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Abstract

Chronic liver diseases (CLDs) are characterised by inflammation and fibrosis which are driven by
aberrant leukocyte recruitment. This process is mediated by specialised discontinuous endothelia,
known as hepatic sinusoidal endothelial cells (HSEC), which act as the liver gatekeepers. During chronic
inflammation, HSEC undergo substantial phenotypic changes, including upregulation of adhesion
molecules, further driving leukocyte recruitment and exacerbating inflammation. The composition of
the hepatic immune microenvironment determines the outcome of liver injury and understanding the
mechanisms which regulate this process is critical to identify novel therapeutic targets. Mannose
receptor (MR) and plasmalemma vesicle-associated protein (PLVAP) have previously been implicated
in immune cell trafficking but their contribution to hepatic leukocyte recruitment remains undefined.
This study aimed to characterise the expression of MR and PLVAP in normal and diseased human liver,
understand their regulation in the hepatic sinusoids, and investigate their potential role in hepatic
leukocyte recruitment. Immunohistochemistry and gene expression studies demonstrated that MR and
PLVAP are differentially expressed in liver endothelium, with MR being downregulated and PLVAP
being upregulated, in CLD and hepatocellular carcinoma. MR was resistant to regulation in primary
human HSEC and did not seem to be involved in lymphocyte recruitment. In contrast, PLVAP was
upregulated by several soluble factors, most notably by the senescence-associated secretory phenotype
(SASP). The SASP, comprised of several cytokines and chemokines, is known to facilitate senescence
surveillance by stimulating leukocyte recruitment. Additional experiments using patient tissue samples
uncovered a previously unreported link between hepatic senescence, immune cell infiltration, and
PLVAP expression in CLD. Furthermore, in vitro flow adhesion assays showed that PLVAP plays a
selective functional role in monocyte paracellular transmigration, whilst having no impact on
lymphocyte recruitment. These findings suggest that senescent cell-endothelial crosstalk drives PLVAP

expression and shapes the immune landscape in chronic liver inflammation.
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1 INTRODUCTION

1.1 Liver Disease Burden

Liver disease is a growing epidemic that accounts for approximately two million deaths worldwide',
with one million occurring due to hepatocellular carcinoma (HCC) and viral hepatitis, and the remainder
as a result of cirrhosis complications. In the UK, liver cirrhosis was the second most common cause of
premature death amongst those aged 30-60 years in 2019 (Figure 1.1)>. Furthermore, liver disease
mortality rates have seen a 400% increase since 1970, whilst deaths due to other major diseases are
gradually declining’. Besides rising mortality rates, liver disease substantially contributes to global
morbidity, which represents a massive public health and economic burden'. The increased adoption of
the Westernised diet, particularly in developing countries, has seen a concerning 6-fold increase in
global obesity incidence over the last four decades®. As such, global prevalence of metabolic liver
disease has reached an all-time high, with an estimated 25.2% of adults now suffering from some form

of non-alcoholic fatty liver disease (NAFLD)’.

Since many patients present with symptoms only at advanced stages, liver disease is now the leading

3 Once patients have

cause of death in 35-49-year olds, often being referred to as a “silent killer
progressed to end-stage disease, current treatment options are limited, with the only curative therapy
being liver transplant. Whilst transplantation has shown relative success with a five-year survival rate
of 73.6-80%', relapse rates are high (~20% alcoholic liver disease patients) and there are also significant
caveats associated with organ shortage, disease recurrence and graft rejection®”. Furthermore, the
requirement for, often life-long, treatment with immunosuppressive drugs following transplant is
associated with its own pitfalls further contributing to the overall global health burden'®. Thus, research

to identify novel therapeutic targets is a valuable pursuit, and will be required to overcome these issues

and improve diagnosis, prognosis and treatment of liver disease patients.



Top 5 causes of premature death in UK (2019)

Ischaemic heart disease -_ 135.0

Liver cirrhosis = I 88.5

Trachea, bronchus, lung cancers - |63.1

Self-harm |47.1

Drug use disorders-' 18.6

I ' 1 ' 1 M 1 v 1
0 50 100 150 200
Deaths per 100,000 population

Figure 1.1: The top five causes of premature death in the UK amongst 30-60-year olds in 2019.

Data accessible from https:/www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-
leading-causes-of-death.

1.2  Liver Structure

The liver is the largest solid organ in the body weighing approximately 1.5 kg, and can be grossly divided
into two lobes (left and right), separated by the falciform ligament (Figure 1.2)'". The right lobe is
subdivided into caudate and quadrate lobes, which can be identified from the posterior surface of the
liver, and lie adjacent to the inferior vena cava and gallbladder, respectively'?. These lobes can be further
divided into eight distinct anatomical segments based on their independent vascularisation and biliary
drainage'’. It is this anatomical feature which allows the liver to be resected without damage to the

remaining segments'* ',

The liver consists of approximately 100,000 structural units (~1 mm in diameter) referred to as hepatic
lobules, in which hepatocytes are arranged in hexagonal plates, with the central vein residing in the
middle and portal triads located at the vertices of each lobule (Figure 1.2)'*'®!7_ Portal triads comprise
terminal branches of the portal vein and hepatic artery in close proximity to a bile duct'”'®. The smallest
functional unit of the liver is known as the acinus, which encompasses hepatocytes and sinusoids from

two adjacent lobules supplied by one portal triad"°.

Hepatocytes are the principle parenchymal cell type comprising approximately 77.8% of the total liver

volume'®?'. These polarised epithelial cells are strategically arranged into one- or two-cell thick cords;



tight junctions between hepatocytes form bile canaliculi at the apical surface, whilst their basolateral
surfaces are flanked by fenestrated endothelia'® '”. These specialised discontinuous endothelial cells,
known as hepatic sinusoidal endothelial cells (HSEC), line the liver capillary network referred to as the
hepatic sinusoids. Fenestrations are pore-like structures arranged in “sieve plates”, which perforate the
HSEC cytoplasm and regulate vascular permeability”*>*. The presence of these fenestrae, paired with
the lack of basement membrane, allows the relatively free exchange of fluid and solutes between the
bloodstream and the interstitium surrounding hepatocytes'® **. This not only facilitates their metabolic
and detoxifying function but also allows movement of macromolecules, such as plasma proteins,
secreted by hepatocytes'?. Furthermore, fenestrations allow direct contact between hepatocytes and cells

residing within the sinusoids™ *°

, and can permit regulated passage of immune cells from the
bloodstream to the parenchyma®’. Thus, the structural organisation of the hepatic sinusoids facilitates

exocrine, endocrine, metabolic and immune functions of the liver.
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Figure 1.2: The structural anatomy of the liver.

The liver is grossly made up of two lobes, separated by the falciform ligament, and can be further sub-divided into
eight distinct anatomical segments. Hepatic lobules are supplied by the portal triads and comprise hepatocytes
arranged in one- or two-cell thick cords which span three metabolic zones. These polarised epithelia form bile
canaliculi at their apical surface and are flanked by fenestrated endothelia which line the hepatic capillary beds
known as the sinusoids. The hepatic sinusoids are resident to several non-parenchymal cell types, including hepatic
stellate cells (HSC) and Kupffer cells, and are the sites of leukocyte extravasation during inflammation, including
lymphocytes, monocytes, neutrophils and natural killer (NK) cells.
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1.3  Liver Function

The liver is estimated to perform around 500 physiological functions, including biotransformation and
detoxification of xenobiotic and pharmacological substances, metabolism of dietary carbohydrates,
proteins and lipids, glycogen synthesis and storage, production of plasma proteins, hormones and bile,
and removal of waste products such as spent erythrocytes and bilirubin (Figure 1.3). These most notable

functions will be discussed in more detail below.
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Figure 1.3: The primary functions of the liver are carried out predominantly by hepatocytes.

These include: biotransformation and detoxification of xenobiotic products; protein and lipid metabolism; glucose
homeostasis and glycogen storage; removal of spent erythrocytes and haemoglobin in the form of bilirubin; bile
production to aid lipid emulsification and absorption; and synthesis of biochemical molecules including albumin,
clotting factors and arachidonic acid.

1.3.1 Biotransformation and Detoxification

The liver plays a pivotal role in drug metabolism and detoxification of xenobiotic products®®. Orally
administered drugs, including alcohol, access the liver via the portal vein and undergo first pass
metabolism. This has important implications for pharmacology, since hepatic drug metabolism can
produce more or less pharmacologically active metabolites than the parent drug, as well as toxic

metabolites.

Phase I metabolic reactions involve microsomal enzymes, such as cytochrome P450 (CYP) enzymes,

which mediate oxidation, reduction and hydrolysis reactions’”*’. Occasionally, the liver can metabolise
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“pro-drugs” into more pharmacologically active compounds, as is the case for opioids such as codeine
and tramadol, which are converted to morphine via O-demethylation by CYP2D6 enzymes™*°. Some
drugs can also induce expression of CYPs, such as alcohol, which upregulates CYP2EI1 activity to
facilitate breakdown®' *%. Alcohol dehydrogenase and aldehyde dehydrogenase within the hepatocyte
cytoplasm are also important for alcohol metabolism®. Alcohol is known to elicit hepatotoxic effects,
owing to its metabolism to acetaldehyde which is both toxic and carcinogenic®®, and due to CYP2E1-

induced oxidative stress via generation of reactive oxygen species (ROS)*3,

Several other xenobiotic substances can display profoundly hepatotoxic effects which are typically
absorbed via ingestion of contaminated food products. Some examples include aflatoxin B1, which is a

fungal mycoprotein that can be found on contaminated grains and nuts* *’

, and polycyclic aromatic
hydrocarbons, which can be generated during food processing®®. The liver is tasked with detoxification

of these harmful products; failure to do so poses the risk that the liver will succumb to acute chemical-

induced toxicity or chronic hepatitis and/or HCC? 37>,

Phase II metabolic reactions generally involve conjugation of phase I metabolites, namely,
glucuronidation, acetylation and methylation, amongst others®’. This usually results in pharmacological
inactivation and increased solubility, enhancing their secretion in urine and/or bile®’. In contrast to phase
I reactions, phase II conjugation reactions remain relatively stable in chronic viral hepatitis and

established cirrhosis*® %!

. Although biotransformation performs an indispensable role, potential for
generation of metabolites and metabolic conjugates with higher toxicity than the parent provides a
mechanism for metabolic injury to occur. This is the case for acetaminophen (paracetamol) which can

cause lethal hepatoxicity and liver failure following overdose***.

1.3.2 Metabolism

Protein and lipid metabolism are mediated by hepatocytes within the liver'* '*. Amino acids from the
gastrointestinal tract undergo transamination and deamination, producing toxic ammonia as a by-

product, which is subsequently removed via the urea cycle?. These reactions are mediated by specific



transaminase enzymes, including aspartate transaminase (AST) and alanine transaminase (ALT)*°. The
levels of these enzymes are elevated in almost all liver diseases, and the ratio between them is often
used as a diagnostic indicator of parenchymal liver damage, with a ratio of more than 2 indicating

alcoholic steatosis and cirrhosis** *°.

Fat provides up to 90% of an individual’s dietary needs during prolonged starvation, which is fuelled
by B-oxidation of free fatty acids within hepatocyte mitochondria®”*®. Fatty acids derived from insoluble
dietary lipids in the gut are used to synthesise triglycerides and lipoproteins in the liver, including
triacylglycerol, very-low-density lipoproteins (VLDLs), high-density lipoproteins (HDLs) and
cholesterol®’. Hepatic lipase hydrolyses triglycerides in lipoproteins, converting VLDLs into low-
density lipoproteins (LDLs)** *’. HDLs circulate in the plasma acting as cholesterol scavengers, and
thus, are considered protective against atherosclerosis*®. The liver also plays a key role in cholesterol

removal via excretion as bile salts or sterols'.

1.3.3 Glucose Homeostasis and Glycogen Storage

The liver is a key player in regulation of glucose homeostasis, with blood glucose levels being
maintained at around 90 mg/dL'* ". Following consumption of dietary carbohydrates, glucose is
absorbed by perivenous hepatocytes and glycogen is produced. This glycogen is stored in the liver, and
can be broken down into glucose by glucose-6-phosphatase during glycogenolysis®. Thus, the liver acts
as a glucose reservoir. Synthesis of glucose from non-carbohydrate sources, such as amino acids, lactate
and glycerol, can also occur during a process called gluconeogenesis®. This is essential for maintaining

glucose levels during starvation when glycogen levels are depleted.

1.3.4 Biochemical Synthesis

The liver acts as the predominant source of plasma proteins, namely albumin, which regulate oncotic
pressure of the blood®. The liver is also the primary producer of coagulation factors prothrombin,
fibrinogen, and factors V, VII, IX, and XIII'. The importance of these factors is exemplified by their

defective production, resulting in coagulation disorders characterised by spontaneous bruising,



prolonged bleeding and risk of haemorrhage™. Since the liver is the main producer of clotting factors
and is also responsible for clearance of activated clotting factors and synthesis of fibrinolytic products,
severe liver dysfunction is associated with both coagulopathy and disseminated intravascular

coagulation®’.

Several other bioactive molecules are synthesised in the liver, including enzymes, steroids, hormones,
growth factors and bioactive lipids. For instance, the liver is the principal site of thrombopoietin
synthesis, which regulates platelet production within the bone marrow’'. The liver also produces
angiotensinogen, a precursor for angiotensin, which is important for regulating blood pressure™. Further,
CYP enzymes are important in the production of arachidonic acid, which is a precursor of eicosanoids,
such as prostaglandins and thromboxane™>*. The liver can also be involved in hormone activation and
inactivation; it converts inactive cholecalciferol to 25-hydroxycalciferol, which is essential for vitamin
D metabolism, whilst inactivating insulin, glucagon, glucocorticoids, thyroxine and growth/sex

hormones'®%.

1.3.5 Erythrocyte and Bilirubin Removal

Erythrocytes, or red blood cells, have a circulating lifespan of approximately 115 days, after which time
they become senescent and are decomposed by the reticuloendothelial system®. The liver is a major site
for this process. Erythrocytes possess a cholesterol-rich lipid bilayer for a cell membrane and contain
haemoglobin which facilitates oxygen transport. Kupffer cells (KCs) remove the globin and iron groups
from haemoglobin, where they are re-used and recycled via transferrin, respectively'®. Haem is then
catabolised by KCs into bilirubin which is subsequently biotransformed and excreted into the bile by
hepatocytes®. Liver failure is often characterised by jaundice®®, which arises as a result of elevated

bilirubin concentrations, causing yellow discolouration of the eyes and skin.

1.3.6 Bile Production

Numerous endogenous and exogenous substances are primarily excreted via the biliary tract®.

Hepatocytes are separated by tight junctions which form a relatively small apical lumen known as the



bile canaliculus, into which hepatocytes secrete bile’’. Bile canaliculi form a network between
hepatocytes, where bile flows through the intra-hepatic small bile ductules and ultimately, is stored and
concentrated in the gallbladder before draining to the duodenum''. Bile is a fluid composed of water,
electrolytes, bile salts, cholesterol, phospholipids and bilirubin, synthesis of which occurs at a rate of
roughly 0.6-1.2 L/day'> . Bile salts are amphipathic which aids the emulsification of lipids in the
gastrointestinal tract®®. Bile salts are then reabsorbed in the distal ilium and returned to the liver in a
circuit known as the enterohepatic recycling system”” *’. Thus, bile facilitates both absorption and
digestion of dietary lipids and excretion of metabolites and cholesterol. Cholestasis, in which there is an
obstruction in bile flow, is a hallmark of cholestatic liver diseases including primary biliary cholangitis

(PBC) and primary sclerosing cholangitis (PSC).

1.4  Liver Vasculature

The liver is a highly vascularised organ which receives 25% of the cardiac output (1-2 L/min)'" '8, It
has a dual blood supply, with around 75% blood coming from the gastrointestinal tract, pancreas and
spleen via the hepatic portal vein, whilst the remaining 25% is supplied by the hepatic artery'®'®. The
region where the hepatic artery and hepatic portal vein, together with the common bile duct, enter the
liver’s ventral surface is known as the hilum'®. Blood flow within the sinusoids is low (400-450 mm/s)
compared with most other tissue capillary beds (500-1000 mm/s) which maximises the time for fluid
and solute exchange to occur'" 2. Thus, the liver is uniquely positioned to carry out its metabolic and

detoxifying function.

Partially oxygenated and nutrient-rich blood enters the liver lobules via portal venules where it mixes
with arterial blood in the periportal zone'"*'”. Blood then travels through the sinusoids, collecting within
the central veins which merge to form hepatic veins that drain into the inferior vena cava'”'®. Due to
the architecture of the liver lobule and the spatial arrangement of hepatocytes relative to the
vasculature®®, hepatocytes span three designated zones (Figure 1.2), in which they are exposed to

distinct metabolic conditions>**'. Zone 1 (periportal) hepatocytes are located near the portal triads where



oxygen and nutrients are plentiful, whilst zone 3 (pericentral) hepatocytes lie closest to the central vein
and are thus subject to hypoxic conditions. Zone 2 (midlobular) hepatocytes are equidistant from the

portal triad and draining central vein (Figure 1.4).
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Figure 1.4: The liver structure and vasculature create biochemical gradients that span the liver lobule
which can be separated into three distinct metabolic zones.

The periportal zone (zone 1) is rich in oxygen and nutrients, where oxidative metabolic functions dominate, including
B-oxidation and gluconeogenesis. The pericentral zone (zone 3) favours glycolysis and lipogenesis. Liver zonation
is controlled by Wnt signalling. Zonation has been reported not just for hepatocytes but for multiple hepatic cell
types, including hepatic stellate cells, hepatic sinusoidal endothelial cells and resident immune cell populations.

Metabolic zonation is controlled by Wnt signalling®*

, and has been reported for carbohydrate, lipid,
amino acid, ammonia and xenobiotic metabolism® " °'. For instance, oxidative metabolic functions,
such as B-oxidation, gluconeogenesis, and amino acid metabolism, are concentrated in the periportal
hepatocytes®. In contrast, pericentral hepatocytes carry out biotransformation, lipid synthesis and
glycolysis®® ?*. This allows the capacity of key metabolic pathways to preferentially lie in one zone or
another, which is advantageous since it allows spatial separation of opposing pathways, and thus
prevents competition for common substrates and futile cycles>®. Zonation for other liver cell types has
also been described, including hepatic stellate cells (HSC) and HSEC®**®’. Moreover, “immune
zonation” is created by the periportal positioning of myeloid and lymphoid resident immune cells to

promote host defence, and is thought to be driven by constitutive exposure of HSEC to the commensal
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microbiome®. Disruption of metabolic zonation occurs during parenchymal injury and cirrhosis,
whereby fibrosis and septum formation lead to portal hypertension and a “metabolism-perfusion

mismatch”, which contributes to hepatic dysfunction®.

1.5 Liver Cells

The most abundant cells within the liver are parenchymal cells, namely hepatocytes, which perform the
dominant roles of the liver®. There are also several types of non-parenchymal cells, which collectively
represent around 40% of all liver cells but only 6.3% of the total liver mass, including HSEC, KCs,
HSCs, biliary epithelial cells (BEC) and liver-resident lymphocyte populations'® ?'. These cell types
regulate liver function and control the microenvironment®. There is considerable crosstalk between
parenchymal and non-parenchymal cell types, including exchange of materials, ligand-receptor

interactions and signal transduction, which is critical for maintaining liver function and homeostasis®"

70

1.5.1 Parenchymal Cells

Hepatocytes are the principle parenchymal cell type, comprising approximately 60% of the total liver
cells and roughly 78% of the total liver volume®'. Hepatocytes are polarised cuboidal-shaped epithelia
with large basolateral surfaces and a small apical surfaces, linked by tight junctions, which form bile
canaliculi*’ (Figure 1.2). They are biochemical powerhouses, possessing abundant mitochondria,
endoplasmic reticulum and microsomal enzymes which are crucial for liver function’'. Hepatocytes
have nuclei with round dispersed chromatin and prominent nucleoli’'; they are often multinucleate with
as many as 30-40% displaying polyploidy in adult human liver’?. Generally quiescent under steady state
conditions, hepatocytes have a lifespan of around five months and can proliferate following injury,

facilitating self-renewal and repair’” "> ",

1.5.2 Non-parenchymal Cells

Non-parenchymal cell types reside in close proximity to hepatocytes (Figure 1.2) and have key roles in
both physiology and pathogenesis. The most abundant non-parenchymal cell type (~ 45%) are HSEC,
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which represent approximately 5-20% of all liver cells but only around 3% of the total liver volume'®
! Hepatocyte chords are flanked by HSEC which line the hepatic sinusoids (Figure 1.2); these are
highly specialised discontinuous endothelia that form a unique barrier between the bloodstream and the
parenchyma. There are several structural features of HSEC which facilitate their function, including
their lack of basement membrane, presence of fenestrations arranged in sieve plates, and expression of
numerous endocytic and scavenger receptors>* > 7. Collectively, these features render HSEC the most
permeable endothelial cells, with the most powerful scavenging capacity, in the mammalian body. Thus,
HSEC facilitate fluid and nutrient exchange which is crucial for maintaining metabolic homeostasis and
sustaining hepatic function. HSEC also play an essential role in hepatic immune responses, acting as
gatekeepers and regulating the immune microenvironment during homeostasis and inflammation by
orchestrating leukocyte recruitment’ ”’. The physiological and pathophysiological roles of HSEC in
maintaining homeostasis and influencing the inflammation-cancer axis have been extensively

reviewed’.

