delayed ischaemic events
(Zazulia et al., 2001; Menon et al., 2012). It is currently unclear if excitotoxicity features
during ICH, as it does during IS, but glutamate is known to accumulate within the

interstitial fluid and could be a contributing factor in cytotoxic oedema (Urday et al.,
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2015). During this acute primary injury phase, a secondary injury begins and progresses
within hours to days of ICH onset and is characterised by RBC- and haemostasis-related

toxicity, the onset of inflammation and vasogenic oedema.

1.4.4 Secondary injury after intracerebral haemorrhage

The serine protease thrombin has dichotomous effects following ICH. Thrombin cleaves
fibrinogen into fibrin monomers that are subsequently processed into cross-linked fibrin
clots to stem further bleeding. However, thrombin can also directly open the blood brain
barrier, exacerbate neuronal death, and activate protease activated receptors (PARs) on

cells to trigger inflammation (Cunningham, 1997; Lee et al., 1997; Xi et al., 2003).

RBC components are major contributors to the damage seen after ICH. RBC lysis is
proposed to occur 24 hours after ICH and leads to the release of haemoglobin (Hb), haem
(Hm), Fe, biliverdin, and carbon monoxide . These components are released in a sequential
manner, increasing reactive oxygen species (ROS), eliciting an immune response, and
causing massive cell death (Aronowski and Zhao, 2011). A number of homeostatic
mechanisms exist to reduce RBC toxicity by sequestering, or responding to, the various
RBC breakdown products; Haptoglobin (Hp) binds and sequesters Hb, whereas hemopexin
directly conjugates to Hm, and transferrin binds Fe (Smith and McCulloh, 2015). Injection
of packed RBCs into the brains of rodents leads to functional deficits and oedema over
several days, whereas, RBC lysate injection invokes BBB disruption, oedema and DNA
injury within 24 hours (Xi et al.,, 1998; Hua et al., 2002). Thus indicating that RBC
components promote secondary injury as the homeostatic mechanisms are overloaded over

several days post-ICH.

RBC lysis is postulated to occur through the depletion of energy reserves and/or
stimulation of the complement pathway, the former leading to necrosis and the latter
leading to activation of the membrane attack complex (Ducruet et al., 2009; Keep et al.,
2012). Upon lysis, RBCs release around 289 million molecules of Hb each, which equates
to around 1.45 x 10'® molecules of Hb per ml of blood, far in excess of the amount of Hp
(Smith and McCulloh, 2015). Hp is, however, synthesised in the brain by oligodendrocytes
after ICH, causing a reduction in RBC based toxicity (Zhao et al., 2009).

Auto-oxidation of Hb occurs over several hours, producing ferric Hb and superoxide anion
(O27), whereas Hm is rapidly oxidised into hemin and O» within seconds (Bonaventura et

al., 2013). The highly oxidative environment of the haematoma is likely to accelerate
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oxidation of Hb and Hm. The release of ferric Fe from Hm allows the Fenton reaction to
commence, subsequently producing a large number of ROS. Oxidative Hb products
overwhelm the natural anti-oxidant defence system, causing depletion of glutathione and

leading to protein, lipid and DNA damage (Zhou et al., 2014).
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Figure 1.3 Pathophysiology of Intracerebral Haemorrhage.
Intraparenchymal blood accumulation results in primary injury triggered by mass effect, whereas, a secondary injury
progresses over days and is characterised by thrombin, red blood cell toxicity and the onset of neuroinflammation.

1.5 Inflammation

In its purest sense inflammation is an essential biological process that guards organisms
from disease and maintains a state of tissue homeostasis. An inflammatory response occurs
upon recognition of harmful stimuli of both endogenous and exogenous origin. Acute
infection or acute trauma result therefore in virtually identical biological features. Rubor
(redness), tumor (swelling), calor (heat) and dolor (pain) constitute the four cardinal signs
of inflammation and have been documented since the 1% century observations of Celsus.
Since then, our understanding of the systemic, cellular and molecular basis of
inflammation has improved tremendously. We have also discovered that, whilst these
inflammatory processes are of paramount importance for host survival during infection,
they also contribute directly to tissue damage during acute sterile inflammation
(inflammation that occurs in the absence of infection). This section will discuss the

complex role of inflammation in the pathogenesis of stroke.
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1.5.1 Post-stroke inflammation

Host cells harbour intracellular molecules that have important functions during
homeostasis but have evolved secondary pro-inflammatory functions. Damage associated
molecular patterns (DAMPs) is the collective term used to describe such molecules as
ATP, DNA and s100 proteins, which are concealed from the extracellular environment
under steady state conditions but are expelled during necrosis (Janeway Jr. and
Medzhitov, 2002; Kono and Rock, 2008). Following stroke, dying cells release DAMPs
into the extracellular milieu which activate pattern recognition receptors (PRRs) on nearby
cells such as microglia (the resident macrophages of the brain), astrocytes and endothelial
cells to induce local production of cytokines (such as tumour necrosis factor (TNF)-a,
interleukin (IL)-1 and IL-6), adhesion molecules, vasoactive substances, and chemokines,
which all act to amplify the inflammatory response (Savage et al., 2012; Anrather and

Iadecola, 2016; Askenase and Sansing, 2016).

Chemokines such as CXCLI1 and CCL2 are released following PRR activation and create a
concentration gradient through which first responder immune cells can hone to the site of
injury. Consequently, circulating neutrophils and monocytes arrive in the vascular territory
of the stroke lesion and transmigrate into the brain in a well-defined process that requires
interactions between upregulated endothelial adhesion molecules - such as selectins,
intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1
- and activated leukocyte adhesion molecules - such as lymphocyte function-associated
antigen 1 (LFA)-1, macrophage-1 antigen (MAC-1) and very late antigen (VLA)-4 (Ley et
al., 2007). At this point during sterile inflammation in peripheral tissues, vasoactive
substances such as histamine, nitric oxide and eicosanoids are produced by the expanding
immune cell repertoire and trigger vasodilation of nearby arterioles and capillaries (Pober
and Sessa, 2015). The subsequent increase in blood flow signals the arrival of 2 of the
cardinal signs of inflammation; rubor and calor. Following stroke however, it is
hypothesised that vascular injury limits the effects of vasoactive substances (Hu et al.,
2017). Nevertheless, during the vascular phase of post-stroke inflammation, factors are
released from resident and trafficking immune cells which facilitate breakdown of the

blood brain barrier (BBB) and promote vasogenic oedema.

Cytokines can signal directly to endothelial cells to trigger BBB breakdown through
downregulation of important tight junction proteins such as claudin-5 (Holmin and

Mathiesen, 2000; Aslam et al., 2012). Activated immune cells also produce ROS,
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complement proteins, and extracellular matrix-degrading enzymes termed matrix
metalloproteinases (MMPs), to further contribute toward BBB breakdown. (Yong et al.,
2001; Anrather and Iadecola, 2016). Breakdown of the BBB compounds brain damage
following stroke by further exposing the brain to circulating pro-inflammatory molecules,
neurotoxic substances and proteases, and causing the influx of water, which, in the case of
ICH can contribute directly to mass effect. Oedema volume tracks well with inflammatory
biomarkers and both correlate with outcome following stroke. Inflammation thus
exacerbates injury during the acute phase of stroke, however during sub-acute and chronic
phases the immune response helps the brain recover through mechanisms that are only
now being revealed. The dichotomous nature of post-stroke inflammation makes targeting
its processes for therapeutic intervention challenging, yet much has been learned by

studying the innate immune response at the cellular level.

1.5.2 Microglia, monocytes and macrophages

Once described as an immune-privileged organ, it is now evident the brain and meninges
contain a diverse repertoire of immune cells with a particularly heterogeneous macrophage
population (Mrdjen et al., 2018; Van Hove et al., 2019). Nevertheless, the
compartmentalisation of the brain parenchyma behind the BBB has resulted in the
evolution of a brain specific macrophage population, termed microglia, which are the only

parenchyma-resident immune cells.

Under steady state, microglia readily survey their environment with dynamic outstretched
processes (in a ‘ramified’ morphology) that perform important non-inflammatory
functions, including the synaptic pruning of neuronal pathways (Nimmerjahn et al., 2005;
Schafer et al., 2012). Microglia are seeded from the yolk sac and, under homeostasis, self-
renew (Ginhoux et al., 2010). In order to self-renew, microglia rely on IL-34 and colony
stimulating factor (CSF)-1-dependent activation of CSF-1 receptor. Inhibition of this
pathway therefore specifically depletes microglia (Elmore et al., 2014; Spangenberg et al.,
2019). Within hours of stroke, microglia rapidly obtain an activated ‘amoeboid’
morphology and begin to express inflammatory proteins (Schilling et al., 2003; Luheshi et
al., 2011). It was for this reason that microglia were believed to be at the apex of the acute
immune response and orchestrated all downstream detrimental effects. However, recent
microglia depletion studies have revealed that these cells limit acute brain injury following
IS (Szalay et al., 2016; Jin et al., 2017). In the first of these studies microglia are shown to

protect neurones from excitotoxic death through direct interactions which regulate calcium
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signalling. Whilst in the second study microglia are shown to protect the brain from an
exaggerated inflammatory response. As with most immune cells, microglia have a high
level of plasticity and can react to many insults with a tailored response. Recent research
from the preclinical ICH field indicates that microglia contribute to acute brain injury by
exacerbating the immune response (Li et al., 2017). The mechanisms by which microglia
generate bespoke reactions to specific niches is an open question and the answers may
reveal important insights for the stroke field. In acute phases of stroke however, microglia

are joined by equally plastic macrophage progenitor cells known as monocytes.

Monocytes are circulating myeloid cells that exist in two subsets. Ly6Chi monocytes,
sometimes called classical or pro-inflammatory monocytes, are recruited to sites of
inflammation where they undergo differentiation into macrophages or dendritic cells.
Ly6Clo monocytes, often referred to as non-classical or vascular patrolling monocytes,
primarily crawl along the luminal surface of endothelial cells to patrol the vascular system
but can also mount an immune response to tissue injury (Auffray et al., 2007). In models
of ICH, preventing Ly6Chi monocyte entry into the brain has consistently been shown to
reduce haematoma volume and improve outcome at acute time-points through a
mechanism that is, as of yet, undefined ( Hammond et al., 2014; Hammond et al., 2014;
Chang et al., 2018). Similarly, inhibition of monocyte entry reduces acute lesion volume in
experimental IS (Dimitrijevic et al., 2007), though others have failed to replicate these
findings (Schmidt et al., 2017). In the days following stroke, monocytes differentiate into
macrophages which engraft within the brain and become morphologically
indistinguishable from activated microglia (Gelderblom et al., 2009). It is becoming
increasingly apparent however, that alongside microglia, these monocyte-derived

macrophages (MDMs) contribute to tissue repair and resolution in chronic phases.

As part of the immune response to sterile injury, an initial burst of damaging inflammation
is followed by a period of tissue remodelling and regeneration. Microglia and MDMs have
the capacity to produce pro-inflammatory and pro-reparative factors and thus have
important roles in both acute and chronic phases of inflammation (Lan et al., 2017).
Significant research has been conducted on the premise that macrophages polarise into
pro-inflammatory and anti-inflammatory phenotypes, however this is doubted by many,
and recent evidence suggests that individual macrophages express markers of both
‘phenotypes’ in vivo (Ransohoff, 2016; Locatelli et al., 2018). Nonetheless, the study from

Locatelli et al., (2018) did show that, in a mouse model of multiple sclerosis, the
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macrophage population swings from an initial pro-inflammatory majority at acute time-
points toward an anti-inflammatory majority in chronic phases. In ICH, microglial
production of repair factors is governed by transforming growth factor (TGF)-B and
functional recovery is improved by addition of exogenous TGF-f (Taylor et al., 2017). The
mechanisms underpinning microglia/MDM dependent tissue repair remain elusive.
However, one study noted that MDMs prevent delayed haemorrhagic transformation of
ischaemic brain injury by quelling microvascular injury, and this was also TGF-$
dependent (Gliem et al., 2012). Therefore, microglia/MDMs may dampen injury and
promote stability of the cerebrovascular system post-stroke, although, it is likely that these

cells perform many pleiotropic functions.

Macrophages are professional phagocytes and are said to clear cellular debris in chronic
phases of inflammation. Triggering receptor expressed on myeloid cells (TREM)-2 is a
lipid receptor that is highly expressed on microglia and has important actions in
Alzheimer’s disease and metabolic homeostasis (Wang et al., 2015; Jaitin et al., 2019).
Microglial expression of TREM-2 is required for effective functional recovery in the
dMCAO model but is yet to be investigated in ICH (Kurisu et al., 2018). RBCs present a
unique challenge to the brain following ICH as they begin to lyse and release neurotoxic
compounds in the days post-ictus. The clearance of toxic RBCs is now known to be a
crucial feature of MDMs and, importantly, contributes to functional recovery in
experimental models of ICH (Chang et al., 2018). In 2007 Denes et al., also hypothesised
that microglia may prevent exaggerated and persistent inflammation in stroke by
phagocytosing damaging neutrophils. It has recently been shown that microglia do indeed
prevent brain neutrophil accumulation in chronic phases of ischaemic stroke through
phagocytic clearance (Otxoa-de-Amezaga et al., 2019). It remains to be seen if the same
event occurs in ICH and if microglial clearance of neutrophils would be beneficial at all in

this setting.

1.5.3 Neutrophils

Neutrophils are a class of granulocytes that circulate within the vasculature at higher
numbers than any other cell type and act as first responder cells during inflammation.
Neutrophils, like mononuclear phagocytes, have the ability to act as phagocytic cells, yet
unlike mononuclear phagocytes, neutrophils store intracellular granules containing lytic
enzymes and readily produce ROS. Neutrophils are one of the first cell types to traffic to

the brain following stroke. In ICH models, neutrophils can be found in the brain within 4
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hours, although, temporal dynamics are slower in IS, where they are not found within the
parenchyma until 24 hours (Wang and Tsirka, 2005; Perez-de-Puig et al., 2015).
Neutrophils can directly contribute to ischaemia by mechanically occluding capillaries
during IS; a pathway that has also been shown to occur in Alzheimer’s disease (del Zoppo
et al., 1991; Cruz Hernandez et al., 2019). Alongside this, neutrophils promote post-stroke
BBB breakdown, haemorrhagic transformation and neurotoxicity by releasing toxic factors
such as MMPs and ROS (Mracsko and Veltkamp, 2014; Anrather and ladecola, 2016).
Neutrophil depletion improves outcome in acute models of ICH and IS (Lauren H Sansing

et al., 2011; Moxon-Emre and Schlichter, 2011; Neumann et al., 2015).

Neutrophils can expel nuclear contents in a process called ‘netosis’, which ensnares
bacterial pathogens and kills them (Brinkmann et al., 2004). Netosis also contributes to
coagulation and neutrophil nets have been seen in IS patient thrombi and may impair
efficient reperfusion (Martinod and Wagner, 2014; Laridan et al., 2017; Ducroux et al.,
2018). Neutrophil nets can be found within the parenchyma following experimental stroke,
are directly neurotoxic, and have been shown to contribute to injury in a permanent
MCAO model of IS (Allen et al., 2012; Kim et al., 2019). To-date, no published studies
have investigated netosis in ICH, although, with netosis contributing to coagulation and
larger bleeds producing greater injury in ICH, preventing netosis may worsen outcome in
this setting. Whilst neutrophils can exacerbate injury in the acute phase of stroke in a
multitude of ways, much like macrophages, neutrophils can also adopt a pro-reparative

role in chronic phases of stroke.

Neutrophils enter the brain in greatest numbers from day 3 onwards in experimental stroke
models (Gelderblom et al., 2009; Mracsko et al., 2014). At these later time-points
neutrophils express canonical markers of tissue repair such as CD206 (mannose receptor)
and Ym-1 (chitinase 3-like 3, Chi3l3). Promoting neutrophil upregulation of these
molecules through pharmacological intervention is neuroprotective in acute MCAO
models (Cuartero et al., 2013; Cai et al., 2019). However, microglial clearance of these
pro-reparative neutrophils has hampered study into their effects in chronic phases of IS
(Cai et al., 2019). In ICH models however, the cytokine IL-27 has been used to modify
neutrophil behaviour (Zhao et al., 2017). As part of their anti-microbial arsenal, neutrophil
granules contain important iron-scavenging molecules such as lactoferrin and haptoglobin.
In rodents, IL-27 injection polarises bone marrow neutrophils to a phenotype where

lactoferrin is upregulated and MMPs and ROS are downregulated. Thus, in the autologous
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blood model of ICH, IL-27 stimulated neutrophils improve functional recovery by

dampening inflammation and reducing iron toxicity (Zhao et al., 2017).

1.5.4 Lymphocytes

Cells of the adaptive arm of the immune system have beneficial and detrimental roles in
post-stroke inflammation too. The humoral response to injury requires a latency period
where antigen presentation fine-tunes T and B cell functions. However, cytotoxic
lymphocytes can act irrespective of this latency period and have been implicated in acute
IS injury. A series of studies found interferon (IFN)-y producing T cells, IL-17 producing
vOT cells, and natural killer (NK) T cells potentiate acute ischaemic injury in rodent
models (Yilmaz et al., 2006; Shichita et al., 2009; Kleinschnitz et al., 2010; Liesz, Zhou, et
al., 2011). However, regulatory T cells (Tregs) have been shown to accumulate in the brain
at later time-points and promote resolution of tissue injury through IL-10 secretion (Liesz
et al., 2009). Regulatory B cells have also been shown to offer neuroprotection by
secreting IL-10, yet others have found evidence that B cell follicles form in the
parenchyma following IS and the secreted immunoglobulins contribute to post-stroke
cognitive decline (Ren et al.,, 2011; Doyle et al., 2015). Very little is known about
lymphocyte activity following ICH. In one study, CD4+ T cells were found to be the
predominant immune cell population in the brain within 24 hours of experimental ICH,
however, T cells do not appear in the parenchyma until 48 — 96 hours in the majority of
studies (Xue and Del Bigio, 2000, 2003; Hammond et al., 2014; Mracsko et al., 2014).
Nevertheless, there is evidence that T cells contribute to BBB breakdown and mediate
repair following ICH, as they do in IS (Zhang et al., 2017; Zhou et al., 2017). To-date, no

studies have assessed B cell functions in the setting of ICH.

The inflammatory response to stroke proceeds in a stochastic fashion and has dichotomous
influences on injury progression. Overall, the innate immune reaction, which triggers the
acute immune response to stroke, is seen to be detrimental and, in the brain, the cytokine
IL-1 is the most potent mediator of this response (Giles et al., 2015). IL-1, however, also

has a very complex biology.
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1.6 Interleukin 1

First discovered as an endogenous pyrogen, the prototypical cytokine IL-1 has been at the
forefront of many important discoveries in the field of inflammation. The complex
pleiotropic nature of cytokine biology and its importance in resistance to infection was first
revealed by researchers studying IL-1 (Reviewed in Garlanda et al., 2013). Alongside this,
investigations into IL-1 also exposed the intricacies of highly conserved intracellular pro-
inflammatory signalling networks. Since then, the IL-1 superfamily has been revealed
consisting of 11 soluble ligands and 10 receptors (Rivers-Auty et al., 2018). IL-1 family
ligands can be further subdivided into 7 pro-inflammatory cytokines (IL-1a, IL-1B, IL-18,
IL-33, IL-36a, IL-36p, and IL-36y), 1 anti-inflammatory cytokine (IL-37), and 3 receptor
antagonists (IL-1RA, IL-36RA, and IL-38) (Garlanda et al., 2013; Rivers-Auty et al.,
2018). The most studied and best characterised of the IL-1 superfamily are IL-1a and IL-
1B which both act through the type 1 IL-1 receptor (IL-1R1).

1.6.1 Type 1 interleukin 1 receptor signalling

IL-1R1 1s a membrane-bound receptor consisting of 3 extracellular immunoglobulin (Ig)
domains and an intracellular Toll-IL-1 resistance (TIR) signalling domain. The binding of
IL-1a or IL-1B to IL-1R1 induces a conformational change in the first Ig domain that
results in recruitment of the IL-1 receptor accessory protein (IL-1RAcP) (Weber et al.,
2010). An IL-1R1/IL-IRAcP complex dimerises through homotypic intracellular TIR
interaction and recruits a third TIR domain containing molecule called myeloid
differentiation primary response gene 88 (MyD88). MyD88 acts as a signalling adaptor
molecule to recruit the serine-threonine kinase IL-1R-associated kinase 4 (IRAK4), which,
in turn, autophosphorylates and activates IRAK1 and IRAK2. The activated IRAK
complex subsequently recruits and oligomerises the ubiquitin E3 ligase TNF-associated
factor 6 (TRAF6) which amplifies the previously receptor-proximal signalling into a whole

cell event.

TRAF6 polyubiquitinates a number of secondary messenger molecules including TGF-p—
activated protein kinase (TAK) 1 and TAK-binding protein (TAB) 2 and 3. The
ubiquitination of TAKI1 promotes the formation of a TRAF6-TAK1-Mitogen-activated
protein kinase kinase kinase (MEKK)-3 complex which subsequently activates c-Jun N-
terminal kinase (JNK), and p38 Mitogen-activated protein kinases (MAPK) pathways.

These two pathways amplify and thus facilitate efficient activation of the main output of
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IL-1R1; the major pro-inflammatory transcription factor nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) (Huang et al., 2004).

To activate NF-kB, the TAKI1/TAB2/TAB3 complex binds and phosphorylates the
inhibitor of NF-kB kinase (IKK) complex, which consists of IKKa, IKKf and NF-xB
essential modulator (NEMO). Activated IKK phosphorylates IkBoa leading to K48
ubiquitination and its resulting proteasomal degradation. IxkBa degradation then releases
the p65 NF-«xB subunit which translocates to the nucleus to act as a transcription factor for
a plethora of genes including cytokines (IL-6), chemokines (CXCL1 or IL-8), eicosanoids
(prostaglandin E), adhesion molecules (ICAM1 and VCAM1), and even IL-1 in a positive
feedback loop (Libermann and Baltimore, 1990; Lévesque et al., 2016; Mantovani et al.,
2019). There are also reported interactions between IL-1 and sphingolipids that can
enhance its downstream signalling and in some circumstances act in a non-transcriptional
manner (Ballou et al., 1992; Masamune, Igarashi and Hakomori, 1996; Davis et al., 2006).
In fact, the downstream signalling of IL-1R1 is so potent, 2 distinct regulatory mechanisms
evolved to prevent its activation . A receptor antagonist, IL-1RA, evolved from a gene
duplication of IL-1B to bind IL-1R1 without triggering its activation, whereas a decoy
receptor, IL-1R2, evolved through gene duplication of IL-1R1 to bind IL-1 without
transmitting intracellular signals (Rivers-Auty et al., 2018). On top of this, IL-1 signalling
is also tightly regulated at the genetic and protein level of the ligand.

1.6.2 Interleukin 1 expression

Under basal conditions few cells, if any, express the IL-1p protein but there are data to
suggest IL-1Bp mRNA is expressed at very low levels in brain regions such as the
hippocampus, hypothalamus and cortex, and may be under control of circadian rhythms
(Vitkovic et al., 2000). In contrast however, the IL-1a protein is said to be constitutively
expressed in keratinocytes, platelets and fibroblasts where it has important functions in
barrier immunology (Kong et al., 2006; Daniels and Brough, 2017; Daniels et al., 2017).
During acute inflammation IL-1 is produced by cells of the myeloid lineage such as
neutrophils, monocytes and ‘sentinel’ macrophages. Thus IL-1 must be induced in myeloid

cells to perform its main function during inflammation (Martin, 2016).

The most common way to induce IL-1 expression in the laboratory setting is via
incubation of myeloid cells with the bacterial pathogen associated molecular pattern

(PAMP) lipopolysaccharide (LPS). LPS binds and activates a canonical PRR named Toll-
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like receptor (TLR) 4 which, using many overlapping signalling networks with IL-1R1,
triggers JNK, MAPK and NF-kB activation. Downstream signalling of TLR-4 converges
on the transcription factors NF-xB, PU.1, C/EBPB and AP-1 which bind and activate the
IL-1 promoter (Hiscott et al., 1993; Shirakawa et al., 1993; Tsukada et al., 1994; Kominato
et al., 1995; Roman et al., 2000). More recently, it has been shown that IL-1 expression is
also under control of a cellular metabolic switch (Tannahill et al., 2013). Following TLR-4
activation, cellular respiration moves from oxidative phosphorylation to aerobic glycolysis,
wherein, the metabolite succinate accumulates and triggers the stabilisation of hypoxia-
inducible factor-1a (HIF-1a)). HIF-1a subsequently binds to a region upstream of the IL-13
transcriptional start site where it facilitates gene transcription. IL-1a, on the other hand,
has its own unique mechanism regulating its expression in mice. An inducible stretch of
long non-coding RNA on the antisense strand of the gene, similar in sequence to IL-1a
itself, is required for the recruitment of transcriptional machinery to the IL-1a promoter
(Chan et al., 2015). As mentioned earlier, these extensive details of IL-1 expression have
been revealed with the use of LPS. However, IL-1 has important functions in sterile
inflammatory settings where myeloid cells would not be exposed to such PAMPs.
Endogenous molecules must therefore exist that activate the signalling networks revealed

by LPS.

DAMPs are often intracellular molecules which are released upon cell death to alert nearby
immune cells to danger. Notable DAMPs include high mobility group box protein
(HMGB) 1, S100 proteins, DNA, and RBC breakdown products such as Hm and oxidised
Hb. Although many of these DAMPs have been shown to trigger TLR-4 dependent IL-1
expression, there are concerns that endotoxin contamination may have contributed to
observed effects (Erridge, 2010). One notable example of the misinterpretation of pro-
inflammatory effects of a protein due to LPS contamination is that seen in the literature
surrounding the serine-protease thrombin. It is suggested that thrombin promotes NF-kB
signalling during coagulation by activating TLR-4 and PARs on nearby macrophages
(Mracsko and Veltkamp, 2014; Foley and Conway, 2016). However, Chang et al., (2018)
showed that this NF-kB activity was due to LPS contamination as an ultrapure thrombin
preparation had no effect. This finding is especially pertinent to the field of ICH as it is
currently hypothesised that thrombin is one of the main factors driving inflammation post-
stroke (Keep et al., 2014). In fact, many published studies have used thrombin injection to
model ICH in rodents (Masada et al., 2001; Cui et al., 2011). The findings from these

40



studies may, therefore, be driven by endotoxin contamination rather than thrombin.
Thrombin is known to activate innate immune cells through PARs, however, so more

research is required to separate thrombin from endotoxin effects in current ICH literature.