Hepatic stellate cells (HSCs), also known as pericytes or Ito cells, represent 5-8% of liver cells®' and
reside within the space of Disse between the sinusoidal endothelium and the hepatocytes (Figure 1.2).
These astral-like cells envelop the sinusoids via extension of long dendritic processes. HSCs are a major
source of retinoids, storing 50-80% of the body’s vitamin A in the form of retinyl palmitate within
cytoplasmic lipid droplets™ . They are also contractile cells expressing alpha smooth muscle actin
(aSMA), and their positioning around the sinusoid exterior allows them to regulate hepatic blood flow
in response to paracrine signals from neighbouring cells** *'. Whilst HSCs maintain normal tissue
architecture by controlling extracellular matrix (ECM) turnover, they are a major contributor to fibrosis,
undergoing transformation into aberrant fibrogenic myofibroblasts in response to chronic inflammation

and injury®.

BEC, or cholangiocytes, line the bile ducts and represent 3-10% of liver cells’'. They are less
metabolically active than hepatocytes, yet still have some metabolic functions including bicarbonate

synthesis®’. Cholangiocytes are responsible for modification of primary bile, produced by hepatocytes,
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by secreting water, bicarbonate and cations that represent around 30% of the total bile volume’'. These

cells are also the target of immune-mediated cholestatic diseases PBC and PSC.

1.5.3 Immune Cells

KCs are the self-renewing tissue-resident macrophages which permanently reside within the hepatic
sinusoids (Figure 1.2) and represent around 2.1% of the total liver mass?'. They act as immune sentinels,
sensing and responding to danger signals following parenchymal injury®®. KCs express an array of
pattern recognition (PRR) and scavenger receptors (SR) meaning they can recognise a variety of food-
and microbial-derived antigens. KCs are also part of the reticuloendothelial system which is responsible
for removal of spent erythrocytes, playing a key role in haemoglobin metabolism and excretion in the

form of bilirubin' %,

There are also several liver-resident lymphocyte populations, which are phenotypically and functionally
distinct from circulating lymphocytes, and have roles in both health and disease® %°. Many of these
liver-resident cells express adhesion molecules such as CD44, CD103 and CD49a, which aid tissue
retention, and lack lymphoid homing markers (e.g. CCR7 and CD62L) and tissue egress receptors (e.g.
sphingosine-1-phosphate receptor and CD69)**. Natural killer (NK) cells are enriched in the liver
representing 1% of the total liver mass’'. These are innate cells important for immune surveillance and
they mediate immune responses towards virally-infected or cancerous cells. Similarly, NKT cells, which
share properties of NK cells and T lymphocytes, localise within the hepatic sinusoids and elicit a
patrolling phenotype®®. Together, NK and NKT cells constitute approximately 50% of total intrahepatic
lymphocytes®. Type I NKT cells, also known as invariant NKT (iNKT) cells, possess a semi-invariant
T cell receptor (TCR), whilst type II NKT cells express a variable TCR. Liver-resident B cells are
thought to account for up to 8% of the total lymphocyte population, whilst there are also populations of
conventional and non-conventional T lymphocytes that serve as frontline defenders but have also been
implicated in CLD. These include memory CD8" T cells, y8 T cells (3-5% of total liver lymphocytes),

innate lymphoid cells (ILCs) and mucosal-associated invariant T (MAIT) cells®.
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1.5.4 Cell-cell Crosstalk in Homeostasis

The parenchymal structure and its spatial organisation with respect to non-parenchymal liver cells
facilitates the co-operative interactions between cell types (Figure 1.2). Material exchange between the
portal circulation and the parenchyma is mediated by HSEC, due to their fenestrated and endocytic
phenotype, allowing hepatocyte oxygenation and uptake of macromolecules. Liver cells remain in close
proximity via receptor-ligand interactions. For example, stromal-derived factor 1a. (SDF1a) released by
HSC interacts with chemokine receptor CXCR4 on HSEC, whilst HSEC secrete platelet-derived growth

factor B (PDGFp) which binds to HSC PDGFRB°1,

Juxtacrine and paracrine signalling also plays a key role in facilitating cell-cell crosstalk. The well-
organised ECM provides a structural and biochemical environment for this communication to occur and
contributes to cellular programming. For instance, release of vasoactive mediators from neighbouring
hepatocytes and HSEC impact HSC contractility, which is key for regulating vascular blood flow within
the sinusoids’® 2. Specifically, HSEC respond to shear stress by producing nitric oxide (NO), via
activation of transcription factor Kriippel-like factor 2 (KLF2) and subsequent stimulation of endothelial
nitric oxide synthase (eNOS) activity”®. Simultaneously, KLF2 activation downregulates expression
of vasoconstrictive mediators, such as endothelin 1 (ET-1)’, and collectively, these effects act on HSC
to maintain their quiescence and promote vasodilatory responses’’. Concomitantly, the HSEC phenotype
is maintained by vascular endothelial growth factor (VEGF), released by hepatocytes and HSC, in a

paracrine 1’1’1211’11’161'98 .

Following liver injury, hepatocytes release factors which influence surrounding cells, including
transition of quiescent HSCs into myofibroblast-like cells and activation of KCs, which recognise
danger-associated molecular patterns (DAMPs)*. Equally, hepatocytes are regulated by mediators
released from non-parenchymal cells during both homeostasis and pathophysiology. For instance, HSEC
and HSCs release growth factors (e.g. hepatocyte growth factor (HGF)) that can mediate hepatocyte
proliferation and regeneration, whilst KCs produce enzymes and cytokines that may damage hepatocytes

during liver injury and inflammation®**2,
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1.6  Liver Immunology

Although the primary functions of the liver are not traditionally considered to be immunological, it has
been proposed as an immune organ, since the liver performs many essential immune tasks including
induction of tolerance, immune surveillance, and the ability to mount effective immune responses'® **:
1% The liver is home to a significant proportion of all tissue-resident immune cells, whilst hepatocytes
are responsible for production of 80-90% of innate immunity proteins (e.g. acute-phase proteins and
complement) in the circulation® '°'. Furthermore, due to its anatomical location and dual blood supply,
the liver is ideally positioned to screen the blood for toxic agents and gut-derived pathogens. Moreover,
the liver is uniquely equipped with the immune machinery to induce both tolerogenic and immunogenic
responses, which result from the complex interactions between liver-resident immune sentinels and
recruited leukocyte populations. The balance between tolerance and immunity is not only essential for

liver function but also impacts the fate of liver injury — resolution and maintenance of homeostasis or

persistence and chronic inflammation.

1.6.1 Immune Tolerance

Although the liver forms a barrier against harmful gut-derived toxins and pathogens, the portal blood
supply is also a source of harmless foreign molecules, such as food and commensal microbial antigens.
Thus, the liver remains immunotolerant and anti-inflammatory by default, so as not to initiate constant
inappropriate immune responses. The maintenance of liver-mediated immune tolerance requires

complex interactions between hepatocytes, non-parenchymal cells and immune cells.

Both professional and non-professional antigen presenting cells (APCs) contribute to the maintenance

of immune tolerance'®?

. KCs and HSEC are poor activators of the adaptive immune response under basal
conditions, which is attributed to insufficient co-stimulation, low level expression of major
histocompatibility complex (MHC) and constitutive production of anti-inflammatory cytokines such as

IL-10"%1% HSEC express both MHC class I and MHC class II, meaning they are capable of antigen

cross-presentation to CD8" T cells as well as priming of naive CD4" T cells''*'"? (Figure 1.5). T cell
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tolerance is actively induced by HSEC expression of programmed death ligand 1 (PD-L1), which
engages inhibitory receptor programmed cell death protein 1 (PD-1) on T cells to elicit alternative
activation'% "' 113-114 ‘Strikingly, HSEC cross-present soluble antigen more proficiently than dendritic
cells (DCs), although this is limited to a short time frame due to their superior transcytotic transport'®*
15 HSEC presentation of a cognate antigen fails to stimulate cytotoxic effector responses and cytokine
production despite inducing rapid T cell proliferation'®!'""- 1" Thus, antigen presentation by HSEC can
activate CD8" T cells, however these assume an anergic-like phenotype and lack their conventional cell
killing function. Despite their refractory phenotype, HSEC-primed CD8" T cells assume capacity for
memory, and are able to migrate to the lymph nodes where they can elicit immunogenic responses upon
re-stimulation in the presence of co-stimulatory molecules''®. This provides a mechanism whereby

quiescent CD8" T cells are not lost from the T cell repertoire but instead can offer protection in response

to future infectious injury.

Similar to HSEC induction of CD8" T cell tolerance, HSEC antigen presentation to CD4" T cells via
MHCII under steady state conditions results in transforming growth factor § (TGF)-mediated induction
of regulatory T cells (Tyg), which act to suppress immune responses''’. Indeed, it has been shown that,
in contrast to Ty, induced by professional APCs, HSEC-induced Ty, which lack transcription factor
Forkhead-Box-Protein P3 (FoxP3) are particularly immunosuppressive''®. In addition to their antigen
presentation capabilities, HSEC can also inhibit bystander T cell activity directly, via liver sinusoidal
endothelial cell lectin (LSECtin)'"’, and indirectly, via intercellular adhesion molecule 1 (ICAM1)

which impedes DC-mediated antigen presentation'’.

Liver dendritic cells (DCs) are also tolerogenic by default. Both CD11c" myeloid DCs (mDCs) and
CD123" plasmacytoid DCs (pDCs) are poor T cell activators when compared with DCs originating from
other tissues'?'"'*. This is thought to be due to anti-inflammatory cytokine secretion (e.g. IL-10), co-
inhibitory molecule expression (PD-L1), and lack of co-stimulatory molecules'*"'**. Ty2-type responses
are also favoured over Tu1-type responses due to DC-derived IL-10, suppressing cellular immunity and

driving T, differentiation'*. In mice, two additional DC populations have been identified, which
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display seemingly opposing responses. CD11¢"CD8" lymphoid DCs permit robust T cell activation
characterised by production of IL-12 and TNFa, and CD11¢'NK1.1" cytotoxic DCs drive efficient T
cell activation and elicit direct cytotoxic effects against cellular targets'?" ' 26, This diversity in the
liver DC population is thought to maintain the balance between tolerance and immunity.
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Figure 1.5: Antigen presentation by hepatic sinusoidal endothelial cells (HSEC) via major histocompatibility
complex (MHC) | and Il is an important mechanism for induction of immune tolerance within the liver.

Expression of programmed cell death ligand 1 (PD-L1) on HSEC induces tolerogenic memory CD8* T cells which
lack their cytotoxic properties, and regulatory CD4* T cells which produce immunosuppressive cytokine interleukin
10 (IL-10). HSEC can also directly inhibit dendritic cell (DC)-mediated antigen presentation.

Hepatocytes are also capable of antigen cross-presentation, priming naive CD8" T cells but failing to
provide survival factors'?” '*; this results in T cell deletion rather than expansion'®’. In addition,

hepatocytes can acquire MHCII during inflammatory states'*’, although the contribution of hepatocyte-

mediated CD4" T cell activation to local and systemic immune responses remains to be fully elucidated.

HSCs also have immunoregulatory capacity. Whilst the antigen presentation abilities of HSC remain
controversial, they are known to drive generation of tolerogenic indoleamine 2,3-dioxygenase (IDO)"
DCs"! and differentiation of myeloid-derived suppressor cells from circulating monocytes'*?. Inducible
expression of PD-L1 by HSCs can inhibit T cell responses via B7-H1-mediated apoptosis'**. HSC also
orchestrate induction of Ty, in the presence of DCs, which is likely mediated by retinoid metabolites'**.
Furthermore, inhibition of DC-mediated CD8" T cell priming is induced by HSCs via a CD54-dependent

mechanism'>’,
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The tolerogenic environment of the liver is exemplified by the relative success of liver transplantation

and the persistence of hepatotropic viruses which exploit the liver’s nature for immunosuppression.

1.6.2 Immune Surveillance

An increasing body of evidence suggests that the liver is a primary surveillance mechanism for
intravascular infections, contrary to the prevailing view that it is the spleen, which represents the
predominant first line of defence against blood-borne pathogens. In fact, there is considerable functional
redundancy of the spleen following splenectomy, aside from a handful of encapsulated bacteria'®. The
same cannot be said for the liver’s immune surveillance system, highlighting its pivotal role in host
defence and survival'**'*®, The capacity of the liver to identify and neutralise infectious agents is a
product of both liver anatomy (i.e. anatomical location and dual blood supply) and cellular composition
(Figure 1.2, Figure 1.6). Aside from housing the largest proportion of tissue-resident macrophages
(KCs)”, which contribute to the most expansive reticuloendothelial network in the body, the liver is also
enriched for NK and NKT cells. Collectively, the liver and immune sentinel cell populations residing

within it, are designed to maximise immune surveillance.

Natural killer cells, which represent around half of all liver-resident lymphocytes® '

, play a crucial
role in screening for infection and tissue pathology'”. In contrast to other immune sentinels, which
identify potential threats by searching for foreign antigens (i.e. PAMPs), NK cells recognise targets by
probing for absence of self”’. Both infected and cancerous cells downregulate antigen-presenting
machinery as a mechanism of immune evasion®. This absence of self is utilised by NK cells to target
pathological cells for destruction. Specifically, NK cells express activating and inhibitory receptors;
failure of self-molecules to interact with inhibitory receptors leads to NK cell activation and target

100

killing mediated by cytotoxic perforin and granzyme release’ . Despite the notion that NK cells are

innate lymphocytes, increasing evidence suggests they are capable of generating memory, resulting in

rapid and stronger responses following secondary viral infection'** '*!,
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The role of iNKT cells in immune surveillance has been well-established. The liver is home to the largest
proportion of iNKT cells which continuously patrol the sinusoids, even under basal conditions, and play
a key role in orchestrating immune responses™ '*. These cells form in the thymus as CD4 CD§
precursors, but develop into CD4'CD8" cells, randomly rearranging their TCRs which generally
recognise a selection of glycolipid antigens presented by CD1d'*. There are also iNKT cells of double-

negative origin which bypass the CD4°CD8" stage and elicit strong cytotoxicity towards tumour cells'**.

The first identified and most potent glycolipid antigen recognised by iNKT cells is a.-galactosylceramide
(aGalCer), an event which is conserved in mice and humans and leads to specific iNKT activation'*.
Liver iNKT cells express high levels of chemokine receptors CCRS and CXCR3 which are key for
directing iNKT cells in particular inflammatory states. Following TCR stimulation, iNKT cells have
rapid effector potential, owing to their activation in the absence of co-stimulation'*®. Their effector
functions resemble those of conventional cytotoxic T cells, yet their rapid responses suggest iNKT cells
are an important component of innate immunity'*” '**. Indeed, iNKT cells can rapidly release a
combination of pro-inflammatory and anti-inflammatory cytokines depending on the stimulus, type of
antigen presenting cell (APC), and cytokine milieu, demonstrating their role in shaping the immune
microenvironment®” %1% Specifically, KC presentation of bacterial glycolipids to iNKT cells initiates

137 whilst recognition of endogenous glycolipid self-

release of pro-inflammatory interferon y (IFNy)
antigens from dead cells drives an anti-inflammatory regenerative response characterised by interleukin

4 (IL-4) production and hepatocyte proliferation'®.

Similar results have also been shown for HSCs pulsed with aGalCer'*'. HSCs can release IL-15 which

31 NKT cells can also be activated by hepatocytes'**, which

drives proliferation of activated NKT cells
release IL-4, in contrast to DC-activated NKTs which predominantly display an IFNy-mediated
response' . Interestingly, IFNy release was only possible in the presence of exogenous IL-12 following
hepatocyte presentation, in contrast to HBV-infected hepatocytes which were able to initiate an IFNy

response in isolation'** 134,

18



In addition to NK and NKT cell populations, CD8" T cells actively patrol the sinusoids by crawling
along the endothelium and extending cell processes through endothelial fenestrations in search for
infected hepatocytes®” 2°. Following recognition of a cognate antigen, these cells firmly adhere to the
hepatocyte and directly kill the infected cell in a diapedesis-independent manner®®. Furthermore, HSEC
can cross-present antigens from virally-infected hepatocytes, stimulating TNFa release from cross-
primed effector cytotoxic T lymphocytes (CTL) and subsequent caspase-mediated killing of infected

hepatocytes'>.
1.6.3 Immunogenic Responses

The liver appears to be the most dominant organ at responding to infections with the exception of a few
encapsulated bacteria. Consequently, most liver failure patients die primarily of infection due to
defective liver-mediated immune responses. The liver can mount an innate immune response within
seconds of exposure to blood-borne pathogens; this occurs via several mechanisms which are outlined

below (Figure 1.7).

Due to its positioning directly downstream of the gut, the liver is constantly exposed to pathogen-derived
molecules, such as lipopolysaccharide (LPS)'*®. Additionally, in the case of intestinal epithelial damage,
whole intact pathogens can translocate and gain access to portal blood'*’. Whilst some translocated
pathogens drain to the mesenteric lymph nodes via the lymphatic system'*®, the majority bypass classic
immune sentinel tissues and are delivered to the liver via the portal system. The low blood flow within
the hepatic sinusoids (roughly half that of other capillary beds) not only allows sufficient time for
nutrient and solute exchange to occur, but also maximises the contact between the blood and KC/HSEC

to facilitate immunological filtration®"'%.
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Figure 1.6: Immune surveillance in the liver is facilitated by its anatomy and dual blood supply, along with
its enriched populations of innate and adaptive immune cells.

Along with housing the largest population of tissue-resident macrophages (Kupffer cells, KCs) which screen the
blood for foreign antigens, the liver is also home to many NK and NKT cells which actively patrol the sinusoids in
search of the absence of self. This is a characteristic of both virally-infected and malignant hepatocytes, which
downregulate antigen presentation machinery in attempt to evade the host immune system. CD8* T cells also play
an active role in hepatic immune surveillance, crawling along the endothelium and probing for virally-infected cells
by extending cell processes through endothelial fenestrations. Hepatic sinusoidal endothelial cells (HSEC) also
contribute to anti-viral responses, releasing interferons (IFN) which inhibit viral replication following recognition of
viral particles by intracellular toll-like receptors (TLRs).

KCs represent around 35% of non-parenchymal liver cells and 90% of all tissue-resident macrophages”.
They are tasked with the discrimination of a few pathogens, amongst the millions of blood cells, and
subsequent capture of these pathogens under flow conditions. Whilst complement receptors (e.g. CR1-
4) recognise opsonins such as C3b on the pathogen surface, only complement receptor of the
immunoglobulin superfamily (CRIg) is able to bind C3b and inactivated C3b under conditions of shear
stress'** 1% 10 CRIg also acts as a PRR, meaning KCs can capture circulating gram-positive bacteria

via direct binding to lipoteichoic acid in the absence of complement'®'.

Both KCs and HSEC also express a plethora of scavenger receptors and PRRs which allow them to bind,
detect and internalise pathogens and pathogen-associated molecules'®*'®. For instance, dietary LPS is
cleared by the liver via recognition by TLR4 on KC and HSEC'®?. Indeed, LPS concentration drops 100-
fold between portal blood and peripheral venous blood'*®. Despite induction of tolerogenic responses

following exposure to low level LPS, KCs and HSEC are able to drive T cell activation in the presence
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of high antigen concentrations'®* '

via enhanced TCR signalling, or in the presence of other pathogen-
associated molecular patterns (PAMPs) which are recognised by PRRs (e.g. TLR3/9)'% ' These
receptor-ligand interactions drive activation of KCs and HSEC, leading to phagocytosis (or receptor-

mediated endocytosis in the case of HSEC) and/or release of cytokines and chemokines, which facilitate

leukocyte recruitment and allow neutralisation of microbial threats.

Another mechanism by which the liver rapidly targets invading pathogens for destruction is the
formation of neutrophil extracellular traps (NETs)'®’. In response to pathogen invasion, neutrophils and
platelets are rapidly recruited to the infection site within minutes of exposure, as has been demonstrated
in elegant intravital microscopy studies'®'”’. Platelet aggregation on the neutrophil surface drives the
formation of NETs within the sinusoids'®® '®’. NETosis is the process whereby neutrophils release webs
of decondensed nuclear DNA containing several cytotoxic and antimicrobial molecules, including
histones, neutrophil elastase, defensins and lysozymes'®’. These NETs ensnare bacteria and viruses in

the bloodstream and act to limit pathogen dissemination'®”'%.

Cellular debris and immune complexes also undergo clearance in the liver. Hepatocytes, KCs, HSCs,

71175 whilst KCs are known to remove activated

and BEC have all been shown to clear apoptotic cells
neutrophils and platelets from the circulation'’®'”7. Small circulating immune complexes are cleared
predominantly by HSEC via Fcy receptor IIb (CD32b)'™® '™ whilst larger complexes are removed by
KCs'®-'¥! Nevertheless, HSEC have previously been shown to internalise macromolecules up to 1 um

in diameter, via their array of scavenger receptors'®> '®2. These processes are essential for initiating

resolution of inflammation and maintaining homeostasis.

Although not traditionally classed as a secondary lymphoid organ, the liver represents an environment
which fosters development and function of adaptive immune responses (Figure 1.7). Numerous liver
cells are capable of antigen presentation, including KCs, HSEC, hepatocytes and BEC, as well as DCs
and macrophages'®® '**. This, paired with the capacity for rapid recruitment of immune cells, makes the

liver a key organ in which adaptive immune responses are initiated. Under steady state conditions, the
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liver’s default response is immunotolerance, which allows expansion of cognate T lymphocytes but
prohibits cytotoxic effector functions. Liver-resident cells sustain immune hyporesponsiveness by
functionally suppressing the adaptive immune response'®’- '2!- 13- 128 However, following phagocytic
engulfment of pathogens in the presence of several PAMPs (e.g. TLR3/9 ligands) and/or inflammatory
cytokines, KC antigen presentation is a key step in driving an immunogenic response and robust T cell
activation'® ', As mentioned previously, KCs are also potent activators of iNKT cells following
bacterial capture by antigen presentation via CD1d"’. Furthermore, HSEC are capable of mounting
effective CTL responses in the presence of high antigen concentrations'®, mediated by strengthened T
cell receptor (TCR)-MHC signalling and IL-2 release which overcomes the PD1-PD-L1 signalling

axis'®.

B cells also comprise an important arm of the hepatic adaptive immune system. These antibody- and
cytokine-producing cells are usually found within the spleen and secondary lymphoid tissues, yet liver-
resident B cells comprise up to 8% of the hepatic lymphocyte population. Futhermore, the expansion of
B lymphocytes during immune-mediated liver disease is thought to contribute to pathogenesis'®*.
Specifically, B lymphocytes have been shown to form tertiary lymphoid structures, in which cell
aggregates mimic B cell follicles commonly observed in secondary lymphoid tissues. These structures
have been associated with chronic inflammatory liver diseases, particularly PBC and PSC, but also

during viral hepatitis'®>'®7,

Hepatocytes are also known to play important roles in both innate and adaptive immune responses. They
express PRRs, as well as MHC and costimulatory/adhesion molecules, many of which are polarised to
the basolateral surface to enhance their potential for lymphocyte interaction and activation?: 125 188 189,
Futhermore, hepatocytes express cytoplasmic viral RNA receptors, melanoma differentiation-associated
protein 5 (MDA-5) and retinoic acid-inducible gene-I-like receptor (RIG-1)""" !  with the latter
necessary for initiating immune responses towards HCV infection'®?. Both hepatocytes and HSEC

express nucleotide-binding and oligomerization domain (NOD)-like receptors which also reside in the

cytoplasm and detect bacterial cell wall components'** '**. Ligation of these receptors results in pro-
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inflammatory cytokine production, thus, these PRRs play a key role in detection and neutralisation of
intracellular viral and bacterial infections. Hepatocytes are also capable of direct antigen presentation to
naive T cells via physical interactions mediated by ICAM1 and MHC?*'*>'%® Although there is strong
evidence in support of hepatocyte-mediated T cell activation, its role in the wider context of host
immunity remains to be defined given the presence of more dominant APCs within the liver.
Nevertheless, hepatocytes produce the majority of soluble innate immunity proteins, including acute-
phase proteins and complement, which represent an evolutionarily conserved first line of defence against
pathogens'*"-"**2% For instance, C-reactive protein and complement proteins, C3 and mannose-binding
lectin, bind to microbial surfaces, alerting the immune system to potential pathogens and accelerating
phagocytosis®*?°'. Release of these soluble innate immune proteins into the systemic circulation means
the hepatocyte not only plays a role in local immune responses in the liver, but also immune defence at

distal sites within the body.
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Figure 1.7: The liver is a critical immunological organ capable of mounting both innate and adaptive
immune responses.

These are mediated by the (A) Kupffer cells (KC) and (B) hepatic sinusoidal endothelial cells (HSEC) which
comprise the reticuloendothelial system, (C) hepatocytes themselves, and (D) recruited immune cell populations.
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1.7  Liver Repair and Regeneration
1.7.1 Mechanisms of Repair

Following insult or injury, the liver coordinates a rapid response to restore tissue integrity and
homeostasis. This wound repair response involves a complex interplay of several cellular and
extracellular components, including liver-resident cells, immune cells, the coagulation cascade and

inflammatory signalling pathways. Several of these reparative mechanisms are discussed briefly below.

The initiation of a repair response first requires detection of the injurious stimuli, such as an invading
pathogen or metabolic insult. These are sensed by immune sentinels of the liver, including KCs and
HSEC, via detection of PAMPs or DAMPs®** 1210 Subsequent KC and HSEC activation results in
release of inflammatory cytokines and chemokines which recruit immune cells, shaping the liver

microenvironment and acting to neutralise the threat™

. Following removal of the insult, activated
immune cells undergo cell death and, together with damaged or dead cells resulting from the initial
injury, are removed by professional and non-professional phagocytes in a process called efferocytosis.

This is important for limiting collateral host cell damage and initiating tissue repair' "> %>, Damaged

tissue is replaced either by cell proliferation and migration or expansion of liver progenitor cells.

Several factors are released by liver cells which contribute to the reparative process. KCs promote
hepatocyte regeneration through production of TNFa and IL-67"2%_ Angiogenesis, or formation of new
blood vessels, is driven primarily by VEGF and fibroblast growth factor 2 (FGF2), but also from
recruitment of bone marrow-derived endothelial progenitor cells. Indeed, CXCR7" bone marrow-
derived progenitor cells of the sinusoidal endothelium are recruited following liver injury or partial
hepatectomy and drive liver regeneration, a response which is thought to be mediated by VEGF-SDF 1o
signalling?®®. HSEC are also known to regulate hepatocyte regeneration via the CXCR7-Id1 pathway
and release of HGF and Wnt2?”’. Further, HSC activation results in their differentiation into contractile

myofibroblasts, which secrete ECM components such as collagen, and contribute to tissue repair. NK
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cells also play a role in tissue resolution, directly killing senescence-activated HSCs and prohibiting

excess fibrogenic HSC activity®’.

Macrophages are known to play an important role in tissue repair since their depletion results in delayed
regenerative responses and decreased hepatocyte proliferation’”®. However, their phenotype and
functions are temporally distinct depending on the stage of tissue inflammation and repair, as has been
shown by ablation of macrophages at various time points following liver injury*”. Specifically,
macrophages are thought to contribute to excess scarring and myofibroblast activation during the
fibrogenic phase, whilst co-ordinating resolution mediated by matrix degradation during the tissue
remodelling phase. Recent work in mice has characterised a pro-resolution macrophage phenotype
(Ly6C °CCR2"°CX;CR1™) whose role in fibrosis resolution is imperative. These cells have been shown
to drive downregulation of CCL3 secretion, removal of lipid peroxidation products such as oxidised
LDLs via stabilin-1, and degradation of scar tissue via matrix metalloproteinase 13%'°?'3. Aberrant
wound healing responses result in excess ECM deposition, scar formation and distortion of tissue

architecture known as fibrosis, which is a common feature of most chronic liver diseases.

1.7.2 Mechanisms of Regeneration

Generally, tissue regeneration following injury encompasses three main mechanisms: (i) replication of
existing cells; (ii) proliferation and differentiation of stem/progenitor cells; (iii) transdifferentiation or
dedifferentiation from one cell type to another’’. During homeostasis, cellular turnover in the liver is
low with most hepatocytes (98-99%) residing in a quiescent state’ ™. Following injury, however, the
liver is an organ with remarkable regenerative capability, owing to its resident stem cell and progenitor

populations and the proliferative capacity of hepatocytes in response to insult’.

In response to partial hepatectomy (up to 70%), the liver can rapidly regenerate to its original volume
through cellular hypertrophy and proliferation®”?'*. Recently, genetic labelling was used to show that
most hepatocytes descend from pre-existing hepatocytes during regenerative responses, following

various types of injury’'”. Alternatively, the facultative stem cell hypothesis proposes that stem cell
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populations are utilised for regeneration following non-surgical injury’’. These facultative stem cells,
also known as oval cells, are thought to originate from the canal of Hering, which is found at the interface
between the hepatocyte-lined canaliculi and the BEC-lined bile ducts. Oval cells emerge, in a process
known as ductular reaction, following experimental hepatocarcinogenesis or toxin-induced injury®'®2'®,
Their positioning in close proximity to the bile ducts, along with the fact they have a combination of
BEC and hepatocyte characteristics, has led researchers to assume oval cells arise from BEC*'**2,
However, their ability to differentiate into hepatocytes and overall contribution to liver regeneration

remains controversial®’.

Conversely, there is also evidence to support transdifferentiation or reprogramming of hepatocytes into
BEC, which is frequently associated with toxin-induced biliary injury***~?. This process is thought to
be mediated by the Notch pathway, with constitutive Notch signalling conferring an identity switch from
hepatocyte to BEC?* ?**. Notably, ductal expansion is also polarised, with reprogramming being
concentrated in periportal hepatocytes™; this suggests centrilobular hepatocytes do not receive
transdifferentiation cues, either due to lack of initiating signal or presence of endogenous inhibitors of
this plasticity. Specifically, HGF and epidermal growth factor (EGF) have been implicated in biliary
reprogramming®’, as has the Hippo (YAP/TAZ) pathway whose dysregulation is considered a key

contributor to liver tumourigenesis®** ",

The generally accepted consensus for hepatocyte regeneration is that under homeostatic conditions
repopulation of the hepatic niche is achieved through self-replication of hepatocytes®'**'>. However, in

the case of CLD, where proliferative capacity of hepatocytes is often impaired, ductular reaction

prevails®'.

1.8  Liver Pathophysiology
1.8.1 Liver Injury

Due to its anatomical location at the interface between the systemic and portal venous circulation, the

liver is exposed to a vast array of noxious substances, and is thus susceptible to substantial insult and
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injury. In particular, the liver is the first port of call for gut-derived microbial and xenobiotic substances,
acting as a sentinel which often renders the liver vulnerable to extensive damage. There are several types
of liver injury which can be categorised by their temporal nature (acute vs. chronic) and principal site

of injury (hepatitis vs. cholestasis)”’.

Acute hepatitis (liver inflammation) is generally characterised by jaundice, loss of appetite, vomiting,
diarrhoea, fatigue and abdominal pain, and can often be self-resolving following removal or
neutralisation of the inflammatory insult. When hepatic homeostatic processes are overwhelmed, usually
due to persistent infection or drug-induced toxicity, acute hepatitis can progress to acute liver failure. In
contrast, chronic hepatitis arises following persistent hepatic injury over many years, often leading to
liver failure following progressive damage which disrupts ~70-80% of hepatocyte function®’. Acute-on-
chronic liver failure can also occur in some cases, and is defined by acute hepatic decompensation, along
with persistent inflammation and immune dysfunction, which drives a systemic inflammatory response

that can predispose patients to developing sepsis>~.

Cholestasis is the accumulation of bile within the liver, which occurs due to a reduction or blockage of
bile flow, and shares several clinical features with hepatitis. However, whereas hepatitis and subsequent
hepatocyte death is diagnosed clinically by elevated transaminases ALT and AST, cholestasis is
diagnosed by the presence of bilirubin in the bloodstream. Cholestasis occurs due to bile duct damage
or obstruction, which in the acute setting is most commonly caused by gallstones. However, chronic
cholestasis usually arises due to diseases which target the BEC, including PBC, PSC or biliary atresia.
Since bile acids can have a toxic effect at high concentrations, hepatocyte damage and hepatitis are often

secondary consequences of chronic biliary obstruction.

The initial trigger of liver injury can take a variety of forms, originating from genetic mutations, chronic
viral infection, immune-mediated tissue damage or metabolic insult. For instance, congenital liver
conditions such as Wilson’s disease and alpha-1 anti-trypsin deficiency are caused by mutations in the
ATP7B and SERPINA]I genes, respectively. Whilst Wilson’s disease is caused by inefficient removal of
copper by the liver, alpha-1 anti-trypsin deficiency predisposes sufferers to both liver and lung disease
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along with vasculitis and skin problems. Virus-specific immunity during chronic infection with
hepatotropic viruses HBV and HCV is simultaneously responsible for viral clearance and non-
cytopathic immune-mediated hepatocyte destruction'®. In non-alcoholic steatohepatitis (NASH) and
alcoholic liver disease (ALD), hepatocyte death occurs following metabolic insult due to lipotoxicity
and toxic alcohol metabolites, respectively. Although there are a number of key clinical features and
initiating triggers which relate to specific aetiologies, CLD follows a common progressive pathway
(Figure 1.8) comprised of several pathophysiological processes, including sinusoidal capillarisation and
endothelial dysfunction, inflammation, fibrosis, cirrhosis, and hepatocellular carcinoma. These

processes are outlined in more detail below.
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Figure 1.8: The pathophysiological progression of liver disease.

Acute or chronic liver injury, induced by various noxious stimuli, elicits liver inflammation which if unresolved can
progress to fibrosis and/or liver failure. Liver inflammation is underpinned by both endothelial dysfunction and
sinusoidal capillarisation, which drives leukocyte recruitment to further exacerbate inflammation, and also hepatic
stellate cell (HSC) activation which pre-disposes fibrogenesis. Cirrhosis is the most common risk factor for
development of hepatocellular carcinoma (HCC) which may then metastasise to distal sites within the body. The
liver is also a frequent site of secondary tumour development, particularly colorectal cancer, due to its anatomical
positioning and dual blood supply.
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1.8.2 Sinusoidal Capillarisation and Endothelial Dysfunction

It is generally well-accepted that endothelial dysfunction precedes both inflammation and fibrosis, a
process which persists throughout advanced cirrhosis, since HSEC often represent the first liver cell
population exposed to toxic stimuli******. As discussed above, HSEC play an important role in hepatic
homeostasis via their interactions with both circulating and liver-resident immune cells and their ability
to maintain HSC quiescence in response to shear stress”’. For HSEC to carry out their homeostatic
physiological function they must maintain their differentiated phenotype. Sinusoidal capillarisation is
triggered by hepatic injury and refers to the process in which HSEC lose their fenestrated morphology
and adopt a more “capillary-like” phenotype. This process is associated with basement membrane
synthesis, loss of GATA4-dependent signals and sinusoidal markers liver/lymph node-specific
intercellular adhesion molecule 3-grabbing non-integrin (L-SIGN) and lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE-1), and upregulation of CD31 and vascular cell adhesion molecule 1

(VCAM-1)7"2%,

Endothelial dysfunction is analogous with capillarisation, leading to HSC activation which is considered
an initiating fibrogenic event’”*®, Defective HSEC NO pathways lead to induction of vasoconstriction
and increased intrahepatic resistance, and despite an increased expression of KLLF2 in cirrhotic livers in
attempt to overcome this dysfunction, this compensatory mechanism is insufficient in preventing portal
hypertension®®**"%*_ This is supported by the therapeutic benefit of restoring the NO pathway in rodent
models of cirrhosis, via the administration of statins, sildenafil, and soluble guanylate cyclase activator
BAY-60-2770%% 3242 Indeed, perturbed mechano-sensing by HSEC is a hallmark of CLD, driving
alterations in hepatic blood pressure and liver stiffness soon after hepatic injury**-**>. Not only does
increased matrix stiffness drive HSC activation®*’, but HSEC mechano-transduction, via PIEZO
channels and Notch-dependent HES1/HEY1 nuclear translocation, results in CXCL1-mediated
neutrophil recruitment and subsequent microthrombus formation through the production of NETs*’.

This was thought to further exacerbate portal hypertension and microvascular dysfunction in murine

models.
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Capillarisation of HSEC is a key feature of chronic liver disease and is one of the several underlying
mechanisms of liver pathophysiology. HSEC acquire a distinct fenestrated morphology by 20 weeks of
gestation which is dependent on the transcription factor GATA4*** ¥ These fenestrations allow the
passage of metabolites, plasma proteins and lipoproteins whilst retaining erythrocytes, leukocytes and
platelets within the sinusoids***. Several factors produced locally are responsible for the maintenance of
the HSEC differentiated phenotype, the most well-studied of which is VEGF, released from hepatocytes,
cholangiocytes, HSC and HSEC themselves’® ?®. Other paracrine factors have also been suggested to
regulate the HSEC phenotype, including bone morphogenic protein 9 (BMP-9), produced primarily by
HSC. In murine models, BMP-9 was shown to maintain both fenestrations and vascular quiescence, and
genetic deletion of BMP-9 drove HSEC capillarisation and perisinusoidal fibrosis. Following
fenestration loss, nutrient exchange and metabolic homeostasis is impaired which can further exacerbate
inflammation and hepatotoxicity. Furthermore, T-cell-mediated immune surveillance is also impaired
following HSEC capillarisation, limiting the neutralisation of virally-infected hepatocytes and/or

promoting HCC development by allowing persistence of malignantly-transformed hepatocytes" .

1.8.3 Fibrosis

Following cellular stress due to lipotoxicity, accumulation of toxic alcohol metabolites, or the presence
of hepatotropic viruses, DAMPs released into the microenvironment by damaged hepatocytes are sensed
by the innate immune system, predominantly by KCs which lie in close proximity within the sinusoids.
Activated KCs then release a concoction of cytokines and chemokines, leading to HSEC activation and
recruitment of immune cells from the circulation. Amongst these immune cells are CCR2" pro-
inflammatory monocytes which migrate to the parenchyma, differentiate into macrophages, and regulate

inflammation resolution and tissue repair.

Fibrosis is an aberrant wound healing response characterised by excessive deposition of ECM and
increased tissue stiffness, which distorts the liver architecture and impairs its function (cirrhosis). The
major producer of ECM proteins and therefore the main driver of liver fibrosis is the HSC, which when
activated assumes a proliferative myofibroblast phenotype. Fibrogenesis enhances VEGF production by
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hepatocytes, cholangiocytes and HSC themselves, activating HSC directly, but also stimulating
angiogenesis which is a known driver of liver fibrosis. HSEC which have undergone capillarisation

begin to produce pro-fibrotic TGFp, further perpetuating the cycle of HSC activation and fibrosis.

The recruitment of various immune cells subsets during chronic liver inflammation can have both
protective and detrimental effects in the context of fibrosis. For instance, NKT cells have been shown
to promote inflammation and fibrosis in liver injury models, in part due to their production of pro-
fibrogenic factors including osteopontin and hedgehog ligands*. In contrast, CCR6" v& T cells
accumulate during liver injury and are considered protective, due to their induction of HSC apoptosis
and their production of IL-17 which has been shown to downregulate NKT cell function®'. It is possible
for fibrosis to regress provided that the fibrogenic stimulus is removed and the liver switches to a pro-
resolution microenvironment. This process is mediated by tissue-resident and monocyte-derived
macrophages which stimulate hepatocyte regeneration, via IL-6 and TNFa production, and secrete
matrix metalloproteinases (e.g. MMP13) that degrade ECM proteins. In many cases of CLD, however,
fibrosis progresses to an irreversible stage, with an extremely high risk of developing HCC and only

very limited treatment options.

1.8.4 Senescence

Senescence has also been identified as a key contributor to CLD and HCC pathogenesis. Cellular
senescence is defined as an irreversible state of cell cycle arrest in which cells cease to proliferate but
remain metabolically active’. Senescence is a physiological process which occurs during development,
where megakaryocytes, placental NK cells and the syncytiotrophoblast undergo senescence as part of
their normal maturation®>*°, Senescence is also an important mechanism for maintaining homeostasis
in response to cellular injury, but can become pathological and contribute to tissue damage or

tumourigenesis if dysregulated.

Senescence is considered a double-edged sword in that it can elicit both beneficial and deleterious effects

in a context-dependent manner. It is a process thought to occur in response to cellular stress, such as
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DNA damage or mutation, acting as a protective mechanism which prevents proliferation of altered cells
that could give rise to further injury or cancer. This is supported by the notion that tumourigenesis arises
from cells that have escaped senescence, and alterations in senescence effectors, such as p53, are
frequently observed in tumours of numerous tissue types. Moreover, mice deficient in p53, p21 or p16
develop spontaneous tumours and also display enhanced susceptibility to carcinogen-induced

tumourigenesis®*>**,

On the other hand, the persistence of senescent cells contributes to chronic low-level inflammation
associated with ageing (“inflammageing”) and is pro-angiogenic and pro-metastatic, thereby driving
tumour progression and invasion. Indeed, cellular senescence is increased in both ageing and chronic
inflammatory disease, which is thought to be attributed to the combined effect of accumulation of
deleterious mutations and impaired senescent cell clearance mechanisms. Generally, acute self-
resolving senescence is considered beneficial, promoting tissue regeneration and acting as a fail-safe
mechanism against tumourigenesis. However, the effects of chronic senescence on the tissue

microenvironment are insidious, promoting local and systemic inflammation and carcinogenesis.