Due to the considerable evidence that TLRs have non-redundant functions in sterile
disease, it is undeniable that there are endogenous activators of TLRs (Cook et al., 2004).
Therefore, many of the aforementioned DAMPs are likely to promote IL-1 production
through TLR activation. There are also non-TLR mechanisms of IL-1 transcription.
HMGBI, s100 proteins and A bind to a second type of PRR termed receptor for advanced
glycation end products (RAGE). RAGE activates 3 of the core IL-1 transcription factors,
NF-kB, CREB, and Sp1 (Rouhiainen et al., 2013). Cytokines such as TNF-a and even IL-1

can also facilitate the expression of IL-1 (Franchi et al., 2009).

Not only is IL-1 tightly regulated by complex mechanisms at the genetic level but its

actions are also controlled by post-translational modification.

1.6.3 Interleukin 1 processing

IL-1a and IL-1B both lack leader sequences to facilitate their secretion from the cell
through the canonical ER-Golgi secretory pathway. Consequently, once the proteins are
synthesised they become sequestered within the cytosol. The release of both molecules is
therefore heavily linked to loss of membrane integrity. In fact, both IL-1 molecules are
produced as 31 kDa proteins containing protease cleavage sites that a number of serine and
aspartate proteases linked to cell death can bind. The proteolytic cleavage of pro-IL-13
into a 17 kDa form is essential for its activation of IL-1R1. On the contrary, there is
evidence that pro-IL-1a is biologically active, yet it to is often cleaved to a 17 kDa form
with markedly increased potency (Mosley et al., 1987; Afonina et al., 2011). Interestingly,
both molecules contain cleavage sites for a number of molecules associated with cells

linked to the first response during inflammation.

Pro-IL-1a and pro-IL-1P contain cleavage sites for the neutrophil granule proteases
neutrophil elastase (NE) and cathepsin-G (CG), and the mast cell-derived protease
chymase. Early studies indicated that NE and CG cleavage of pro-IL-1P resulted in an
active IL-1 molecule with low efficacy, however, a more recent study linked NE and CG
cleavage to inactivation of IL-1p and activation of IL-1a (Afonina et al., 2015; Clancy et
al., 2018). Chymase cleavage on the other hand, results in biologically active IL-1a and
IL-1B (Mizutani et al., 1991; Afonina et al., 2011). Pro-IL-1a also contains a cleavage site
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for the NK cell-derived cytotoxic granule protease granzyme-B, and cleavage at this site
has also been shown to result in active IL-1a (Afonina et al., 2011). The significance of
these findings is currently unclear but it is possible that these proteases are released by first
responder cells to promote the activation and release of IL-1 from cell types which lack the
canonical IL-1 processing machinery (As depicted in Figure 1.4 for IL-1a). In endothelial
cells for example, the secretion of biologically active IL-1 cannot be triggered by stimuli
used on myeloid cells, yet it can be triggered by NE (Wilson et al., 2007; Alfaidi et al.,
2015). It 1s also possible that cellular necrosis, or pathogen inhibition of intracellular
cleavage enzymes, causes deposition of pro-IL-1 within the extracellular milieu where first
responder-derived proteases can process the molecules. Conversely, these protease
cleavage sites might bind IL-1 to specific actions of each cell type. It has recently been
uncovered, for example, that IL-1a contains a thrombin cleavage site which results in a
biologically active 18 kDa IL-1a molecule which is important in coagulation (Burzynski et
al., 2019). Further studies are clearly required to elucidate the actions of first responder
proteases on IL-1 biology. On the contrary, great progress has been made studying the
actions of specific enzymes for each pro-IL-1 molecule which links each to particular cell

death processes.

IL-1a release in necrosis and necroptosis

IL-1a is closely linked to necrotic cell death and a type of programmed necrotic cell death
termed necroptosis. Due to biological activity in the pro-form, IL-1a does not require
further energy-dependent intracellular signals for activity. Thus, once produced, IL-1a can
act independently of host cell survival. It then follows that under biological stresses, which
lead to necrotic cell death, IL-1a can act as a proto-typical DAMP, sometimes referred to
as ‘alarmins’. Three groups have now shown this function of IL-la in vivo. Chen et al.
(2007) first showed that the immune response to necrotic cells was dependent on IL-1a,
whilst a separate group showed that necrotic cell extracts contained IL-1a that binds to IL-
IR1 on mesothelial cells to mediate its effects (Eigenbrod et al., 2008). Cohen et al.,
(2010) investigated this further and highlighted a unique trait of pro-IL-1a that packages
the protein within the nucleus and contributes to its release during necrosis. Unlike pro-IL-
1B, pro-IL-1a contains a nuclear localisation sequence that transports the protein to the
nucleus where a large proportion is retained (Luheshi et al., 2009). It is said that nuclear
IL-1a can bind to chromatin and act as a transcription factor for some pro-inflammatory

genes, although, in a diametrically opposed line of thinking, it has been suggested that
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nuclear compartmentalisation may act as a further safeguard in preventing IL-1a release
and is thus anti-inflammatory in nature (Buryskova et al., 2004; Werman et al., 2004;
Luheshi et al., 2009). Either way, Cohen et al., (2010) showed that release of nuclear IL-
la is the key signal that discriminates necrotic cell death from apoptotic cell death to
stimulate an inflammatory response. It is now apparent that what the aforementioned
groups believed was necrosis could actually have been a programmed cell death termed

necroptosis.

Necroptosis is a rapid cell death pathway that occurs as a consequence of receptor
interacting protein kinase (RIPK) 3 and mixed lineage kinase domain-like (MLKL)
activation. Under normal conditions, binding of TNF to TNF receptor 1 (TNFRI1) activates
RIPK1 that triggers an intracellular signalling cascade converging on caspase-8 activation
to induce ‘extrinsic’ apoptosis (Elmore, 2007). In the presence of viral or synthetic caspase
inhibitors however, RIPK1 can no longer induce apoptosis and instead activates RIPK3
which in turn phosphorylates and relocates the pore-forming MLKL molecule to the
plasma membrane (Kearney and Martin, 2017). It is currently unclear exactly how MLKL
promotes necroptosis but it has been shown that this pathway also results in IL-1a release
that is partly dependent on a class of calcium-dependent cysteine proteases termed calpains
(England et al., 2014). The calpain family is comprised of 14 proteins with calpain-1 and
calpain-2 being the most studied. Both calpain-1 and -2 proteolytically cleave IL-1a, when
intracellular levels of calcium rise, and facilitate its secretion through an unknown
mechanism that is closely tied to, but independent of, cell death (GroB et al., 2012; Tapia
et al., 2019). Little is known about IL-1a processing by calpains during necroptosis and the
field will surely improve when specific calpain inhibitors become available. The

processing of IL-1p, on the other hand, has been the subject of extensive study.
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Figure 1.4 IL-1a cleavage mechanisms.

Cleavage and activation of the IL-1o molecule is closely linked to necrotic cell death through the calpain enzymes. IL-1a
can also be released as an ‘alarmin’ and cleaved by enzymes of first responder cells such as neutrophil elastase (NE)
from neutrophils, granzyme B (GzmB) from NK T cells, and chymase from mast cells. Schematic adapted from (Afonina
etal., 2015).

IL-1P processing in pyroptosis

In macrophages, the activation and release of IL-1f is coupled to a second type of lytic
programmed cell death known as pyroptosis. First described in 1992, the name pyroptosis
was coined in 2001 following the observation that macrophages undergo rapid controlled
necrotic-like cell death once infected with bacteria (Zychlinsky et al., 1992; Cookson and
Brennan, 2001). Pyroptosis is derived from the Greek ‘pyro’, meaning fire or fever, and
‘ptosis’, denoting a falling, and the process is named as such due to the ensuing release of
fever-inducing products such as IL-1p. Initially believed to be dependent on the enzyme
that cleaves pro-IL-1, it is now apparent that a number of enzymes of the same class can

also induce pyroptosis (Kayagaki et al., 2011).

Caspases are cysteine-aspartyl-specific proteases (hence the name c-asp-ase) that cleave a
broad spectrum of substrates which are important in programmed cell death and can be
subdivided into apoptotic (caspase-2, 3 and 6-10) and pro-inflammatory (caspase-1, 4, 5,
11, 12) classes. First identified and named as the IL-1PB converting enzyme (ICE) in
cytosolic fractions of monocytes, caspase-1 is now known to cleave pro-IL-1B at two

distinct sites to produce the active 17 kDa protein (Kostura et al., 1989; Thornberry et al.,
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1992; Wilson et al., 1994). Caspase-1 itself is produced as a 45 kDa inactive zymogen that
requires auto-cleavage for activity. Initially it was believed that auto-cleavage led to
formation of an active tetrameric oligomer composed of two p20 and two pl0 fragments,
yet recently it was shown that this p20/p10 oligomer in fact represents a terminal inactive
conformation (Wilson et al., 1994; Boucher et al., 2018). Instead, a transient p33/p10
species harbours greatest protease activity but incorporates a self-limiting mechanism
through auto-cleavage to the terminal p20/p10 oligomer. Following activation, caspase-1
cleaves IL-1p and a constitutively expressed IL-1 family cytokine called IL-18. IL-18 is
suggested to have no role in stroke (Wheeler et al., 2003), though this requires further
investigation. Unlike caspase-1, caspase-11 (caspase-4 and -5 in human) cannot directly
cleave IL-1B and instead has an important role in sensing intracellular LPS (Shi et al.,
2014). Both caspase-1 and -11 can initiate pyroptosis but this finding took a while to
establish due to the caspase-17- mice also being deficient in caspase-11 (Kayagaki et al.,

2011). Therefore, many early studies attributed pyroptosis to caspase-1 alone.

In 2010, Agard, Maltby and Wells, published a study wherein they identified 82 caspase-1
substrates including a novel highly specific interaction with a poorly characterised protein
named gasdermin-D (GSDMD). Upon analysis of expression patterns, which showed high
levels of caspase-1 and GSDMD in immune cells, the group proposed GSDMD as a
primary target of caspase-1 in vivo. It was not until 2015 however, that 3 independent
research groups uncovered how both caspase-1 and -11 promote the secretion of active IL-
1B during pyroptosis through cleavage of GSDMD (He et al., 2015; Kayagaki et al., 2015;
Shi et al., 2015). It is now understood that caspase-mediated cleavage of GSDMD releases
an N-terminal fragment that associates with the cell membrane to form 10 — 14 nm pores
(Ding et al., 2016; Sborgi et al., 2016). It is likely that active IL-1p is released through
these membrane pores, however, cell death occurs through poorly characterised GSDMD

actions on ion flux, mitochondrial depolarisation and lysosomal leakage (de Vasconcelos

et al., 2019).

Although pyroptosis can occur in its absence, caspase-1 activation is essential for release
of the active 17 kDa IL-1P (Kayagaki et al., 2011). Caspase-1 is produced as an inactive
zymogen that requires its own activation step. The process that governs caspase-1
activation rests on the formation of a large multi-molecular complex called an

inflammasome.
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1.6.4 Inflammasomes

Named in 2002 by Tschopp and colleagues, inflammasomes are an inducible high
molecular weight complex typically composed of an intracellular PRR or seed molecule,
an adaptor molecule and caspase-1 (Martinon et al., 2002). The majority of known
inflammasome forming complexes sense activating stimuli via a PRR termed a nucleotide-
binding oligomerisation domain (NOD)-like receptor (NLR). There are 22 NLR genes in
the human genome and 34 in the mouse genome yet only a handful have been
characterised to-date (Lamkanfi and Dixit, 2012). Each NLR contains a central NOD
flanked by a C-terminal leucine rich repeat (LRR) and an N-terminal caspase recruitment
domain (CARD) or pyrin domain (PYD) (Schroder and Tschopp, 2010). NLRs which
contain an N-terminal PYD (NLRPs) require an adaptor molecule known as apoptosis-
associated speck-like protein containing a CARD (ASC) in order to activate caspase-1.
ASC is composed of a C-terminal CARD and an N-terminal PYD, hence its gene name
PYCARD, and is thus able to associate with NLRPs and recruit caspase-1 through
respective homotypic PYD-PYD and CARD-CARD interactions. NLRCs (those
containing an N-terminal CARD) do not require ASC to activate caspase-1, although the
recruitment of ASC has been shown to potentiate caspase activation (Mariathasan et al.,
2004). Following NLR activation, ASC is recruited and rapidly assembles in a prion-like
manner into filamentous speck structures reaching up to 2 um in size (Hoss et al., 2017).
These focal speck structures accumulate large numbers of caspase-1 molecules in close
proximity and subsequently lead to its auto-activation. Therefore, inflammasome assembly
(depicted in Figure 1.5) sits upstream of caspase-1 activation, pyroptosis and IL-1

release, and thus is tightly controlled.
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Figure 1.5 The mechanism of inflammasome activation.

Inflammasomes are multimolecular protein structures that form when a sensor molecule detects pathogen proteins or cell
dyshomeostasis. In most cases, the adaptor molecule ASC (Apoptosis-associated speck-like protein containing a caspase
recruitment domain) interacts with the activated sensor molecule through homotypic pyrin domain interactions and
recruits caspase-1 to the complex through homotypic caspase recruitment domain interactions. In turn, the close
proximity of caspase-1 molecules leads to autocleavage and subsequently activates gasdermin D (GSDMD), to induce a
type of inflammatory cell death termed pyroptosis, and IL-1p.

NLRP3 activation

Inflammasomes can respond to a plethora of stimuli, including PAMPs such as flagellin
and DAMPs such as ATP. The best characterised inflammasome is formed by the PRR
NLRP3, which first came of interest following the finding that gain of function mutations
caused familial autoinflammatory conditions known as cryopyin-associated periodic
syndrome (Hoffman et al., 2001; Aganna et al., 2002; Aksentijevich et al., 2002). Since
then, nearly 2 decades of research have uncovered important roles for NLRP3 in a wide
variety of inflammatory diseases and revealed the intricate details of its activation

(Mangan et al., 2018).

In macrophages NLRP3 appears to require a two-step activation process. The first step,
often performed with LPS and known as ‘priming’, is required to upregulate expression of
inflammasome components and downstream effectors such as IL-1P, caspase-1 and
NLRP3 itself, and ‘licence’ the NLRP3 protein in a post-translationally modified pre-
activated state (Swanson et al., 2019). Once primed, the second ‘activation’ step promotes

inflammasome formation upon the sensing of NLRP3 activating ligands.
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NLRP3 appears unique amongst inflammasomes because of its ability to respond to a
diverse range of stimuli, and it is due to this ability that it is believed NLRP3 cannot
directly interact with these ligands, but instead, is able to sense downstream cellular
dysfunction. There is currently no unifying model of NLRP3 activation but it is thought to
include non-mutually exclusive upstream signals including, ionic disturbance, lysosomal
disruption, mitochondrial dysfunction and trans-Golgi network disassembly. Mufioz-
Planillo et al., (2013) showed that many known NLRP3 agonists converge on K" efflux,
although more recently, C1" efflux, which is difficult to dissociate from K" efflux, has also
been shown to be critical for efficient inflammasome activation (Green et al., 2018). It was
initially believed that K" efflux was in fact an absolute requirement for NLRP3 activation,
yet the discovery of K'-independent agonists which may act through mitochondrial
pathways has called that view into question (Grof} et al., 2016; Wolf et al., 2016). It is
currently unclear whether release of mitochondrial ROS, DNA or metabolic compounds
triggers NLRP3 activation, or indeed whether NLRP3 oligomerisation is nucleated on the
mitochondrial membrane itself (Zhou et al., 2011; Grof3 et al., 2016; Zhong et al., 2018).
Recently however, Chen and Chen, (2018) discovered that NLRP3 activating stimuli cause
dispersal of the trans-Golgi network (TGN) and it is here that NLRP3 oligomerisation is
nucleated via an interaction with the phospholipid phosphatidylinositol-4-phosphate. This
may prove to be a seminal finding in the field because dispersal of the TGN occurs
independently of K* efflux, yet, K* efflux-dependent and —independent agonists require
NLRP3-TGN association for activity. Current models of NLRP3 activation may therefore

converge on TGN association.

The field of NLRP3 activation is flourishing and with each new study comes added
complexity. Indeed, further and distinct NLRP3 activation pathways have been described,
(1) the ‘non-canonical inflammasome’ is activated upon recognition of intracellular LPS by
caspase-11 independent of TLR4, and (ii) a mechanism, specific to human and porcine
monocytes, whereby an extended signal 1 stimulus facilitates ‘alternative’ NLRP3
activation independent of K* efflux, speck formation and pyroptosis (Kayagaki et al.,

2011, 2013; Gaidt et al., 2016).

Other inflammasomes
Alongside NLRP3, there are another 4 known inflammasome forming proteins capable of
responding to distinct stimuli and thus fine-tuning caspase-1 activation to specific

scenarios. Activation mechanisms for NLRP1, NLRC4, and non NLR-inflammasome
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members absent in melanoma (AIM) 2 and pyrin have been described. NLRP1 contains a
C-terminal function-to-find domain (FIIND) that releases an active CARD subunit once
the N-terminus has been cleaved by bacterial proteases (Sandstrom et al., 2019). NLRC4,
on the other hand, becomes activated once a sensor molecule known as a NAIP (NLR
family Apoptosis Inhibitory Protein) binds to bacterial flagellin and complexes with the
NLRC4 protein (Kofoed and Vance, 2011). Thus it is currently unclear whether NLRP1 or
NLRC4 have endogenous triggers. AIM2, however, is known to directly sense cytosolic
double-stranded DNA, which can be of exogenous or endogenous origin, via a
hematopoietic expression, interferon-inducible nature, nuclear localisation (HIN) domain
(Hornung et al., 2009). Whereas, pyrin is activated following inhibition of the cytoskeletal-
associated small GTPase RAS homologue gene family member A (RHOA), and thus,
similar to NLRP3, can detect and respond to cellular dyshomeostasis (Park et al., 2016).

1.7 Interleukin 1 in the central nervous system

IL-1 is said to have important physiological and pathological functions within the central
nervous system (CNS). As previously mentioned, IL-1p has been detected at low levels
within the CNS where it acts as a neuromodulator. At low picomolar levels, IL-1p
facilitates neuronal depolarisation, whereas, at higher concentrations (>10 picomolar), it
hyperpolarises neurones to prevent firing. On top of this, IL-1 signals through a neurone-
specific IL-1RACcP isoform that is unable to recruit MyD88 to the receptor complex and
thus cannot activate NF-kB (Smith et al., 2009). Through these unique neuronal actions,
IL-1 has adopted physiological CNS functions such as those contributing to sleep
regulation, learning, and memory consolidation (Fang et al., 1998; Schneider et al., 1998;

Vitkovic et al., 2000; Avital et al., 2003).

It was noted as early as 1985 that brain injury, in this case a stab wound, elicits production
of supraphysiological levels of IL-1f which cause gliosis (Giulian and Lachman, 1985;
Giulian et al., 1988). Following these findings, Perry and colleagues produced a series of
studies presenting evidence that intraparenchymal high-dose IL-1 injection results in many
of the multifaceted canonical features of brain inflammation, including BBB breakdown,
neutrophil recruitment, cytokine and eicosanoid production, activation of endothelial
adhesion molecules, vasodilation and raised CBF (Andersson et al., 1992; Anthony et al.,
1997, 1998; Minghetti et al., 1999; Blamire et al., 2000; Bernardes-Silva et al., 2001).

During this time, intraparenchymal IL-1B injection was also shown to cause death of
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neurones, thus placing IL-1 at the bridge between brain injury and deleterious brain
inflammation (Holmin and Mathiesen, 2000). Accordingly, IL-1 began to generate great
interest in many fields of CNS disease. Pathological production of IL-1 is now known to
contribute to sickness behaviour, neurodegeneration, multiple sclerosis, Parkinson’s

disease, epilepsy, traumatic brain injury, and not least; stroke (Allan et al., 2005).

1.7.1 Interleukin 1 in ischaemic stroke

Perhaps the most convincing evidence of a role for IL-1 in brain disease comes from the IS
field. A cluster of IL-1 family genes are swiftly expressed in the brain following ischaemia
and the IL-la protein, in particular, is rapidly expressed by microglia in the period
preceding immune infiltration (Luheshi et al., 2011). It was noted as early as 1992 that
blocking IL-1 through administration of recombinant IL-1RA could protect the brain from
ischaemic and excitotoxic damage (Relton and Rothwell, 1992). Since then, a vast number
of studies have recapitulated these findings, not least, a multi-centre preclinical study
evidencing the efficacy of IL-1RA in several IS models (Maysami et al., 2016; McCann et
al., 2016). Central or peripheral administration of IL-1 also exacerbates neuronal loss in IS
models and may have important clinical implications (Stroemer and Rothwell, 1998).
Many common stroke comorbidities, such as hypertension and atherosclerosis, result in
elevated levels of systemic inflammation which, when modelled in animals, exacerbates IS

injury through IL-1 (McColl et al., 2007).

The cellular and molecular pathways underpinning the actions of IL-1 in IS are complex
and remain somewhat a mystery. The use of transgenic mice has shown that IL-1a and IL-
1B are not mutually exclusive and exacerbate IS injury in a semi-redundant fashion.
Whereas, IL-1R17" mice are not protected from stroke, no longer benefit from IL-1RA
treatment, but can still be exacerbated by IL-1p injection (Touzani et al., 2002). It is now
believed that a truncated form of IL-1R1 driven from the IL-1R1 promoter could explain
effects of IL-1R17" mice, but this is yet to be tested (Qian et al., 2012). Nevertheless, IL-
lo/IL-1B double knockouts have a drastic 87% reduction in neuronal loss following IS
(Boutin et al., 2001). Recently, IL-1 has been shown to promote neuroinflammation by two
distinct routes and at least one of these routes is important in IS pathogenesis (Liu et al.,
2019). Through conditional deletion of IL-1R1 in specific cell types, Wong et al., (2019)
identified brain endothelial cells and cholinergic neurons as the major downstream
effectors of deleterious IL-1 signalling in IS. In this study, the authors were able to show

that, alongside orchestrating the immune response, IL-1 acts on endothelial cells to reduce
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CBF in the ischaemic hemisphere. Previous studies have also shown that IL-1 reduces
blood flow following brain ischaemia through a mechanism that is unclear, but may
include downstream endothelin-1 production and platelet aggregation in microvessels
(Parry-Jones et al., 2008; Murray et al., 2014). Thus, alongside exacerbating
neuroinflammation during IS, IL-1 may also be directly contributing to the no-reflow
phenomenon. This would signal a unique action of IL-1 in ischaemia as injection of IL-1
into naive brains increases CBF and, of course, one of the cardinal signs of inflammation is
rubor (Blamire et al., 2000). Thus, IL-1-dependent CBF reduction is in contrast to the
canonical model of inflammation and may hint at pleiotropic actions of IL-1 in diseased
states. Nonetheless, whilst aspects of IL-1 biology in IS remain unsolved, the efficacy of
IL-1RA in reducing preclinical IS injury has seen rapid implementation in clinical trials

(Sobowale et al., 2016).

It is well documented that recombinant IL-1RA is safe and well tolerated in man following
years of extensive research for its use in clinical rheumatoid arthritis (Mertens and Singh,
2009). A small phase Il study measuring the effects of intravenous IL-1RA in acute IS
patients echoed the findings of the arthritis field, in showing IL-1RA was well tolerated
and was not attributed to any adverse events. Furthermore, the levels of IL-6 and C-
reactive protein (CRP) (both biomarkers consistently linked to poor clinical outcome) were
reduced in patients in the treatment arm of this study and 3-month clinical outcome
trended toward improvement (Emsley et al., 2005). In a second phase II clinical trial using
subcutaneous IL-1RA injections (which was required due to intravenous formulations no
longer being manufactured), IL-1RA again reduced IL-6 and CRP levels but was not
associated with better outcome (Smith et al., 2018). Mediation analysis suggested that,
whilst subcutaneous IL-1RA reduced poor odds of outcome by reducing IL-6, there was an
unknown residual increasing odds of poor outcome in the treatment arm. It is unclear what
factor governed this unknown residual but the authors point toward a possible negative
interaction of IL-1RA and thrombolytics, however, in preclinical models no such
interaction was found (Maysami et al., 2016). Overall, these limited clinical trials have
proven that IL-1RA reduces inflammation in clinical IS, as it does in preclinical models,
but more experimental studies are warranted to elucidate possible pleiotropic actions of IL-

1 in this setting.
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1.7.2 Interleukin 1 in haemorrhagic stroke

In contrast to preclinical IS, very few studies have investigated IL-1 biology in
experimental models of ICH. In rodents, IL-13 mRNA is rapidly expressed in the brain
within 3 hours of collagenase-induced ICH and remains elevated for between 3 and 7 days
(Liesz, Middelhoff, et al., 2011). Similar expression patterns are also found in porcine and
rodent autologous blood injection models (Lu et al.,, 2006; Wagner et al., 2006;
Wasserman et al., 2007). Microglia and astrocytes express IL-1p following ICH and the
molecule is found at extremely low levels in patient serum and may rise over time
(Wasserman et al., 2007; Li et al., 2017; Abid et al., 2018). No study to date has assayed
for IL-1a in preclinical or clinical ICH and only one study has attempted to inhibit IL-1R1.
In this study, Masada et al., (2001) used an adenovirus to overexpress human IL-1RA in
the brains of rats 5 days prior to autologous blood or thrombin injection. In the autologous
blood model, overexpression of IL-1RA had no effect at day 1 but reduced oedema at day
3. IL-1RA also reduced neutrophil infiltration following thrombin injection, although, the
thrombin formulation may have contained LPS contamination and thus inadequately
modelled ICH. Nevertheless, what role IL-1 has in post-ICH inflammation remains an
important open question. IL-1 expression has been found in the brain preceding
detrimental immune recruitment, yet no study has attempted to fully ascertain its actions
and measure functional outcome by inhibiting IL-1R1. IL-1RA has been given to ICH

patients however.

Despite very little evidence pertaining to beneficial effects of IL-1RA in ICH, five ICH
patients were entered into the first phase II study of IL-1RA in stroke (Emsley et al.,
2005). Unfortunately, all five patients were randomised into the active arm of the study, by
chance, and left interpretations of findings difficult. Of the five patients, one experienced
neurological deterioration which was not deemed to be a result of treatment. There were,
however, eight infectious episodes in the five patients treated with IL-1RA, which is high
as previous studies indicate that only around 30% of ICH patients experience infection
(Lord et al., 2014). Although it must be stressed that it is difficult to fully interpret these
findings due to a lack of controls. A phase II clinical trial is currently ongoing to assess the
effects of IL-1RA on perihaematomal oedema and is forecasted for completion in 2020

(NCT03737344).