In the case of the liver, several pivotal studies have implicated a key role for senescence in disease
pathogenesis. Despite acquisition of some senescent markers with ageing, hepatocyte senescence is
strongly induced during both acute and chronic liver injury. Following paracetamol-induced liver
damage, hepatocytes display positivity for senescence-associated [3-galactosidase (SA-B-Gal), p21 and
gamma-H2A histone family member X (YH2A.X) and induce paracrine senescence via a macrophage-
derived TGFB1-dependent mechanism”>. Furthermore, hepatocyte senescence induction in telomerase
knockout mice exacerbates fibrosis, whilst p21-deficient mice which have defective senescent responses
display improved CCls-induced fibrosis?®”*'. Yet, the implications of hepatic senescence appear to be
cell-type- and context-dependent, since HSC senescence has also been shown to limit fibrosis in several

ERT2_tdTomato mouse

mouse models?*****, More recently, Omori et al. (2020) generated a p16-Cre
model to enable in vivo analysis of p16"" populations at the single-cell level*®”. They used this model

to demonstrate that p16"E" cells exhibit a heterogenous senescence-associated phenotype, predominantly
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found within the hepatic endothelium, and that depletion of these cells ameliorates inflammation and
steatosis in a murine model of NASH. In the case of cholestatic liver disease, cholangiocyte senescence
is a key pathological feature, indicated by increased SA-B-Gal, p21, p16, YH2A. X and p27 staining in
liver samples from PBC and PSC patients®*®2%’. Notably, senescence is also present in paediatric patient
specimens, such as those suffering from biliary atresia, suggesting pathological senescence is not simply

a consequence of ageing”®®.

1.8.5 Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide, accounting for 90% of
primary liver cancer cases, and estimated to affect more than one million individuals annually by
2025, The most prominent risk factors for HCC development include HBV/HCYV infection, NASH,
and chronic alcohol consumption, with more than 90% of cases arising on the background of liver
cirrhosis®”’. The exception to this is in the case of chronic HBV infection, where HCC often precedes
cirrhosis, following integration of the DNA virus into the host genome and subsequent insertional
mutagenesis and oncogene activation’’'. The molecular pathogenesis of HCC is variable, and is
dependent on distinct actiologies and genotoxic insults. Hepatocyte malignant transformation originates
from the complex interplay between several factors, including genetic predisposition, reciprocal
interactions between viral and non-viral risk factors, the immune microenvironment and the contribution

of the underlying chronic liver disease.

There are several mutational drivers in HCC which have been identified. The most frequent genetic
predisposition, occurring in 80% of HCC cases, arises following telomerase activation, occurring due
to mutations in the promoter region of TERT, viral insertions, chromosome translocation or gene
amplification’’?. In addition, 30-50% of cases display activation of the Wnt-B-catenin signalling
pathway, occurring due to mutations in CTNNBI (B-catenin), AXINI or APC (Wnt inhibitors)*”*. Several
other common genetic alterations have been identified, most of which alter cell cycle control (e.g. TP53,

RB1, CCNA2, CCNEI, PTEN, AIRDI1A, ARID2, RSP6KA3 or NFE2L2) or lead to overexpression of
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oncogenic signalling pathways (e.g. CCND1, FGF19, VEGFA, MYC, or MET). Furthermore, the co-
operativity between genetic polymorphisms and non-genetic risk factors have been well-described in
the pathogenesis of HCC. For instance, HBV patients with null GSTT polymorphisms have potentiated
toxicity in response to aflatoxin B1 exposure’”. In addition, NASH severity and HCC incidence is
associated with PNPLA3, TM6SF2 and HSD17B13 polymorphisms, particularly in patients with a high

chronic alcohol consumption®’,

Given that HCC is the prototypic inflammation-associated cancer, the immune and inflammatory
microenvironment is a key contributor to HCC pathogenesis’® ?’>. The immune cell status of HCC can
be stratified into four distinct sub-categories: immune-active; immune-exhausted; immune-
intermediate; and immune-excluded®’®. Around 20% of HCC cases are considered immune-active,
characterised by infiltration of CD4" and CD8" T cells, and responsive to immune checkpoint inhibitor
therapy. In contrast, immune-excluded HCC tumours display a lack of immunogenic T cells (often
referred to as cold tumours) and increased Tr infiltrate, and are thus resistant to immune checkpoint
blockade. Immune-exhausted tumours are mostly populated by hypo-responsive CD8" T cells, driven

by excessive TCR antigenic stimulation and increased TGF within the tumour microenvironment®’°.

Generally, the presence of an immune infiltrate is associated with favourable outcomes, likely due to
more efficient anti-tumour immune responses. However, the presence of immunosuppressive subsets,
including tumour-associated macrophages, Tr; and myeloid-derived suppressor cells (MDSCs), and the
upregulation of inhibitory receptors and their ligands, can promote immune evasion and drive tumour
growth and progression®’**’. The recruitment of leukocytes is mediated by the tumour endothelium,
whose role in regulating the tumour microenvironment has been recently reviewed’®. Specifically,
expression of scavenger receptors, stabilin-1 and scavenger receptor class F member 1 (SCARF1), have
been shown to play opposing roles in CD4" T cell recruitment. Whereas stabilin-1 mediates Treg
transmigration and has been highlighted as a promising therapeutic target*®'*, SCARF1 favours the
adhesion of CD4" T effector cells over their Ty, counterparts and could represent a valuable prognostic

marker for HCC?**,
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1.8.6 Liver Metastasis

Owing to its anatomical location and tolerogenic nature, the liver is a frequent site of metastasis for
many solid tumours, including colon, pancreatic and lung cancer®®***. One of the best studied examples
is colorectal cancer, from which metastatic tumours display remarkable tropism for the liver. This is
likely due to a number of contributing factors: (1) The anatomical location of the liver places it directly
downstream of the colon via the portal circulation; (2) The reduced hepatic blood pressure and
specialised liver vasculature likely facilitates physical trapping of cancer cells, allowing them to bind to
endothelial adhesion molecules and invade the surrounding tissue; (3) The liver is primed by the primary
cancer to drive the formation of a pre-metastatic niche, creating an ideal setting in which metastases can

seed and thrive’®.

Unlike HCC, which usually occurs on the background of chronic inflammation, liver metastasis can
occur in an otherwise healthy liver. Despite this, several cell types lend themselves to exploitation by
numerous cancer types. For metastatic cells to colonise the liver, they must first adhere to and cross the
endothelial barrier, which is guarded by the HSEC. It is thought that this process is predominantly
mediated by ICAM-1, although several other HSEC-expressed adhesion molecules have also been
implicated in cancer cell adhesion to the vasculature, including stabilin-1 and mannose receptor™®’ 2,
Furthermore, ICAM-1 is also involved in tumour cell extravasation, via its role in actin cytoskeletal
remodelling®®* >, Another adhesion molecule implicated in the endothelial attachment of cancer cells
is E-selectin, which is increased in areas surrounding liver metastases from colorectal primary
tumours®'2*. HSEC also secrete fibronectin, which has been shown to interact with a9B1 integrins on

the cancer cell surface and promote epithelial-to-mesenchymal transition, thus enhancing their

metastatic potential®**.

Once cancer cells gain access to the space of Disse and underlying parenchymal tissues, they are
relatively protected from the patrolling NK cells and KCs residing within the hepatic sinusoids. A state
of immune hyporesponsiveness is also maintained by recruitment of MDSCs via HSEC production of
CXCL1 and CXCL2%*". MDSCs elicit their pro-metastatic effects by a number of mechanisms, including
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suppression of T cell activation, inhibition of NK cell activity, and induction of Tre,***’. Ultimately,
these factors foster a pro-metastatic and pro-tumourigenic microenvironment which drives the seeding

and persistence of cancer cells within the liver tissue.

1.9  Leukocyte Trafficking
1.9.1 Lymphocyte Homing and Migration

Leukocyte migration from the bloodstream into the tissues is one of the central paradigms of
inflammation and immunity. The recirculation and homing of lymphocytes is a complex trafficking
system designed for constant immune surveillance and recognition of foreign antigen wherever it may
arise. Briefly, naive T cells migrate to secondary lymphoid tissues, where they interact with peripheral
antigens presented by DCs. Upon recognition of their cognate antigen, T cells undergo activation and
rapid proliferation into effector T cells, which migrate to inflammation sites and other secondary
lymphoid tissues where they can interact with B cells**®. This process requires the ability to cross
vascular and lymphatic barriers, involving a series of receptor-ligand interactions between the

circulating immune cell and the endothelium®”, in what is known as the leukocyte adhesion cascade®®.
g Yy

1.9.2 Leukocyte Adhesion Cascade

Following infection or injury, circulating leukocytes access inflamed tissues via the vascular
endothelium, aiming to neutralise the injurious trigger and initiate tissue repair. Under conditions of
blood flow, leukocytes undergo a series of steps in order to adhere and transmigrate through activated
endothelium (Figure 1.9), mediated by chemokines and adhesion molecules that regulate populations
of recruited immune cells” *®. This process generally takes place in the post-capillary venules, except

in the spleen, lung and liver*®,

Endothelial activation can be stratified based on the initial triggering stimulus. Type I activation occurs
independently of protein synthesis and is, for the most part, regulated by G-protein coupled receptor
(GPCR) ligands, including histamine and thrombin’°. This process involves rapid membrane trafficking

1, 302
t30 , 30

of pre-formed P-selectin and subsequent neutrophil recruitmen , which is a transient response
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mediated by GPCR desensitisation to limit the extent of extravasation. In contrast, effects of endothelial

type II activation are longer-lived, triggered by numerous inflammatory stimuli including TNFa, IFNy,

304,305 and oxLDL?% %7, These responses involve actin reorganisation and

IL-1B°%, microbial antigens
de novo expression of chemokines and adhesion molecules, including ICAM-1 and VCAM-1%3"! Tt is
common for type II activation to persist until the injurious trigger is removed, since this process is not

regulated by receptor desensitisation, but rather regulation of the NF«xB pathway which counteracts pro-

inflammatory signalling®'*.

Initial tethering and rolling of leukocytes are mediated by Ca2'-dependent selectins (E-, P- and L-

selectin)’"?

and integrins, which are dictated by the “catch-bond phenomenon”, whereby receptor-ligand
interactions are strengthened under conditions of increased shear stress’'* *'*. This also facilitates
formation of new bonds before old ones are broken, in the “tether and sling” phenomenon, allowing the

rolling motion across the endothelial surface®''%,

Slow rolling and cell arrest initiate further leukocyte activation and are mediated by leukocyte integrins
and members of the immunoglobulin superfamily, such as ICAM-1/2 and VCAM-1, along with more

atypical adhesion molecules such as scavenger receptors’> 3'%-3%!

. Tetraspanins also play a role in
leukocyte recruitment; ICAM-1 and VCAM-1 form endothelial adhesive platforms by establishing
microdomains with CD151, facilitating adhesion under physiological flow rates*****%. The stabilisation
of immune cells on the endothelium allows the interaction of GPCRs on their surface with chemokines
embedded within the endothelial glycocalyx, facilitating high-affinity integrin binding and firm
adhesion®>7%. Leukocytes can then patrol the surface of the vessel wall in search of an exit site for
transmigration, in a process known as intraluminal crawling, which is mediated by integrins and ICAM-
1?23 Transendothelial migration is then initiated by chemoattractants and formation of ICAM-1- and
VCAM-1-rich trans-migratory cups®*>*. There is also evidence to suggest that leukocytes can undergo
sub-endothelial crawling after crossing the endothelial barrier but before migrating into the tissue

proper334-336
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1.9.3 Transendothelial Migration

Transendothelial migration of leukocytes across the endothelium is a highly regulated process, mediated
by distinct mechanisms depending on the route taken®*™ 33", To facilitate this process, endothelial cells
must undergo profound morphological changes, including cytoskeletal remodelling and alteration of
cell-cell junctions, to allow passage of leukocytes whilst maintaining vascular integrity>**. Around 80-

95% of cells transmigrate paracellularly whilst the remainder transmigrate via the transcellular route.

Paracellular transmigration, that is, extravasation of leukocytes between endothelial cells, is a complex
process mediated by endothelial junctional proteins. Adhesion molecule ligation weakens inter-
endothelial junctions, a process thought to be mediated by mobilisation of intracellular calcium and p38
MAPK/RHO GTPase (p38 mitogen activated protein kinase/Ras homologue) activation®* %,
Junctional molecules, such as platelet/endothelial cell adhesion molecule 1 (PECAM-1/CD31) and
junctional adhesion molecule A (JAM-A), become mobilised within endothelial cell-cell junctions,
creating a haptotactic gradient and a path of least resistance®®'*. Other molecules implicated in
paracellular transmigration include ICAM-1, ICAM-2, JAM-B, JAM-C, CD99, and vascular adhesion
protein 1 (VAP1), whilst endothelial adherens junctions are maintained by vascular endothelial cadherin
(VE-cadherin)*** *!-3* Notably, VE-cadherin has been shown to play an inhibitory role in leukocyte
extravasation and must be re-localised away from the migration site to permit leukocytes across the

endothelium?*> 34,

Transcellular migration involves diapedesis of leukocytes directly through the endothelial cell body and
accounts for around 5-20% of cells bound to activated human umbilical vein endothelial cell (HUVEC).
Extensive reorganisation of the actin cytoskeleton is required to form an adequately-sized pore which
will allow leukocyte passage through the endothelial cytoplasm®’. This highly regulated process
involves the formation of an F-actin-rich channel through which the immune cell can extravasate
following translocation of apical ICAM-1 to caveolae and caveolin-1 to the basal membrane®®-33% 34
330 Although this process is less well-studied than paracellular transmigration, other molecules have

also been implicated, including PECAM-1, JAM-A and CD99%"3%2,
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Regardless of the route taken, transmigration not only offers additional selectivity regarding which
leukocyte subsets are permitted access to the tissues, but also acts to prime infiltrating immune cells to

ensure rapid and effective immunological responses’™.
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Figure 1.9: The leukocyte adhesion cascade involves a complex interplay of receptor-ligand interactions.

These interactions mediate the initial tethering, rolling, activation, firm adhesion and transmigration of leukocytes.
Classical endothelial adhesion molecules and their corresponding leukocyte-derived ligands involved in each stage
of the process are detailed in the pink and grey boxes, respectively.

1.9.4 Lymphocyte Trafficking in Lymph Nodes

Lymphocyte trafficking between vascular and lymphatic systems and the tissues is a requirement for
mounting antigen-driven adaptive immune responses and memory>>. T cells access the lymph nodes
either by the afferent lymphatic vessels or high endothelial venules (HEVs)*, where they interact with
antigen presenting cells and become activated in the presence of relevant co-stimulatory signals®™.
Whilst the classic leukocyte adhesion cascade is relatively well-characterised, the endothelial molecules

involved in lymphatic trafficking are less well-understood, with atypical adhesion molecules and

scavenger receptors being implicated in this process.
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Scavenger receptors often contain several structural domains also found in selectins, including C-type
lectin domains and epidermal growth factor (EGF)-like domains, meaning they are also capable of
binding leukocytes. Amongst their ability to bind numerous endogenous products’>, many of these

scavenger receptors have been found in lymphatic endothelial cells where they mediate immune cell

)357, 358 1359—362

trafficking, including scavenger receptor type Al (SR-A1 , stabilin- and mannose receptor

(MR)?% 363365 " Degpite compelling evidence that scavenger receptors are involved in leukocyte

trafficking, many knockout studies do not show differences in lymphocyte populations?'®**’

, suggesting
that scavenger receptors may have redundant roles in lymphocyte binding which can be compensated
for by other receptors. Another molecule which has been implicated in lymphocyte entry into the lymph

nodes is plasmalemma vesicle-associated protein (PLVAP), an endothelial-specific type 11 membrane

glycoprotein which forms a size-selective sieve, associated with endothelial fenestrae and caveolae**®

367

1.9.5 Leukocyte Recruitment to the Liver

Chronic liver diseases are characterised by leukocyte infiltration which drives inflammation, fibrosis
and cirrhosis. Intravital microscopy studies have shown that although leukocytes can bind and
transmigrate across various regions of the liver vasculature, in fact, most migration takes place within
the hepatic sinusoids™®. This is in contrast to most other tissues, in which leukocyte extravasation
predominantly occurs in the post-capillary venules. HSEC are activated by cytokines released during
liver inflammation, resulting in upregulation of adhesion molecules*® and synthesis of chemokines,
which are presented on their luminal surface via binding to glycosaminoglycans within the endothelial

370 Chemokines are also secreted by HSC, BEC and hepatocytes within the space of Disse

glycocalyx
which are subsequently transcytosed by HSEC and presented on their surface’”'”. These processes

facilitate leukocyte recruitment and regulate the immune microenvironment; the balance of

immunosuppressive and inflammatory leukocyte subsets dictates the outcome of liver injury.

The low shear environment of the hepatic sinusoids, much like that of the lymph nodes, allows

redundancy of the initial tethering and rolling stages of the leukocyte adhesion cascade. As such, selectin
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expression within the hepatic sinusoids is negligible’’*, whereas more atypical adhesion molecules such
as scavenger receptors are enriched in HSEC”. Classical adhesion molecules such as ICAM-1 and
VCAM-1 are upregulated following endothelial activation by pro-inflammatory stimuli and play a
crucial role in leukocyte recruitment to the liver*®-*”>. Whereas ICAM-1 interacts with its ligand aL32
on leukocytes to mediate their binding and transmigration, VCAM-1 mediates lymphocyte capture and
firm adhesion via a4f1 integrins. As such, ICAM-1-deficient mice display reduced leukocyte adhesion

368

to the hepatic sinusoids’™®, and lymphocyte adhesion is impaired in human HSEC in vitro following

antibody-mediated blockade of ICAM-1 and VCAM-1%"-%76,

It is interesting to also consider the role of atypical adhesion molecules in the context of ICAM-1- and
VCAM-1-mediated recruitment, particularly since several have been implicated in the recruitment of
specific leukocyte subsets (Figure 1.10). For instance, scavenger receptor class F, member 1 (SCARF1)
is upregulated in CLD, associating with fibrotic regions and preferentially mediating adhesion of
CD4'CD25 T effector cells over CD4'CD25" Treg and CD8" T lymphocytes™**”". Vascular adhesion
protein 1 (VAP-1) is also elevated in CLD and influences recruitment of leukocytes directly, and
indirectly, via its monoamine oxidase activity’’® *’® 37’ It has been shown that VAP-1 promotes

recruitment of Ty2 lymphocytes over Ty1 cells in a concanavalin A-induced liver injury model**’.

Stabilin-1 is another scavenger receptor (Class H) involved in lymphocyte recruitment, promoting
preferential transmigration of CD4" FoxP3" Ty, with the support of ICAM-1 and VAP-1*'. Consistent
with this finding, a reduction in the number of immunosuppressive leukocyte subsets within tumours,
and thus positive outcomes, were observed following antibody blockade or genetic deficiency of
stabilin-1 in mice®®”. Stabilin-2 is the second member of the Class H family of scavenger receptors,
whose fasciclin 1 (FAS1) domains play a role in lymphocyte adhesion to the hepatic endothelium via
onfa integrins®®. Notably, stabilin-2 expression does not seem to be regulated by pro-inflammatory
stimuli, in contrast to several other atypical adhesion molecules which are upregulated during

inflammation.
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Another protein which plays a pivotal role in recruitment to the liver is CD44, specifically the selectin-
independent adhesion of neutrophils during sepsis, which is enhanced following deposition of CD44
ligand hyaluronan on the sinusoidal endothelium®? **. Mucosal addressin cell adhesion molecule 1
(MAdCAM) is normally restricted to the gut mucosal endothelium, yet its expression is induced in the
hepatic endothelium in some inflammatory states, where it mediates trafficking of gut-specific mucosal
lymphocytes®™. This may explain the hepatic complications which often arise in inflammatory bowel
disease patients, since MAdCAM mediates recruitment of activated mucosal T cells which drive

immune-mediated liver damage’”.

Alongside their role in the classic adhesion cascade discussed above, chemokines are also involved in
recruitment of distinct leukocyte subsets to the liver’>*. Importantly, chemokines contribute to
lymphocyte compartmentalisation, with CXCR3 ligands CXCL9-11 promoting parenchymal
recruitment during lobular hepatitis and CCRS5 ligands CCL3-5 driving portal infiltration in the case of
interface hepatitis*****, Moreover, in vivo experiments have shown that CXCR3 and its ligands promote
recruitment of virus-specific CD8" T cells in mice’®. Fractalkine (CX3CLI1) produced by HSEC
facilitates integrin- and VAP-1-dependent adhesion and transmigration of CD16" monocytes by
interacting with CX;CR1*°. Under homeostatic conditions, HSEC also secrete CXCL16 which
facilitates immune surveillance via recruitment of CXCR6" NK and NKT cells*® ** 2. During
inflammation, hepatocyte- and cholangiocyte-derived CXCL16 drives the recruitment of CXCR6" liver-
infiltrating lymphocytes, including CD4" and CD8" T cells*****. Furthermore, activated KCs produce
CCL2, promoting CCR2" inflammatory monocyte recruitment from the circulation which form
aggregates associated with portal tracts in CLD?'*:3>3¢ Thus, chemokines may represent novel targets

for selectively modulating recruitment of immune cell populations during chronic inflammation.
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Figure 1.10: Mechanisms of hepatic leukocyte recruitment.

This process involves several atypical adhesion molecules alongside classical adhesion molecules, vascular cell
adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), which mediate adhesion and/or
transmigration of specific immune cell subsets.

1.9.6 Novel Targets in the Hepatic Sinusoids

As discussed above, the distinctive HSEC phenotype and low level of shear stress experienced within
the hepatic sinusoids offers a unique environment in which leukocyte recruitment can occur. Many of
the molecules identified to play a role in hepatic leukocyte recruitment are in fact enriched in HSEC
compared to their low levels of expression within other vascular beds. As such, many of these atypical
adhesion molecules could make valid therapeutic targets to manipulate hepatic leukocyte recruitment
specifically whilst preserving trafficking at distal tissue sites. In recent years, several single-cell RNA
sequencing studies, in both humans and mice, have set out to characterise the heterogeneous nature of
endothelial cells during liver homeostasis, inflammation and cancer®® ¢”-3°"- 3% These datasets have
identified a sinusoidal signature which is disrupted in liver cirrhosis and HCC. Instead, endothelial cells
adopt a scar-associated or tumour-associated phenotype, which have the potential to contribute to
disease pathogenesis. Two of the endothelial-expressed genes highlighted in these studies, MRCI
(Figure 1.11) and PLVAP (Figure 1.12), encode proteins which have been implicated in leukocyte
trafficking within specialised vascular beds, and will remain the focus subject for the remainder of this

thesis.
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1.10 Mannose Receptor

The mannose receptor (MR), also known as macrophage mannose receptor (MMR), CD206, and
mannose receptor C, type 1 (MRC1), is a carbohydrate-binding C-type lectin encoded by the MRCI
gene. Mannose receptor is the prototypic member of the MR family of endocytic receptors, which also
comprises urokinase-type plasminogen activator receptor-associated protein (uUPARAP)/Endol180
(CD280), the M-type phosopholipase A2 receptor (PLA2R), and DEC-205 (CD205)**. Structurally,
MR possesses several binding domains, meaning it can recognise and bind numerous endogenous and
exogenous ligands, and therefore plays a widespread role in various physiological processes*’.
Furthermore, the ability of MR to recycle between the plasma membrane and the endosomal system,
paired with the existence of a soluble form of MR (sMR)*'“**, means that MR is subject to various
forms of regulation from de novo expression to intracellular trafficking and proteolytic cleavage. The
structure and function of MR along with its expression pattern and role in leukocyte recruitment is

discussed below.

1.10.1 Structure

Mannose receptor is a type I membrane glycoprotein with a large extracellular binding domain and a
short C-terminal cytoplasmic tail. Members of the MR family share a similar structure consisting of an
N-terminal cysteine-rich (CR) domain, a highly conserved single fibronectin type II (FNII) domain, and
multiple C-type lectin-like domains (CTLDs) which define the C-type lectin superfamily™’. Mannose
receptor is unique in that it contains a functional CR domain**, unlike the other MR family members
which lack the sugar binding region within this domain®. Specifically, MR binds sulphated
carbohydrates including galactose and GalNAc via the CR domain, whilst the FNII domain and eight

406, 407 and

CTLDs facilitate recognition of collagens I-IV (and collagen V at much lower affinity)
mannose-, fucose- and GlcNAc-terminated glycoproteins, respectively*®*!°. Furthermore, MR family

members contain FENTLY (Phe-Glu-Asn-Thr-Leu-Tyr) sequence motifs within their cytoplasmic tails

which confer interactions with the cellular endocytic machinery, permitting delivery of extracellular
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ligands via clathrin-mediated endocytosis (CME) and rapid recycling between membranous and
endosomal compartments. As such, 10-30% of MR is found at the cell surface whilst 70-90% resides

intracellularly under steady state conditions™”.

MR is susceptible to conformational alterations and post-translational modifications which can
drastically affect its structural and functional properties. For instance, the bent conformation of MR, in
which the CR domain and CTLD4 reside within close proximity, can influence ligand selectivity and
binding avidity*''. This interaction is pH-dependent, and could therefore represent a mechanism by
which ligands are selectively released in response to pH changes within the endo-lysosomal system.
Furthermore, MR is a heavily glycosylated molecule, containing N-glycosylation sites which are
evolutionarily conserved in humans and mice. Many N-glycans contain sialic acids, and terminal

42 MR can also

sialylation of MR is important for its recognition of mannosylated glycoproteins
undergo proteolytic cleavage to produce a soluble form of the receptor (sMR) which consists of the
whole extracellular domain, thereby retaining its binding properties*”’. Recognition of sulphated
carbohydrates by sMR depends upon receptor multimerisation, which in turn is influenced by lack of

sialylation*!?

. Whilst macrophage MR shedding was initially considered to be a constitutive process,
some studies have suggested that it can be stimulated during fungal infection by engagement of B-glucan

receptor dectin-1, potentially shaping anti-fungal immune responses*?.

1.10.2 Expression

Despite being originally named macrophage mannose receptor when it was initially identified in 1986*",
MR expression is not restricted to macrophages alone. In fact, MR is also highly expressed in DCs,
kidney mesangial cells, tracheal smooth muscle cells, retinal pigment epithelia and nonvascular

endothelium within the lymphatics, spleen, dermis and liver*”

. Despite a previous demonstration of MR
expression in monocytes*', these cells are generally considered to lack MR prior to their differentiation

into macrophages, after which MR is rapidly upregulated. Furthermore, MR has long been used as a

marker for alternative “M2-like” macrophage activation, characterising a more immunosuppressive
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5

phenotype observed in tumour-associated macrophages*'® and following the onset of inflammation

resolution.

Regarding the tissue distribution of MR, although the expression pattern in murine tissue has been well-
characterised, similar expression profiling in humans remains incomplete. However, there are important
species differences in MR expression between mice and humans which must be considered; for example,
MR is absent from human splenic macrophages in contrast to their murine counterparts®'® *!7.
Unfortunately, human tissue expression studies have been hindered by the limited MR-specific
antibodies that work on formalin-fixed paraffin-embedded (FFPE) sections. However, a recent single-
cell RNA-sequencing study has reported MRC1 expression in endothelial and mononuclear phagocyte

cell fractions of the human liver, highlighting an enrichment of MR gene expression in uninjured

endothelia which were annotated to have a liver sinusoidal endothelial cell phenotype (Figure 1.11)*7.
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Figure 1.11: The expression of MRC1 in human liver cirrhosis.

(A) Publicly-available RNA-sequencing data from healthy (n=5) and cirrhotic (n=5) human livers showed that
mannose receptor (MRC1) is expressed in endothelial cells and mononuclear phagocytes. (B) MRC1 expression
was prevalent in uninjured endothelia which were annotated as having a liver sinusoidal endothelial cell signature.
Data shown are taken from single-cell RNA-sequencing study Ramachandran et al. 2019 and t-SNE plots were
generated using livercellatlas.mvm.ed.ac.uk.
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1.10.3 Function

The structural properties of MR described above allow it to carry out its endocytic function, and the
recognition of numerous ligands facilitates the role of MR in several physiological processes. The
binding of endogenous ligands and subsequent endocytosis is important for scavenging of waste
material, including FNII-mediated collagen uptake and internalisation of myeloperoxidase and
lysosomal enzymes. The non-redundant role of MR in collagen clearance has been demonstrated in

406,407

human and mouse macrophages , as well as in rat and murine HSEC*'**"?, and was shown to occur

independently of collagen glycosylation and lectin activity**°

. Moreover, MR-mediated uptake of
lysosomal enzymes cathepsin-D, o-mannosidase, B-hexosaminidase and arylsulphatase by HSEC
permits effective catabolism and is required to maintain their degradative capacity*'. A key role for MR
in glycoprotein homeostasis has also been defined in studies utilising MR-deficient mice. Lack of
mannose receptor confers disruption of serum glycoprotein levels, including candidate MR ligands
mannose-bovine serum albumin (Man-BSA) and GIcNAc-BSA, which was attributed to defective
clearance in the liver and spleen*””. The same study also showed an accumulation of most lysosomal

hydrolases in knockout mice compared with wild-type controls under steady state conditions, further

supporting a role for MR in uptake of lysosomal enzymes.

Mannose receptor has also been implicated in both innate and adaptive immune pathways owing to its
role in pattern recognition of foreign particles and contribution to antigen uptake prior to presentation*?’.
Specifically, MR has been shown to recognise mannose and N-acetylglucosamine residues frequently
found on the surface of various pathogenic microorganisms, via its CTLDs, including Candida

426 Klebsiella pneumoniae®’ and

albicans™, Pneumocystis carinii*>, Mycobacterium tuberculosis
Streptococcus pneumoniae. Moreover, in addition to CME, MR has been suggested to support
phagocytosis (internalisation of large particles >0.5 um), although the mechanisms of this process are
incompletely understood. Exogenous expression of MR in COS-1 cells was shown to mediate both

endocytosis of Man-BSA and phagocytosis of non-opsonised C. albicans and P. carinii**>**, yet MR

is absent from the phagocytic cup during the early stages of C. albicans engulfment*®. Instead, MR was
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transiently recruited during phagosome maturation, suggesting a potential role in phagosome sampling
and processing of internalised cargo. Furthermore, MR was required for production of TNFo and
monocyte chemoattractant protein 1 (MCP-1) following fungal recognition*?®. Since MR-deficient mice
do not show increased susceptibility to C. albicans or P. carinii infection*”**°, this suggests that MR is
not essential for phagocytosis and there may be some redundancy with other phagocytic and pattern
recognition receptors. One possibility is that MR may not mediate phagocytosis in isolation, but rather
bind particles and engage classic phagocytic receptors which could indirectly drive phagocytic
processes. Since MR lacks an intracellular signalling motif within its cytoplasmic tail, this could also
provide a mechanism by which MR can indirectly mediate intracellular signalling and subsequent innate
immune activation, given that MR is essential for cytokine production*?***® Nevertheless, the ability of
MR to recognise foreign antigens and elicit cellular responses is important for mediating innate

immunity.

Mannose receptor plays a key role in antigen uptake and presentation due to its endocytic capacity and
expression in professional and non-professional antigen presenting cells (APCs). Antigen internalisation
and presentation was shown to be mediated by MR in cultured human DCs in the context of MHCII and
CD1b*""** The importance of MR in this process is illustrated in MR-deficient mice challenged with
Cryptococcus neoformans, who have reduced survival and increased pulmonary fungal burden
compared to wild-type controls, due to defective induction of T cell responses***. Mannose receptor-
mediated endocytosis has also been shown to promote selective antigen presentation to CD8" T cells®*
43¢ and indeed this has been shown as a mechanism for antigen cross-presentation in HSEC''.
Importantly, MR-mediated antigen uptake and presentation in HSEC induces T cell tolerance via

upregulation of programmed cell death ligand 1 (PD-L1)'®'"!. Similarly, recognition of tumour antigens

by MR activates an immunosuppressive phenotype in tumour-associated macrophages*'”.

1.10.4 Role in Leukocyte Recruitment

More than 20 years ago, Irjala et al. (2001) discovered a novel role for MR in leukocyte trafficking
within the efferent lymphatic system®®. By performing in vitro static adhesion assays, which were
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thought to most accurately represent physiological conditions within the lymph nodes in vivo, authors
demonstrated that pre-incubation of lymph node sections with an anti-MR antibody significantly
impaired lymphocyte binding. Furthermore, this interaction was shown to involve L-selectin as the
lymphocyte-derived ligand, since adhesion of L-selectin®, but not L-selectin’, lymphocytes was
significantly inhibited. Later work by the same group further supported the adhesive properties MR,
showing that the binding of multiple cancer cell lines to lymphatic endothelium was inhibited following
antibody-mediated MR blockade®®. MR has also been implicated in lymphocyte migration via the
afferent lymphatics, where MR and CD44 act as a receptor-ligand pair to facilitate trafficking of L-
selectin™ cells’®. These characteristics were confirmed in vivo by utilising MR knockout mice to
demonstrate that adhesion of both normal lymphocytes and tumour cells is significantly lower in MR-

deficient mice®®

. This observation was accompanied by a faster primary tumour growth rate, but smaller
metastatic tumours, in knockout mice compared to wild-type controls. Authors concluded that MR on
lymphatic endothelium therefore contributes to the metastatic behaviour of cancer cells and could be a
novel therapeutic target in inflammation and cancer metastasis. Despite the role of MR in leukocyte

recruitment within the lymphatic system being generally well-studied, its role within other specialised

vascular beds, such as the liver sinusoids, has not been reported previously.

1.11 Plasmalemma Vesicle-associated Protein

Plasmalemma vesicle-associated protein (PLVAP), also known as plasmalemmal vesicle 1 (PV-1) and
fenestrated endothelial-linked structure protein (FELS), has long been recognised as an endothelial-
enriched protein, even before its molecular identity was confirmed. It is the antigen recognised by PAL-
E (Pathologische Anatomie Leiden-endothelium) and MECA-32 (mouse endothelial cell antigen-32)
antibodies frequently used to identify endothelial cells in humans and mice, respectively®”**. Although
PLVAP is present in most types of vascular endothelium, hence its widespread use as a pan-endothelial
marker, its expression pattern is species-, organ- and context-dependent. Furthermore, single-cell
sequencing studies have highlighted the emergence of PLVAP" endothelial sub-populations in the liver

during foetal development and diseased states, further adding to the complexity of its expression and
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function®” 3% 4% Several lines of research have identified PLVAP as a potential target in cancer and
neurological diseases, such as spinal cord injury, brain ischaemia and diabetic retinopathy, due to its
known roles in mediating vascular permeability and angiogenesis. However, its contribution to CLD
and its potential as a therapeutic target remains poorly understood. The physiological and

pathophysiological properties of PLVAP are discussed in more detail below.

1.11.1 Structure

The cDNA and protein sequence of rat, human and murine PLVAP was reported over 20 years ago,
highlighting that its molecular structure is highly conserved across all three species****'. PLVAP is a
type Il integral membrane glycoprotein of 55-65 kDa, comprising a short (27 aa) intracellular tail at its
N-terminus, a transmembrane domain, and a long (380 aa) extracellular C-terminal domain. The
extracellular domain consists of two coiled-coiled domains, flanked by four N-glycosylation sites and a
proline-rich region proximal to the C-terminus, and the intracellular portion contains a putative caveolin-
1 binding domain. /n situ, PLVAP forms homodimers and is capable of binding heparin at physiological

pH.
1.11.2 Function

Initial immunoelectron microscopy studies with the PAL-E antibody showed that PLVAP localised to
the exterior surface of endothelial vesicles, and was therefore suggested to play a role in transendothelial
transport**®, Since this original study in 1985, PLVAP has been identified as the only known molecular
component of fenestral and stomatal diaphragms**. These diaphragms are comprised of PLVAP
homodimers assembled in a radial fibril-like orientation, which span the openings of sub-endothelial
structures including fenestrations, caveolac and transendothelial channels (TECs)** %4 Whereas
fenestrae and TECs resemble pore-like structures which facilitate molecule exchange between the
circulation and the underlying tissues, caveolae are flask-shaped invaginations of the cell membrane,
which are characterised by caveolin-1 expression and are involved in transcytosis. Functionally, these

diaphragms are responsible for maintaining basal permeability and vascular integrity. Studies with
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plvap-deficient mice have reported that PLVAP is essential for the formation of fenestral and stomatal
diaphragms, with knockout mice displaying disrupted barrier function of fenestrated capillaries and
succumbing to lethal protein-losing enteropathy**>**7. A similar phenotype is recapitulated in humans

who possess homozygous non-sense mutations in the PLVAP gene****°.

PLVAP has also been implicated in vascular development and angiogenesis. Genetic Plvap deletion in
mice with a C57BL/6N or C57BL/6J background is embryo-lethal, causing subcutaneous oedema,
haemorrhages and vascular defects before birth*** 4. This has been overcome by the use of mice from
mixed (BALB/c-C57BL/6J-129Sv/]) backgrounds and conditional knockouts**. In barrier endothelium
during the late embryonic stage, the presence of Wnt and Norrin ligands inhibits the [-catenin
destruction complex, allowing accumulation of B-catenin and subsequent downregulation of PLVAP
expression®®!. This is critical in allowing maturation of the blood-brain- and blood-retina-barrier (BBB
and BRB). Within non-barrier endothelium, or in early embryonic stages within barrier endothelium,
the absence of Wnt and Norrin ligands for the Lpr5/Frzd receptor complex favours inactive canonical
B-catenin signalling®?. Cytosolic B-catenin is targeted for proteolytic degradation via the B-catenin
destruction complex, inducing PLVAP upregulation, which facilitates angiogenesis. In vitro, siRNA-
silencing of PLVAP inhibited endothelial sprout formation and cell migration, and was associated with
reduced VEGFR2 and sphingosine kinase 1 activity*****. In the murine foetal liver, PLVAP has been
shown to form angiogenic signalling complexes also comprised of VEGFR2, neuropilin-1 and LY VE-
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1, yet these complexes were absent in adult liver™™. Whether PLVAP directly promotes angiogenesis or

merely provides mechanical support to capillaries during vascular remodelling remains unclear.

1.11.3 Expression

The expression of PLVAP has been unknowingly studied for decades due to the availability of PAL-E
and MECA-32 antibodies. The PAL-E antibody has been widely used due to its endothelial specificity
and ability to distinguish vascular endothelium from lymphatic endothelium. PAL-E stains endothelial

cells of capillaries, medium-sized veins, venules and splenic sinusoids, but is mostly absent from
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42 MECA-32 displays a similar staining pattern,

arteries, arterioles, large veins and lymphatic vessels
although arterioles and large veins also appear positive when murine tissues are stained with this
antibody*?. PLVAP is localised to the cell membrane of an endothelial subset in the normal
microvasculature, displaying an enriched expression in the lungs, kidneys, spleen, endocrine glands and
digestive tract**?. In the brain and eye, where the endothelium is integral in maintaining the BBB and
BRB, PLVAP is present in the fenestrated capillaries of the choroid plexus and choriocapillaris but
absent from the continuous endothelium of the cerebral cortex, cerebellum, optic nerve, retina, iris and

ciliary muscle*??.

In mice, PLVAP is highly expressed in the foetal liver sinusoids, coinciding with the presence of
fenestral diaphragms. Importantly, these diaphragms are absent in adult sinusoids, yet PLVAP is still

4 Authors proposed that

expressed throughout, albeit to a lesser extent than the portal and central veins
the contribution of stomatal diaphragms to the observed PLVAP levels was likely minimal given that
caveolin-1-deficient mice displayed comparable PLVAP expression. This study therefore challenged
the existing dogma that PLV AP is only thought to be present within diaphragms, suggesting that perhaps
PLVAP has alternative roles, at least within the context of the liver. In contrast to mice, human PLVAP
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is restricted to the periportal sinusoids™°. However, several studies, including those which apply single-

cell RNA-sequencing technologies, have indicated a re-emergence of PLVAP in diseased states

suggesting it may have a role in pathogenesis™”***.

1.11.4 Role in Disease

As discussed above, the re-emergence of PLVAP has been reported in several diseases. Breakdown of
the BBB and BRB is characterised by PLVAP expression and is associated with conditions such as
cerebral oedema and diabetic macular oedema***. Similarly, PLVAP expression following ischaemic
stroke or traumatic spinal cord injury is concomitant with disrupted neurovascular integrity*>. PLVAP
upregulation has also been observed in several cancers, including tumours of the brain, lung, breast,
stomach, liver, pancreas, colon, small intestine, kidneys, ovaries, prostate, uterus, skin and lymph nodes.
PLVAP expression is thought to be linked to tumour angiogenesis which has been demonstrated using
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human samples from glioblastoma and cholangiocarcinoma patients*** >, Furthermore, the potential of
PLVAP as a therapeutic target for HCC has been investigated previously; this study documented anti-
tumour effects and minimal systemic toxicity following PLVAP antibody blockade in a Hep3B murine

xenograft model**®.