52



1.7.3 Inflammasomes in stroke

In 2017, a clinical trial called the Cardiovascular Risk Reduction Study (Reduction in
Recurrent Major CV Disease Events) (CANTOS) was published in the New England
Journal of Medicine that has since had a profound impact on how we view inflammation in
cardiovascular disease (Ridker et al., 2017). Prior to this trial, IL-1 had been implicated as
a critical mediator in the pathogenesis of atherosclerosis and atherothrombosis (Duewell et
al., 2010). The phase III CANTOS trial, conducted over four years with over 10,000
patients, showed that targeting IL-1p with a monoclonal antibody, termed canakinumab,
significantly lowered rates of recurrent cardiovascular events, thereby proving IL-1pB, and
in all probability inflammasomes, significantly contribute to atherothrombosis.
Interestingly, stroke rates were unaffected by canakinumab treatment but, with only 172
stroke cases, statistical power was extremely limited. There is however, evidence that IL-

1B and inflammasomes do affect post-stroke inflammation.

Despite earlier reports suggesting IL-1a and IL-1B can act alone or in combination to
potentiate ischaemic damage in the MCAO model, Liberale et al., (2018) found that a
murine-equivalent canakinumab antibody, administered at time of reperfusion, reduced
infarct volume, oedema and improved neurological outcome. This latter report also built
on the findings from a paper published in 1995, showing that intracerebroventricular
administration of an anti-IL-1p antibody markedly reduced infarct volume in a rat model
of MCAO (Yamasaki et al., 1995). These conflicting findings remain unexplained but
answers may lie in the method of inhibition. One possibility is that genetic deletion of one
IL-1 molecule may facilitate compensatory upregulation of another as has been seen for
other molecules (El-Brolosy and Stainier, 2017). In any case, there are multiple preclinical

reports implicating inflammasomes in post-stroke pathophysiology.

First evidence of a role for inflammasomes in IS pathogenesis came in 1997 when
Friedlander et al., generated a mouse line overexpressing a dominant negative caspase-1
mutant. Neurones from these mice were resistant to serum deprivation and the mice
themselves were protected from ischaemic damage in the MCAO model. At the same time,
Friedlander and colleagues contributed to a second paper highlighting the protective
capacity of a specific caspase-1 inhibitor in IS models (Hara et al., 1997). The importance
of caspase-1 activity in stroke was compounded the following year when Schielke ef al.,
(1998) presented evidence that caspase-1 deficient mice had a 52% smaller infarct

following permanent MCAOQ. Since then, a number of published studies have described the
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efficacy of several caspase-1 inhibitors in limiting IS damage in preclinical models
(Rabuffetti et al., 2000; Ross et al., 2007). It was not until 2010 that caspase-1 inhibition
was tested in an animal model of ICH however (Wu et al., 2010). In this study, the
caspase-1 inhibitor Ac-YVAD-CMK was shown to reduce levels of BBB breakdown
markers and improve neurological outcome in the collagenase-induced mouse model of
ICH. Interestingly, caspase-1 activation in stroke may first occur in neurones and not

immune cells.

Caspase-1 activation occurs within 30 minutes of MCAO, in a period preceding IL-1
production and immune infiltration (Benchoua et al., 2001; Gelderblom et al., 2009).
Moreover, in their seminal study, Friedlander et al., (1997) used a neurone-specific
promoter to overexpress the dominant negative caspase-1 mutant that was found to be
protective in IS. Caspase-1 may, therefore, mediate immediate neuronal death following
IS. Interestingly, neurones may have a unique set of cell death processes that rely on the
caspases but incorporate diverse downstream effectors. Neurones do not express GSDMD
and caspase-1 activation in these cells promotes apoptotic cell death via caspase-3
activation (Zhang et al., 2003; Tsuchiya et al., 2019). Whether this is true apoptotic cell
death or a secondary form of pyroptosis is unclear. Caspase-3 has recently been shown to
induce pyroptosis by cleaving a second GSDM protein known as GSDME (or deafness,
autosomal dominant 5) (Wang et al., 2017). Much like caspase-1 mediated pyroptosis,
caspase-3 cleavage of GSDME results in an N-terminal fragment that associates with, and
permeabilises, the plasma membrane. Neurones express high levels of GSDME but
neuronal pyroptosis is yet to be fully described (Zhang et al., 2014, 2016). It is known that
caspase-1 activation precedes caspase-3 activity following stroke however (Benchoua et

al., 2001).

Of the 5 known inflammasome forming proteins, NLRP1, NLRP3, NLRC4 and AIM2
have been referenced in preclinical stroke literature (Barrington et al., 2017).
Inflammasome components are rapidly expressed in several preclinical models of IS and
ICH and levels remain high for up to 7 days. NLRP1 was the first inflammasome to be
studied in the stroke field where it was found to be expressed in neurones, astrocytes and
microglia (Abulafia et al., 2009). Administration of an anti-NLRP1 antibody prevented
inflammasome activation but failed to reduce infarct volume in a mouse model of IS.
NLRPI activation can be triggered by intracellular ATP depletion and, with the protein

being found in neurones, may instigate neuronal caspase-1 activation during ischaemia.
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Anti-NLRP1 antibodies are unlikely to pass the BBB and enter neurones within the 30
minute delay of caspase-1 activation and this may explain the null effect on lesion volume
using this method of NLRP1 inhibition. Future studies using small molecule inhibitors or
transgenic animals lacking NLRP1 might reveal that this inflammasome complex signals

early caspase-1 dependent neuronal death following IS.

AIM2 and NLRC4 contribute to poor neurological outcome in the murine model of
MCAO (Denes et al., 2015). Within 24 hours of injury, AIM2”", NLRC4”- and ASC"" mice
had fewer activated microglia and an attenuated immune response. AIM2 contributes to
sterile inflammatory pathologies through its ability to respond to cytoplasmic DNA.
NLRC4, on the other hand, has no known endogenous ligand but, alongside NLRP3, may
respond to lysophosphatidylcholine (LPC) (Freeman et al., 2017). LPC is formed through
phospholipase A, (PLA»)-catalysed hydrolysis of phosphotidylcholine (Law et al., 2019).
LPC levels rise dramatically within infarcted brain tissue and inhibition of the PLA>
enzyme improves outcome in rodent MCAO (Hoda et al., 2009; Shanta et al., 2012;
Mulder et al., 2019). Thus NLRC4 may respond to LPC to trigger NLRC4 activation in IS.

Several studies have now targeted the NLRP3 inflammasome within the stroke field with
conflicting outcomes. Antibody targeting, small molecule inhibition and genetic deletion
of NLRP3 have all been shown to reduce infarct volume in MCAO models (Yang-Wei
Fann et al., 2013; Yang et al., 2014; Ito et al., 2015; Ismael et al., 2018). In contrast
however, Denes et al., (2015) found that NLRP3”" mice were not protected in MCAO.
Importantly, neither of the studies using transgenic animals compared NLRP3”" mice to
the correct littermate controls. The genetic composition of transgenic mice is often very
different to commercially available mice of the same strain (Holmdahl and Malissen,
2012). Moreover, transgenic mice housed separately to controls are liable to further
genetic drift and are exposed to unique environmental stimuli. In line with this,
inflammasome-deficient mice have been shown to have changes to the microbiome that
are dependent on genetic drift and environmental differences rather than the absence of the
gene of interest (Levy et al., 2015; Mamantopoulos et al., 2017). Microbiome changes may
be especially important in preclinical stroke studies as altered microflora shape the
immune response and can therefore exacerbate or attenuate brain injury (Benakis et al.,
2016). In the ICH field, small interfering RNA knockdown and administration of the
potent NLRP3 inhibitor, MCC950, attenuates brain injury and brain inflammation in

autologous blood and collagenase injection models (Ma et al., 2014; Ren et al., 2018).
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Despite the small amount of ICH studies and the conflicting evidence for causal roles of
NLRP3 in IS, there are plenty of stroke-relevant NLRP3 activating stimuli. The ischaemic
cascade leads to mitochondrial damage, ROS production, lysosomal destabilisation and
raised intracellular calcium levels and these have all been shown to activate NLRP3
(Lénart et al., 2016). Cell swelling has been reported to trigger NLRP3 activation and
cytotoxic oedema contributes to cell death in IS and ICH (Compan et al., 2012). One of the
best studied NLRP3 activators is ATP which, at high millimolar levels, triggers P2X7R-
dependent K* efflux (Pelegrin and Surprenant, 2006). Cell death in stroke releases
intracellular stores of ATP and inhibition of the P2X7R pathway reduces brain injury in
preclinical models of IS and ICH (Cisneros-Mejorado et al., 2015; Feng et al., 2015).
Moreover, during ICH the breakdown of RBCs leads to the release of intracellular Hm
molecules which have also been shown to trigger NLRP3 activation through the
mitochondrial ROS pathway (Dutra et al., 2014). These diverse NLRP3 activating stimuli,
along with evidence for its detrimental role in a variety of inflammatory disease, warrant

further study into its actions during stroke.

56



1.8 Summary and aims

Stroke is one of the leading causes of death and disability in the world. Despite progress in
designing efficacious therapies for IS, very few patients worldwide have access to licensed
procedures and those with haemorrhagic stroke are left without options entirely. The
diametrically opposed pathophysiology of the two major stroke subtypes makes universal
stroke therapies difficult to design. The acute immune response to both stroke subtypes
exacerbates brain injury and thus may represent a potential universal target. There is a
convincing amount of data to suggest that the prototypical cytokine IL-1 orchestrates the
acute immune response and its downstream detrimental effects in stroke. This makes
targeting IL-1, in particular, an attractive therapeutic option. IL-1 biology is rapidly

evolving, however, and many timely questions remain unaddressed by current studies.

The overarching aim of this thesis is to investigate the actions of IL-1 in brain
haemorrhage and ischaemia using the most relevant preclinical models. This thesis will

specifically aim to:

e Develop and optimise the collagenase-induced mouse model of ICH, which will be
used for the first time in our laboratory, in order to improve detection power and
reduce animal suffering.

e Reveal the pathophysiological consequences of IL-1 signalling during ICH by
characterising its expression patterns, in mouse and man, and measuring the effects
of its inhibition using relevant pharmacological strategies.

e Determine the relative importance of the NLRP3 inflammasome in the
pathogenesis of acute IS using pharmacological and genetic approaches in the

clinically relevant clot-forming dMCAO model.
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Chapter 2: Refining a murine model of ICH
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2.1 Paper title and authors

A refined workflow to detect motor deficits in the collagenase-induced mouse model

of intracerebral haemorrhage
Jack Barrington', Adrian R. Parry-Jones!, David Brough!, Stuart M Allan'

"Faculty of Biology, Medicine and Health, Manchester Academic Health Science Centre,
University of Manchester, AV Hill Building, Oxford Road, Manchester, M13 9PT, U.K.

I designed, implemented and analysed all experiments and wrote the manuscript
under guidance from A.P.J, D.B, and S.M.A.

2.2 Abstract

Large attrition rates and variation in brain lesion volumes plague the preclinical stroke
field and have led to the biased publication of positive underpowered studies. It is
therefore imperative to perform properly powered empirical experiments, yet consideration
must also be given to the ethical duty of reducing animal usage and suffering in research.
Intracerebral haemorrhage (ICH) is a devastating condition that represents an area of
unmet clinical need. In the absence of in vitro models able to recapitulate the complex
pathophysiology of ICH, animal research is essential. Current animal models of ICH
induce large haemorrhages that result in variable haematoma sizes and severe behavioural
phenotypes. Using the clinically relevant collagenase-induced mouse model of ICH, we
show that haematoma size can be reduced to limit suffering whilst retaining important
features of ICH, such as inflammation. We also optimise the accelerating rotarod
performance assay to sensitively detect neuromotor impairment in the absence of
hemiplegia. We have thus developed a refined workflow to detect changes in blood load
and neuromotor injury following ICH using minimal animal numbers and reducing

suffering.

59



2.3 Introduction

Stroke is one of the leading causes of mortality and morbidity worldwide and can present
through either occlusion or rupture of cerebral vessels. Intracerebral haemorrhage (ICH)
accounts for around 12 % of all stroke cases and occurs when a diseased vessel bleeds into
the brain parenchyma'. It is estimated that 40 % of patients die within the first month of
ICH and, of those that survive, 40 % are left with severe, life-changing, disabilities®. There
are two distinct waves of neuronal injury following ICH. An initial primary injury is
triggered by mass effect of blood accumulating within the cerebral compartment'.
Following this, a progressive second wave of injury occurs that is defined by a variety of
features such as rebleeding, inflammation, red blood cell (RBC) toxicity and oedema'.
Thus, whilst it is difficult to therapeutically target primary injury during ICH, secondary
injury represents a therapeutic window of opportunity. Translational studies must therefore

focus on targeting this second wave of injury associated with ICH.

Injection of bacterial collagenase or autologous blood are the two most common inducible
models of ICH?. Intracerebral collagenase injection results in the breakdown of vascular
basal lamina leading to progressive bleeding from small vessels. Autologous blood
injection, on the other hand, deposits a RBC mass within the brain causing immediate
mechanical disruption of brain tissue. Both models recapitulate clinical features of
secondary injury in ICH such as inflammation, RBC toxicity and oedema?®. Of the two
models however, the collagenase injection model mimics more aspects of the clinical
condition, such as haematoma expansion and microvascular disruption, driven by
continued bleeding from in situ vessels®. The complex pathophysiology of ICH is currently
impossible to recapitulate in vitro and in vivo models are therefore essential tools for

preclinical research in the field.

The preclinical stroke field has been subject to many empirical evaluations of study quality
with evidence of excess significance bias. Underlying factors promoting excess
significance bias pertain to publication bias and poor study design, including
underpowered investigations*. In result of this, there have been calls to increase the
amount of animals used in translational stroke studies to ensure sufficiently powered,
although this directly contradicts ethical aspirations to reduce animal usage in research.
Current preclinical ICH studies report on severe outcomes such as mortality and

hemiplegia, despite the extent of brain damage being dependent on dose of collagenase®.
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Thus, there is the opportunity to reduce animal suffering in ICH research by reducing
collagenase dose. Whilst the ischaemic stroke field has paved the way in refining animal
models to reduce suffering, there have been no efforts to reduce suffering in preclinical

ICH work’.

One way of overcoming the issue of publishing underpowered studies using severe models
is to optimise current protocols to reduce suffering and improve detection power. In
preclinical ICH, functional assessments are required to fully elucidate the effects of
perturbations but are unfortunately a major source of variation. The most common
functional assessments are forelimb placement tests, neurological severity scores and
corner turn tests, which all measure severe phenotypes such as hemiplegia®. The rotarod
assay is used frequently in neurodegenerative conditions that affect motor function.
Optimised rotarod protocols can sensitively and robustly detect motor impairment in the
absence of outward behavioural phenotypes®. To date, few studies have used the rotarod
assay as a measure of neuromotor dysfunction following ICH and there are no published

studies containing optimised protocols to do so.

2.4 Objectives

The specific objectives of this study are:

e KEstablish a collagenase dose which promotes consistent haematoma volumes
without causing death or substantial distress.

e Identify and subsequently optimise a neuromotor functional assay that can
confidently measure motor impairment at the refined collagenase dose.

e Confirm the refined model still produces significant immune cell trafficking to the

brain.

Herein we show that an optimised accelerated rotarod assay can be used to sensitively
detect motor impairment in ICH, using a dose of collagenase that does not result in
hemiplegia but retains important features of secondary injury. We thus provide a workflow
to measure functional consequences in the collagenase induced-ICH mouse model that

reduces animal suffering and numbers needed to detect statistically significant effects.
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2.5 Materials and Methods

Animals

Animal procedures were carried out in accordance with the Animal Scientific Procedures
Act (1986) and the European Council Directive 2010/63/EU, and were approved by the
Animal Welfare and Ethical Review Body, University of Manchester, UK. Mice had free
access to food and water and were housed under light-, humidity- and temperature
controlled conditions. Animals were maintained under standard laboratory conditions:
ambient temperatures of 21 °C (£2 °C), humidity of 40-50 %, 12 h light cycle, ad libitum

access to water and standard rodent chow. Animals were randomised to groups using the

research randomizer tool (https://www.randomizer.org/) and groups were concealed from
researchers during the sham vs ICH trials. 18 — 24 week old male C57BL/6J mice (Charles

River) were used throughout.

Surgery

Mice were induced under anaesthesia using 4 % isoflurane in 70 % N>O and 30 % O; and
fur was shaved from the head. Mice were then transferred to a feedback-controlled heating
pad set to 37 °C, securely fixed to a stereotactic frame (Stoetling), anaesthesia maintained
at 1.5-2.0 % isoflurane in 30 % N>O and 70 % O: using a nose cone, and Videne (EcoLab)
applied to the scalp. A longitudinal midline incision above the skull was performed and
periosteum stripped away from the midline on both sides. A burr-hole was created using a
micro-drill and a glass micropipette (BLAUBRAND, pulled at 70 °C) inserted at the
following co-ordinates from bregma: anterior-posterior 0.0 mm, lateral -2.0 mm, deep -2.7
mm. 0.5 uL of 0.06 units uL! or 0.09 units pL"! or 0.12 units L' of collagenase (C2399,
Sigma) dissolved in saline (or saline alone for sham surgeries) was then injected at a rate
of 1 uL min!. The needle was left in situ for 10 minutes before removal and wounds
sutured. The scalp was cleaned once more with Videne and a topical analgesia was applied
(EMLA cream, AstraZeneca). Mice were given a subcutaneous bolus of saline (10 mL kg~
") and buprenorphine (50 pg kg, Vetergesic, UK) before being recovered in 28 °C
housing. Once recovered, mice were then transferred to ventilated cages suspended over a

heating pad with free access to mashed food and water in normal housing conditions.

Neuroscore

Neurological deficits were assessed using the 6-point neuroscore as described previously!®.

Briefly, animals were monitored in an open cage and graded based on the following scale:
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0: normal; 1: mild circling behaviour with or without inconsistent rotation when suspended
by the tail; 2: mild consistent circling; 3: consistent strong and immediate circling, the
mouse holds a rotation position for more than 1-2 seconds; 4: severe rotation or

immobility; 5: dead.

Cylinder Test

Mice were placed in an acrylic glass cylinder (diameter: 10 cm; height: 15 cm) and
recorded from cameras positioned above the cylinder for a total of 5 min. Scoring was
performed as previously described'!. Mice were monitored for 20 rears and initial paw(s)
placed on the cylinder were scored as left, right or both. A laterality index was calculated
as follows: (right — left) / (right + left + both). Thus a score of 1 indicates severe left

hemiparesis, whereas, a score of 0 indicates no paw preference.

Accelerating rotarod assay

Mice were allowed to habituate to behavioural room and handled for at least one week
prior to commencement of training. Mice were trained on consecutive days using the
following protocol. Following a 15 second loading period the rotarod was set to accelerate
from 4 to 40 rpm over 300 seconds. Each mouse was deemed to have completed the task
when it had fallen from the apparatus, accrued 3 passive rotations, or stayed on the
apparatus until 300 seconds. The time at which mice completed the task was recorded.
Once all animals had finished the run the apparatus was thoroughly cleaned with a 70 %
ethanol solution. 3 runs were performed per day with a 15 minute inter-trial interval. On

test days following ICH, the same protocol was followed with mice performing 3 runs.

Histology

Mice were transcardially perfused with PBS followed by 4 % paraformaldehyde (PFA).
Brains were removed and post-fixed in 4 % PFA for 24 h at 4 °C followed by
cryoprotection in 20 % sucrose PBS at 4 °C for up to 4 days. Cryoprotected brains were
then frozen in -50 to -60 °C isopentane and 20 um coronal sections taken every 400 um
using a Leica cryostat. Brain sections were digitally scanned, and regions of interest (ROI)
drawn around the haematoma on each section using image]. Haematoma volume was
calculated by summing the area of all ROIs and multiplying by the inter-section interval

(400 pm).

Flow cytometry
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Mice were transcardially perfused with PBS and brains isolated, hemisectioned and
cerebellums removed. Single cells were isolated from contralateral and ipsilateral
hemispheres as described previously'?. Briefly, hemispheres were sectioned with fine
scissors and digested for 30 min at 37 °C in a HBSS (with cations) solution containing 2
mg mL! collagenase D (Sigma), and 28 U mL™! DNAse (Sigma). Digestion was stopped
by 40 pL addition of 0.5 mM EDTA and samples were passed through a 70 um sieve (BD
Biosciences) with HBSS containing 3% foetal bovine serum (FBS). Myelin was removed
by running pellets through a 37 % (w/v) Percoll (Sigma) at 2000 xg for 10 min without
brake and aspirating the resultant myelin layer. Cell pellets were washed and RBC lysed
(BD Pharmlyse, BD Biosciences) before incubation with the following antibody cocktail:
50 ug mL! FC block (Clone 93, ebioscience), 1:1000 Zombie NIR (ThermoFisher), 0.2 ug
mL"' CDI11b-PE (Clone M1/70, BD Bioscience), 2 ug mL' CD3e-APC (Clone 17A2,
Biolegend), 0.67 ng mL™"' CD45-PerCP/Cy5.5 (Clone 30-F11, eBioscience), 1 pg mL™
Ly6C-FITC (Clone AL-21, BD Bioscience) and 0.67 ug mL"' Ly6G-ef450 (Clone 1AS,
TONBO biosciences). Samples were acquired on a FACs Canto II (Becton Dickenson)
using BD FACSDiva software (BD Biosciences). Data was analysed using FlowJo V.10

(Tree Star Inc.) with gates set by fluorescence minus one controls.

Statistical analysis

Data are presented as individual data points with a line at the median (neuroscore), mean
or mean =+ standard deviation. Wilcoxon signed rank test was used to compare neuroscores
to a hypothetical value of 0. One sample t test was used to compare laterality indices to a
hypothetical value of 0. Paired or unpaired Student’s t tests were used to test for
differences between 2 groups. One-way analysis of variance (ANOVA) was used to
compare differences between groups of >2 with Tukey’s posthoc used for multiple
comparisons. Two-way repeated measures ANOVA was used to compare differences in
the powered rotarod experiment with Sidak’s posthoc used to compare differences between
groups on each day. Linear mixed modelling was used to evaluate the effect of baseline
inclusion on the modelled data'3. All factors and interactions were modelled as fixed
effects. A within-subject design with random intercepts was used for both models. The
significance of inclusion of a dependent variable or interaction terms was evaluated using
log-likelihood ratio. Homoscedasticity and normality were evaluated graphically using
predicted vs residual and Q-Q plots, respectively. All analyses were performed using

GraphPad Prism 7.00 apart from linear mixed modelling which was performed using R
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(version 3.3.3). Equal variance and normality were assessed with the Levene’s test and the
Shapiro—wilk test, respectively, and appropriate transformations were applied when

necessary. Accepted levels of significance were *P<0.05, **P<0.01, ***P<0.001.
Blinding

Operator was blinded for experiments contained within Figures 2.1 and 2.4.

2.6 Results

Establishing a collagenase dose with limited mortality and morbidity

The most powerful prognostic factor for outcome in ICH is haematoma volume and in the
collagenase-induced mouse model this is determined by dose of collagenase. We thus first
aimed to identify the collagenase dose that gave consistent haematoma volumes with
limited mortality and suffering. One previous study has directly compared multiple doses
of collagenase ranging from 0.030 U to 0.075 U in 0.015 increments. Zhou et al'* (2013)
found that, whilst all doses resulted in a haematoma, only 0.060 U and 0.075 U were
associated with mortality (5 % and 17.5% respectively). To limit mortality we therefore
used 0.060 U as our greatest dose and compared to 0.030 U and 0.045 U (Figure 2.1). All
collagenase doses tested resulted in the development of an intracerebral haematoma. One
animal from the 0.060 U group died overnight whilst another was culled after reaching
humane endpoints (immobility and laboured breathing). No animals were lost in either of
the 0.030 U or 0.045 U groups. We noted that animals in the 0.060 U group had outward
signs of distress such as kyphosis, piloerection and orbital tightening, whereas few, if any,
in other groups showed these symptoms (data not shown). The 0.045 U injection resulted
in significantly less variation in haematoma volume than other groups (P < 0.003, Bartlett).
As collagenase is an enzyme, we tested the stability of reconstituted 0.045 U solutions
stored at — 80 °C for either 2 weeks or 9 months (Supplementary Figure 1). Compared to 2
week old solutions of collagenase, 9 month old frozen solutions produced a significantly
smaller haematoma volume (P = 0.002). Following this discovery we used <6 month old
collagenase for subsequent studies. Together these data show that 0.045 U collagenase
reduces attrition rates, animal suffering, and the number of animals required to detect
statistically significant differences in haematoma volume (Supplementary Figure 2). We

next looked to identify neuromotor deficits at this dose.
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Figure 2.1 0.045 U collagenase injection results in consistent haematoma volumes without

mortality.

(A) 7 18 — 24 week old male C57BL/6J mice were intrastriatally injected with 0.030 U, 0.045 U or 0.060 U of
collagenase VII-S and brains were taken for histological assessment of haematoma volume. (B) Representative
haematoma following 0.045 U collagenase-induced ICH. (C) Haematoma distribution plotted as mean £ SD following
0.045 U collagenase induced ICH.

Identifying a neuromotor assay to detect functional impairment

Behavioural differences were assessed using three neuromotor assays common to the
stroke field. The 6-point neuroscore system measures gait changes following stroke
ranging from O (normal) to 5 (dead/immobile) with midrange numbers grading circling
behaviour!® (see methods). The cylinder test measures forepaw asymmetry when rearing
and is converted into a laterality index using right and left forepaw ratios'!. The
accelerating rotarod performance test assesses maximal gait performance by challenging
animals to balance on a rotating beam that accelerates over a period of 300 seconds®.
Following 0.045 U collagenase-induced ICH, all animals curled to one side when
suspended by the tail but only 1 animal out of 6 showed mild circling behaviour and

scored 1. As all other animals showed no circling tendencies they were subsequently
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scored O (Figure 2.2A). The group of 6 animals therefore had no significant deficits using
the 6-point neuroscore scale. In line with this, we found a spread of laterality indices in the
cylinder test (range: -0.75 to 0.78) with a mean of 0.01 that was not significantly different
to 0 (Figure 2.2B). Following a 4 day training period to avoid indirect measurement of
motor skill learning®, mice showed a significant reduction in rotarod performance
following ICH (217.2 s £ 47.91 vs 119.2 s = 60.54, P = 0.0005) (Figure 2.2C). Thus,
together our data show that, of the three behavioural assays, only the accelerating rotarod
performance assay is able to detect statistically significant changes in behaviour following
0.045 U collagenase-induced ICH. We next looked to optimise the training phase of the
rotarod in order to reduce animals required to detect statistically significant differences

using this assay.
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Figure 2.2 The accelerating rotarod assay outperforms other neuromotor tests following

0.045 U collagenase-induced ICH.
(A) ICH was induced in 6 C57BL/6J male mice and 6-point neuroscore, (B) cylinder test and (C) accelerating rotarod
assay was used to measure motor deficits. ns = not significant. *** = P<0.001.