Recent single-cell RNA sequencing studies of human liver tissue have highlighted the upregulation of
PLVAP gene expression in cirrhosis and HCC*”-**®, Ramachandran et al. (2019) identified two scar-
associated endothelial (SAEndo) sub-populations which displayed increased PLVAP expression and
were enriched within the fibrotic niche of cirrhotic patients (Figure 1.12) — CD34 PLVAP'VWAI" and
CD34'PLVAP"'ACKRI" cells. SAEndo cells expressed pro-fibrogenic genes including PDGFD,
PDGFB, LOX, and LOXL2, with gene ontology terms associated with extracellular matrix organisation.
These populations were distinct from the sinusoidal endothelial cell population, which was negative for
CD34 and PLVAP and displayed high expression of sinusoidal markers including CLEC4M, LYVE] and
STAB2*’. Sharma et al. (2020) performed single-cell RNA sequencing on foetal and cancerous liver
tissues, demonstrating onco-foetal reprogramming of endothelial cells in HCC patients, in which three
subsets of PLVAP" populations were documented — PLVAP'VEGFR2', PLVAP'HLA-DRA", and
PLVAP'HLA-DRA"ACKRI" cells*®. These populations were suggested to drive an immunosuppressive
microenvironment in HCC tumours. The re-emergence of similar PLVAP" endothelial cells observed in
the above studies suggests there could be common phenotypic changes in fibrosis-associated and cancer-

associated endothelial cells.

1.11.5 Role in Leukocyte Recruitment

Alongside its well-established role in regulating vascular permeability, PLVAP has also been implicated
more specifically as a leukocyte trafficking molecule. Pivotal studies by Jalkanen and Salmi’s research
groups highlighted that PLVAP (PAL-E) redistributes to the cell periphery within TNFa-treated
HUVEC, enwrapping transmigrating lymphocytes in association with caveolin-1***. Furthermore, they
demonstrated that lymphocyte transmigration was inhibited in response to an anti-PLVAP antibody,
whilst lymphocyte rolling and adhesion were unaffected. This finding was further supported by in vivo

53



studies of acute peritonitis, in which administration of the anti-PLV AP antibody significantly decreased

lymphocyte migration.

More recent studies have documented a convincing role for PLVAP in leukocyte positioning in vivo by
utilising Plvap-deficient mice. Specifically, PLVAP has been shown to control lymphocyte and antigen
entry to the lymph nodes, where it forms a size-selective sieve that was dependent on PLVAP-containing
diaphragms within transendothelial channels*®®. Interestingly, lymphocyte transmigration through the
lymph node sinus floor was increased in Plvap-deficient mice compared to wild-type controls, an
outcome that was seemingly independent of stomatal diaphragms since caveolin-1 knockout had no
effect on lymphocyte transmigration. Yet, in a seemingly contradictory manner, PLVAP antibody
ligation inhibited lymphocyte transmigration; these data suggested that PLV AP-containing diaphragms
could form the path of least resistance for lymphocyte migration, and that antibody-mediated PLVAP
blockade hampers lymphocyte entry to the lymph nodes. Plvap knockout mice have also offered insight
into its developmental role, in particular the positioning of foetal tissue-resident macrophages*®.
Rantakari et al. (2016) published elegant in vivo studies showing that PLVAP, selectively expressed in
liver sinusoidal endothelial cells, is integral for the egress of foetal liver monocytes to the systemic
vasculature and the subsequent seeding of macrophage populations within the tissues. In contrast, yolk-
sac-dependent macrophage seeding was independent of PLVAP, highlighting a selective and important
hepatic role for PLVAP during foetal development. However, the role of PLVAP in leukocyte

trafficking and recruitment within the adult human liver has not been studied previously.
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Figure 1.12: The expression of PLVAP in human liver cirrhosis.

(A) Publicly-available RNA-sequencing data from healthy (n=5) and cirrhotic (n=5) human livers showed that PLVAP
displayed marked enrichment in the endothelial cell fraction. (B) PLVAP expression defined a scar-associated
endothelial cell population that was expanded in cirrhotic liver patients. Data shown are taken from single-cell RNA-
sequencing study Ramachandran et al. 2019 and t-SNE plots were generated using livercellatlas.mvm.ed.ac.uk.

1.12 Aims and Hypotheses

Previous studies have implicated MR and PLVAP in the recruitment of leukocytes across specialised
endothelium such as that found in the lymphatic system®®* . This thesis will test the hypothesis that
MR and PLVAP mediate leukocyte recruitment across human hepatic sinusoidal endothelium, and
therefore play a role in shaping the tissue microenvironment during CLD and HCC. This study will

address the following core aims:

(1) Characterise MR and PLVAP expression in normal and diseased human liver tissue
(i1) Understand how MR and PLVAP expression is regulated in primary human HSEC

(ii1) Investigate a potential role for MR and PLVAP in leukocyte recruitment across human HSEC
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2 MATERIALS AND METHODS

2.1  Human Samples
2.1.1 Human Liver Tissue

Non-cirrhotic (“normal”) human liver tissue was obtained from rejected donor livers or those surplus to
clinical requirement under ethical study numbers 06/Q2702/61 and 18/WA/0214. Non-neoplastic liver
tissue was also acquired from margins of resected tumours from hepatocellular carcinoma patients,
alongside matched tumour tissue, under ethical study numbers 06/Q2702/61 and 18/LO/0102. Diseased
liver tissue was obtained from liver explants from patients undergoing transplantation at the Queen
Elizabeth Hospital Birmingham, under ethical study numbers 06/Q2702/61 and 18/WA/0214. All tissue

was obtained with prior consent and ethically approved for use in research.

2.1.2 Human Blood

Peripheral human blood was collected from healthy volunteers. Prior consent was obtained and blood

was used for research under ethical study number 18/WA/0214.
2.2 Murine Samples

All murine formalin-fixed paraffin-embedded tissue sections were a kind gift from Dr Thomas Bird
(Beatson Institute, UK). All mouse experiments were carried out under procedural guidelines, severity
protocols and within UK with ethical permission from the Animal Welfare and Ethical Review Body
(AWERB) and the Home Office. Male and female mice were housed in a specific pathogen-free
environment and kept under standard conditions with a twelve-hour day/night cycle and access to food

and water ad [ibitum.

2.2.1 Mdm?2 Model

Male 8-12 week old mice on a mixed background (129P2/0OlaHsdWtsi;C57B1/6J) were homozygous for
the Mdm2™>19"° allele (MGI: 2385439) and the Gt(ROSA)26Sort™4CAG-Tomao)tize a)ja]e (MGTI:

3809524). The Mdm2™>'S" allele encodes the p53-binding domain of Mdm2 (exons 5 and 6 flanked by
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loxP sequences). Mice were injected via tail vein with 2 x 10'" genomic copies of AAV8-TBG-Cre
vector, resulting in hepatocyte-specific expression of the Cre recombinase and subsequent excision of
Mdm?2 exons 5 and 6, referred to hereafter as AMdm2"? mice. Control mice were injected with the
AAVS-TBG-Null vector causing hepatocyte-specific expression of a scrambled sequence. Mice were

euthanised by CO; inhalation 4 days post-AAV injection.
2.3 Immunohistochemistry

Equipment and reagents used in immunohistochemistry studies are detailed in Table 2.1.

2.3.1 Preparation of Frozen Sections

Mannose receptor and PLVAP expression in non-cirrhotic and diseased human liver tissue was
investigated via chromogenic and fluorescent immunohistochemistry. One-centimetre-thick cubes of
fresh human liver tissue were snap frozen in liquid nitrogen and stored at -80°C until processing. Five-
seven micron-thick sections were cut using a cryostat from liver tissue embedded in O.C.T." TissueTek®
mount. Sections were then mounted on glass microscope slides, fixed in acetone, and stored wrapped in
foil at -20°C. Sections were obtained from at least five different donors, for non-cirrhotic liver tissue,
and from patients with ALD, NASH, PBC and PSC. Sections from HCC tumour and matched non-
tumour tissue were obtained from four patients. Isotype-matched controls were performed on matched

serial tissue sections where possible.

2.3.2 Preparation of Formalin-fixed Paraffin-embedded Sections

Five-millimetre-thick slices of fresh human or mouse liver tissue were fixed in 10% neutral buffered
formalin for 24 hours and processed as follows: wash with water; dehydration with 99% denatured

alcohol; clearing with xylene; infiltration with Histowax. Paraffin-embedded blocks were cut using a
Microtome to a thickness of 3 um, and sections were collected on microscope slides before being dried

at 37°C for at least one hour before immunostaining.
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2.3.3 Chromogenic and Fluorescent Immunohistochemistry

All incubations were carried out in a humidified chamber at 20-22°C with gentle agitation (20 rpm on
laboratory rocker) unless otherwise stated. Frozen sections were thawed at 20-22°C for 10 minutes and
then washed in PBS containing 0.1% (v/v) Tween® 20 (PBS-T) for five minutes with gentle agitation
(20 rpm). Formalin-fixed paraffin-embedded (FFPE) sections were de-waxed and rehydrated by static
incubation for three minutes with increasing concentrations of xylene, followed by increasing
concentrations of industrial denatured alcohol (IDA), and finally distilled water. Antigen retrieval of
FFPE sections was performed by microwaving for 20-30 minutes with 1% Tris-based (pH 9) or Citrate-

based (pH 6) Antigen Retrieval Buffer followed by washing with PBS-T for five minutes.

Sections were then incubated with either methanol containing 0.3% (v/v) hydrogen peroxide for 30
minutes, or Bloxall® Endogenous Blocking Solution for 15 minutes, followed by two five-minute
washing steps with PBS-T. To block non-specific antibody binding, sections were incubated with
blocking buffer (PBS containing 2X casein) for 20 minutes. For immunofluorescent staining of frozen
sections, blocking of non-specific binding was performed immediately after thawing and washing, by

incubating with PBS containing 2X casein and 10% goat serum for 20 minutes.

Primary antibodies were diluted in sterile PBS to the concentration specified in Table 2.2 and incubated
with sections for one hour, followed by two washing steps as indicated above. Pre-diluted secondary
antibodies (detailed in Table 2.3) were added to sections for 30 minutes before an additional two
washing steps as performed previously. Chromogenic substrate InmPACT® DAB Peroxidase (HRP)
Substrate Kit) was added for approximately five minutes as per the manufacturer’s instructions before
rinsing with tap water. Sections were then counterstained with Mayer’s haematoxylin for 20 seconds,
before rinsing with cold tap water, and then washing in warm water for two minutes. Sections were de-
hydrated by static incubation with increasing concentrations of IDA and xylene, before mounting on
glass coverslips using non-aqueous mounting medium (DPX) and leaving to dry overnight.
Chromogenic THC samples were imaged using an Axio Scan.Z1 slide scanner and visual fields were
selected using Zen (blue) software. For quantification of immunohistochemical staining, percentage
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staining area was calculated for a minimum of five visual fields per case using the “Threshold” and

“Measure” functions in ImageJ.

For immunofluorescent staining, fluorescently-conjugated secondary antibodies were diluted in sterile
PBS to concentrations indicated in Table 2.3 and incubated with thawed cryopreserved sections in the
dark for 30 minutes. Nuclear staining was performed by incubating for five minutes with 300 nM 4',6-
diamidino-2-phenylindole (DAPI), followed by washing with PBS-T and mounting of slides on glass
coverslips using ProLong™ Gold Antifade Mountant. Slides were then stored in the dark at 4°C until
imaging using an Axio Scan.Z1 slide scanner (Zeiss). Visual fields were selected and co-localisation
was analysed by generating intensity profiles using Zen (blue) software (Zen 2012, Zeiss). Alternatively,

slides were imaged using either a Zeiss LSM780 or LSM880 confocal microscope.

2.3.4 Sirius Red Staining

Sirius red staining was performed in matched serial liver sections, where possible, to visualise collagen
deposition. Sirius red solution (0.1% w/v) was made in advance (1.3% picric acid containing 1 g/L
Direct Red 80). All incubations were carried out in a humidified chamber at 20-22°C with gentle
agitation (20 rpm on laboratory rocker) unless otherwise stated. Cryopreserved sections were thawed at
20-22°C for 10 minutes before being rinsed with distilled water and incubated with 5% (v/v) phorbol
12-myristate 13- acetate (PMA) in distilled water for five minutes. After removal of PMA, Sirius red
solution was added to sections followed by a 30-minute incubation. Sirius red was then removed from
slides and replaced briefly with 0.1 M hydrochloric acid before rinsing with distilled water. Slides were
then dehydrated by incubating with increasing concentrations of IDA and xylene under static conditions,
before mounting onto glass coverslips with non-aqueous mounting medium (DPX). Slides were then

imaged as detailed in 2.3.3 Chromogenic and Fluorescent Immunohistochemistry.

2.4  HSEC Isolation and Cell Culture

All cell culture work was carried out in a class II microflow safety cabinet and aseptic technique was

followed at all times to prevent contamination. Cells were maintained at 37°C in a humidified incubator
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with 5% CO- unless otherwise stated. Equipment, plastics and reagents used in cell isolation and culture

are detailed in Table 2.4.

2.4.1 HSEC Isolation

Human HSEC were isolated according to a previously established protocol’”®. Slices of liver (10-50 g)
from normal and diseased donors were mechanically digested using two sterile scalpels. Enzymatic
digestion was achieved by incubating minced liver tissue with 20% (v/v) collagenase type 1A solution
in sterile PBS for 25-45 minutes at 37°C with agitation. Digested liver was then filtered and washed
through a fine mesh with PBS into a sterile beaker and the filtrate was centrifuged at 2000 rpm for five
minutes (all centrifugation steps unless otherwise specified). Supernatant was removed and pellet was
concentrated through serial centrifugation steps, before separation of non-parenchymal cells by
centrifugation using a 33:77% Percoll™ density gradient. Biliary epithelial cells were depleted using a
mouse anti-EpCAM (epithelial cell adhesion molecule) antibody (4.55 ug/mL, 30 minutes at 37°C)
followed by positive magnetic selection using ice-cold goat anti-mouse IgG Dynabeads™ (8 x 10°
beads/mL, 30 minutes at 4°C with agitation). CD45" immune cells were depleted using CD45-coated
Dynabeads™ (8 x 10° beads/mL, 30 minutes at 4°C with agitation). Human HSEC were then purified
by positive magnetic selection using CD31-coated Dynabeads™ (8 x 10° beads/mL, 30 minutes at 4°C

with agitation).
2.4.2 HSEC Culture and Passage

Isolated primary human HSEC (designated passage 0 (p0)) were maintained in endothelial cell serum-
free medium (SFM) supplemented with 10 ng/mL VEGF, 10 ng/mL HGF, 10% (v/v) human serum and
1% Pencillin-Streptomycin-Glutamine (PSG). Cells were cultured in collagen-coated 25 cm? flasks
immediately following isolation and then passaged at approximately 80% confluence and seeded into
75 cm? flasks thereafter. Cells were passaged by washing with sterile PBS and then incubating with
warm TrypLE™ enzyme for 2-3 minutes followed by gentle agitation to dislodge cells from plastic.

Enzyme was then diluted with PBS and cells were centrifuged at 2000 rpm for five minutes. The cell
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pellet was resuspended in HSEC culture medium and split accordingly up to a maximum of passage 6

(p6).
2.4.3 HSEC Storage

Reagents used in HSEC freezing are highlighted in Table 2.4. Isolated HSEC were expanded to p2
before freezing for long-term storage in liquid nitrogen. Confluent cells were harvested with TrypLE™
as described in 2.4.2 HSEC Culture and Passage and counted using a haemocytometer. Cells were
then centrifuged at 2000 rpm for five minutes and pellet was resuspended in foetal bovine serum (FBS)
containing 10% (v/v) dimethyl sulphoxide (DMSO) at a density of 1-1.5 x 10° cells/mL. One millilitre
of cell suspension was then added to cryovials which were frozen slowly overnight at -80°C in
MrFrosty™ freezing containers to allow optimum cell preservation. Once frozen, cryovials were
transferred to liquid nitrogen for long-term storage. Cells were thawed quickly at 37°C as required,
washed with PBS and centrifuged at 2000 rpm for five minutes. Pelleted cells were then resuspended in
HSEC culture medium (detailed in 2.4.2 HSEC Culture and Passage) and allowed to recover for at

least 24 hours before use.
2.5 Polymerase Chain Reaction (PCR)

Equipment, plastics and reagents used in PCR are detailed in Table 2.5 and Table 2.6.

2.5.1 Tissue Lysis

Approximately 20-30 mg of liver tissue was homogenised in gentleMACS™ M-tubes containing RLT
Buffer (in RNeasy®™ Mini Kit) and 1% (v/v) B-mercaptoethanol, using a gentleMACS™ Dissociator, as
per the manufacturer’s instructions. RNA was then extracted immediately, or alternatively, lysates were

the stored in single-use aliquots at -20°C until RNA extraction.
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2.5.2 Cell Lysis

Unstimulated or treated HSEC were washed twice with sterile PBS and then cells were lysed within 6
multi-well plates in 350 pL of RLT Buffer (in RNeasy® Micro Kit) containing 1% B-mercaptoethanol.

Lysates were stored at -20°C until RNA extraction.

2.5.3 RNA Extraction

RNA was extracted from tissue and cell lysates using the RNeasy® Mini Kit and RNeasy®™ Micro Kit,
respectively, as per the manufacturer’s instructions. All centrifugation steps were for 15 seconds at
>8000 g unless otherwise stated. Briefly, 350 uL 70% ethanol was added to each sample and mixed
thoroughly by pipetting, before being transferred to RNeasy MinElute spin columns each fitted with a 2
mL collection tube. Samples were centrifuged and flow-through was discarded. Columns were washed
by adding 350 uL RW1 Buffer before centrifugation, followed by addition of 10 pL. DNase I stock
solution in 70 uL RDD Buffer directly to the membrane and incubation at 20-30°C for 15 minutes. Wash
buffer (RW1) was then added (350 uL) followed by centrifugation and collection tubes were discarded
and replaced with new collection tubes. RPE Buffer (500 uL) was then added, tubes were centrifuged
and flow-through was discarded, followed by addition of 500 uL 80% ethanol and centrifugation for
two minutes at >8000 g. Collection tubes were discarded and replaced with new collection tubes, and
membranes were dried by centrifugation at maximum speed for five minutes. Collection tubes were then
replaced with 1.5 mL collection tubes and RNA was eluted by adding 14 uL. RNase-free water directly
to the membrane and centrifugation at maximum speed for one minute. Purity and integrity of total RNA
were assessed using a NanoPhotometer™ and samples with an A260/A280 ratio of 2 + 0.2 were used

for cDNA synthesis.
2.54 cDNA Synthesis

Random primers (0.5 pL/sample) were added to 10 mM dNTP Mix (1 pL/sample) in a nuclease-free
microcentrifuge tube and heated to 65°C for five minutes using a SensoQuest Labcycler 48. Random

primers and ANTP Mix were then added to a reaction mixture containing RNA (1 ug/sample), 5X First
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Strand Buffer (4 uL/sample), SuperScript® III Reverse Transcriptase (1 pL/sample), RNaseOUT™ (1
pL/sample) and 0.1 M dithiothreitol (DTT) (1 uL/sample), which was diluted in nuclease-free water to
a total reaction volume of 20 uL. Using a SensoQuest Labcycler 48, the following incubation steps were

performed: ten minutes at 25°C; 50 minutes at 50°C; 5 minutes at 85°C. cDNA was then stored at -20°C

until use in qRT-PCR.
2.5.5 Quantitative Real-time PCR

Quantitative real-time PCR (qQRT-PCR) was performed on each sample in triplicate using TagqMan®
Gene Expression Assays and reactions were prepared in white 96 or 384 multi-well plates. All reagents
were thawed and prepared on ice. Each reaction contained 5% (v/v) cDNA sample, 50% 2X TaqMan®
Universal PCR Master Mix and 5% TagMan® Gene Expression Assay primer probes in nuclease-free
water (final volume of 20 uL for 96-well and 10 pL for 384-well). GAPDH was used as a housekeeping
gene for cell-derived cDNA, whereas /8S and GUSB were used as housekeeping genes for CLD tissue-
and HCC tissue-derived cDNA, respectively. Reactions were performed in a LightCycler® 480
Instrument II (Roche) by completing 40 cycles of the following steps: 95°C for 10 seconds; 60°C for 50
seconds; 72°C for one second. Data were normalised to appropriate housekeeping gene expression using
“E-analysis” software (Roche). For analysis of whole liver tissue, tumour tissue, and HSEC, data were

normalised expression relative to 18S, GUSB and GAPDH, respectively.
2.6  Immunocytochemistry

Equipment, antibodies and reagents used in immunocytochemistry studies are detailed in Table 2.7.
Primary HSEC isolated from liver tissue (as described in 2.4 HSEC Isolation and Cell Culture) were
cultured in vitro, and were stained via immunofluorescence to visualise MR and PLVAP, amongst
several other markers. Prior to staining, HSEC were seeded into collagen-coated ibidi® 6-channel p
slides (75,000 cells/channel) and allowed to adhere for at least two hours. Cells were then washed twice
with PBS (whilst avoiding aspirating all liquid within channels) and fixed with 4% (w/v)

paraformaldehyde (PFA) for 10 minutes at 37°C. Once fixed, cells were permeabilised by incubating
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with PBS containing 0.3% (v/v) Triton™ X-100 for five minutes at 20-22°C with gentle agitation (20
rpm) (all incubation steps were carried out under these conditions unless otherwise stated).
Permeabilisation buffer was then replaced with blocking buffer (PBS containing 10% (v/v) goat serum
and 2X casein) and incubated for 30 minutes. Blocking buffer was next removed and primary antibodies
were added at optimum concentrations and incubated for one hour. Following three five-minute washing
steps with PBS-T, corresponding secondary antibodies were added and cells were incubated in the dark
for 30 minutes. Cells were then washed as above, incubated with 300 nM DAPI for two minutes, and
then washed again. Slides were stored in either PBS (short-term) or aqueous mounting medium (longer-
term) in the dark at 4°C until imaging. Single-plane and z-stack images were acquired on either a Zeiss
LSM780 or LSM880 confocal microscope (Zeiss) and analysed in Zen (blue) software (Zen 2012,
Zeiss). For quantification of immunofluorescent staining, percentage staining area was calculated for a

minimum of five visual fields per case using the “Threshold” and “Measure” functions in ImageJ.
2.7  Intracellular Trafficking Studies

Intracellular trafficking studies were performed in ibidi® six-channel p-slide VI 0.4 and imaged using

an LSM780 or LSM880 confocal microscope unless otherwise stated.