Optimising the rotarod assay training phase

Having previously shown that animal performance dropped off beyond 3 days of training
(Supplementary Figure 3), we limited the rotarod training phase to 3 days with 3 trials per
day. The length of time each mouse was able to balance on the rotating beam significantly
improved over time (F (1.99, 37.82) = 51.33, P < 0.0001) and each days score was
significantly greater than the previous (Day 1 vs Day 2, P < 0.0001; Day 2 vs Day 3, P =
0.028, Sidak) (Figure 2.3A). By graphical assessment we noted a trend whereby latency to
fall was substantially quicker in the first run of each day (Figure 2.3B). Comparing

standard deviations from 3 trial vs 2 trial averages we found the latter substantially
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reduced variation. Thus, training mice for 3 days and using the average score from the
final 2 trials is the most statistically powerful rotarod training method (Figure 2.3C). Next,

we looked to test our newly developed workflow to detect differences in motor function

following murine ICH whilst controlling for surgical intervention.
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Figure 2.3 An optimised rotarod training phase reduces animals needed to detect
differences.

(A) 20 male C57BL/6 mice were trained on the rotarod for 3 consecutive days with 3 runs per day. (B) Mice performed

poorly on the first run each day and thus (C) averaging the final two runs reduces animals needed to detect statistically
significant effects. **** = P<0.0001 vs day one, # = P<0.05 vs day two.

Testing the reproducibility of the model

In our preliminary behavioural experiment, we found that mice subjected to 0.045 ICH
showed a 45 % reduction in maximal gait performance at day one (Figure 2.2C). We
therefore powered a study to detect this difference from baseline of our newly optimised
rotarod training protocol. In this experiment we also extended the testing period to day 3 to
incorporate the period of continued secondary injury in ICH. There was a significant effect
of ICH on rotarod performance over the testing period (F (1, 4) = 17.38, P = 0.0140), no
significant main effect of day (F (1, 4) = 0.8823, P = 0.4007) and no significant interaction
(F (1, 4) = 0.08909, P = 0.7802) (Figure 2.4A). Posthoc analysis identified significant
differences between sham and ICH groups at both day 1 (P = 0.013, Sidak) and day 3 (P =
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0.022, Sidak) (Figure 2.4B). We were able to significantly improve the model of our data
by including baseline performance as a covariate (AIC 127.89, Pr (>Chisq) : 0.0016 vs
AIC 122.50, Pr (>Chisq) : 0.00005) which led to tighter 95% confidence intervals and a
greater detectable difference between sham and ICH animals at day 1 (143.7 vs 123.2
mean difference) and day 3 (132.3 vs 111.8 mean difference) (Figure 2.4C-D). Thus,
together, our data show that 0.045 U collagenase-induced murine ICH results in a
reduction in maximal gait performance that does not improve by day 3, and including

baseline scores as a covariate represents the most powerful statistical assessment of this

model.
A Baseline not included B
AIC: 127.89, Pr(>Chisq) : 0.0016 95% Confidence Intervals (Sidak)
300 == Sham :
- ICH & Sham-ICH
| p=0022
— Day3+ ! ——
& 2004 :
s
8 /
oy !
s H
[T :
8 1001 i p=0013
D|y1 - I——
0 T T T T T T T |
Day 1 Day 3 300 200 -100 0 100 200 300
Diff. between group means per timepoint
c Baseline covariate (ANCOVA) D
AIC: 122.50, Pr(>Chisq): 0.000048 95% Confidence Intervals (Sidak)
50 - == Sham
e Sham-ICH
%- -~ ICH
[=
8 0
8 p=00019
e Day3 : ———i
£ :
£ 504
[1]
]
£
2
= -100
& p=0.0011
=] Day1- : [ S —
g--lso-
®
-
200 T T r T T T . !
Day1 Day3 300 200 -100 0 100 200 300

Diff. between group means per timepoint

Figure 2.4 Our optimised workflow detects motor impairment in properly powered studies.
3 male C57BL/6 mice per group were required to detect a 45 % difference (¢<0.05, f<0.2) based on training data.
Significant differences were found between sham and ICH mice at both day 1 and day 3 post-surgery without baseline
included (A-B) or with baseline included as a covariate(C-D). The model was improved by analysing data as an analysis
of covariance (ANCOVA) using baseline scores as fixed covariates (C). Data expressed as mean + SD (A,C) or mean +
95% confidence intervals (B,D). Differences were assessed using a 2-way repeated measures ANOVA and models were
compared using linear mixed modelling.
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Determining the neuroimmune response to the model

Inflammation is a key driver of ongoing neuronal injury in many diseased brain states. The
inflammatory response to ICH has been characterised in many studies and includes
trafficking of peripheral immune cells to the brain over the first 72 hours'!. Markers of
inflammation correlate with outcome in the clinical setting and preclinical work has
identified immune infiltration as a deleterious feature!. Preclinical models of ICH must,
therefore, result in brain infiltration of immune cells to have valid translational relevance.
Using flow cytometry of single cells isolated from ipsilateral and contralateral
hemispheres, we were able to detect changes in the immune landscape of mice subjected to
ICH (Figure 6). Compared to contralateral hemisphere 24 hours following ICH, the
percentage of microglia in the ipsilateral hemisphere reduced by around 30 % (P = 0.006),
due to increases in myeloid cells (25.7 % = 9.6 vs 1.6 % + 0.7, P = 0.0004) and
lymphocytes (3.8 % + 1.3 vs 2.7 % £ 1.3, P = 0.0025) (Figure 2.5A). The majority of
myeloid cells entering the ipsilateral hemisphere were of the Ly6Chi monocyte domain
(12.9 % £ 4.3 vs 0.4 % + 0.2, P = 0.0002), though neutrophils (8.3 % + 4.4 vs 0.2 % £ 0.1,
P =0.0006) and Ly6Clo monocytes/macrophages (2.7 % £ 1.5 vs 0.7 % £ 0.5, P = 0.0008)
also increased (Figure 2.5B). In contrast, we found no difference in microglia or
lymphocyte percentages between hemispheres at 72 h, although we did find elevated levels
of myeloid cells in ipsilateral hemispheres (11.1 % + 3.0 vs 2.9 % + 1.6, P = 0.02) (Figure
2.5C). We again found a percentage increase in Ly6Chi monocytes in ipsilateral
hemispheres at 72 h post-ICH (4.3 % £ 0.8 vs 0.4 % + 0.3, P = 0.03), but could not detect
significant changes in neutrophils and Ly6Clo monocytes/macrophages at this time (Figure
2.5D). These data show that our refined mouse model of ICH does result in trafficking of

immune cells to the ipsilateral hemisphere during the first 72 hours.
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Figure 2.5 0.045 U collagenase-induced murine ICH retains important changes to the

cerebral immune landscape.

ICH was induced in male C57BL/6J and flow cytometry performed on single cells isolated from ipsilateral or
contralateral hemispheres at day 1 (B-C) or day 3 (D-E) Representative FACs plot showing gating panels (A). Immune
cell frequencies were different in all measured populations at 24 h (B-C), whereas only myeloid cells and more
specifically Ly6Chi monocytes were different at 72 h (D-E). ns = not significant, ¥ = P<0.05, ** = P<0.01, *** =
P<0.001.

2.7 Discussion

ICH is a devastating condition that requires in vivo investigations to identify therapeutic
targets. Using the clinically relevant collagenase-induced ICH model we have reduced
haematoma volume and used an optimised accelerating rotarod protocol to detect motor
impairment in the absence of hemiplegia. Meta-analysis of published preclinical ICH
studies indicates that a median of 14 rodents per study are used to detect ~25 % effect
size®. Using our optimised workflow however, only 7 animals are required to confidently
detect this effect size (0<0.05, <0.2, Supplementary figure 5). We have thus developed a
refined workflow to detect motor impairment in the mouse model of collagenase-induced

ICH that reduces animal usage and suffering.

We found that induction of ICH using 0.06 U collagenase resulted in a haematoma volume

of 13.3 + 6.9 mm® and was associated with around 30 % mortality, whereas Zhou et al'*
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(2013) found that 0.060 U collagenase resulted in 32.2 + 8.2 mm® and <10 % mortality
rate. This dissimilarity is likely due to a number of methodological differences; including
our use of a smaller glass micropipette, older mice with larger brains, maintaining body
temperature at 37 °C during surgery, and recovering mice in a hotbox following surgery.
Issues surrounding maintenance of body temperature are likely to be the major factor in
the difference between our results as all collagenase doses resulted in smaller haematoma
volumes in our hands, and it is clear that hypothermia aggravates bleeding in the
collagenase model'>. Moreover, mortality rates were lower in the study from Zhou et al
(2013) and hypothermia is a well-studied neuroprotective strategy that reduces cell death
in models of brain injury. Thus, for future studies using our optimised workflow, it is

imperative to control each of these variables.

Preclinical models of neurological disease must include functional outcomes in order to
detect differences that are undetectable histologically, such as distal injury and
dysfunctional viable circuits. Current animal models of ICH use a variety of neuromotor
assays to detect severe phenotypes®. In the current study we used the accelerating rotarod
performance assay to measure neuromotor impairment following ICH. Whilst we found
the rotarod assay to be sensitive and reliable, the procedure is labour intensive and could
be causing unnecessary animal distress. There is evidence that a home-cage wheel-running
assay can also be a sensitive, yet less intrusive, measure of motor disturbance in mice'¢.
However, the home-cage wheel running assay requires more operator time, individual
housing, and is predicted to measure a distinct motor deficit compared to rotarod assays'®.
Overall, the rotarod assay equates to the most cost- and time-efficient method to detect
motor impairment following intrastriatal ICH. We do recognise, however, that we have not
tested for long-term deficits following ICH to which the home-cage wheel-running assay

may outperform the rotarod.

Here we have refined the collagenase-induced mouse model of ICH to reduce protocol
severity, yet clinically, ICH results in high rates of mortality and morbidity. There are
questions whether our refined model has reduced clinical relevance therefore. Low
mortality rates are recognised as a species difference in all current animal models of ICH
by the Hemorrhagic Stroke Academia Industry (HEADS) Roundtable!”. Moreover, animal
models of disease aim to mimic aspects of the clinical condition to understand
pathophysiological processes and inform design of therapies. We note our protocol results

in brain haemorrhage in a clinically relevant brain region that causes detectable
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neuromotor injury. Moreover, the inflammatory response to ICH contributes to deleterious
and pro-reparative processes, and we show here that our model retains changes to the
cerebral immune landscape. Thus the strength of this model is to investigate mechanisms
underpinning neuromotor injury using few animals, allowing researchers to test more
hypotheses and piece together complex pathways, such as those involved in the immune
response. In line with HEADS recommendations!’, once important pathways have been
identified and targeted in our refined model, researchers must look to confirm findings in
other relevant models of ICH and account for important variables such as age, sex, and

comorbidities.

In conclusion, it is important to properly power preclinical studies to reduce excess
significance bias. Economical, practical and ethical aspirations provide pressure to
properly power studies whilst reducing animal usage and suffering. The ischaemic stroke
field has provided the framework to reduce animal suffering through refined animal
models. The ICH field has yet to do this. We therefore provide the first refined workflow
to detect neuromotor impairment in the mouse model of collagenase-induced ICH with
finite animal suffering and usage, and provide power analysis based on this workflow for

future studies (Supplementary figure 5).
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Figure 2.6 Supplementary 1. Collagenase becomes unstable overtime despite storage at -80
°C.

ICH was induced in male C57BL/6J mice with either 2 week or 9 month old 0.045 U collagenase. Animals were culled at
day 1, brains sectioned and haematoma volumes calculated. ** = P<0.01.
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Figure 2.7 Supplementary 2. 0.045 U collagenase produces less variation compared to
0.030 and 0.060 U.

Power analysis based on mean and SD values of haematoma volumes produced by each collagenase dose at day 1
(0<0.05, B<0.2). Graph shows number of mice needed to detect statistically significant changes based on effect sizes
stated on the x axis (0<0.05, $<0.2).
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Figure 2.8 Supplementary 3. Rotarod performance increases during training until day 4.
6 male C57BL/6J mice were trained on the accelerating rotarod assay 3 times per day for a total of 4 days. Data

expressed as mean + SD. P values shown refer to Dunnett’s post-hoc against day 1 scores following a repeated measures
ANOVA.
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Figure 2.9 Supplementary 4. Rotarod scores from figure 4 of main text this time including

baseline set as an average of the final 2 runs from the 3rd training day.
Data expressed as mean + SD. 3 animals per group.
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Figure 2.10 Supplementary figure 5. Power analysis based on mean and SD values from

ICH animals at day one from figure 4 of main text.

Graph shows number of mice needed to detect statistically significant changes based on effect sizes stated on the x axis
(0<0.05, p<0.2).
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Chapter 3: IL-1 in brain haemorrhage
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3.2 Abstract

Blood leaks into the brain parenchyma in many diseased brain states and can have drastic
neurological consequences. Despite this, little is known about the pathological processes
which occur following brain haemorrhage but neuroinflammation is thought to contribute
considerably. Herein we provide evidence that myeloid cell trafficking to the parenchyma
is a conserved feature of brain haemorrhage in clinical and experimental settings. In line
with others, we show that monocytes contribute to acute brain damage following
collagenase-induced murine brain haemorrhage. Using RNA-seq, we uncover IL-1 as the
major upstream regulator of the acute immune response and histological data pinpoints the
production of the protein to mononuclear phagocytes in patient and animal tissue. Contrary
to others, we found neither depletion of microglia, nor inhibition of the IL-1 processing
inflammasomes, prevented recruitment of myeloid cells to the brain. Inhibition of IL-1
receptor 1 (IL-1R1) drastically reduced myeloid recruitment however. To our surprise we
discovered that IL-1R1 inhibition worsened neuromotor injury by reducing cerebral blood
flow to the affected hemisphere. Thus we reveal novel dichotomous actions of IL-1-
dependent inflammation following brain haemorrhage. On the one hand, IL-1 is the
dominant regulator of harmful myeloid cell trafficking, whilst on the other, it critically

regulates cerebral blood flow.

3.3 Introduction

Intraparenchymal brain haemorrhage, referred to here as brain haemorrhage, is a
prominent pathological feature observed in multiple diseased brain states, including acute
infections of the central nervous system (CNS)!, vascular dementia?, traumatic brain
injury®, and stroke*. Brain haemorrhage is associated with neurological symptoms ranging
from cognitive decline in microbleeds?, to paralysis and death in macrobleeds®. Despite
this, the pathophysiology of brain haemorrhage remains poorly understood and few studies

have sought to identify common features of micro- and macrobleeds.

To date, most research regarding brain haemorrhage has focussed on the deadliest form of
stroke, intracerebral haemorrhage (ICH). Research in the ICH field indicates that two
temporally distinct waves of injury occur®. Mass effect, which is driven by
intraparenchymal accumulation of blood products, is perceived as the initial driver of

neuronal injury that is succeeded by a progressive secondary injury characterised by the
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onset of inflammation. Mass effect and inflammation are present in micro- and
macrobleeds, however, the former is difficult to target therapeutically due to its rapid
onset, whilst the Ilatter occurs in a more clinically relevant time-window.
Neuroinflammation is considered a key therapeutic target across a plethora of brain
diseases, including acute brain injury’. However, there has been strong evolutionary
pressure for the immune and coagulation systems to work in unison during bleeding
events®. Therefore, what is true for inflammatory pathophysiology of some brain diseases

may not be true in the case of brain haemorrhage.

In ICH, damage associated molecular patterns (DAMPs) are released that trigger
inflammation through toll-like receptor activation’®. TLR signalling (e.g. TLR4) leads to
the production of pro-inflammatory cytokines that amplify local inflammation and
promote the recruitment of circulating immune cells. Monocyte trafficking to the brain
occurs in models of macro- and microbleeds and is a key driver of neuronal injury®!°.
Vascular inflammation is important in monocyte trafficking during ICH but the factors
governing this are poorly understood!!. Recently the prototypical pro-inflammatory
cytokine interleukin-1 (IL-1), a downstream product of TLR-4, has been shown to trigger
monocyte recruitment to the brain through actions on the cerebral vasculature'?. IL-1
promotes myeloid cell infiltration'®, exacerbates excitotoxic damage'* and contributes to
the no-reflow phenomenon!® during brain ischaemia; however, its influence in brain

haemorrhage remains an important open question.

Herein we provide evidence that IL-1 production from mononuclear phagocytes is a
conserved feature of brain haemorrhage, and signalling through the type 1 IL-1 receptor
(IL-1R1) is the critical mediator of harmful monocyte recruitment. Despite this, and in
contrast to findings in other fields, IL-1 inhibition worsened neuromotor dysfunction by
preventing reactive vasodilation of cerebral blood vessels, in which cyclooxygenase-2
(COX-2) upregulation by vascular mural cells might play an important role. Thus we
reveal a previously unknown aspect of brain haemorrhage where inflammation works to

reduce brain damage by increasing blood flow to the affected region.
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3.4 Materials and Methods

Immunohistochemistry and immunofluorescence on post-mortem human brain tissue

Small vessel disease and ICH brain tissue samples were acquired from the South West and
Edinburgh arms of the Medical Research Council brain banks respectively. Samples were
taken from deep brain regions (including basal ganglia and thalamus) of 2 males and 1
female (age range 63 — 86 years) that died within 3 days of ICH and 4 females with
diagnosis of dementia and histopathological evidence of SVD and fresh microbleeds (age

range 89 — 95).

Brain sections were deparaffinised and rehydrated prior to undergoing relevant heat-
mediated antigen retrieval in a water bath set to 97.5 °C for 30 min. Antigen retrieval was
performed using sodium-citrate pH 6.0 solution for rabbit-anti-CD11b (0.68 - 6.75 pg mL"
!, EPR1344, Abcam) or Tris-EDTA pH 9.0 solution for rabbit-anti-Ibal (2.56 pg mL-1,
EPR16588, Abcam) and goat-anti-IL-1p (2.00 ug mL-1, AF-201, RnDSystems). Primary
antibodies were incubated overnight at 4 °C in primary antibody buffer (1 % BSA, 0.3 %
Triton-X-100, 0.05 % sodium azide, PBS), followed by incubation with secondary
antibodies for 90 min at RT in secondary antibody buffer (0.1 % bovine serum albumin in
tris-buffered saline). The following secondary antibodies were used: donkey-anti-rabbit
Alexa Fluor® 647 (10 pg mL"!, Abcam) and donkey-anti-rat Alexa Fluor® 647 (10 pg
mL!, Abcam). In order to amplify low abundance epitopes or overcome red blood cell
autofluorescence the Tyramide SuperBoostTM (B40936, ThermoFisher) protocol was
followed as per manufacturer’s instructions using biotinylated horse-anti-goat IgG (7.5 pg
mL", BA-9500, Vector) or goat-anti-rat IgG (7.5 pg mL", BA-9400, Vector) secondary
antibodies. Wash steps were performed throughout using wash buffer (0.1 % tween in

Tris-buffered saline).

Animals

Animal procedures were carried out in accordance with the Animal Scientific Procedures
Act (1986) and the European Council Directive 2010/63/EU, and 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.
Sample size was calculated by power analysis using a significance level of a = 0.05 with
80 % power to detect statistical differences. Ccr2™~ animals (originally from The Jackson

Laboratory'®) were bred in-house and shared by J. Grainger (University of Manchester,
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Manchester, England, UK), and were backcrossed to a C57BL/6 background for at least 10
generations. For microglia depletion experiments mice were bred at the SPF unit of the
Animal Care Unit of the Institute of Experimental Medicine (IEM HAS, Budapest,
Hungary). Mice had free access to food and water and were housed under light-, humidity-
and temperature controlled conditions. Experiments followed ARRIVE guidelines!’.
Animals were maintained under standard laboratory conditions: ambient temperatures of
21 °C (#2 °C), humidity of 40-50%, 12h light cycle, ad libitum access to water and
standard rodent chow. All surgeries were performed with the surgeon concealed to the
treatment and/or genotype, and all behavioural and histological analyses were performed
by a blinded observer. Treatments were randomly allocated using the research randomiser

tool.

Surgery

We used a model of intraparenchymal brain haemorrhage that creates an active bleed
within the brain by using collagenase VII-S (Sigma, C2399) to break down the basal
lamina of cerebrovascular beds'®. To do this, mice were initially induced under anaesthesia
using 4 % isoflurane in 70 % N>O and 30 % O> and fur was shaven from the head. Mice
were then transferred to a feedback-controlled heating pad set to 37 °C, securely fixed to a
stereotactic frame (Stoetling), anaesthesia maintained at 1.5-2.0 % isoflurane in 30 % N>O
and 70 % O using a nose cone, and Videne (EcoLab) applied to the scalp. A longitudinal
midline incision above the skull was performed and periosteum stripped away from the
midline on both sides. A burr-hole was created using a micro-drill and a glass micropipette
(BLAUBRAND, pulled at 70 °C) inserted at the following co-ordinates from bregma:
anterior-posterior 0.0 mm, lateral -2.0 mm, deep -2.7 mm. 0.5 pL of 0.09 units/pL of
collagenase (C2399, Sigma) dissolved in saline was then injected at a rate of 1 pL min™.
The needle was left in situ for 10 min before removal and wounds sutured. The scalp was
cleaned once more with Videne and a topical analgesia was applied (EMLA cream,
AstraZeneca) before animals were given a subcutaneous bolus of saline (10 mL kg™') and
buprenorphine (50 pg kg, Vetergesic, UK) before being recovered in 28 °C housing.
Animals were then transferred to ventilated cages suspended over a heating pad with free

access to mashed food and water in normal housing conditions.

Rotarod assay
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Mice were allowed to habituate to the behavioural room and handled for at least one week
prior to commencement of training. Animals were trained for 3 consecutive days prior to
surgery using the following protocol. The rotarod was set to loading phase whilst animals
were placed onto the rotarod. Following a 15 s loading period the rotarod was set to
accelerate from 4 to 40 rpm over 300 s. An animal was deemed to have completed the task
when it had fallen from the apparatus, accrued 3 passive rotations or stayed on the
apparatus until 300 s. The time at which an animal completed the task was recorded. Once
all animals had finished the run the apparatus was thoroughly cleaned with a 70 % ethanol
solution. 3 runs were performed per day with a 15 min inter-trial interval. On the third and
final day of training the results from the final 2 runs were averaged and set as the baseline
run time for that animal. On test days following ICH the same protocol was followed with
animals performing 3 runs and the times from the final 2 runs averaged for the animals

Score€.

Tissue processing and Immunostaining

Mice were transcardially perfused with PBS followed by 4 % paraformaldehyde (PFA)
under isoflurane or ketamine-xylazine induced terminal anaesthesia. Brains were removed
and post-fixed in 4 % PFA for 24 h at 4 °C before being cryoprotected in a 20 % sucrose
solution at 4 °C for up to 4 days. Brains were then frozen in -50 to -60 °C isopentane and

20 um coronal sections taken every 400 um using a Leica cryostat.

For immunostains, brain sections were dried for 24 h prior to undergoing relevant heat-
mediated antigen retrieval in a water bath set to 97.5 °C. Antigen retrieval was performed
using Tris-EDTA pH 8.6 solution for 20 min for the following antibodies: rabbit-anti-Ibal
(2.56 pg mL', EPR16588, Abcam), goat-anti-IL-la (1.00 pg mL™', AF-400,
RnDSystems), goat-anti-IL-1B (1.00 ug mL™!, AF-401, RnDSystems), rat-anti-Ly6G (1.25
ug mL!, 1A8, Biolegend), rabbit-anti-collagen IV (5.00 ug mL™', EPR16588, Abcam),
goat-anti-vascular cell adhesion protein 1 (2.00 pg mL™, AF643, RnD Systems). Antigen
retrieval was performed using sodium-citrate pH 6.0 solution for rabbit-anti-CD11b (2.70
pug mL!, EPR1344, Abcam). Primary antibodies were incubated overnight at 4 °C in
primary antibody buffer (1 % BSA, 0.3 % Triton-X-100, 0.05 % sodium azide, PBS),
followed by incubation with secondary antibodies for 90 min at RT in secondary antibody
buffer (0.1 % bovine serum albumin in tris-buffered saline). The following secondary

antibodies were used: donkey-anti-rabbit Alexa Fluor® 647 (10 pg mL", Abcam),
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donkey-anti-rat Alexa Fluor® 647 (10 pg mL?, Abcam). In order to amplify low
abundance epitopes or overcome red blood cell autofluorescence the Tyramide
SuperBoostTM (B40936, ThermoFisher) protocol was followed as per manufacturers
instructions using biotinylated horse-anti-goat IgG (7.5 pg mL™"!, BA-9500, Vector), goat-
anti-rat IgG (7.5 pg mL™"!, BA-9400, Vector) or goat-anti-rabbit IgG (7.5 pg mL!, BA-
1000, Vector) secondary antibodies. Wash steps were performed throughout using wash

buffer (0.1 % tween in Tris-buffered saline).

Microscopy

Images were collected on a Zeiss Axioimager.D2 or Olympus BX63 upright microscope
and captured using a Coolsnap HQ2 camera (Photometrics) or DP80 camera (Olympus)
through Micromanager software v1.4.23 or CellSens Dimensions V1.16 (Olympus).
Specific band pass filter sets for were used to prevent bleed through from one channel to
the next. Images were then processed and analysed wusing Fiji Imagel

(http://imagej.net/Fiji/Downloads). 4 regions of interest that spanned haematoma and

perihaematoma were taken across 4 different brain sections for histological quantification.

Cell isolation

Mice were transcardially perfused with PBS and ipsilateral hemispheres were digested for
60 min at 37 °C with 50 U mL! Collagenase (17104-019, Gibco), 0.5 U mL™! Dispase 11
(17105-041, Gibco) and 200 U mL™! DNase 1 (10104159001, Roche) in Hank's balanced-
salt solution containing calcium and magnesium. The tissue was then mechanically
dissociated using a dounce homogeniser and myelin removed using a 32 % isotonic percoll
solution centrifuged at 2000 xg for 10 min at 4 °C with brake on 2. When possible cells
were kept in ice cold RPMI containing 3% FBS. Following single cell isolation red blood
cells were lysed by 3 minute incubation with BD Pharmlyse (555899, BD Bioscience).