2.7.1 Cellular Localisation

Immunocytochemistry was performed to investigate the cellular localisation of MR and PLVAP.
Primary HSEC were dual-stained for MR or PLVAP and markers of either the cell membrane or
intracellular organelles, including the Golgi apparatus, early endosomes, recycling endosomes,

lysosomes and caveolae. Antibodies used in these studies are detailed in Table 2.2.

2.7.2 Intracellular Trafficking

Trafficking of MR and PLVAP was investigated using vacuolar-type ATPase inhibitor bafilomycin Al,
which has been shown previously to inhibit endocytic transport and lysosomal degradation®': %2,
Primary HSEC were treated with 10 nM bafilomycin Al for 24 hours, followed by fixation,

permeabilisation and immunocytochemistry as described in section 2.6 Immunocytochemistry.
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2.7.3 Uptake and Internalisation Assays

To study endocytic and scavenging capacity, cells were incubated with either 1 mg/mL 40 kDa
fluorescein isothiocyanate (FITC)-conjugated Dextran or Dil Acetylated low-density lipoproteins
(AcLDLs) for various time periods (indicated in results). Cells were then fixed and imaged via confocal
microscopy, and number of vesicles per cell was quantified using the “Analyse Particles” function in

ImageJ.

To understand if MR or PLVAP undergo internalisation or trafficking following receptor ligation, HSEC
were incubated with 2 ug/mL anti-MR or 10 pug/mL anti-PLVAP antibody diluted in growth medium
for various time periods (indicated in results). Cells were then fixed in 4% PFA, permeabilised with
0.3% Triton™ X-100, and stained with appropriate secondary antibodies to identify the ligated pool of

MR/PLVAP. In some cases, cells were also dual stained with antibodies detailed in Table 2.2.
2.8  High-content Imaging Assay

High-content imaging was performed in Falcon® 96-well Black TC-treated Imaging Microplates using

a Celllnsight™ CX5 High-content Screening Platform (ThermoFisher Scientific).

2.8.1 High-content Screening

High-content screening was performed to identify modulators of MR and PLVAP expression. A list of
putative regulators was generated from previous reports and is shown in Table 2.8. Primary HSEC were
seeded into collagen-coated Falcon® 96-well plates at a density of 25,000 cells per well and left to adhere
overnight. Cells were serum- and growth factor-starved for two hours before being treated for 24 hours
with various cytokines, chemokines, growth factors and compounds, which were diluted in Endothelial
Cell SFM to concentrations stated in Table 2.8. Relevant unstimulated and vehicle-treated controls were
incorporated and each condition was performed in triplicate. Cells were then fixed in 4% PFA for 10
minutes at 37°C and subsequently stained for either MR or PLVAP as described previously in section

2.6 Immunocytochemistry. Stained cells were imaged using a Celllnsight™ CX5 High-content

65



Screening Platform, and fluorescence area and intensity was quantified by utilising a Spot Detection

algorithm optimised within HCS Studio Software version 2.0 (ThermoFisher Scientific).

2.9  Additional Regulation Studies
2.9.1 Hypoxia

HSEC were seeded in collagen-coated 6-well plates at a cell density of 300,000/well in 2 mL complete
culture medium and left to adhere overnight. Cells were then placed either in a standard cell culture
incubator (95% air: 5% CO) or a hypoxic chamber (2% O»: 5% CO,) for 24 hours before being lysed
in RLT buffer containing 1% B-mercaptoethanol and stored at -20°C until RNA extraction. MRC1 and

PLVAP gene expression were then determined as described in 2.5 Polymerase Chain Reaction (PCR).

2.9.2 Shear Stress

HSEC were seeded in collagen-coated 6-well plates at a cell density of 150,000/well in 2 mL complete
culture medium and left to adhere overnight. Culture medium was then replaced before cells were placed
in either a static or rotating incubator for 72 hours. The orbital shaker was used to subject HSEC to
arterial levels of shear stress estimated to be around 10 dynes/cm**®. After 72 hours, HSEC were lysed
in RLT buffer containing 1% B-mercaptoethanol and stored at -20°C until RNA extraction. MRC1 and

PLVAP gene expression were then determined as described in 2.5 Polymerase Chain Reaction (PCR)

2.9.3 Conditioned Medium

The effects of conditioned medium from HCC cell lines on PLVAP expression was determined by high-
content imaging. Huh-7 and HepG2 cells. were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS and 1% PSG and passaged using TrypLE™ enzyme as described in 2.4.2
HSEC Culture and Passage. One day post-passaging, when the cells were around 80% confluent,
conditioned medium was harvested, centrifuged at 300 g for five minutes to remove cell debris, and

stored at -20°C until use.
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HSEC were seeded in collagen-coated 96-well black imaging plates at a cell density of 25,000/well in
complete culture medium and left to adhere overnight. The following day, HSEC were treated with
either conditioned medium from cell lines or respective media control (DMEM + 10% FBS) and
incubated for 24 hours. Cells were then fixed and stained for PLVAP as described in 2.6
Immunocytochemistry. PLVAP immunofluorescence was quantified as detailed in 2.8 High-content

Imaging Assay.

2.10 RNA Interference
2.10.1 Short-interfering (si)RNA Transfection of HSEC

Reagents used in RNA interference studies are detailed in Table 2.9. Cells were seeded at an appropriate
density to form a confluent monolayer overnight. For analysis of gene expression knockdowns were
performed in collagen-coated 6-well plates. For immunocytochemistry and imaging, knockdowns were
performed in 96-well black plates. For flow assays, knockdowns were performed in 6-channel ibidi® p-
slides. Working volumes were scaled up or down according to the application. siRNA duplexes were
diluted in OptiMEM such that the final concentration was 3.125 nM and then incubated at 20-22°C for
10 minutes. Lipofectamine was mixed with OptiMEM to enable a final concentration of 0.3% and
incubated at 20-22°C for 10 minutes. Lipofectamine and siRNA duplexes were then mixed and
incubated at 20-22°C for a further 10 minutes. Cells were washed twice with sterile PBS and then
siRNA/lipofectamine mix was diluted in OptiMEM (1:4) and added to the cells before being incubated
at 37°C for four hours. Media was then replaced with antibiotic- and growth factor-free culture medium

and incubated for 48 hours, prior to cell lysis or fixation, or use in subsequent functional assays.

2.10.2 Cell Lysis

Cells were washed twice with sterile PBS and then lysed for RNA as described above (2.5.2 Cell Lysis).

Cell lysates were stored at -20°C until RNA extraction and qRT-PCR.
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2.10.3 Assessment of Knockdown

Genetic knockdown of MR and PLVAP was carried out in collagen-coated 6-well plates during
optimisation stages so that cells could be lysed and knockdown efficiency could be assessed at the RNA
level. This was done via qRT-PCR as described above in 2.5 Polymerase Chain Reaction (PCR).
Knockdown was also performed in 96-well plates and efficiency was confirmed by immunofluorescent
staining via high-content imaging (2.6 Immunocytochemistry, 2.8 High-content Imaging Assay).
After confirming successful genetic knockdown, via these methods, siRNA-treated cells were used in

functional studies such as flow adhesion assays.

2.11 SASP Stimulation
2.11.1 Generation of SASP from IMRY0 Fibroblasts

The senescence-associated secretory phenotype (SASP) was a kind gift from Dr. Matt Hoare (CRUK
Cambridge Centre). The SASP was generated by obtaining conditioned medium from IMR90 cells
expressing a 4-hydroxytamofixen (4-OHT)-inducible form of oncogenic HRAS'?Y (ER:HRAS®'?Y).
These cells undergo oncogene-induced senescence in the presence of 4-OHT as a result of RAS
overexpression*®*. ER:HRAS®'?Y IMRO0 cells were generated using the pLNCX2 ER:HRAS®'?Y
(RRID:Addgene 67844) retroviral vector and were maintained in DMEM containing 10% FBS and 1%
PSG. Cells were passaged using TrypLE™ enzyme as described in 2.4.2 HSEC Culture and Passage.
Frozen IMR9O0 cells were thawed and cultured until fully confluent before being split into three T75 cm?
culture flasks, one of which contained culture medium supplemented with 100 nM 4-OHT (Sigma).
Cells were then cultured for six days and passaged as necessary, before supernatant was harvested,
centrifuged at 300 g for five minutes and stored at -80°C until use. Conditioned medium from senescent
IMR90 cells was designated “Ras-CM” and was compared to conditioned medium from the growing

IMR90 controls (“Grow-CM”).
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2.11.2 SASP Stimulation of HSEC

HSEC were treated for 24 hours with Grow-CM or Ras-CM at a dilution of 1 in 4 or 1 in 2 in either
complete culture media or antibiotic- and growth factor-free media (following siRNA treatment). The
HSEC phenotype was then characterised in a number of ways, including analysis of gene expression by
gRT-PCR, morphological analysis by brightfield and confocal microscopy, and analysis of protein
expression by immunocytochemistry followed by high-content imaging or confocal microscopy. These
methodologies are described above. The effects of SASP treatment on cytokine production (in the
presence or absence of PLVAP) and leukocyte recruitment were determined by performing cytokine

arrays on cell supernatants or flow adhesion assays, respectively.

2.12 Cytokine Arrays
2.12.1 Generation of HSEC Supernatants

The role of PLVAP in regulating the HSEC secretome in response to SASP stimulation was investigated.
HSEC were seeded in collagen-coated 6-well plates at a cell density of 300,000/well in complete culture
medium and left to adhere overnight. Cells were then transfected with siRNAs targeted against PLVAP
as described in 2.10 RNA Interference. After 24 hours, HSEC were stimulated with either the Grow-
CM or Ras-CM (1 in 2 dilution in Endothelial SFM containing 10% human serum) for 24 hours, before
washing with warm PBS, addition of fresh Endothelial SFM containing 10% human serum, and
incubation for a further 24 hours. Cell supernatants were then harvested, centrifuged at 300 g for three
minutes to remove cell debris, and stored at -80°C until use. Successful knockdown was confirmed at

the RNA level by qRT-PCR before cell supernatants were used in cytokine arrays.

2.12.2 Cytokine Array Method

HSEC supernatants were analysed using a Proteome Profiler Human Cytokine Array Kit (R&D
#ARYO005B) as per the manufacturer’s instructions. All incubation steps were performed with gentle
agitation (20 rpm on laboratory rocker). Briefly, nitrocellulose membranes containing capture antibodies

were blocked by incubating for one hour with Array Buffer. Supernatants were thawed on ice before
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adding 1 mL of sample to 0.5 mL Array Buffer. To each sample, 15 uL Detection Antibody Cocktail
was added and incubated for one hour at 20-22°C. Blocking buffer was then replaced with
sample/antibody mixture and incubated overnight at 4°C. Membranes were then washed three times for
ten minutes each with 1X Wash Buffer, before addition of Streptavidin-HRP and incubation for 30
minutes at 20-22°C. Membranes were washed as described previously before being incubated for one
minute with Chemi Reagent Mix. After blotting on paper towel to remove excess Chemi Reagent,
membranes were auto-exposed and imaged in the chemiluminescence channel using a ChemiDoc™

Imaging System (Bio-Rad).
2.12.3 Cytokine Array Analysis

Each spot on each membrane was selected using the oval selection tool in ImageJ and the integrated
density was measured and recorded. The density of each spot was normalised to the reference spots on
the same membrane; i.e. the fold change in density relative to the average density of the reference spots
was calculated. Data shown are from duplicate spots for each cytokine, with each experimental condition

performed in singlicate from one HSEC isolate.
2.13 Flow Adhesion Assay

Equipment, plastics and reagents used in flow adhesion assays are detailed in Table 2.10 and Table

2.11.

2.13.1 Lymphocyte Isolation from Peripheral Blood

Peripheral whole blood (~30 mL per 6-channel Ibidi® p-slide) was gently layered on top of Lympholyte®
cell separation media and centrifuged at 800 g for 20 minutes with the brake switched off. Peripheral
blood mononuclear cells (PBMCs) at the plasma-separation media interface were then removed, diluted
in PBS, and centrifuged at 2000 rpm for five minutes. Cells were then washed by resuspending pellet in
35 mL PBS, before centrifugation at 800 rpm for 10 minutes to remove platelets. Supernatant was

discarded and PBMCs were resuspended in flow assay medium (Endothelial SFM containing 0.1% (v/v)
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BSA). To isolate lymphocytes, PBMCs were added to a 75 cm?” culture flask and monocytes were
allowed to adhere to the plastic for one hour, and then cell suspension was removed and lymphocytes
were counted using a haemocytometer. Lymphocytes were then centrifuged at 2000 rpm for five minutes
and the cell pellet was resuspended in flow assay medium to a density of 1 x 10° cells/mL. All cells were

kept at 37°C in a humidified incubator until use in flow adhesion assay.

2.13.2 Monocyte Isolation from Peripheral Blood

PBMCs were isolated from 60 mL peripheral whole blood as described in 2.13.1 Lymphocyte Isolation
from Peripheral Blood. Monocytes were then isolated using a Pan Monocyte Isolation Kit as per the
manufacturer’s instructions. Briefly, PBMCs were resuspended in 40 uL./10 million cells of magnetic-
activated cell sorting (MACS) buffer (PBS containing 1 mM ethylenediaminetetraacetic acid (EDTA)
and 2% FBS) and incubated for 5 min on ice with 10 puL/10 million cells of Fc Receptor Blocking
Reagent and 10 pL/10 million cells of Biotin-Antibody Cocktail. Then, 30 pL/10 million cells of MACS
buffer and 20 pL/10 million cells of Anti-Biotin Microbeads were added before further incubation on
ice for 10 min. Labelled cell suspension was then applied to a pre-wetted LS column, washed three times
with 3 mL MACS buffer, and the flow-through was collected. Unlabelled cells (monocytes) were then
centrifuged at 2000 rpm for 5 min before being resuspended in flow assay medium at a density of 1 x

10°/mL prior to use in flow adhesion assay.

2.13.3 Fluorescent Labelling of Live HSEC

In some cases, HSEC were fluorescently labelled prior to flow assays by incubating for 1 h at 37°C with
CellTracker™ Green (CTG) CMFDA (10 uM) and SiR-actin Live Actin Probe (1 uM) diluted in flow
assay medium (Endothelial SFM containing 0.1% (v/v) BSA). Cells were then washed with PBS and
then this was replaced with complete culture medium until use in flow adhesion assay. Following flow
assays, pre-labelled cells were fixed with 4% PFA and subject to immunocytochemistry for additional
markers. The route of transmigration was determined via confocal microscopy based on the following

criteria: (1) Presence of a leukocyte (determined via DAPI) within the HSEC cytoplasm (disrupted CTG
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staining); (2) Formation of an F-actin-rich pore (lymphocytes only); (3) Location of transmigratory
event (proximal or distal to the cellular junctions); (4) Integrity of the VE-cadherin® cell junction.
Paracellular events were defined as occurring close to the cell junction and were associated with

disrupted VE-cadherin immunofluorescence.

2.13.4 Flow Assay Method

Flow adhesion assays were performed as previously described*®, using blocking antibody-treated or
siRNA-transfected HSEC to investigate a functional role for MR and PLVAP in leukocyte recruitment
(adhesion, shape-change or transmigration). Primary HSEC seeded in collagen-coated ibidi® slides and
grown to confluence were stimulated with 10 ng/mL TNFo or SASP (1 in 2 or 1 in 4 dilution for
lymphocytes and monocytes, respectively) for eight (TNFa) or 24 hours (SASP). For antibody blockade
experiments, HSEC were treated with blocking antibody for 40-50 minutes at 37°C prior to the flow

assay (

Table 2.12). Each treatment condition was performed in at least duplicate. For genetic knockdown
experiments, HSEC were transfected with siRNAs as described in 2.10 RNA Interference, and

treatments were performed in Endothelial SFM containing 10% human serum.

Flow assay apparatus was set-up as detailed previously*®. Briefly, ibidi® slides were mounted on an
inverted microscope, within a thermostatically-controlled chamber pre-warmed to 37°C, to allow phase-
contrast microscopy. A 50 mL glass syringe with luer lock was then attached to ~25 c¢cm of silicone
tubing and inserted into a syringe pump set at a withdrawal rate of 0.28 mL/min to maintain a shear
stress of 0.5 dyne/cm?®. Two 5 mL syringe barrels were attached to separate in-flow ports of an electronic
solenoid valve with silicone tubing. The electronic solenoid valve was then connected to a single outflow
port using silicone tubing, to enable switching between leukocytes and flow assay medium (Endothelial
SFM containing 0.1% (v/v) BSA) with virtually no dead volume. The valve was then flushed with flow
assay media to ensure removal of all air bubbles from the system. One syringe barrel was depleted

almost fully of flow assay media and replaced with leukocyte suspension. Inlet (from solenoid valve)
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and outlet (connected to syringe pump) tubes were then simultaneously connected to the ibidi® slide via

microslide adaptors, ensuring there were no bubbles in the flow system.

The endothelial monolayer was then perfused with flow assay buffer for one minute, to remove the
stimulant (TNFa, SASP) and/or antibody along with any cell debris, by enabling withdrawal of the
syringe pump. Then, the inlet valve was switched to the leukocyte suspension to allow a five-minute
bolus of leukocytes at a constant wall shear stress of 0.5 dyne/cm?. The HSEC monolayer was then
perfused with flow assay buffer for three minutes before recording ten fields of view at random along
the length of the channel, ensuring movement against the direction of flow to avoid recording of the
same leukocyte more than once. Following recording, HSEC were then fixed in 4% PFA for a minimum
of 10 minutes and stored at 4°C in PBS until further analysis by immunocytochemistry. Fixed HSEC
were then stained via immunofluorescence for markers of interest (MR/PLVAP and adhesion

molecules), and in some cases phalloidin to visualise the actin cytoskeleton, using confocal microscopy.

2.13.5 Analysis of Leukocyte Rolling, Adhesion and Transmigration

Recorded fields of view were analysed offline and the number of adhered, shape-changed and
transmigrated cells were scored manually by eye using the “Cell Counting” plugin on Imagel. Stable,
round, phase-bright leukocytes were counted as “adhered”, whilst leukocytes that were phase-dark were
considered “transmigrated”. Shape-changed cells were no longer round and could be partially phase-

bright/phase-dark (Figure 2.1).
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Figure 2.1: Phase-contrast image displaying various stages of the leukocyte adhesion cascade.

Round

Image demonstrates leukocyte adhesion (phase-bright), shape-change and transmigration (phase-dark)*6°.
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2.14 The Cancer Genome Atlas Data Analysis

To study the gene expression of MRCI and PLVAP, as well as senescent markers CDKNIA (p21) and
CDKN24 (pl6), in a large cohort of HCC patients, The Cancer Genome Atlas (TCGA) dataset was
analysed using a variety of widely-available online tools. Gene expression in HCC tumours was

compared to matched non-tumour control tissue using https://xenabrowser.net/. Expression levels were

then correlated with clinical outcomes including immune infiltrate (ESTIMATE:

https://bioinformatics.mdanderson.org/estimate/ TIMER: https://cistrome.shinyapps.io/timer/), tumour

aggressiveness (Buffa hypoxia and aneuploidy scores), tumour grade and cancer stage using

http://www.cbioportal.org/, and overall and disease-free patient survival accessible via

https://kmplot.com/analysis/.