Western blot

Following single cell isolation, myeloid cells were purified using CD11b+ magnabeads
(130-093-636, Miltenyi) according to manufacturer’s protocol. Positive and negative
populations were captured and lysed in NP-40 lysis buffer (150 mM NaCl, 50 mM Tris, 1
% NP-40, pH 7.4) supplemented with protease inhibitor cocktail (PIC) (539131, Merck).

Lysates were run on 12 % polyacrylamide gels and transferred onto nitrocellulose

membranes using the mixed molecular weight setting of a Trans-Blot Turbo system (Bio-
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Rad). Membranes were blocked in 5 % BSA PBS containing 0.1 % Tween-20 (Sigma)
(PBST) for 1 hour at room temperature. Following blocking, membranes were incubated
(4 °C) overnight with goat-anti-mouse IL-1B (100 ngmL™!, RnD Systems) or goat-anti-
mouse IL-1a (100 ngmL™!, RnD Systems) in PBST containing 0.1 % BSA. Membranes
were then washed and incubated (room temperature) with rabbit anti-goat (550 ngml !,
DAKO) in 0.1 % BSA PBST. After washing, membranes were incubated in Amersham
ECL Western Blotting Detection Reagent (GE Life Sciences) before detection using a
G:BOX Chemi XX6 imaging system (Syngene).

Flow cytometry

Isolated single cell pellets were resuspended in FACs staining buffer (PBS with 2mM
EDTA) containing a number of the following antibodies. 50 pg mL™ FC block (Clone 93,
ebioscience), 1:500 Live/Dead blue (ThermoFisher), 0.4 pg mL"' CD11b-BV786 (Clone
M1/70, BD Bioscience), 2 ng mL™! CD3-BV510 (Clone 17A2, Biolegend), 0.67 pg mL™!
CX3CRI-PE/Cy7 (Clone SAO11F11, Biolegend), 0.67 ug mL™' CD45-PerCP/Cy5.5
(Clone 30-F11, eBioscience), 2 ug mL"' IL-1B-PE (Clone NJTEN3, ThermoFisher), 1 pg
mL"! Ly6C-FITC (Clone AL-21, BD Bioscience), 0.67 pg mL"' CD45r-APC/Cy7 (Clone
RA3-6B2, Biolegend) and 1 ug mL"' Ly6G-APC (Clone 1A8, TONBO biosciences). 2 pg
mL! Rat/IgG1 kappa-PE (Thermofisher) was used as isotype control for IL-1B and
fluorescence minus one controls were used to set gates for all other stains. Cell numbers
were quantified using CountBrightTM counting beads (C36950, ThermoFisher). Samples
were acquired on a BD LSR II (Becton Dickenson) using BD FACSDiva software (Becton
Dickenson). Data was analysed using FlowJo V.10 (Tree Star Inc.).

RNA isolation

Mice were PBS perfused and RNA was isolated from the right hemisphere (ipsilateral in
haemorrhaged animals) using the RNeasy lipid tissue mini kit (Qiagen) as per
manufacturer’s protocol. Brain hemispheres were homogenised using lysing matrix D

tubes (MPBio) in a Qiagen Tissue Lyser II.

RNA sequencing

RNA-Seq analysis was performed. RNA samples were assessed for quality and integrity
using a 2200 TapeStation (Agilent Technologies) according to the manufacturer’s
instructions. RNA-Seq libraries were generated using the TruSeq Stranded mRNA assay

(Illumina, Inc.) according to the manufacturer’s instructions. Briefly, poly-T, oligo-
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attached, magnetic beads were used to extract polyadenylated mRNA from 1 pg of total
RNA. The mRNA was then fragmented using divalent cations under high temperature and
then transcribed into first strand cDNA using random primers. Second strand cDNA was
then synthesized using DNA polymerase I and RNase H, and a single “A” base addition
was performed. Adapters were then ligated to the cDNA fragments and then purified and
enriched by PCR to create the final cDNA library. Adapter indices were used to multiplex
libraries, which were pooled prior to cluster generation using a cBot instrument. The
loaded flow cell was then pair-end sequenced (101 + 101 cycles, plus indices) on an
[Mlumina HiSeq4000 instrument. Demultiplexing of the output data (allowing one
mismatch) and BCL-to-Fastq conversion was performed with CASAVA 1.8.3. Sequencing
quality for each sample was determined using the FastQC program. Low-quality sequence
data were removed utilizing the trimmomatic program. STAR v2.4.0 was utilized to map
the trimmed sequence into the murine genome (mml0 genome with gencode M16
annotation). Raw counts for each sample were generated by the htseq-count program and
subsequently normalized relative to respective library sizes using DESeq2 package for the
R statistical program. The DESeq2 program was additionally used to plot the PCA with all
sample data to visualize different clusters at multiple levels that describes the maximum
variance within the data set. Genes of interest were identified by pairwise comparisons.

False discovery rate (FDR) adjusted p values were used to evaluate significance.

Functional and Pathway Enrichment Analysis

Genes with an FDR-corrected p value of less than 0.01 were analyzed for transcriptional
regulation and cell pathway enrichment utilizing the enrichR package!® to string search the
Enrichr webserver: GO term, PANTHER and Transcriptional Regulatory Relationships
Unraveled by Sentence-based Text mining®® datasets?*> on R?*. Significant features
(p<0.05) were further probed by cluster analyses utilising Ward's minimum variance
method of hierarchical clustering visualised using R package “pheatmaps”?*. Heatmap,
PCA and volcano plots were generated using the R packages “pheatmaps”, R version 2.6.1

2”25

base and “ggplot2”~, respectively.

IL-1R1 inhibition
Ubiquitous genetic knockouts can lead to upregulation of compensatory genes and such

compensation has been speculated in IL-1R1 knockouts'>. We thus adopted a

pharmacological approach to inhibit IL-1R1. Human IL-1RA (Kineret, SOBI) was
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supplied in 10 mM sodium citrate, 140 mM NaCl, 4 uM EDTA, 5.34 uM polysorbate 80,
pH 6.5 and further diluted in sterile saline. Placebo controls contained vehicle only. We
injected 10 pg of the naturally occurring antagonist IL-1RA intrastriatally (bregma:
anterior-posterior 0.0 mm, lateral -2.0 mm, deep -2.7 mm) 10 minutes prior to collagenase
injection, followed by a 100 mg kg™ subcutaneous dose. In order to maintain adequate
plasma concentrations of IL-1RA a second subcutaneous 100 mg kg dose was injected 6
h later®®. Where animals were kept alive for more than 24 h 100 mg kg™ doses were given
subcutaneously morning and evening each day ending in the evening of the second day
following surgery. IL-1IRA was well tolerated with mice showing no overt signs of

physiological illness.

Microglia depletion

PLX5622 was provided by Plexxikon Inc. (Berkeley, USA) and formulated by Research
Diets (New Brunswick, USA) into an AIN-76A standard chow in 1200 p.p.m. (1200mg
PLX 5622 in 1kg chow) concentration. Mice were fed PLX5622 for 14 days, to eliminate
microglia from the brain. We could not observe any sign of physiological illness
(alterations in food intake, weight, physical appearance) or behavioural changes (social

interactions, exploration) during the diet period, in accordance with other studies®”-%.

Caspase-1 inhibition

To inhibit caspase-1 activation during brain haemorrhage we used the potent caspase-1
inhibitor VX-765 (52228, Selleckchem) that has recently been shown to be efficacious in
mouse models of Alzheimer’s disease?”. We adopted the same dosing regimen used in our
IL-IRA model with a single 7.5 pg intrastriatal injection followed by 50 mg/kg
subcutaneous doses. VX-765 was diluted in a sterile 5 % Cremophor EL (Sigma), 5 %
DMSO (Sigma), 90 % saline mixture. Placebo contained vehicle alone. VX-765 was well

tolerated with mice showing no overt signs of physiological illness.

Laser speckle contrast imaging

Mice were anaesthetized and placed in a stereotaxic frame (World Precision Instruments,
USA) positioned under a moor FLPI2 Full-Field Perfusion Imager (Moor instruments,
UK). Anaesthesia was maintained at 1.50 % isoflurane and body temperature maintained
at 37 °C using a feedback-controlled heating pad. A longitudinal midline incision was

performed on the scalp to expose the skull. The skull was cleared of any hair and acoustic
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gel applied before a glass coverslip was mounted atop. Imaging was conducted for 3 min
with a 4 second per image acquisition rate, 20 ms exposure time and 100 frame filter. Mice
were imaged 24 h post-haemorrhage and regions of interest drawn around each hemisphere
using moor FLPI2 Full-Field Laser Perfusion Imager Review V5.0 software. Flux values

were averaged across all timepoints and taken for further analysis.

Bleed size analysis

For histological quanitification of haematoma volume, brains were sectioned at 400 pm
intervals, digitally scanned, and regions of interest (ROI) drawn around the haematoma on
each section using imageJ. Haematoma volume was calculated by summing the area of all
ROIs and multiplying by the inter-section interval (400 pm). For biochemical
quantification of blood load, perfused brains were snap frozen before each hemisphere was
isolated and lysed on ice in NP-40 lysis buffer containing PIC using a handheld
homogeniser. Lysates were centrifuged at 18,000 xg for 10 min at 4 °C and supernatants
collected and ultracentrifuged at 100,000 xg for 30 min at 4 °C. Haemoglobin content of
S100 fractions were quantified using a haemoglobin assay kit (Sigma, MAK115-1KT) as
per manufacturer’s protocol with slight modification to reduce assay volume by 50 %.
Samples were run in triplicate at a range of dilution factors and values closest to the

standard used in analysis.

hCMEC/D3 (human cerebral microvascular EC line D3) cultures

To investigate the effects of IL-1 on brain endothelial cells, immortalised hCMEC/D3
were grown on collagen I (Sigma, 08-115) coated flasks in EndoGRO-MV Complete
Culture Media Kit (Merck, SCME004) until 90 % confluent. Cells were seeded overnight
at 80,000 cells well! and treated the next morning with 10 ng mL"! of IL-1p (RnD
systems, 201-LB). 4 h later supernatants were removed and cells were lysedwere lysed in
RIPA buffer (150 mM NaCl, 1% (vol/vol) NP-40, 0.5% (wt/vol) sodium deoxycholate,
0.1% (wt/vol) SDS, 50 mM Tris, pH 8), supplemented with a protease inhibitor mixture.
Western blots were performed as described earlier using goat-anti-COX-2 (0.20 ug mL™,
RnD systems, AF4198) and rabbit-anti-VCAM-1 (0.44 ug mL™, ab134047, abcam).

Statistical analyses

Data are presented as individual values + standard error of the mean (s.e.m) apart from

LSCI data which is presented as marginal means + standard error. For LSCI and
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behavioural analyses, linear mixed modelling was used to evaluate the effect of
independent factors (treatment and time/hemisphere) on the dependent variable®®. All
factors and interactions were modelled as fixed effects. A within-subject design with
random intercepts was used for all models. The significance of inclusion of a dependent
variable or interaction terms was evaluated using log-likelihood ratio. Homoscedasticity
and normality were evaluated graphically using predicted vs residual and Q-Q plots,
respectively. All analyses were performed using R (version 3.3.3). Statistical analyses for
everything else were performed using Student’s t-tests, one-way analysis of variance
(ANOVA) and two-way ANOVA tests with Sidak corrected post hoc. Equal variance and
normality were assessed with the Levene’s test and the Shapiro—wilk test, respectively, and
appropriate transformations were applied when necessary. Accepted levels of significance
were *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. The latter statistical analyses were
carried out using GraphPad Prism. Images were processed using Fiji ImageJ49 and
analysed by manual counting with experimenter blinded to image identity throughout.

Flow cytometry data were analysed and populations quantified using FlowJo V10.
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3.5 Results

Intraparenchymal brain haemorrhage results in peripheral immune cell accumulation

We began our investigation, validating the findings of others who showed cerebrovascular
rupture results in myeloid cell trafficking to the brain’3!'*, by examining post-mortem
human brain tissue for evidence of CD11b+ myeloid cells. Radiological indications of
cerebral microbleeds represent heterogeneous histopathological findings that cause
difficulties in estimating actual bleed rates in cerebral small vessel disease (SVD). In our
cohort of 36 patients with SVD, 3/36 (8 %) showed evidence of fresh brain haemorrhage
but only 2 had parenchymal haemorrhages. Immunostaining of these SVD patients
identified extensive infiltration of CD11b+ myeloid cells in parenchymal brain tissue
within and around the haematoma (Figure 3.1A). The amount of tissue damage caused by
macrobleeds makes it difficult to perform histological analysis on the core of the
haematoma. We thus stained perithaematomal regions of acute macrobleeds and CD11b+
cells were evident in this setting too (Figure 3.1A). To further characterise immune cell
trafficking to the damaged brain we used a murine model of brain haemorrhage, in which
collagenase is injected directly into the brain parenchyma to degrade basal lamina and

promote progressive bleeding'®.

Flow cytometry on single cell homogenates of mouse brain tissue was used to characterise
immune cell populations in brains of naive, sham-operated and haemorrhaged mice
(Figure 3.1B). Animals with induced brain haemorrhage had more T cells, neutrophils,
Ly6Chi and Ly6Clo monocytes/macrophages recruited to the ipsilateral hemisphere one
day post-surgery. The greatest effect of haemorrhage was on myeloid cells with both
neutrophils and Ly6Chi monocytes increasing ~20-fold compared to sham-operated
animals. These data show that myeloid cell trafficking to the brain occurs in both clinical
and preclinical brain haemorrhage, with neutrophils and Ly6Chi monocytes

predominating.

Monocytes contribute to neuromotor dysfunction following brain haemorrhage

A number of previous studies have shown that preventing Ly6Chi monocyte infiltration
improves motor function following brain haemorrhage®3*. We looked to validate these
findings using CCR2-/- animals, which have fewer Ly6Chi monocytes in circulation due
to deficiencies in their release from the bone marrow. Flow cytometry profiling of

circulating immune cells established that CCR2-/- animals indeed had ~4-fold reduction in
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circulating Ly6Chi monocytes (Figure 3.1Ci-ii). To test whether Ly6Chi monocytes
affected neuromotor function following brain haemorrhage, we utilised the rotarod
performance test in which animals must balance on an accelerating rotating beam over the
course of 300 seconds. On the day following brain haemorrhage induction, CCR2-/- mice
performed significantly better on the rotarod assay than wild type littermates (Figure
3.1Ciii). Thus, preventing monocyte trafficking to the haemorrhaged brain limits
neuromotor injury. We next looked to identify the upstream mediator of this harmful

monocyte recruitment.
IL-1 controls transcriptional changes in the brain following haemorrhage

To identify the factors which control the immune response to brain haemorrhage, we
performed RNA-Seq on RNA extracted from the right (ipsilateral) hemisphere of control
mice or mice injected with collagenase. Unguided principal component analysis of the data
revealed stark differences in the transcriptional landscape of haemorrhage and control
animals (Figure 3.2A). Of the 1278 differentially expressed genes, a large proportion of
those upregulated following haemorrhage were attributed to inflammation (such as Ccl2,
Icaml and I11b), whereas, those downregulated were linked to neuronal pathways (such as
Bdnf, Grin2b and Homer2) (Figure 3.2B). To elucidate the potential processes that are
important in the trafficking of harmful monocytes to the brain, enrichment analyses were
performed on the data set. Pathway enrichment analysis showed that microglia,
complement, coagulation, and multiple chemokine and cytokine pathways were principally
upregulated following brain haemorrhage (Figure 3.2D). Many of the differentially
expressed genes were transcription factor targets for sensors of IL-1 and IL-6 (NFKBI,
JUN, STATI1, STAT3, RELA and FOS). In fact, most of the upregulated inflammatory
genes were part of the IL-1 and IL-6 pathway (Figure 3.2C,E). Network analysis further
implicated both of these molecules as upstream regulators in the immune response to brain
haemorrhage (Figure 3.2F). However, of these molecules, IL-1 was associated with a
greater amount (209) of the differentially expressed genes. Moreover, we know from
clinical and preclinical evidence that IL-6 sits downstream of IL-1RI activation®>*
(Figure 3.2G). These data therefore identify IL-1 as the potential major upstream regulator

of brain inflammation following brain haemorrhage.

92



A Age- and region-matched control

m Post-mortem human brain tissue

Intrastriatal collagenase

MultipIeSVD microbleeds

Perihaematomal region of ICH

Lymphocytes 8,12

} Myeloid cel]s 354

Neutrophils

"
=y
S
PR & o
injection vy B
[t ¢
P,J 10 / E
& R
o (=
; % g
o ilicroglia 2
Noidogl? ° 414 5
3 £
Day 0 L S
£
1 Microglia Neutrophils v
20 » 40 —_—— \rRRE L . mansssi Ty T T T T
ns ® . a w? 1ot w0* 0 ! 1w’
—
” . 204 Comp-405 780_60 B¥786-A : CD11b Comp-640 670 30 APC-A:: Ly6G
L[]
]l S )
g * ns {. =% -l- 8 L g i
E 10 . o 9 TCells £
@ = = . 101 . ° < 392 z
(=] T
E — = & s
] o4 oy 2 e
£ Naive Sham ICH Naive Sham ICH a >
. R
T Ly6Chi Monocytes Ly6Clo Monocytes/Mg o o
2
g 20 e 3 - B o
T — o ® 3 B w
c — g T
- 15: — 2 2 %
8 : : 5
g o N < he Ly6Cle Monocytes/Meq
2 10 24 17.4
[ 13 3 3 s
o N 10
S 5 o 2 ns ° T T T T L
8 ns ¢ — . 10° a0t o w? w0* w0’
— -
0 IS e, Comp-640 780_60 APC-Cy7-A : CDA5r Comp-488 780_60 PE-Cy7-A : CX3CR1
Naive Sham ICH Naive Sham ICH
B Cells T Cells
8 ns 5 -
ns o
e —
.
6 ® 4
.
2
T, K
* hs x5
— ns L™
2 .
o . M a =
- .
C Naive Sham ICH Naive Sham ICH
i i Ly6Chi Monocytes ifi
A wT CCR2" 1007 4 o 24 rotarod
i ' LN}
80+ w504
8 Ly6Chi Mon Q i Ly6Chi Mon ? 0 9® _ £ .
= 73.9 ¥ 151 w d o 1_
- [ ] - e
£ = 607 o £ 100 . ¢
= o ‘ =) - o ®
H EG Ly6Clo M T Ly6Clo M Q ol
— o NMan o Mon
o 5 s R 407 2 8 501
14 e []
8 20 %» 3 2 ¢ *
’ » b = 200+
° ° -y a °
B 0- — -250 T —
- 1 » WT CCR2 WT CCR2"
X3CR1 »-

Figure 3.1 Intraparenchymal brain haemorrhage results in detrimental parenchymal

accumulation of peripherally derived monocytes.
(A) Formalin-fixed paraffin-embedded post-mortem human brain tissue from age- and region-matched control,
microbleed, and macrobleed patients were immunostained for the myeloid cell marker CD11b (green), DAPI (blue) and
red blood cell autofluorescence can be seen in red. One representative image from 3 (macro) or 2 (micro) patients per
group shown, scale bar 100 um. (Bi) Single cells were isolated from the right hemisphere of naive, sham-operated, and
collagenase-induced intracerebral haemorrhage (ICH) mice 24h post-surgery and immunophenotyped using flow
cytometry. (Bii) Gating strategy used during flow cytometry analysis. (Biii) Cell counts are shown from the following
populations CD45™ CD11b+ microglia, CD45" CD11b+ Ly6G+ neutrophils, CD45" CD11b+ Ly6G- Ly6C" monocytes,
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CD45" CD11b+ Ly6G- Ly6C" monocyte/macrophage (Mg), CD45" CD11b- CD45R+ B cells, and CD45" CD11b-
CD3+ T cells. Data presented as mean + s.e.m, n = 5. (C) Ly6Chi monocytes contribute to neuromotor dysfunction
following brain haemorrhage. (Ci-ii) White blood cells were isolated from whole blood of wild-type (WT) (n = 7) and
chemokine receptor 2 (CCR2)-/- (n = 9) male littermate mice. (i) Representative FACs plots of the circulating monocyte
compartment of each genotype. (ii) Amount of Ly6C" monocytes as a percentage of total circulating monocytes from
each genotype. (iii) Following a 3 day training period on the rotarod assay, WT and CCR2-/- littermates were subjected
to collagenase-induced ICH and tested on the rotarod again 24 hours later. Data presented as net difference in latency to
fall from baseline performance, n = 7-9. . ns = not significant; * = P<0.05; ** = P<0.005; *** = P<(0.0005; **** =
P<0.0001.
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Figure 3.2 Pathway and transcriptional regulation analyses revealed that interleukin (IL)-1
and IL-6 mediated inflammation is a predominate feature of intracerebral haemorrhage
(ICH).

Pathway and transcriptional regulation analyses revealed that interleukin (IL)-1 and IL-6 mediated inflammation is a
predominate feature of intracerebral haemorrhage (ICH). Whole hemisphere RNA was extracted for RNA sequencing
24h after ICH (n = 4) or no intervention (n = 3) (Naive). (A) Unguided principal component analysis clearly delineates
unique transcriptional profiles of ICH and Naive animals. (B) A volcano plot with inflammatory genes (red) and
neuronal genes (turquoise) identified by PANTHER and GO term string search, demonstrates the predominance of the
inflammatory pathway in the transcriptional changes following ICH. (C) A volcano plot of IL-1 and IL-6 networks
identified through PANTHER, GO term and TTRUST string searches; illustrating the central role these networks have in
ICH induced inflammation. (D) Results from PANTHER and GO term string search pathway enrichment analysis and
the TTRUST transcriptional regulation enrichment analysis. (E) Heat maps of the top significant genes identified within
the most notable networks; IL-1 (i), IL-6 (ii) and complement (iii). (F) Cluster and pathway analyses identified IL-1p and
IL-6 signalling as the predominate pathways regulating inflammation following ICH. Area of the coloured circles are
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proportional to the number of significantly upregulated genes identified downstream of the labelled regulator molecule.
IL-1 was the dominant signalling pathway identified with 209 downstream genes found to be upregulated. (G) Proposed
signalling cascade responsible for the substantial inflammatory response seen following ICH.

Mononuclear phagocytes produce IL-1 in response to brain haemorrhage

IL-1a and IL-1 are part of a highly conserved cytokine pathway that signal through the
type 1 IL-1 receptor (IL-1R1) and have important functions in inflammation. In the brain
IL-1 has been shown to control monocyte trafficking and directly contribute to deleterious
inflammation in sterile injury'?. A specific role for IL-1 in brain haemorrhage remains
undefined however. We therefore continued our investigations by assaying for IL-1

production in brain haemorrhage tissue (Figure 3.3).

We first looked for evidence of IL-1 production in post-mortem human brain tissue. Under
steady state conditions microglia, the brain resident mononuclear phagocytes, have a
ramified morphology with outstretched processes that carry out important homeostatic
functions, including synaptic pruning®’ and neuronal surveillance®. In control human brain
tissue, age- and region-matched for diseased tissue, microglia stained with Ibal were
ramified and lacked evidence of IL-1 production (Figure 3.3Ai1). On the contrary, in acute
macrobleed patient samples there was clear evidence of microglia with retracted processes
expressing IL-1B in perihaematomal regions (Figure 3.3Aii). Whilst there was also
evidence of IL-1P production in microbleed patient tissue, there were far fewer cells
producing the molecule in this setting (Supplementary Figure 1). However, the non-fatal
nature of microbleeds makes obtaining fresh bleeds difficult and hypertrophic microglial
clusters observed in these samples indicated that temporal differences may part explain the
reduced levels of IL-1. The inaccessible nature of human brain tissue limits spatiotemporal
investigations so in order to fully characterise IL-1 kinetics in response to acute brain

haemorrhage, we again turned focus to the murine model.

In line with the findings from human post-mortem brain tissue, IL-1+ perihaematomal
microglia were identified in our mouse model of brain haemorrhage (Figure 3.3B). Kinetic
mapping of IL-1 production identified two compartmentalised distinct cell types that
produced the IL-1 (Figure 3.3B-C). Whilst microglia downregulated IL-la and IL-1p
production after 4h of brain haemorrhage, a number of IL-1B+ Ibal- cells, situated in the
haematoma, were seen in the following 20 hours (Figure 3.3C). Single cells from murine
brain tissue were isolated and immunoblotting (Figure 3.3D) and flow cytometry (Figure

3.3E) were used to map persistent IL-1p production to CD11b+ mononuclear phagocytes.
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In line with transcriptomic analysis, these data indicate that mononuclear phagocytes
produce IL-1 proteins in the period preceding and during harmful myeloid cell trafficking

to the haemorrhaged brain.
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Figure 3.3 IL-1 is produced by mononuclear phagocytes in the acute phase of brain

haemorrhage

IL-1 is produced by mononuclear phagocytes in the acute phase of brain haemorrhage. (A) 8 um sections of formalin-
fixed paraffin-embedded post-mortem human brain tissue from age- and region-matched control (Ai) and acute
intracerebral haemorrhage (ICH) (Aii) patients were immunostained for Ibal (red), IL-1B (green) and DAPI (blue). Red
blood cell (RBC) autofluorescence can be seen in white. One representative image from 3 patients per group is shown;
scale bar 100 um. Inset is higher magnification image of white box. (B) Mice were subjected to collagenase-induced ICH
and culled at 4 and 24 h post-ICH. 20 pm coronal brain sections were immunostained for either IL-1a (green, top) or IL-
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1B (green, bottom) together with Ibal (red) and DAPI (blue). Amount of perihaematomal IL-1 positive microglia were
quantified over the two time points. Dotted lines represent haematoma border, insets are higher magnification images of
respective white boxes, scale bars are 50 uym. n = 4-5. (C) IL-1p+ Ibal- cells were found in the haematoma and
quantified at 4 and 24 h post-ICH. n = 6. (D) Single cells were isolated from the right hemisphere of naive, sham-
operated, and collagenase-induced intracerebral haemorrhage (ICH) mice 24h post-surgery, CD11b+ cells were purified
by magnabead separation and CD11b+ and CD11b- lysates immunoblotted for pro-IL-1a (31 kDa), pro-IL-1B (31 kDa)
and B-actin (42 kDa). (E) Flow cytometric analysis of IL-1f+ myeloid cells in the brains of sham-operated and
haemorrhaged mice 24 h post-surgery. n = 3. Data presented as mean + s.e.m. ns = not significant; * = P<0.05; ** =
P<0.005; *** = P<0.0005; **** = P<0.0001.

Microglia and caspase-1 are dispensable, but IL-1R1 is essential, for myeloid cell
trafficking to the haemorrhaged brain

Using the IL-1 receptor antagonist (IL-1RA) we assessed the functional effects of IL-1 in
brain haemorrhage. To block IL-1 from central and peripheral mononuclear phagocyte
compartments an intrastriatal bolus of 10 pg IL-1RA was administered immediately before
collagenase injection, followed by an immediate sub-cutaneous 100 mg kg dose which
was repeated 6h later (Figure 3.4A). Using flow cytometry (Figure 4B) and
immunohistochemistry (Figure 3.4C), it was discovered that animals injected with IL-1RA
had fewer myeloid cells in the brain 24 hours post-haemorrhage. It is hypothesised that IL-
1 facilitates myeloid cell trafficking in neuroinflammation by promoting vascular

inflammation'%!3

. In line with this, fewer vascular cells expressing the inflammatory
adhesion molecule VCAM-1 were observed in the brains of IL-1RA treated mice (Figure

3.4D).

Having established that IL-1 is produced by microglia in the period preceding major
myeloid cell recruitment in brain haemorrhage, we subsequently tested whether microglia
are the critical source of IL-1 for this recruitment by efficiently depleting them using the
specific CSFIR antagonist PLX5622 (Figure 3.4Ei). In microglia depleted animals there
were no differences in neutrophil numbers, and increased amounts of IL-1p+ cells could be
microglia are not required for neutrophil trafficking and may limit IL-1B+ mononuclear
phagocyte entry to the haemorrhaged brain, in contrast to previous studies showing

microglia promote myeloid cell trafficking during brain inflammation™:.

Having ruled out microglia, we next turned focus to the molecular processes regulating IL-
1 signaling. We previously established that IL-1p was produced early and persisted during
the critical myeloid cell recruitment phase. IL-1B is produced as an inactive precursor
molecule that is activated upon the formation of macromolecular complexes called
inflammasomes, which result in auto-cleavage of the IL-1B activating enzyme caspase-1%°.

The inflammasome field has gained immense traction in recent years because of the
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pathological roles inflammasomes have in many diseases. Indeed, some studies suggest
inflammasome activation has a causal role in myeloid cell recruitment during brain
haemorrhage***. However, inhibition of caspase-1 using the specific inhibitor VX-765,
under the same treatment regimen as for our IL-1RA experiments, had no effect on
immune cell trafficking in the first 24 hours of brain haemorrhage (Figure 3.4F). Thus,
inflammasomes do not contribute to immune recruitment in the first 24 hours following
brain haemorrhage. Overall, these data show that IL-1 signalling through IL-1R1 critically

mediates myeloid cell trafficking to the brain following haemorrhage.

IL-1 restricts brain damage by controlling blood flow to sites of brain haemorrhage

Having previously established that monocyte recruitment contributes to neuromotor injury
and that IL-1 facilitates monocyte trafficking, we next looked to see whether IL-1
inhibition improved neuromotor outcome in our murine model. To address this question
we developed an extended IL-1RA treatment regimen that ended at day 2, in order to limit
effects on the published pro-reparative function of monocytes* (Figure 3.5A). Using the
rotarod assay we found that animals treated with IL-1RA performed worse within 24 hours
of brain haemorrhage and did not improve over the 7 day testing period, with weight loss
showing a similar trend (Figure 3.5B-C). Whilst IL-1 has important functions in
inflammation it is also a pleiotropic cytokine that is proposed to sit at the apex of
inflammation and coagulation. We therefore hypothesised that IL-1 inhibition worsened
injury in our haemorrhage model by preventing inflammation-coagulation cross-talk
resulting in larger bleed volumes. However, histological and biochemical analysis of blood
load indicated that IL-1 inhibition did not affect bleed size (Figure 3.5D). IL-1 can also
affect vascular tone, where it has been shown to modulate both vasoconstriction and
vasodilatation dependent on the signalling niche. To assess potential changes to cerebral
blood flow we performed laser speckle contrast imaging on mice subjected to brain

B4 we were able to detect a reduction in cortical CBF

haemorrhage. In line with others
following striatal brain haemorrhage. However, the reduction in CBF was exacerbated in
mice treated with IL-1RA (Figure 3.5E). Importantly, this was not seen in sham-operated
controls (Supplementary Figure 2). Cyclooxygense-2 (COX-2) is a major downstream
target of IL-1 that regulates vascular tone during inflammatory conditions by producing
various eicosanoids. In line with this, human brain endothelial cells incubated with IL-18
produced COX-2 and VCAM-1 within 4 hours (Figure 3.5E). Moreover, COX-2 was

expressed by vascular cells specifically in the ipsilateral hemisphere of haemorrhaged mice
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(Figure 3.5G). These data show that, in response to brain haemorrhage, IL-1 modulates

vascular tone through COX-2 and this outweighs its function as a facilitator of harmful

myeloid cell recruitment.
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Figure 3.4 IL-1R1 is essential but microglia and caspase-1 are dispensable for myeloid cell

trafficking to the brain 24 h following haemorrhage
(A) Experimental design consisted of a placebo or an IL-1 receptor antagonist (IL-1RA) treatment regimen of 10 pg
intrastriatal injection followed by a 100 mg kg™! subcutaneous dose, prior to ICH induction, followed by another 100 mg
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kg! subcutaneous dose 6 hours later. (B) (B) Single cells were isolated from the right hemisphere of placebo (7 = 5) and
IL-1RA (n = 4) treated collagenase-induced haemorrhage mice 24h post-surgery and immunophenotyped using flow
cytometry. Gating of lymphocytes, myeloid cells and microglia. (C) Mice were culled at 24 h following haemorrhage
and 20 um coronal brain sections were immunostained for CD11b and images taken of the haematoma. One
representative image from 8 biological repeats shown; scale bar 50 pm. (D) 20 um coronal brain sections were
immunostained for collagen IV (red) and VCAM (green) and images taken in the perihaematomal region 24 h post-ICH.
Amount of VCAM+ blood vessels were quantified. » = 5, one representative image from each group shown with scale
bar 50 um. (Ei) Mice were fed a control (n =9) or PLX5622 (CSF1R antagonist; n = 8) containing diet for 14 days prior
to collagenase injection and Ibal was used to quantify microglia in the cortex, corpus collosum (CC) and striatum of
brain sections. (Eii) Haematomal neutrophils were quantified using Ly6G and (FEiii) IL-1p+ cells were also measured.
One representative image from each group shown with scale bar 50 pm. (F). Mice were intrastriatally and
subcutaneously injected with 7.5 pg and 50 mg kg™ of the caspase-1 inhibitor VX-765, respectively, or placebo, prior to
collagenase injection, followed by a second subcutaneous 50 mg kg'! dose 6 hours later. Single cells were isolated 24h
post-surgery and immunophenotyped using flow cytometry. n = 7. Data presented as mean + s.e.m, ns = not significant; *
=P<0.05; ** = P<0.005; *** = P<(0.0005; **** = P<0.0001.
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Figure 3.5 IL-1 restricts neuromotor injury by increasing blood flow to sites of brain

haemorrhage
(A) Experimental design consisted of a placebo or an IL-1 receptor antagonist (IL-1RA) treatment regimen of 10 pg
intrastriatal injection followed by a 100 mg kg-1 subcutaneous dose, prior to ICH induction, followed by another 100 mg
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kg-1 subcutaneous dose 6, 24, 30, 48 and 54 hours later. Rotarod performance was also measured at day one, three and
seven. (B) Rotarod performance and (C) net weight loss of placebo (n = 7) or IL-1RA (n = 6) treated sham and
intracerebral haemorrhage (ICH) mice. ns = not significant; * = P<0.05 compared to relative sham; *** = P<0.0005
compared to relative sham; # = P<0.05 compared to ICH + placebo. (D) Haematoma volume (» = 7) and haemoglobin
content (n = 7-8) was assessed using histological and protein analysis of brains. (E) Cerebral blood flow was quantified
using laser speckle contrast imaging. (F) Human brain endothelial cells were incubated with 10 ng of IL-1p and western
blots were performed for VCAM-1, cyclooxygenase-2 (COX-2) and f actin. One representative blot from 3 independent
experiments shown. (G) COX-2 (magenta) is expressed by vascular associated cells in the ipsilateral hemisphere of
haemorrhaged mice. Pan-laminin (cyan) was used as a vascular marker. One representative image from 2 animals shown.
Scale bar is 50 pm. All data presented as mean + s.e.m apart from (D) which is presented as marginal means =+ standard
error. ns = not significant; * = P<0.05; ** = P<0.005; *** = P<(.0005; **** = P<(.0001.

3.6 Discussion

Despite being a prominent feature in many brain diseases, the pathophysiological
consequence of brain haemorrhage is poorly understood. Here we present further evidence
that brain haemorrhage results in the pathological accumulation of detrimental myeloid
cells within the brain. Using RNA-seq, histological analysis, and in vivo perturbations, we
identify IL-1 as the major upstream regulator of harmful myeloid cell recruitment.
However, to our surprise, we found that IL-1 was also required for efficient maintenance
of CBF within the affected brain hemisphere. Thus we present first evidence that IL-1
critically controls blood flow to reduce neuromotor damage following brain haemorrhage,

and implicate COX-2 in this beneficial role of inflammation.

Intraparenchymal accumulation of blood results in mass effect that is immediate and
therefore difficult to treat clinically. We, along with others, have shown that monocytes
contribute to injury during acute brain haemorrhage and could thus represent a viable
therapeutic target. We used CCR2”" mice as a model to investigate the contribution of
monocytes to brain haemorrhage, however, T cells*, endothelial cells*” and brain
associated macrophages (BAMs)*® are also known to express CCR2. T cells are part of the
adaptive immune system that requires a period of activation, and CCR2 on BAMs is linked
to proliferation and migration in diseased brain states**. We report CCR2 effects in the first
24 hours of brain haemorrhage, and this coincides with few T cells in the brain, and
precedes brain microglia/macrophage proliferation®®. It is therefore unlikely that either T-
Cells or microglia contribute to our CCR2-dependent effects. Endothelial CCR2, on the
other hand, is required for efficient monocyte transmigration and thus is likely to
phenocopy monocyte CCR2*7. Whilst we cannot categorically rule out contribution of T
cells and BAMs, we believe the amassed evidence implicating monocytes specifically in

9,11,34,51

the pathophysiology of brain haemorrhage , points toward monocyte infiltration

being the causative factor in our CCR2" results. It is not currently clear how monocytes
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contribute to acute neurological injury in mouse models of brain haemorrhage and studies
of other acute brain disease paradigms find opposing effects. In mouse models of
ischaemic stroke for example, monocytes have been shown to prevent haemorrhagic
transformation by maintaining vascular integrity through TGF-B°2, though this has been
challenged more recently>. The levels of CCL2 in ICH patient plasma correlates with
disease severity and one possibility is that monocytes contribute to haematoma expansion,
as previous studies have shown delayed haematoma growth in CCR2” mice’!.
Monocytes enter the brain and over time transition to macrophages that are important in

clearance of neurotoxic red blood cells**. We chose here to identify the upstream regulator

of acute harmful monocyte recruitment.

Monocyte trafficking to inflamed tissue relies on the chemokine CCL2 but here we show
that IL-1 critically regulates the recruitment of myeloid cells following brain haemorrhage.
Whilst IL-1R1 signalling can result in CCL2 production, it is likely IL-1 sits at the apex of
a wide range of inflammatory signalling pathways as we also reveal effects on CCL2-
independent neutrophils. Tissue infiltration of myeloid cells requires transmigration
through inflamed vasculature and we identified IL-1 specific upregulation of the adhesion
molecule VCAMI, which is essential for tethering of immune cells to endothelium during
inflammation. VCAMI directly binds to the very-late antigen 4 complex that is part made
up of the a4 integrin, and a4 inhibition has been previously shown to abrogate monocyte
infiltration'!**. It is likely, therefore, that IL-1 signals to the cerebrovasculature to promote
brain trafficking of myeloid cells. Indeed, genetic tools have recently shown activation of
brain endothelial specific IL-1R1 facilitates myeloid cell trafficking to the brain and is

responsible for neutrophil recruitment in a murine model of ischaemic stroke'>!3.

Here we showed that IL-1 produced by mononuclear phagocytes is responsible for
myeloid cell trafficking to the haemorrhaged brain. Previous studies using post-mortem
ICH patient tissue provided evidence of IL-1f production but did not identify the cell type
responsible®>. We show that microglia produce IL-1B following clinical ICH and these
results validate findings using peri-haematomal resections without the confounding factor
of surgical manipulation of the tissue**. Both IL-lo. and IL-1B signal through IL-1R1
resulting in equivalent downstream signals. We found IL-1a and IL-1p were produced by
microglia within 4 hours of collagenase-induced brain haemorrhage whereas monocytes
prolong IL-1f production to 24 hours. Although they were the earliest producers of IL-1,

depleting microglia had no effect on neutrophil infiltration but increased the amount of IL-
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1B positive cells in the brain. Depleting microglia alongside blood brain barrier disruption
leads to part-repopulation of the niche by circulating monocytes>®. The BBB is destroyed
during brain haemorrhage and we showed that monocytes produce IL-1p at day one. We
speculate that microglia depletion caused a compensatory increase in monocyte trafficking
in the first 24 hours of brain haemorrhage and this is in line with results from a reductionist
model of brain inflammation'?. Although, a previous study that depleted microglia using
an earlier form of the Plexxikon CSFIR inhibitor did show a reduction in neutrophil
recruitment®. This discrepancy could be due to the drug used, treatment regimen, or
neutrophil quantification methods, as all differed to the current study. We found evidence
of persistent IL-1 production in the acute phase of brain haemorrhage. The native 31 kDa
IL-1B molecule requires cleavage to adopt a form that can bind and activate IL-1R1. The
best studied IL-1 cleaving molecule is caspase-1, which is activated upon multimolecular
platforms termed inflammasomes®’. There are a number of sensor molecules that trigger
inflammasome activation upon recognition of DAMPs ranging from ATP to
lysophosphotidylcholine®’>®. There is evidence to show that one such inflammasome
sensor molecule, NLRP3, contributes to immune cell trafficking following brain
haemorrhage*!. We previously showed that while inflammasomes do contribute to
ischaemic stroke it is independent of NLRP3%*%°, Here we adopted a strategy to block all
inflammasomes in the acute phase of brain haemorrhage by inhibiting caspase-1 and found
no effect. Previous studies quantified inflammasome dependent effects on myeloid cell
trafficking 3 days post injury, whereas we show no effect at 24 hours. This temporal
difference could have a large impact on findings as red blood cells start to lyse at day three

resulting in the release of the NLRP3 inflammasome activator haem®!

. Caspase-1
activation also results in cleavage of a plethora of intracellular proteins which may act to

oppose IL-1p signalling and therefore muddy our findings®?.

It was initially believed that brain haemorrhage was accompanied by a perihaematomal
ischaemic region that could be viewed in the same vein as the ischaemic stroke penumbra.
Many studies had identified regions of hypoperfusion in both clinical and preclinical
investigations* #3936 However, quantification of metabolic function in the hypoperfused
region, using the haemodynamic readout of oxygen extraction fraction, could not provide
evidence of ischaemia®. These findings have led the field to dismiss the importance of
changes in CBF following brain haemorrhage, despite evidence that quantitative changes

65,68

in CBF can predict outcome®*°. The brains inability to store energy causes a
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disproportionate requirement of blood supply that has resulted in the evolution of multi-
level mechanisms of CBF regulation. Disruption to the supply of blood flow in healthy
individuals can have profound impacts on cognitive function® and pathological reduction
of CBF is linked to brain atrophy in clinical’® and preclinical”' settings; all in the absence
of ischaemia. In line with others we have shown that striatal brain haemorrhage results in
reductions in CBF, detectable even in the cortex**°. We have made the novel discovery
that inflammation, through the molecule IL-1, helps increase CBF and thus reduces
neurological dysfunction following brain haemorrhage. Thus we propose a model whereby
an inflammatory reaction to brain haemorrhage forms part of a reactive vasodilatory
response. In line with this, previous preclinical studies have noted transient reductions in
CBF that normalise once the immune response heightens'®”2. We hypothesise that IL-1’s
effect on blood flow is via its common downstream target COX-2. COX-2 is responsible
for the conversion of arachidonic acid to prostaglandin H2 which in itself can be converted
to any of four further vasoactive prostaglandins by distinct terminal prostaglandin
synthases. The five prostaglandins, in turn, can act on a range of receptors leading to
spatial and context specific effects. Prostaglandin E> (PGE.), for example, is a potent
vasodilator when applied systemically but when applied centrally can be a powerful
vasoconstrictor’>. IL-1 itself has also been shown to have contrasting effects on blood
flow. Application of IL-1 into musculoskeletal arteries in vivo causes vasodilation,
whereas isolation and stimulation of the same arteries ex vivo has no effect’®. IL-1 coupled
to acute cerebral ischaemia causes endothelin-1 release leading to reduced
haemodynamics'®, however, injections of IL-1 into the basilar artery leads to prostacyclin
production and subsequent vasodilation”. The vast majority of vascular mural cells
express IL-1R1 and the complex actions of IL-1 on vascular tone is likely due to cell-
specific effects. Studies are now needed to delineate the cerebral cell-specific actions of
IL-1 and COX-2 during steady state and disease. Future studies must also look to place
cell-specific actions in to the contexts of biological systems. We hypothesise, for example,
that coagulation, without the buffer of IL-1-induced prostaglandins produced by vascular
mural cells, skews vascular tone toward vasoconstriction through the large amounts of
thromboxane A, released from platelets. Studies that test such hypotheses may also
provide insights into the mechanisms predisposing brain haemorrhage patients with

underlying SVD to secondary ischaemic insults’.
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We currently view micro- and macrobleeds as distinct entities due to the great differences
in clinical presentation. Whilst microbleeds do not have such drastic consequences as
macrobleeds, it is likely that the acute and chronic pathophysiological consequences share
important features. We provide evidence that microglia and peripheral immune cells
respond to bleeds independent of size and there is also evidence from mouse models that
mass effect and CBF alterations occur in both large and small bleeds’”’8. Patients with
microbleeds are more likely to experience large bleeds and some patients with large bleeds
go on to experience cognitive decline that is so often linked to small bleeds’*’. More
studies are now needed to identify core features of brain haemorrhage that occur
independent of size but contribute to its pathogenesis, so that future treatments can target

all brain haemorrhage patients.
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Figure 3.6 Summary diagram highlighting the main findings of this study. Following brain
haemorrhage, interleukin-1 (IL-1) has dichotomous functions. On the one hand, IL-1
controls harmful myeloid cell trafficking to the brain, whilst on the other, IL-1 critically

regulates cerebral blood flow within the affected hemisphere.
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Post-mortem human SVD brain tissue

Supplementary Figure 1. [L-1f is expressed in SVD-related microbleeds.
Brain tissue from SVD patients with microbleeds were immunostained for Ibal (red), IL-1B (green) and DAPI (blue).

Red blood cell (RBC) autofluorescence can be seen in white. Two representative image from 3 patients is shown; scale
bar 100 pm. Arrows indicate IL-1p+ cells.
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Supplementary Figure 2. IL-1RA does not affect cerebral blood flow in sham-operated
animals

Mice were injected with placebo or an IL-1 receptor antagonist (IL-1RA) treatment regimen of 10 pg intrastriatal
injection followed by a 100 mg kg-1 subcutaneous dose, prior to ICH induction, followed by another 100 mg kg-1
subcutaneous dose 6, 24, 30, 48 and 54 hours later. Cerebral blood flow was quantified using laser speckle contrast
imaging. One representative image from each treatment group shown. Data presented as marginal means + standard
error. ns = not significant, ** = P<0.01.
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Chapter 4: NLRP3 in ischaemic stroke
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4.2 Abstract

Background and Purpose

A major process contributing to cell death in the ischemic brain is inflammation.
Inflammasomes are multimolecular protein complexes that drive inflammation through
activation of proinflammatory cytokines, such as IL (interleukin)-1p. Preclinical evidence

suggests that IL-13 contributes to a worsening of ischemic brain injury.

Methods

Using a mouse middle cerebral artery thrombosis model, we examined the inflammatory
response after stroke and the contribution of the NLRP3 (NACHT, LRR and PYD

domains-containing protein 3) inflammasome to ischemic injury.

Results

There was a marked inflammatory response after stroke characterized by increased
expression of proinflammatory cytokines and NLRP3 and by recruitment of leukocytes to
the injured tissue. Targeting NLRP3 with the inhibitor MCC950, or using mice in which
NLRP3 was knocked out, had no effect on the extent of injury caused by stroke.

Conclusions

These data suggest that the NLRP3 pathway does not contribute to the inflammation

exacerbating ischemic brain damage, contradicting several recent reports to the contrary.
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4.3 Introduction

Inflammation is a protective host response required for resistance to infection, though in
response to tissue injury inflammation can also contribute to damage'. Inflammatory
cytokines associated with damaging inflammatory responses include members of the
interleukin-1 (IL-1) family, IL-1a and IL-1B'. Evidence from pre-clinical models of stroke
suggests IL-1 contributes to a worsening of ischemic brain injury®. IL-1 activation and
release from activated immune cells is regulated by a protein complex called the

inflammasome.

Inflammasomes are cytosolic multimeric protein complexes formed in inflammatory cells
in response to infection and injury’. The most studied inflammasome is composed of the
cytosolic pattern recognition receptor (PRR) NACHT, LRR and PYD domains-containing
protein 3 (NLRP3). We previously reported ischemic brain injury developed independently
of the NLRP3 inflammasome, yet was modified in mice deficient in the PRRs NOD-,
LRR- and CARD-containing 4 (NLRC4), absent in melanoma 2 (AIM2), or the
inflammasome adaptor molecule apoptosis-associated speck-like protein containing a
CARD (ASC)*. However, this is controversial and other groups have published
correlations and associations with NLRP3 and a worsening of ischemic brain injury”?®.
Here we sought to definitively determine the importance of NLRP3 to ischemic stroke
using FeCls to induce thrombi formation in cerebral vessels and cause cerebral ischemia®,

with both genetic and pharmacological approaches to inhibit NLRP3.

4.4 Materials and Methods

The data that support the findings of this study are available from the corresponding author

upon reasonable request.

Animals

Experiments were carried out on an in-house colony of 12—16 week old male mice (n = 72)
on a C57BL/6 background (WT, NLRP3™ %) at the University of Manchester. The
NLRP3 deletion is whole organism rather than cell specific which should be considered
when interpreting data in such knockout studies. The experiments were performed on
littermate controls except where stated and Supplementary Figure which used mice
maintained as homozygotes. Animals were allowed free access to food and water and

maintained under temperature-, humidity-, and light-controlled conditions. All animal
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procedures adhered to the UK Animals (Scientific Procedures) Act (1986), and
experiments were performed in accordance with ARRIVE guidelines, with researchers

blinded to treatment or genotype.

Model of thrombotic stroke

Thrombi formation and cerebral ischemia was performed using the FeCls method as
described previously’. Mice were anesthetized with 5% isoflurane, placed in a stereotaxic
device, and maintained under anaesthesia with 2.5% isoflurane in a 70%:30% mixture of
N>O/O;. A small craniotomy (1 mm diameter) was performed on the parietal bone to
expose the right middle cerebral artery (MCA). A Whatman filter paper strip soaked in
FeCls (30%, Sigma) was placed on the dura mater on top of the MCA for 5 min®. Cerebral
blood flow (CBF) in the MCA territory was measured continuously by laser Doppler
flowmetry (Oxford Optronix).

Pharmacological treatment

MCC950 (Sigma) or saline were injected 30 min after onset of artery occlusion. Injections
were intraperitoneal (100 pL, 50 mg/kg) or intra-cerebroventricular (1 pL, 10 pg) at the

following stereotaxic coordinates: Bregma 0, lateral: -1 mm, dorso-ventral: -1.8 mm.

RT-¢PCR

Total RNAs were extracted from samples with TRIzol Reagent (ThermoFisher) according
to the manufacturer. RNA (1 pg) was converted to cDNA using M-MLV Reverse
Transcriptase (ThermoFisher). qPCR was performed using Power SYBR® Green PCR
Master Mix (ThermoFisher) in 384-well format using an 7900HT Fast Real-Time PCR
System (Applied Biosystems). 3 pL of 1:50 diluted cDNA was loaded with 200 mmol/L of
primers in triplicate. Data were normalized to the expression of the housekeeping gene
Hmbs.  Specific primers were designed by using Primer3Plus software

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Primers used were:

Nirp3  Forward —  GCCCAAGGAGGAAGAAGAAG, Nirp3  Reverse  —
TCCGGTTGGTGCTTAGACTT, 4im2 Forward — AAGAGAGCCAGGGAAACTCC,
Aim?2 Reverse - CACCTCCATTGTCCCTGTTT, Nlrc4 Forward -
GTGACAGGCCTCCAGAACTT, Nirc4 Reverse — CCAAGCTGTCAATCAGACCA,
Pycard Forward — TGCTTAGAGACATGGGCTTACA, Pycard Reverse —
ACTCTGAGCAGGGACACTGG, Caspl Forward —
CATTTGTAATGAAGACTGCTACCTG, Caspl Reverse —
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GATGTCCTCCTTTAGAATCTTCTGT, Gsdmd Forward -
TGCAGATCACTGAGGTCCAC, Gsdmd Reverse — GCCTTCACCCTTCAAGCATA,

1l1b Forward - AACCTGCTGGTGTGTGACGTTC, 1l1b Reverse —
CAGCACGAGGCTTTTTTGTTGT, 118 Forward -
GACTCTTGCGTCAACTTCAAGG, 1118 Reverse — CAGGCTGTCTTTTGTCAACGA,
Tnfa Forward  — GCCTCTTCTCATTCCTGCTTG, Tnfa Reverse —

CTGATGAGAGGGAGGCCATT, Illla Forward - TCTCAGATTCACAACTGTTCGTG,
Illa Reverse - AGAAAATGAGGTCGGTCTCACTA. Expression levels of genes of
interest were computed as follows: relative mRNA expression = E(Ct of gene of interest), 5=(Ct of

housekeeping gene) ' where Ct is the threshold cycle value and E is efficiency.

Flow cytometry

Single-cell suspensions were prepared by digestion of brain tissue for 45 min at 37 °C with
50 U/mL Collagenase (Gibco), 0.5 U/mL Dispase II (Gibco) and 200 U/ml DNase I
(Roche) in Hank's balanced-salt solution and red blood cells were lysed (Sigma). Myelin
was removed by centrifugation in a 30% percoll solution (GE Healthcare). Cells were
incubated with Fc block (anti-CD16/CD32 and rat serum) and surface-stained with
fluorescence-conjugated anti-CD11b (M1/70), anti-Ly6G (1AS8), anti-CD45.2 (104), and
anti-CD64 (X54-5/7.1). Cells were then fixed (20 min, 4 °C) with IC fixation buffer
(eBioscience) prior to staining with APC-eFluor780-conjugated antibody to mouse IL-1[3
(NJTEN3), or APC-eFluor780-conjugated Rat IgGlx antibody (isotype- control), in
permeabilization buffer (eBioscience) before acquisition. Live/Dead Aqua (Life
Technologies) was used for exclusion of dead cells from analysis. Samples were analyzed
by flow cytometry with an LSR II (Becton-Dickinson) and cells were characterized with
FlowJo software. Cells were identified by expression of surface markers as follows:
neutrophils - CD45"/CD11b"/Ly6G", monocytes - CD45"/CD11b"/Ly6C™, and
macrophages/microglia - CD45™/CD11b"/Ly6G7/Ly6C/CD64".

Tissue processing and measurement of infarct volumes

Anesthetized mice were transcardially perfused with cold heparinized saline followed by
100 mL of fixative (PBS 0.1 mol/L, pH 7.4 containing 4% paraformaldehyde). Brains were
removed, post-fixed (24 hours) and cryoprotected (sucrose 20% in PBS; 24 hours) before
freezing in optimal cutting temperature compound (PFM Medical UK Ltd). Cryostat-cut

sections (10 um) were stained with Cresyl violet. Lesion volume was analysed using
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ImageJ and calculated as the sum of every lesion area multiplied by the distance between

each section (0.4 mm).

Immunohistochemistry

For immunostains, brain sections from littermate WT, NLRP3-/-, and MCC950 treated
WT mice perfused fixed as above were dried for 24 h prior to undergoing heat-mediated
antigen retrieval in Tris-EDTA pH 8.6 solution for 20 min in a water bath set to 97.5 °C.
Sections were then incubated with rat-anti-Ly6G (1.25 pg/mL, 1AS8, Biolegend) and goat-
anti-IL-1B (1 pg/mL, AF-401-NA, RnDSystems) antibodies overnight at 4°C. Ly6G was
labelled using donkey-anti-rat Alexa Fluor® 647 (10 pg/mL, Abcam), IL-1p signal was
amplified with Tyramide SuperBoostTM (ThermoFisher) using biotinylated horse-anti-
goat IgG (7.5 pg/mL, BA-9500, Vector) secondary antibody. Cellular IL-1p signal likely
represents pro-IL-1B. Low magnification images were collected on an Olympus BX63
upright microscope and high magnification images were taken on an Axio Imager.M2
Upright [Zeiss] microscope. Quantitative analysis was performed on 3 low magnification
images of the lesion taken from 3 different coronal brain slices. Images were processed
using ImagelJ. The cells were then were counted using the analyse particles function and

colocalisation analysis performed using the DiAna plugin'!.

Western blotting of isolated CD11b positive cells

Littermate WT and NLRP3—/— mice were transcardially perfused with saline 24 h after
stroke. Brains were then removed and digested into a single-cell suspension and myelin
removed (as described above), and cells were isolated by magnetic-activated cell sorting
using CD11b+ magnetic beads (Miltenyi). Positive and Negative CD11b+ cells were lysed
in Tris-Triton buffer [150 mM NaCl, 1% (vol/vol) Triton X-100, 50 mM Tris, pH 7.5],
supplemented with a protease inhibitor mixture. Cell lysates were separated by Tris-
glycine SDS/PAGE and then transferred onto PVDF membranes at 25 V using a semi-dry
Trans-Blot Turbo system (Bio-Rad). Membranes were blocked in 2.5% (wt/vol) BSA in
PBS,1% (vol/vol) Tween 20 (PBST) before being incubated with indicated primary
antibodies at 4°C overnight. Membranes were then labelled with HRP-tagged secondary
antibodies and visualized with Amersham ECL detection reagent (GE Healthcare).
Western blot images were captured digitally using a G:Box Chemi XX6 (Syngene).
Specific antibodies were used targeting mouse IL-1p (AF-401, R&D), ASC (D2W8U, Cell
Signalling Technology), caspase-1 p10 (EPR16883, abcam), and B-actin (Sigma).
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Statistical analysis

Data are presented as mean values + standard error of the mean (s.e.m) overlaid with
individual data points. Sample size was calculated by power analysis using a significance
level of a=0.05 with 80% power to detect statistical differences. Levels of significance
were P < 0.05 (*), P < 0.01 (**), P <0.001 (***). Statistical analyses were carried out
using GraphPad Prism (version 7). qPCR data were analysed using a one-way ANOVA
with Tukey’s post-hoc comparisons. Flow cytometry and lesion volumes were analysed

using two-tailed t-test.

4.5 Results

Using the FeCl; model of ischemia mice were subjected to stroke, brains were removed 24
hours after stroke and infarct, peri-infarct and contralateral areas dissected and analysed
for gene expression by RT-qPCR (Figure 4.1). A significant increase in the expression of
Nilrp3, Gsdmd, 111b, llla, and Tnfa were measured in infarcted tissue (Figure 4.1). No
differences were observed for Aim2, Nilrc4, Pycard (ASC), Caspl, or Il18 expression.
These data are consistent with previous reports showing increased expression of the

NLRP3 system and other markers of inflammation in the injured tissue>%!%13,

Activated microglia/macrophages and infiltrating immune cells (i.e. monocytes and
neutrophils) are present in the infarct and in the peri-infarct area after ischemic stroke'“.
Previous research showed microglial IL-1B expression 24 hours after stroke'>. NLRP3 is
also described to be expressed in infiltrating cells at a similar time-point'2. To further
characterise the inflammatory response occurring after ischemia we utilised flow
cytometry of brain homogenates to measure microglia and immune cell infiltrates. We
identified defined cellular subsets based upon specific epitope expression and quantified
infiltrating neutrophils (CD45"/CD11b"/Ly6G"), monocytes (CD45"/CD11b"/Ly6Ct)
and macrophages/microglia (CD45™/CD11b"/CD64") (Figure 4.2A). There were no
increases in numbers of macrophages/microglia in the injured ipsilateral hemisphere when
measured as a percentage of total immune cells (i), or when analysed as total cell number
(i1) (Figure 4.2B). However, increases in monocytes and neutrophils were measured in the
ipsilateral hemisphere after stroke (Figure 4.2Bi, ii). IL-1pB expressing cell populations
were measured by flow cytometry (Figure 4.2C). Here, there was significantly increased
IL-1B expression in macrophages/microglia, monocytes, and neutrophils (Figure 4.2D).

Given that the expressed IL-1p was cellular it was most likely pro-IL-1f. Together these

121



data show a marked inflammatory response in the brain following ischemia and significant

upregulation of the NLRP3 system.
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Figure 4.1 Inflammasome and cytokine expression 24 hours after stroke.

mRNA levels (normalised to contralateral tissue) of inflammasome components and cytokines in the contralateral, peri-

infarct and infarct areas at 24 hours (n=3/4 mice, *p<0.05, **p,0.01, ***p<0.001, one-way ANOVA followed by

Tukey’s post hoc test).
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Figure 4.2 Immune cell recruitment and pro-IL-1p expression in immune cells 24 hours

after stroke.
(A) Gating strategy and flow cytometry analysis of microglia/macrophages CD45™M/CD11bM/CD64", monocytes
CD45"/CD11b"/Ly6C" and neutrophils CD45"/CD11b"/Ly6G" in the ipsilateral hemisphere. (Bi) Percentage of
microglia/macrophages, monocytes and neutrophils vs the total number of live cells in the contralateral and ipsilateral
hemisphere. (Bii) Absolute number of microglia/macrophages, monocytes and neutrophils in the contralateral and
ipsilateral hemisphere (n=4 mice, *p<0.05, **p<0.01, analysed by two-tailed paired t-test). (C) Gating strategy analysis
and flow cytometry analysis of pro-IL-1 24 hours after stroke. (Di) Percentage of pro-IL-1p positive cells and (Dii)
geometric mean fluorescence intensity of pro-IL-1f staining in microglia/macrophages, monocytes and neutrophils (n=6
mice, *p<0.05, **p<0.01, analysed by two-tailed paired t-test).
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We recently evaluated a panel of the best literature compounds for their effects on
inhibition of ASC speck formation and IL-1 release, hallmarks of NLRP3 inflammasome
activation'>. The sulfonylurea containing MCC950 was the most potent and selective
inhibitor of NLRP3, and retained its inhibitory activity in primary adult microglia®.
MCC950 delivered intraperitoneally did not affect lesion volume following thrombotic
stroke (Figure 4.3A). MCC950 also failed to inhibit the recruitment of neutrophils, IL-1
expression, or neutrophil IL-1p expression as measured by immunohistochemistry (Figure
4.3B). To ensure that MCC950 reached the required site of action an additional experiment
with central (lateral ventricle) injection of MCC950 was performed. Again, ischemic brain
injury was unaffected by MCC950 treatment (Figure 4.3C). As with peripheral MCC950
administration, central administration of MCC950 had no effect on the recruitment of
neutrophils, IL-1B expression, or neutrophil IL-1p expression as measured by
immunohistochemistry (Figure 4.3D). To validate these pharmacologic data, thrombotic
stroke was first induced in NLRP3-/- mice that were maintained as a homozygote colony,
and age and sex matched C57BL/6 mice. Unexpectedly infarct volume was significantly
enhanced in the NLRP3-/- mice (maintained as homozygotes) compared to WT (Figure
4.4A). RNA-seq analysis of isolated adult microglia from these WT and NLRP3-/- mice
showed that, at baseline, there were over 700 differentially expressed genes
(Supplementary Figure) suggesting that maintenance as a homozygote colony of the mice
resulted in genetic drift. We therefore repeated the experiment using littermate WT and
NLRP3-/- mice bred from heterozygote breeding pairs. In this experiment there was no
difference in ischemic brain injury between WT and NLRP3-/- mice (Figure 4.4B). These
data are consistent with our previous work in the filament MCAo model*, and provide
robust evidence for a lack of involvement of the NLRP3 inflammasome in ischemic brain
injury, contrary to other recently published data>® and highlight the pitfalls of using
homozygote KO mouse colonies. Analysis of neutrophil recruitment and IL-1f expression
in the brains of WT versus littermate NLRP3-/- mice revealed no difference in the
recruitment of neutrophils, IL-1p expression, or neutrophil IL-1B expression consistent
with the MCC950 experiments presented in Figure 4.3 (Figure 4.4C). Magnetic bead
separation of myeloid and non-myeloid cell populations from the ipsi- and contralateral
hemispheres of WT and littermate NLRP3-/- mice followed by western blotting revealed
that only the myeloid cell population expressed detectable inflammasome adaptor protein

ASC and caspase-1, and only myeloid cells isolated from the injured ipsilateral hemisphere
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expressed pro-IL-1pB, and this was unchanged between WT and NLRP3-/- mice (Figure
4.4D).
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Figure 4.3 Influence of NLRP3 inhibition on brain damage after stroke.

(Aii) representative cresyl violet staining, and (Aiii) lesion volume quantification 24 hours after stroke in mice treated
with MCC950 (50 mg/kg) or saline by intraperitoneal injection 30 minutes after the stroke onset (n=6/group). (Bi)
Representative immunostaining of IL-1f (green), neutrophils (Ly6G, red) and DAPI (blue) in the infarct 24 hours after
stroke (Scale bar in the large image is 100 pm, and in the inset is 20 pwm). (Bii) Numbers of neutrophils and IL-1f
positive cells per mm?, and % IL-1B positive neutrophils in the infarct 24 hours after stroke plus and minus
intraperitoneal MCC950 (n=3-4/group). (Ci) Schematic representation of the experiment. (Cii) representative cresyl
violet staining and (Ciii) lesion volume quantification 24 hours after stroke in mice treated with MCC950 (10 pg) or
saline by intracerebroventricular injection 30 minutes after stroke onset (n=7-8/group). (Di) Representative
immunostaining of IL-1 (green), neutrophils (Ly6G, red) and DAPI (blue) in the infarct 24 hours after stroke (Scale bar
in the large image is 100 um, and in the inset is 20 um). (Dii) Numbers of neutrophils and IL-1B positive cells per mm?,
and % IL-1B positive neutrophils in the infarct 24 hours after stroke plus and minus intracerebroventricular MCC950

(n=7/group).
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Figure 4.4 Influence of NLRP3 gene deletion on brain damage after stroke.

(Ai) Representative cresyl violet staining and (Aii) lesion volume quantification 24 hours after stroke in WT and non-
littermate NLRP3-/- mice (n=6-9/group) (**p< 0.01, analysed by two-tailed unpaired t-test). (Bi) Representative cresyl
violet staining and (Bii) lesion volume quantification 24 hours after stroke in WT and littermate NLRP3-/- mice (n=6-
7/group) (ns=non-significant, analysed by two-tailed unpaired t-test). (Ci) Representative immunostaining of IL-1f
(green), neutrophils (Ly6G, red) and DAPI (blue) in the infarct 24 hours after stroke (scale bar in the large image is 100
pum, and in the inset is 20 pm) (Cii) Numbers of neutrophils and IL-1pB positive cells per mm?, and % IL-1pB positive
neutrophils in the infarct 24 hours after stroke in WT and littermate NLRP3-/- mice (n=5-6/group). (D) ASC, Caspase-1,
IL-1B and B-actin western blot of cell lysates from magnetic bead cell isolation of myeloid cells (CD11b+) and non-
myeloid cells (CD11b-) from the ipsi- and contralateral hemisphere 24 hours after stroke (n=3). *Is a non-specific band.

4.6 Discussion

Here we report that ischemic brain injury was not reduced by specific inhibition of NLRP3
with MCC950 or in NLRP3-/- mice. These data provide evidence that NLRP3, the

canonical sensor of sterile injury, is not involved in the acute phase of ischemic stroke.

NLRP3 has been described to be involved in sterile brain injury and diseases such as
Alzheimer’s disease, multiple sclerosis, and traumatic brain injury'®. However, in the
context of stroke, there is some controversy over its involvement in increasing infarct
volume. Previous studies have shown that mice deficient in NLRP3 have a reduction in

brain damage®, or that NLRP3 inhibition with an antibody” or with MCC950°® is protective.
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In contrast, we previously reported mice deficient in NLRP3 had no reduction in brain
injury caused by the filament model of MCAo®*. The involvement of inflammation in
ischemic injury, and in particular IL-1-dependent inflammation is less equivocal with
studies reporting that genetic deletion of IL-1, or blocking the IL-1 receptor with the
naturally occurring IL-1 receptor antagonist (IL-1Ra) is protective!”!®, In this study, we
chose to use a more clinically relevant model of stroke using FeCls to induce thrombosis of
the MCA®. Whilst there was a marked increase in inflammation using the FeCls model,
there was no reduction in ischemic damage using the specific and potent NLRP3 inhibitor
MCC950, or in the littermate NLRP3-/- experiment, confirming our previous report that
NLRP3 does not contribute to ischemic brain injury*. Expression of IL-1p and myeloid
cell recruitment was also independent of NLRP3. However, we do not exclude the
likelihood that NLRP3 contributes to other cardiovascular events. The positive result of the
CANTOS trial (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) highlights
the importance of IL-1P in the risk of recurrent cardiovascular events'®. Moreover, NLRP3
has been demonstrated to contribute to the vascular inflammatory response driving
atherosclerosis?’, suggesting that NLRP3 could contribute to an increased risk of ischemic

stroke.

These data also highlight a cautionary note for using homozygote KO mouse colonies. We
observed significant genetic changes in pure microglia isolated from age and sex matched,
co-housed, adult WT and NLRP3-/- mice which may explain the observed increase in
infarct volume. In studies using non-littermate NLRP6 and ASC KO animals NLRP6 and
ASC were reported to be regulators of the gut microbiome and influence the severity of
colitis?!. However, subsequent studies using littermate controls find that NLRP6 and ASC
do not regulate the composition of gut microbiota and that maternal inheritance and long-

term separate housing are the biggest non-genetic confounders when studying the

22,23 22,23

microbiome“~~’. These studies and our own argue the necessity of litter-mate

controlled experiments when studying mechanisms of innate immunity.

Summary

In summary, this study suggests that while there is a marked inflammatory response after
ischemic stroke, NLRP3-dependent inflammation is not involved in exacerbation of the

injury and thus does not represent a therapeutic target for ischemic brain injury.
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4.8 Supplemental Methods

RNA-seq analysis of isolated microglia

Mice (NLRP3—/— bred as homozygotes, and wild type, with both genotypes co-housed)
were transcardially perfused with ice-cold Hank's balanced-salt solution. Brains were then
digested into a single-cell suspension and myelin removed (as described above), and
microglia isolated by magnetic-activated cell sorting using Cdl1b+ magnetics beads
(Miltenyi). RNA was isolated using a Qiagen RNeasy Micro Kit. After confirming RNA
integrity, RNA was sequenced on an Illumina HiSeq2500. The sequenced data was then
trimmed using FastQC, and mapped into the murine genome. Raw count data was
normalised in DESeq2, and corrected counts of genes compared pairwise between
genotypes, with a correction for false discovery rate.
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Figure 4.5 Supplemental Figure. Differentially expressed genes in microglia from non-

littermate mouse colonies.

(A) Clear clustering of genotypes can be seen by principal components analysis. (B) Of the 22561 genes identified,
15603 were protein coding, with 708 of these differentially expressed between genotype. (C) NLRP3 knock out was
confirmed, and cd11b (used to isolate microglia) was not differentially expressed (n=6 mice/genotype, differentially
expressed genes identified by pair-wise comparison with correction for falsediscovery rate).

130



Chapter 5: Discussion
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5.1 Summary

Stroke is a devastating condition to which treatment options are severely limited. The
diametrically opposed pathophysiology of the two major subtypes of stroke makes
targeting both with the same therapy extremely difficult. There are currently 2 licenced
therapies for IS which are only available to a small fraction of patients and require rapid
diagnosis to be effective, since both involve reperfusion. It is therefore difficult for LMICs
to incorporate these 2 IS therapies. Moreover, no licensed therapies are available for the
most devastating stroke subtype; ICH, which disproportionately affects LMICs. The
immune response to IS and ICH exacerbates brain injury and is currently perceived to
progress in a similar pattern. Importantly, the prototypical cytokine IL-1 sits at the apex of
many inflammatory processes and has salient actions in acute sterile brain inflammation.
Thus, targeting IL-1 may have therapeutic potential in treating both stroke subtypes. This
thesis therefore aimed to address the most pertinent questions regarding IL-1 in IS and

ICH with the following specific aims:

e Develop and optimise the collagenase-induced mouse model of ICH, which will be
used for the first time in our laboratory, in order to improve detection power and

reduce animal suffering.

e Reveal the pathophysiological consequences of IL-1 signalling during ICH by
characterising its expression patterns, in mouse and man, and measuring the effects

of its inhibition using relevant pharmacological strategies.

e Determine the relative importance of the NLRP3 inflammasome in the
pathogenesis of acute IS using pharmacological and genetic approaches in the

clinically relevant clot-forming dMCAO model.

To address the first aim, the collagenase-induced mouse model of ICH was characterised
and refined in a step-wise process. First, the dose of collagenase was titrated to induce a
haematoma volume with limited variability and outcome severity. Second, the accelerating
rotarod performance assay was first identified and subsequently optimised to detect motor
deficits at this refined collagenase dose. Finally, evidence that the cerebral immune
response occurs in this refined model was presented alongside power calculations based on

haematoma volume and rotarod performance. Together this represents the first report of an
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optimised ICH model, with limited animal suffering and usage, which retains important

clinical features such as brain inflammation.

The optimised ICH model was then used to address the second aim of this thesis and
revealed novel roles for IL-1 in ICH and brain haemorrhage in general. Confirming
previous work, a rapid immune response was observed following ICH that was
characterised by detrimental monocyte trafficking to the brain. Using RNA sequencing we
identified IL-1 as the major upstream regulator of brain inflammation and harmful
monocyte recruitment. IL-1 production was mapped to mononuclear phagocytes, in
clinical and preclinical brain tissue, and signalling through IL-1R1 was essential for
myeloid cell trafficking to the brain. Contrary to previous reports, caspase-1 and microglia
were not required for immune recruitment and despite IL-1RA preventing the entry of
harmful monocytes, it worsened functional outcome. IL-1 was not required for sufficient
haemostasis but instead was required to regulate CBF in the affected hemisphere. We have
thus revealed novel dichotomous actions of IL-1 following brain haemorrhage where the

molecule mediates detrimental myeloid cell recruitment and beneficial CBF regulation.

The third and final aim of this thesis was completed by measuring the effect of NLRP3 on
infarct volume in the FeCls-induced dAMCAO mouse model of IS. Despite a large induction
of NLRP3, GSDMD and IL-1 expression within the infarct, neither genetic deletion nor
pharmacological inhibition of the NLRP3 inflammasome affected lesion volume in this
model. Moreover, NLRP3 was not necessary for neutrophil trafficking to the ischaemic
brain. These results contradict some existing findings in the literature and we suggest the
lack of littermate controls in previous studies as an important factor to consider. Overall
this data builds on previous findings from our lab in finding no role for NLRP3 in IS

pathogenesis.

Overall, the results of this thesis present further evidence that refined animal models can
be used to establish brain inflammation as a canonical feature of stroke of either subtype.
However, the role IL-1 has in the pathogenesis of these diseases is more complex than

currently perceived and more work is required to tease apart its complex biology in stroke.
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5.2 General discussion

5.2.1 Improving animal research in stroke

The stroke field has been subject to many reviews and criticisms regarding failures in the
translation of preclinical findings and the apparent unnecessary animal suffering required
to achieve such failures. For almost three decades preclinical stroke researchers have been
working toward improving upon these failures by increasing reporting transparency,
reducing bias, and refining animal models. This thesis makes important contributions

toward achieving each of these goals.

Across the globe, animal researchers are under ethical pressure to reduce the degree of
animal suffering in the search of new discoveries. The UK government has even
established a scientific organisation to promote the discovery of new applications and
approaches to replace, reduce and refine the use of animals for scientific purposes
(Prescott and Lidster, 2017). Whilst these issues are not limited to the stroke field, stroke
does have a catastrophic clinical presentation and an equally severe phenotype when
modelled in rodents. The preclinical stroke field is thus under pressure to reduce the
severity of current rodent models of stroke whilst retaining disease relevance. There is
abundant evidence that preclinical IS procedures are being refined to reduce animal
suffering, most notably with the publishing of the Ischaemia Models: Procedural
Refinements Of in Vivo Experiments (IMPROVE) guidelines (Percie du Sert et al., 2017).
The IMPROVE guidelines challenge researchers to adopt the best model to answer their
research question whilst keeping animal suffering to a minimum. In Chapter 4 of this
thesis a preclinical investigation was performed into the role of NLRP3 in IS pathogenesis
using the AIMCAO model. In contrast to the most commonly used filament MCAO models,
the IMCAO model spares subcortical tissue and is therefore not associated with mortality
and induces minor functional deficits (McCabe et al., 2018). Moreover, in Chapter 2 of
this thesis the collagenase-induced mouse model of ICH was successfully refined to reduce
animal suffering. Most preclinical studies currently rely on behavioural assessments that
measure severe phenotypes such as hemiplegia, despite the degree of such phenotypes
being dependent on haematoma volume and therefore being under the control of the
surgeon (Frantzias et al., 2011). To the best of my knowledge, there are no publications
that have attempted to reduce animal suffering in preclinical ICH models. The optimisation

of the rotarod performance assay to detect neurological deficits in the absence of
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hemiplegia therefore represents a significant contribution to reduced suffering in

preclinical ICH work.

In 2016, a survey of 1,576 scientists was conducted to uncover the magnitude of
reproducibility issues in science. Over 70% of responders had tried and failed to reproduce
the findings of others and over 50% had failed to reproduce their own findings (Baker,
2016). The 3 leading contributing factors to this irreproducibility crisis were reported as
publication bias, pressure to publish and poor statistical power. Not only do these factors
affect the progress made in academic endeavours but they also have grand effects on
translation of new therapies to the clinic (O’Collins et al., 2006). In the IS field, attempts
to identify important components underpinning extremely poor translatability of
preclinical findings have been ongoing since 1999 (Stroke Therapy Academic Industry
Roundtable (STAIR), 1999). The result of such discussions has been the advent of
stringent study reporting guidelines aimed at improving transparency within in vivo
research (Kilkenny et al., 2013). At the heart of reporting guidelines and discussions to
reduce bias in animal research is the necessity to perform properly powered experiments.
Statistical power relies on the signal to noise ratio of the effects being measured and the
variability of the measurement. Therefore, in the absence of optimised workflows, in vivo
biologists find themselves juxtaposed between the pressures to increase animal usage to
perform properly powered experiments (to improve reproducibility and translatability) and
those to reduce animal usage altogether (from the ethical standpoint). Chapter 2 of this
works towards overcoming this juxtaposition in ICH research by first optimising the
collagenase dose to reduce variability in haematoma volume, followed by the optimisation
of rotarod training phases. We also show that accounting for baseline rotarod performance
as a covariate (or nuisance variable) in data analysis of rotarod scores improves statistical
power. Thus we provide the first preclinical ICH refined workflow to detect histological
and motor outcomes with minimal animal suffering and usage. Moreover, the major
finding in Chapter 3 was that IL-1RA administration worsened functional performance
using the optimised collagenase-induced murine ICH protocol from Chapter 2. The
experiment depicted in Figure 3.5B was in fact powered from a preliminary experiment
utilising the same methods (see Appendix Figure 6.1). Thus Chapter 2 and 3 together
provide evidence of the robustness and reliability of the refined ICH protocol in detecting
consistent biologically relevant changes. The major limitation to this argument is that [ am

the only person to have performed the refined protocol and thus researcher-researcher
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variability is currently unaccounted for. If the consistency of the model is retained in the
presence of researcher-researcher variation, Chapter 2 provides future researchers with a
workflow to confidently assess effects of interventions on histological and functional
outcomes in properly powered experiments with limited animal usage and suffering. The
absence of such data for the FeCl; dMCAO model led to reliance on Cohen’s estimates to
power animal studies in Chapter 4 of this thesis. However, Chapter 4 also represents
significant advances toward scientific integrity through the publishing of accepted null

hypotheses and emphasising the importance of littermate controls in preclinical work.

Publication bias, that is the propensity for the field of scientific and medical research to
publish positive results over negative ones, is a complex matter that has been part of
discussion since 1959 (Sterling, 1959). In the simplest yet most extreme terms, publication
bias can be summarised as the “file drawer problem”, in which 95 % of studies reporting
on null results are filed away, whereas, the 5 % of falsely significant results are published
(Rosenthal, 1979). In lieu of a full representation of their respective field, expert reviewers
then come to erroneous conclusions and contribute to self-fulfilling prophecies and
overstate the efficacy of tested therapies. In the preclinical stroke field, almost 14 % of
neuroprotection studies are predicted to remain unpublished and the loss of such studies
results in overestimation of the efficacy of interventions by around a third (Sena et al.,
2010). It is highly likely that publication bias in the stroke field has directly contributed to
the translational roadblock and it is, therefore, imperative to publish robust results that
reject or accept the null hypothesis. In Chapter 4 of this thesis the NLRP3 inflammasome
was shown to have no effect on acute IS pathogenesis using the FeCls-induced dMCAO
model. This is an important finding as a considerable amount of previous studies allude to
the NLRP3 inflammasome as a promising therapeutic target (Barrington et al., 2017).
However, only three previous studies have directly targeted NLRP3 and assessed outcome
in animal models of IS. Of these, two genetic deletion studies arrive at incongruous
conclusions, whereas, the third study administered MCC950 and showed improvement
(Yang et al., 2014; Denes et al., 2015; Ismael et al., 2018). In our hands, central or
peripheral administration of MCC950 did not affect lesion volume nor did genetic deletion
of NLRP3. Thus, together with previous findings, these results suggest NLRP3 does not
show benefit in preclinical IS models overall. There is of course between-establishment
variability in experimental protocols that could explain the aforementioned contradictory

findings through scientific reasoning, which will be discussed in section 5.2.3. Although
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we point toward the lack of littermate-controls in previous studies as being an important
contributing factor. We found that NLRP3 KO mice had a 2-fold increase in ischaemic
damage compared to non-littermate WT mice and this effect disappeared when mice were
backcrossed. Separately maintained mouse colonies are subject to environmental
differences and genetic drift which contribute to phenotypic changes (Holmdahl and
Malissen, 2012; Mamantopoulos et al., 2017). In our own separately maintained NLRP3
KO colony we found that isolated microglia had >700 differentially expressed transcripts
compared to cohoused non-littermate controls. Although not directly tested, we
hypothesise that these genetic/epigenetic changes contributed toward greater ischaemic
damage seen in the separately housed NLRP3 colony. Thus we present evidence of the

importance of littermate-controlled experiments in preclinical stroke research.

5.2.2 The complex actions of IL-1 in stroke

IL-1 sits at the apex of many inflammatory processes. In the brain, IL-1 injection promotes
neuroinflammation, BBB breakdown, neuronal death and alters CBF (Andersson et al.,
1992; Anthony et al., 1997, 1998; Minghetti et al., 1999; Blamire et al., 2000; Bernardes-
Silva et al., 2001). Genetic and pharmacological targeting of the IL-1 pathway has
produced unequivocal evidence that it contributes to brain damage following IS (Murray et
al., 2015). However, very little is known about the actions of IL-1 in ICH. Chapter 3 of
this thesis shows, for the first time, that IL-1 orchestrates the immune response but also
critically regulates CBF in the collagenase-induced mouse model of ICH. Surprisingly,
inhibition of IL-1 worsened outcome from as early as 24 hours post-ICH. These results are
in stark contrast to those from the IS field and those from an earlier preclinical ICH study.
In their study, Masada et al., (2001) modelled ICH in rats using the autologous blood
injection method and showed that overexpression of IL-1RA reduced oedema in the

ipsilateral basal ganglia at 3 days.

One notable difference between the collagenase-induced ICH model and both the
autologous blood model and IS, is the former specifically results in active bleeding from in
situ vessels. Therefore, interactions may occur between the coagulation cascade and IL-1
during collagenase-induced ICH, that do not occur in IS or in the study from Masada et al.,
(2001). It is important to test effects of IL-1 in the context of bleeding vessels due to its
ability to promote coagulation and shape the immune response in such circumstances
(Jansen et al., 1995; Yang et al., 2013; Burzynski et al., 2019). Inflammation is known to

promote coagulation, in part through the upregulation and delivery of tissue factor to the
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site of haemorrhage, although, we found no evidence that IL-1 contributes to limiting
haematoma volume during ICH (Foley and Conway, 2016). Instead, we found that IL-1

controls myeloid cell recruitment and blood flow to the affected hemisphere.

In line with various published studies, monocytes were found to exacerbate acute ICH
injury in Chapter 3. IL-1 was the critical mediator of this harmful monocyte recruitment
but the upstream origin and downstream effector of the IL-1 signal remain undetermined.
Similarly to IS, microglia rapidly produce IL-1 following ICH but trafficking monocytes
(seen in Chapter 4 for IS) also produce the potent cytokine (Luheshi et al., 2011).
Although microglia are the primary source of IL-1 in both ICH and IS, they are not
essential for its downstream effects. In Chapter 3, the depletion of microglia represents a
crude method to conclude that microglial IL-1 is not necessary for IL-1R1 activation as
monocytes can enter the brain in their absence (Cronk et al., 2018). A better method would
be to generate IL-10/B KO chimeras to compare the effects of mice with and without the
capacity to produce these molecules in microglia specifically. Denes et al., (2013) adopted
this strategy to show that microglial and haematopoietic IL-1 contribute to IS
pathogenesis. However, the authors performed whole-body irradiation in the absence of
head-shielding which is known to cause BBB breakdown and facilitate monocyte entry to
the brain (Mildner et al., 2007). Thus more studies are required to account for this caveat
before the findings can be completely interpreted. Nevertheless, it is unlikely that the
identification of the origin of IL-1 will significantly advance the field considering that IL-
la and IL-1P act through the same receptor to have multiple effects following ICH. Focus

is best turned to identifying the critical mediator of said effects.

A recent study using an elegant knock in reporter system revealed that neurones,
astrocytes, endothelial cells and cells of the choroid plexus all express IL-1R1 (Liu et al.,
2019). This study, along with recent findings from our lab, identified endothelial cells as a
major downstream target of IL-1 through which the molecule facilitates myeloid cell
recruitment (Wong et al., 2019). Amongst endothelial subsets, venous endothelial cells
have the greatest amount of IL-1R1 mRNA and it is widely stated that post-capillary
venules are the major site of immune cell trafficking during neuroinflammation (Wolburg
et al., 2005; Bechmann et al., 2007; Vanlandewijck et al., 2018). In response to IL-1,
endothelial cells upregulate important adhesion molecules, such as VCAM-1, which are
essential for immune cell entry into tissues. In Chapter 3, IL-1RA reduced the amount of

VCAM-1 positive vessels in the brain following ICH, thus suggesting IL-1 does signal
138



through endothelial cells in this setting. Therefore, it seems likely that the IL-1-endothelial
cell pathway has an important role in myeloid cell trafficking during ICH. I attempted to
test the hypothesis that endothelial IL-1R1 was the major driver of myeloid cell trafficking
following ICH by using a tamoxifen inducible brain endothelial-specific IL-1R17
(BER1KO) mouse line (seen in Wong et al., 2019). Following a five day tamoxifen
treatment regimen, WT and BER1KO mice underwent ICH induction and single cells were
isolated from brain homogenates 24 hours later (see Appendix Figure 6.2). Analysis based
on genotype showed no significant differences existed in the immune cell landscape of the
brain. However, immunofluorescence analysis of vascular brain smears highlighted a
mismatch between genotype and phenotype. When flow cytometry results were stratified
based on phenotype there was a significant reduction in Ly6Chi monocytes and CD8 T
cells in the brain of animals lacking endothelial IL-1R1. It is unclear how such a
genotype/phenotype mismatch may occur but the tamoxifen-inducible Cre system is
known to spontaneously activate in vivo (Kristianto et al., 2017). Interestingly however,
the a4 integrin is highly expressed by Ly6Chi monocytes and CD8 T cells and is required
for their recruitment to the brain during ICH (Hammond et al., 2014). a4 binds VCAM-1
on the endothelium to facilitate cell diapedeses and thus BER1KO data, alongside
evidence of IL-1 dependent VCAM-1 expression from Chapter 3, points toward
endothelial IL-1R1 as the critical mediator of harmful monocyte recruitment following
ICH. However, the data presented in Figure 6.2 are very preliminary and fraught with

technical issues and thus much more work is required to validate such claims.

IL-1 reduces CBF during IS (Parry-Jones et al., 2008; Murray et al., 2014; Wong et al.,
2019). The results of Chapter 3 show that IL-1 increases CBF in the collagenase-induced
mouse model of ICH and this is similar to what is seen in naive states (Blamire et al.,
2000). Quite how IL-1 has opposing effects on CBF in the two stroke subtypes is

unresolved but again might be due to cell-specific effects.

There are three distinct cells of the vascular unit that are closely tied to CBF control.
Endothelial cells and SMCs are the most widely appreciated modulators of blood flow,
however, in the brain, it is suspected that CBF is chiefly regulated at the level of capillaries
by contractile cells known as pericytes (although this is debated by Hill et al., (2015))
(Peppiatt et al., 2006; Hall et al., 2014). A recent paper utilising cutting edge single cell
RNA sequencing has revealed that each of these cell types express IL-1R1 (see Appendix
Figure 6.3) (Vanlandewijck et al., 2018). Importantly, pericytes and SMCs die during IS
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and, in doing so, constrict to close off blood supply and contribute to the no-reflow
phenomenon (Hall et al., 2014; Hill et al., 2015). Endothelial cells, on the other hand,
remain alive and deletion of IL-1R1 from these cells improves CBF following IS (Wong et
al., 2019). Moreover, administration of IL-1 to endothelial cells in vitro triggers the
production of the potent vasoconstrictor endothelin-1 (Yoshizumi et al., 1990). In fact,
systemically administered IL-1 reduces CBF following IS through an endothelin-1-
dependent mechanism (Murray et al., 2014). Thus during IS, IL-1 signals through
endothelial cells to produce endothelin-1 and reduce CBF. In contrast, IL-1 can reduce
vascular tone by directly preventing SMC constriction (Beasley et al., 1989, 1991).
Moreover, COX-2 is a common downstream target of IL-1 and produces potent vasoactive
eicosanoids such as PGE> which can modify SMC and pericyte function (Parfenova et al.,
2002). IL-1 facilitates pericyte relaxation in a COX-2 dependent fashion and we found
evidence of COX-2 expression on perivascular cells in Chapter 3 (Kerkar et al., 2006).
Very little is known about SMC and pericyte biology in ICH and investigations into the
actions of IL-1 on these cells may reveal important roles in CBF regulation. Transgenic
animals in which the IL-1R1 gene is deleted specifically on pericytes or SMCs will
provide the best tools to investigate IL-1 biology on these cell types. Although,
identification of specific promoters for brain resident SMCs and pericytes (which are

required to develop transgenic KOs) is proving difficult (Hartmann et al., 2015).

IL-1 effects on vascular tone are complex and this complexity is compounded by the
finding that distinct tissue sites respond to IL-1 in an individual manner (Robert et al.,
1993). Considering how important IL-1 and CBF are in the pathogenesis of diseases such

as stroke, more studies are required to reveal the interactions between the two systems.

5.2.3 Do inflammasomes affect stroke pathophysiology?

The inflammasome field has gained immense traction in recent years. The findings of the
CANTOS trial directly implicate inflammasomes, as IL-1 activating machinery, in the
onset of vascular disease and many preclinical studies allude to inflammasomes as
therapeutic targets in post-stroke brain damage (Barrington et al., 2017; Ridker et al.,
2017). However, the findings of Chapter 3 and 4 from this thesis suggest that

inflammasomes may not have therapeutic potential in stroke.

Following ICH, multiple inflammasome genes (such as NLRP3 and AIM2) were

upregulated in the ipsilateral brain hemisphere. Yet, despite IL-1 controlling myeloid cell
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recruitment, caspase-1 inhibition had no effect on immune cell trafficking to the brain. No
previous studies have directly inhibited caspase-1 and measured immune cell recruitment
following ICH. Although, two published studies indicate that NLRP3 activation does
directly promote myeloid cell trafficking (Ma et al., 2014; Ren et al.,, 2018). These
discrepancies may be part explained by methodological differences as one study measured
neutrophil recruitment by histological means (Ma et al., 2014), whilst the other quantified
immune cells 3 days following ICH (Ren et al., 2018), compared to 1 day in Chapter 3.
The temporal difference may be most pertinent as we found that, whilst IL-1a levels
decreased, IL-1P production was highest at 24 hours. Therefore, inflammasome activation
may occur from day one onwards and reflect the dominant IL-1 processing signal at this
time point. Nevertheless, previous studies do indicate that caspase-1 and NLRP3
contribute to neuronal injury and neurological deficits and neither have been tested in this
thesis (Wu et al., 2010; Ma et al., 2014; Ren et al., 2018). Therefore, important next steps
are to assess whether delayed NLRP3 activation contributes to neurological injury as this
could represent a viable therapeutic target. No role could be found for NLRP3 in neuronal

injury following IS however.

Similarly to ICH, inflammasome genes were found upregulated within the brain following
IS. Although, in this setting only NLRP3 was specifically induced by stroke. In contrast to
others, we found that genetic or pharmacological inhibition of NLRP3 did not affect
immune cell recruitment or neuronal death (Yang et al., 2014; Ismael et al., 2018). A
major limitation of our study in Chapter 4 is the lack of functional assessments as it is clear
that functional deficits may occur in the absence of overt histological changes (Lyeth et al.,
1990; Harris et al., 2016). However, an important limitation of the study in Chapter 4 is

how poorly it may reflect the clinical condition, in that co-morbid conditions are absent.

There is unequivocal evidence that humans adopt a pro-inflammatory physiological state
over the course of their lifetime in a process known as “inflammaging” (Franceschi et al.,
2006). The mechanisms underpinning the inflammaging process are unclear but the innate
immune system and poor diet have been strongly implicated (Salminen et al., 2008; Netea
et al., 2016). As a member of the innate immune system, NLRP3 can respond to a wide
variety of stimuli and evolutionary pressure to fine-tune its activation has brought about an
initial priming step as an important checkpoint (Swanson et al., 2019). Many different
stimuli can trigger NLRP3 priming but perhaps the most relevant are those linked to

chronic stresses associated with non-communicable diseases such as OxLDL (Stewart et
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al., 2010; Robbins et al., 2014). Importantly, NLRP3 is known to contribute toward a pro-
inflammatory state induced by a western diet (causing hypercholesterolemia), which may
place the inflammasome at the heart of the inflammaging process (Christ et al., 2018). In
Chapter 4, as is often the case in most preclinical stroke studies, stroke was induced in
young naive mice that have not been party to the inflammaging process. The use of young
mice is therefore likely to reduce the amount of NLRP3 priming experienced in the
laboratory setting, compared to that seen in humans. IS has consistently been shown to
worsen when comorbidities are modelled in animals through an IL-1 dependent pathway
(Murray et al., 2015). For example, in obese mice, which will have raised OxLDL and
therefore likely primed NLRP3, neurological deficits are far worse than non-obese
counterparts following IS (Haley and Lawrence, 2016). An important future direction is
therefore to assess whether NLRP3 contributes to stroke injury in animals with a primed

immune system.

5.2.4 The outlook for stroke therapies

Overall the results of this thesis may cause one to reassess the inflammatory response as a
therapeutic target in stroke. Raised inflammatory biomarkers have been consistently linked
to poor outcome in stroke patients but the immune response is likely to increase
proportionally with the amount of damage suffered. We therefore rely on empirical

preclinical studies to differentiate correlation from causation.

Since its inception by Celsus, inflammation has stood out mainly as a pathological process
in medical doctrine, despite beneficial effects of inflammation being demonstrated since
the writings of John Hunter in 1794 (Muir, 1909; Turk, 1994). These contrasting roles of
inflammation are said to occur in a somewhat temporally evolving mutually exclusive
manner (acutely damaging but chronically beneficial). Yet, as science evolves, so does our
appreciation of incomplete truths. It is now evident that immune cells can promote tissue
homeostasis (Nimmerjahn et al., 2005; Schafer et al., 2012), limit bleeding (Burzynski et
al., 2019), reduce acute tissue damage (Uderhardt et al., 2019) and even inform cognitive
processes (Kipnis et al., 2012). Should we, therefore, continue to view the immune
response to stroke as something that must be completely nullified? Or should we instead
work to reveal the complex actions of the immune system in order to design bespoke
therapies to specifically prevent deleterious processes and promote beneficial ones? We
have a long way to go in achieving such aims as the complexity of the immune response

often results in the same cell or process having advantageous and detrimental actions. For
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example, in Chapter 3 of this thesis, we found that monocytes exacerbate acute
neurological injury in ICH. However, previous studies have shown that these same cells
contribute to tissue resolution and functional recovery from day 3 onwards (Chang et al.,
2018). Complete inhibition of monocyte entry to the brain therefore may not be the best
strategy to adopt. Instead we should be looking to identify the exact mechanism by which
monocytes damage the brain at acute timepoints, whilst facilitating their beneficial actions
later on. In a surprising finding, we also showed that inhibition of IL-1 (the major
inflammatory mediator) worsened outcome in ICH and point toward a novel acute
beneficial immunovascular reaction governing this response. Yet conversely, IL-1 was
necessary for harmful monocyte recruitment. These dichotomous actions of IL-1 in ICH,
therefore, exemplify the need to further our understanding before therapeutically targeting
the immune response in disease. Examples do not come only from this thesis however. As
mentioned in section 1.5.2, microglia were initially believed to be responsible for all
deleterious inflammatory reactions in stroke, yet now we are aware that these cells regulate
neuronal firing to limit excitotoxicity and prevent harmful neutrophil entry to the brain

following IS (Szalay et al., 2016; Otxoa-de-Amezaga et al., 2019).

So what about the overwhelming evidence that acute inflammation is pathological in the
stroke setting? First it is important to note that, compared to IS, relatively little has been
investigated in preclinical models of ICH (see Appendix Figure 6.4) and less still is known
about the comparability of the immune response between the two major stroke subtypes.
When we consider the diametrically opposed pathophysiology of the two stroke subtypes,
it seems naive to transpose ideas from the IS field directly to ICH, as so often happens. It
is also important to appreciate the evolution of scientific rigour that has occurred over the
past twenty years and how this may affect the field of stroke research. As recently as 2009,
a survey into the quality of published animal research studies found that nearly 90% of
papers failed to impose important measures to reduce internal bias such as blinding and
randomisation (Kilkenny et al., 2009). Such poor study quality has been shown to increase
the reported effect size of interventions tested in published studies (O’Collins et al., 2006)
On top of this, evidence of considerable publication bias contributes to an incomplete
interpretation of the preclinical stroke field at large (Macleod et al., 2004; Sena et al.,
2010). IL-1RA, for example, has been predicted to have an over-statement of efficacy of
up to 50 % due to publication bias alone (Sena et al., 2010) (though this was later amended
to 40 % by McCann et al., 2016). In the recent phase II clinical trial IL-1RA successfully
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reduced IL-6 levels and thus reduced inflammation (Smith et al., 2018). However, no
benefit was found in patient outcome, which may have indirectly revealed that
inflammation is not detrimental in acute IS. This would not be the first time such a
surprising conclusion has been made from a clinical trial built on sound scientific theory.
For many years, corticosteroids were administered to traumatic brain injury patients under
the premise they would reduce inflammation and lower ICP. However, a large multi-centre
randomised controlled trial revealed that corticosteroids actually increased the absolute
risk of death (Olldashi et al., 2004). This study highlighted the importance of performing
such large and rigorous trials before interpreting the effects of treatments. So far, IL-1RA
has only been tested in small clinical trials, thus larger studies are required before
confident conclusions can be made. There is currently a phase 2 clinical trial ongoing
testing the effects of IL-1RA in ICH patients (NCT03737344) that may cause alarm upon
reading the findings from Chapter 3 of this thesis. However, it is important to understand
that we have not tested the therapeutic potential of IL-1RA, instead we asked the question
of what role does IL-1 play from the onset of ICH. An immediate aim should therefore be
to test the effects IL-1RA has on neurological function when administered in a delayed
fashion, in order to mimic the clinical situation more appropriately. Yet, the question still
remains as to whether inflammation is the most pertinent therapeutic target for ICH.
Should we now look to treat inflammation as any other physiological parameter in stroke

patients and aim to prevent it reaching extremes?

Current licensed IS therapies aim to reduce the loss of salvageable tissue by dislodging the
occluding clot, but it is unclear whether such salvageable tissue exists in haemorrhage. Up
to 30 % of ICH patients experience extensive haematoma expansion but attempts to treat
persistent bleeding by promoting haemostasis have failed (Mayer et al., 2005, 2008;
Baharoglu et al., 2016; Law et al., 2018). It is not clear how the brain continues to bleed
during ICH but the hypothesis most widely appreciated was proposed by Fisher in 1971. In
his histopathological investigation, Fisher described the appearance of multiple bleed sites
that lacked obvious cellular or pathological changes and, thus, attributed the onset of
bleeds from these sites to mechanical disruption by the expanding haematoma (often
referred to as “Fisher’s avalanche model”). However, despite resulting in mass effect,
neither autologous blood injection nor microballoon inflation have been reported to cause
in situ bleeding. It is therefore unlikely that mass effect alone causes persistent bleeding

following ICH. In patients, coagulation parameters are not associated with markers of
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ongoing bleeding but high BP is (Becker et al., 1999). Post hoc analysis of a large clinical
trial showed that patients that were treated to intensively lower BP had decreased
haematoma expansion (Leasure et al., 2019). This data may implicate loss of vascular
autoregulation in continuous bleeding as it is known that (i) ICH patients have disruptions
to cerebral autoregulation, (ii) blood pressure that exceeds autoregulation leads to vascular
leakage, and (iii) vascular leakage precedes brain haemorrhage in spSHRs (Hatashita et al.,
1986; Lee et al., 2007; Cipolla, 2009; Minhas et al., 2019). Therefore, disruptions to
myogenic tone in arteries nearby the haematoma might be the key feature leading to
haematoma expansion following ICH. Interestingly, there might also be evidence that all
ICH patients experience persistent bleeding. When blood is injected into cadavers, or as
part of the autologous blood model, haematoma volume decreases over the course of a day
due to clot retraction (Lei et al., 2014; Majidi et al., 2016; Sobowale, 2018). In contrast,
haematoma volume remains somewhat stable or even increases in ICH patients (Ovesen et
al., 2014). Therefore, any therapies designed to treat persistent bleeding might show
benefit to all ICH patients. Before then however, we must first look to reveal the

mechanisms leading to secondary vascular breakdown.

5.3 Concluding remarks

The acute immune response is said to be a promising therapeutic target in both stroke
subtypes. Yet, whilst the inflammatory response to IS is well characterised, relatively little
is known about inflammation in ICH. The work contained within this thesis provides novel
insights into fundamental processes of the inflammatory response to brain ischaemia and
haemorrhage. Importantly, we identify IL-1 as the conserved master regulator of brain
inflammation during stroke. However, divergent downstream actions result in IL-1
triggering beneficial events in ICH as well as pathological ones similar to those seen in IS.
We also report that IL-1p processing inflammasomes may be redundant in driving brain
inflammation when stroke is modelled in young naive mice. Overall, the fundamental
findings of this thesis serve to add further complexity to our understanding of
inflammation in stroke. We thus provide future researchers with a refined ICH model that
can be used to decipher the described dichotomous effects of inflammation in a timely
fashion. It is now imperative to perform further comparative studies of stroke subtypes to

identify universal therapeutic targets to treat this devastating condition.
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Figure 5.1 Preliminary IL-1RA experiment.
Mice were injected with placebo or 10 pg of IL-1RA intrastriatally and 100 mg kg™ subcutaneously, as detailed in
Chapter 3, and rotarod was performed over a 7 day period. n =4 per group.
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Figure 5.2 Depletion of brain endothelial IL-1R1 may affect the immune response to ICH
IL-1R1 floxed mice expressing tamoxifen-inducible Cre-recombinase under the Slcolcl promoter or Cre- controls were
treated with tamoxifen and subjected to collagenase induced ICH. (A) brain smears were made from contralateral
hemispheres and stained for IL-1R1 (green), the endothelial marker CD31 (red) and DAPI (blue). Genotype and
phenotype mismatch is highlighted in red. (B) Flow cytometry of single cells isolated from brain homogenates 24 h post
ICH found no differences. (C) Flow cytometry analysis based on phenotype found differences in CD8 T cells and
Ly6Chi monocytes. Statistical analysis performed using Students 2-sample t-test, * = P<0.05.
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Figure 5.3 Expression of ///r1 mRNA on cells of the cerebrovasculature.

Single cell RNA sequencing analysis of ///rlexpression by cells of the cerebrovasculature taken from (Vanlandewijck et
al., 2018). PC (Pericyte), SMC (Smooth muscle cell), MG (Microglia), FB (Fibroblast), OL (Oligodendrocyte), EC
(Endothelial cell), AC (Astrocyte). v = venous, capil = capillary, aa = arteriolar, a = arterial. 1,2,3 = subtypes.
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Figure 5.4 Cumulative amount of published preclinical studies into each stroke subtype
since 1980.

IS = Ischaemic stroke, SAH = Subarachnoid haemorrhage, ICH = Intracerebral haemorrhage.

Ischaemic stroke search terms

"experimental" or "preclinical" or "model" or "animal" and ("stroke"[All Fields]) NOT
("intracerebral haemorrhage"[All Fields] OR "intracerebral hemorrhage"[All Fields] OR

"ICH"[AIl Fields] OR "subarachnoid haemorrhage"[All Fields] OR "subarachnoid
hemorrhage"[All Fields] OR "SAH"[AIl Fields] )

Intracerebral haemorrhage search terms

"experimental" or "preclinical" or "model" or "animal" and ("intracerebral
haemorrhage"[All Fields] OR "intracerebral hemorrhage"[All Fields] OR "ICH"[AIl
Fields])

Subarachnoid haemorrhage search terms

"experimental" or '"preclinical' or "model" or "animal" and ("subarachnoid
haemorrhage"[All Fields] OR "subarachnoid hemorrhage"[All Fields] OR "SAH"[AIl
Fields] )
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