2.15 Data Analysis and Statistics

All data were statistically analysed and presented graphically using GraphPad Prism 9.1.0 software
unless otherwise indicated in results. All data shown are mean + standard error of the mean (SEM) of at
least three independent experiments unless otherwise stated in the results section. Data sets were
analysed for a normal (Guassian) distribution using a Shapiro-Wilk normality test. Normally distributed
data sets were then compared using parametric statistical tests, whereas non-normally distributed data
sets were compared using equivalent non-parametric tests. Two independent data sets were statistically
compared with an unpaired student’s ¢-test (or Mann-Whitney), whilst three or more independent data
sets were compared with a one-way analysis of variance (ANOVA) (or Kruskal-Wallis test) followed
by an appropriate post-hoc multiple comparisons test. Treatment conditions were compared to their
relevant unstimulated or vehicle-treated control with Dunnett’s/Dunn’s multiple comparison test, unless
stated in the results section. Where appropriate, correlation analysis was performed for normally or non-

normally distributed data using a Pearson’s or Spearman’s correlation test, respectively.
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2.16 Equipment and Reagents

Table 2.1: Equipment and reagents used in immunohistochemistry studies.

Reagent Source Catalogue No.
Acetone FisherScientific A/0606/17
Bloxall® Endogenous Blocking Solution Vector SP-6000
Casein (10X) Vector SP-5020
CellStor (10% neutral buffered formalin) CellPath BAF-0010-01A
Citrate-based Antigen Retrieval Buffer Vector H-3300-250
Cryostat Bright OTF5000
DAPI Invitrogen D1306
Direct red 80 Sigma 365548
DPX CellPath SEA-1300-00A
Glass coverslips Marienfeld 102192
Goat serum Abcam ab138478
Histowax pfm Medical 9000R2010
Hydrochloric acid (37% v/v) Sigma H1758
Hydrogen peroxide (30% w/w) Sigma H1009
ImMmPACT® DAB Peroxidase (HRP) Substrate Vector SK-4105
Industrial Denatured Alcohol pfm Medical PRC/R/101
Mayer's Haematoxylin pfm Medical PRC/R/42
Methanol VWR 20847.307
Microscope Slides Klinipath PR-P-001
O.CT.™ Tissue-Tek® 16-004004
PBS Sigma P4417
Picric acid (1.3% v/v) Sigma P6744-1GA
Platform Shaker STR6 Stuart Scientific -
PMA Sigma HT153
ProLong™ Gold Antifade Mountant ThermoFisher Scientific P10144
Tris-based Antigen Retrieval Buffer Vector H-3301-250
Tween® 20 Sigma P1379
Xylene pfm Medical PRC/R/201

DAPI, 4'6-diamidino-2-phenylindole; DPX, distyrene plasticiser xylene; DAB, 3,3'-diaminobenzidine; HRP,
horseradish peroxidase; PBS, phosphate buffered saline; PMA, phorbol 12-myristate 13- acetate

Table 2.2: Details of primary antibodies.

Antibody Source Catalogue No. Use Concentration
aSMA Sigma A5288 IHC-Fr 20 ug/mL

Caveolin-1 Abcam ab192869 IHC-Fr, ICC 1.96 pg/mL
CCL2 Novus Bio NBP1-07035 ICC 2 pg/mL
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CD20 Invitrogen MA5-13141 IHC-P 0.2 pg/mL
CD31 Dako M0823 IHC-Fr 5 pg/mL
CD31 Abcam ab9498 ICC, Blocking 5 pg/mL
CD32b Abcam ab151497 ICC 2 pg/mL
CD34 Abcam ab8536 IHC-Fr 10 pg/mL
CD36 Abcam ab137320 ICC 10 pg/mL
CD45 Abcam ab10558 IHC-P 2.5 ug/mL
CD68 Biolegend 333802 IHC-Fr 5 pg/mL
CD8 Abcam ab199016 IHC-P 1.6 pg/mL
Collagen Ill Abcam ab7778 IHC-Fr 1 pg/mL
EEA1 Abcam ab50313 ICC 5 pg/mL
EEA1 BD Biosciences 610456 ICC 2.5 pg/mL
GM130 BD Biosciences 610823 ICC 2.5 pg/mL
GM130 Merck MABT-1363 ICC 5 pg/mL
ICAM1 R&D BBA3 ICC, Blocking 5 pg/mL
L-SIGN R&D MAB162 IHC-Fr 5 pg/mL
LYVE-1 Abcam ab33682 ICC 5 pg/mL
LYVE-1 R&D MAB20891 IHC-Fr 5 pg/mL
MAC387 Invitrogen MA5-11213 IHC-P 2 pg/mL
MECA-32 Novus Bio NB100-77668 IHC-P 2 pg/mL
migG1 IMC Dako X0931 IHC, ICC -
mlgG2a IMC Dako X0943 IHC, ICC -
mligG2b IMC Dako X0944 IHC, ICC -
MR Abcam ab64693 IHC-Fr, ICC 2.5 pg/mL
MR Abcam ab8918 IH;ZEQL%C’ 2 ugimL
NE Abcam ab219585 IHC-P 0.515 pg/mL
PLVAP Abcam ab8086 IHC-Fr 1 pg/mL
PLVAP Abcam ab81719 ICC, Blocking 2 ug/mL
PLVAP Sigma HPA002279 IHC-P 1 pg/mL
Rab11a Abcam ab65200 ICC 1 pg/mL
Rb IMC Dako X0903 IHC, ICC -
rigG2a IMC Invitrogen 14-4321-81 IHC-P -
Stabilin-1 Gift* 3-372 ICC 10 pg/mL
Stabilin-2 ThermoFisher PA5-55447 ICC 2 pg/mL
VAMP7 Invitrogen 0SS00047G ICC 10 pg/mL
VE-cadherin R&D MAB9381 ICC 1 pg/mL
Vimentin Sigma V6389 IHC-Fr 25 pg/mL

IHC-Fr, immunohistochemistry-frozen; ICC, immunocytochemistry; IHC-P, immunohistochemistry-paraffin.
*Stabilin-1 antibody was a kind gift from Sirpa Jalkenen (University of Turku, Finland).
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Table 2.3: Details of secondary antibodies.

Antibody Source Catalogue No. Use Concentration
Anti-Mouse Immpress® Kit Vector MP-7402 IHC-Fr, IHC-P Pre-diluted
Anti-Rabbit Immpress® Kit Vector MP-7401 IHC-Fr, IHC-P Pre-diluted

Ant-Rat Immpress® Kit Vector MP-7444 IHC-P Pre-diluted
mlgG1 AF488 Invitrogen™ A21121 IHC-Fr, ICC 4 ug/mL
migG1 AF546 Invitrogen™ A21123 IHC-Fr, ICC 4 yg/mL
migG2a AF546 Invitrogen™ A21133 IHC-Fr, ICC 4 yg/mL
mligG2b AF488 Invitrogen™ A21141 IHC-Fr, ICC 4 ug/mL
mlgG2b AF546 Invitrogen™ A21143 IHC-Fr, ICC 4 ug/mL

Rb AF488 Invitrogen™ A11008 IHC-Fr, ICC 4 ug/mL

Rb AF546 Invitrogen™ A110035 IHC-Fr, ICC 4 ug/mL

IHC-Fr, immunohistochemistry-frozen; ICC, immunocytochemistry; IHC-P, immunohistochemistry-paraffin

Table 2.4: Equipment, plastics and reagents used for cell culture.

Reagent Source Catalogue No.
15 ml centrifuge tubes Corning 352095
25 cm? culture flasks Corning 430639
50 ml centrifuge tubes Corning 430829
6-well culture plates Corning 3516
75 cm? culture flasks Corning 430641U
Anti-EpCAM antibody (clone HEA125) Progen 61004
Class Il Microflow Safety Cabinet - Holten LaminAir 1.8
Collagen type | from rat tail Sigma C3867
Collagenase type 1A from Clistridium histolytcum Sigma C9891
CoolCell® LX freezing container Corning 432003
Cryovials Corning 431386
DMEM Gibco 41965-039
DMSO Sigma D650
Dynabeads™ CD31 Endothelial Cell ThermoFisher Scientific 11155D
Dynabeads™ Goat Anti-Mouse IgG ThermoFisher Scientific 11033
Dynabeads™ CD45 ThermoFisher Scientific 11153D
DynaMag™-15 Separation Magnet Invitrogen 12301D
Endothlelial Cell Serum-Free Medium Gibco 11111044
FBS Gibco 10500064
Haemocytometer Neubauer -
Human Serum TCS Biosciences CS100-500
Humidified Incubator phc IncuSafe
Ibidi® ibiTreat p-Slide VI 0.4 Ibidi 80606
PBS Sigma P4417
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Penicillin-Streptomycin-Glutamine (100X) Gibco 10378016
Percoll™ Sigma GE17-0891-01
Recombinant human HGF Peprotech 100-39H
Recombinant human VEGF Peprotech 100-20
Sterile pasteur pipettes Fisher 13469108
Sterile Scalpels Swann-Morton 05XX
TrypLE™ Express Enzyme (1X) Gibco 12605010

EpCAM, epithelial cell adhesion molecule; DMEM, Dulbecco’s modified eagle medium; DMSO, dimethyl
sulphoxide; FBS, foetal bovine serum; PBS, phosphate buffered saline; HGF, hepatocyte growth factor; VEGF,
vascular endothelial growth factor.

Table 2.5: Equipment and regents used for PCR.

Reagent Source Catalogue No.
10 mM dNTP Mix Invitrogen 18427-013
384 Multi-well Plates Roche 04729749001
96 Multi-well Plates Roche 04729692001
B-mercaptoethanol Sigma M6250
Ethanol VWR 20821.330
gentleMACS™ Dissociator Miltenyi Biotec -
gentleMACS™ M-tubes Miltenyi Biotec 130-093-236
LightCycler® 480 Intrument Il Roche -
NanoPhotometer™ Geneflow Implen
Nuclease-free Microcentrifuge Tubes Star Lab 11402-8100
Nuclease-free Water Promega P119C
PBS Sigma P4417
Random Primers Promega C1181
RNase-free DNase Set Qiagen 1023460
RNaseOUT™ Ribonuclease Inhibitor Invitrogen 10777-019
RNeasy® Micro Kit Qiagen 74004
RNeasy® Mini Kit Qiagen 74104
SensoQuest Labcycler 48 Geneflow -
SuperScript® Il Reverse Transcriptase Invitrogen 18080-044
TagMan® Universal PCR Master Mix Applied Biosystems 4326708

dNTP, deoxyribonucleotide triphosphate; PBS, phosphate buffered saline.

Table 2.6: TagMan® Gene Expression Assays used for PCR.

Reagent Source Catalogue No.
18S TagMan® Assay ThermoFisher Scientific Hs99999901
ACTB TagMan® Assay ThermoFisher Scientific Hs01060665
CCL2 TagMan® Assay ThermoFisher Scientific Hs00234140
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CDKN1A TagMan® Assay ThermoFisher Scientific Hs00355782
CDKN2A TagMan® Assay ThermoFisher Scientific Hs00923894
CXCL8 TagMan® Assay ThermoFisher Scientific Hs00174103
GAPDH TagMan® Assay ThermoFisher Scientific Hs99999905
GUSB TagMan® Assay ThermoFisher Scientific Hs00939627
ICAM1 TagMan® Assay ThermoFisher Scientific Hs00164932
IL1B TagMan® Assay ThermoFisher Scientific Hs00174097
IL6 TagMan® Assay ThermoFisher Scientific Hs00985639
MRC1 TagMan® Assay ThermoFisher Scientific Hs00267207
PLVAP TagMan® Assay ThermoFisher Scientific Hs00229941

Table 2.7: Reagents used in immunocytochemistry studies.

Reagent Source Catalogue No.
Bafilomycin A1 from Streptomyces griseus Sigma 196000
Casein (10X) Vector SP-5020
DAPI Invitrogen D1306
Dil-AcLDL Sigma L3484
FITC-dextran Sigma FD40
Goat serum Abcam ab138478
PBS Sigma P4417
PFA Alfa Aesar J61899
Phalloidin AF633 Invitrogen A22284
Triton™ X-100 Sigma X100
Tween® 20 Sigma P1379

DAPI, 4'.6-diamidino-2-phenylindole; AcLDL, acetylated low-density lipoprotein; FITC, fluorescein isothiocyanate;
PBS, phosphate buffered saline; PFA, paraformaldehyde.

Table 2.8: Reagents used in high-content screening.

Reagent Source Catalogue No. Concentration
15d-PGJ2 Cambridge Biosciences CAY-18570.1 5mM
Angiopoietin | Sigma SRP3007 250 ng/mL
Angiopoietin 11 Sigma SRP6403 250 ng/mL
Angiotensin Il Sigma A9525 100 nM

ATRA Sigma R2625 100 nM
BMP-9 Peprotech 120-07 10 ng/mL
Ciglitazone Cambridge Biosciences CAY-71730 5mM
CX3CLA1 Peprotech 300-31 0.85 mg/mL
Cytochalasin D Sigma C2618 1 mg/mL
Dexamethasone Sigma D4902 10 mM
Dimethyl Fumarate Sigma 242926 20 mM
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DMSO Sigma D650 -
Ethanol VWR 20821.33 -
Falcon® 96-well Imaging Microplates Corning 353219 -
Fibrinogen Sigma 341578 4 mg/mL
HGF Peprotech 100-39H 48 ng/mL
IFNy Peprotech 300-02 11.86 ng/mL
IL-10 Peprotech 200-10 20 ng/mL
IL-13 Peprotech 200-13 10 ng/mL
IL-4 Peprotech 200-04 10 ng/mL
IL-6 Miltenyi Biotec 130-095-3650 10 ng/mL
IL1B Peprotech 200-01B 10 ng/mL
Latrunculin A Sigma 428026 1mM
LiCl Sigma L7026 10 mM
LPA Sigma L7260 1 mM
LPS from E. coli (O111:B4) Sigma L2630 1 pg/mL
Methanol VWR 20847.307 -
PGE1 Sigma P5515 100 nM
PMA Sigma P8139 50 nM
Rosiglitazone Cambridge Biosciences CAY-71740 5mM
S1P Sigma 73914 100 nM
SB431542 (ALK5i) Sigma 616461 10 mM
TGFB Peprotech 100-21 5 ng/mL
TNFa Peprotech 300-01A 10 ng/mL
VEGF Peprotech 100-21 100 ng/mL
Whnt3a R&D Systems 5036-WN-010 200 ng/mL

15dPGJ;, 15-Deoxy-Delta-12,14-prostaglandin J2; ATRA, all-trans retinoic acid; BMP-9, bone morphogenic protein
9; CX;CL1, fractalkine; DMSO, dimethyl sulphoxide; HGF, hepatocyte growth factor; IFNy, interferon v; IL,
interleukin; LiCl, lithium chloride; LPA, lysophosphatidic acid; LPS, lipopolysaccharide; PGE1, prostaglandin E1;
PMA, phorbol 12-myristate 13-acetate; S1P, sphinosine-1-phosphate; ALKSi, activin receptor-like kinase 5
inhibitor; TGFB, transforming growth factor ; TNFa, tumour necrosis factor o; VEGF, vascular endothelial growth
factor.

Table 2.9: Reagents used in RNA interference studies.

Reagent Source Catalogue No.
MRC1 siRNA Ambion s8957
Negative Control siRNA Ambion 4390843
Opti-MEM™ Reduced Serum Medium Gibco 31985-047
PLVAP siRNA Ambion s37972
RNAi Max Lipofectamine Invitrogen 13778-075

Table 2.10: Equipment used in leukocyte isolation.

Reagent Source Catalogue No.
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EDTA Sigma E0270
FBS Gibco 10500064
LS Separation Column Miltenyi Biotec 130-042-401
Lympholyte® Cell Separation Media Cedarlane CL5020
Magnet Midi MACS Miltenyi Biotec 130-042-302
Pan Monocyte Isolation Kit (Human) Miltenyi Biotec 130-096-537
PBS Sigma P4417

EDTA, ethylenediaminetetraacetic acid; FBS, foetal bovine serum; MACS, magnetic-associated cell sorting; PBS,
phosphate buffered saline.

Table 2.11: Equipment and reagents used in flow adhesion assays.

Reagent Source Catalogue No.
5 mL Syringes BD Emerald 307731
BSA Fraction V Gibco 15260037
CellTracker™ Green (CMFDA) Invitrogen C2925
DAPI Invitrogen D1306
Electronic Solenoid Valve Lee Products -
Glass syringe Popper & Sons inc. -
Harvard Syringe Pump Harvard Apparatus PHD2000
PFA Alfa Aesar J61899
Phalloidin Invitrogen A22284
SiR-actin Live Cell Actin Probe Spirochrome SCO001
TNFa Peprotech 300-01A

BSA, bovine serum albumin; DAPI, 4',6-diamidino-2-phenylindole; PFA, paraformaldehyde; TNFa, tumour
necrosis factor a.

Table 2.12: Blocking antibodies used prior to flow adhesion assays.

Antibody Source Catalogue No. Concentration
CD31 Abcam ab9498 10 pg/mL
ICAM-1 R&D BBA3 10 pg/mL

MR Abcam ab8918 2 pg/mL
PLVAP Abcam ab81719 10 ug/mL

ICAM-1, intercellular adhesion molecule 1; MR, mannose receptor; PLVAP, plasmalemma vesicle-associated

protein
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3 CHARACTERISATION OF MR AND PLVAP EXPRESSION
IN HUMAN LIVER

3.1 Characterisation Studies

Recent single-cell RNA-sequencing studies have highlighted that MRC1 is highly expressed in healthy
sinusoidal endothelial cells, whilst PLVAP is upregulated in scar-associated and tumour-associated
endothelial cells from cirrhotic and HCC patients, respectively™” **. To investigate MR and PLVAP
gene expression in human liver, MRCI and PLVAP mRNA was measured within whole tissue lysates
from normal and chronically diseased liver via qRT-PCR analysis. Primary liver tumour specimens are
not as readily accessible as CLD samples, and so publicly-available RNA-sequencing databases were
utilised to complement gene expression data from a handful of HCC cases. MRCI and PLVAP gene
expression was analysed, within The Cancer Genome Atlas (TCGA) dataset, in matched tumour and
non-tumour HCC samples. Gene expression was then studied in relation to clinical parameters including

cancer stage, tumour grade, tumour aggressiveness and patient survival.

To study the protein expression pattern of MR and PLVAP in normal and pathological human liver
tissue, chromogenic immunohistochemistry was performed in donor and chronically diseased liver
tissue, as well as in tumour and adjacent non-tumour tissue from HCC patients. To confirm the cellular
location of these proteins, dual colour immunofluorescence was undertaken to simultaneously visualise
MR" and PLVAP" cell populations in liver sections with cell-specific markers to further characterise

these populations.

3.1.1 MR was abundantly expressed in normal liver tissue and downregulated in CLD

At the mRNA level, the median MRCI gene expression showed a 1.59-fold reduction in CLD patients
compared to donor controls, although this difference was not statistically significant (Figure 3.1A). In
fact, there were no significant differences in MRC1 gene expression between any of the disease groups
studied, despite three out of four aetiologies displaying lower (~1.52-3.76-fold) levels of gene

expression (Figure 3.1B).
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In donor liver tissue sections, MR showed a homogenous sinusoidal expression pattern, with some areas
of intense staining within the sinusoidal regions which are characteristic of Kupffer cells (Figure 3.2).
Staining appeared to be uniform across the hepatic lobule, with little evidence of any zonation in relation
to its expression. MR was observed to be absent from other hepatic structures including hepatocytes and
bile ducts. Isotype-matched controls were performed in matched sample cases where possible and were
shown to be negative. In chronically diseased liver tissue, including metabolic conditions such as ALD
and NASH and cholestatic diseases PBC and PSC, MR homogeneity was observed to be disrupted
compared with that seen in donor liver tissue (Figure 3.3). Sirius red staining was performed on serial
liver sections, to highlight collagen deposition, which was used to measure the extent of fibrosis within
each case. In particular, MR expression seemed to be much lower, or in some cases absent, in areas
proximal to fibrotic septa indicated by Sirius red staining (Figure 3.3). Notably, despite the disruption

in MR expression close to fibrotic areas, MR was still observed within fibrotic septa.

Chronic liver diseases are characterised by fibrosis independently of aetiology, which was highlighted
by the significantly (~4.8-fold) higher levels of collagen deposition (Sirius red staining) (Figure 3.4A).
In contrast, MR staining area was significantly lower in CLD livers (9.85 + 1.05%) compared with donor
liver controls (17.09 + 1.63%) (Figure 3.4B), although when stratified based on aetiology, only ALD
samples were statistically different (Figure 3.4C). Although there was no significant correlation
between the levels of MR and Sirius red staining in matched patient samples, donor livers did seem to
cluster together and displayed higher MR expression and lower collagen deposition (Figure 3.4D),

which is consistent with MR being highly expressed in normal, non-fibrotic liver.
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Figure 3.1: Mannose receptor (MRC1) gene expression was comparable in normal and cirrhotic human liver.

(A) Gene expression was determined by gRT-PCR of whole liver tissue lysates from donor (n=12) and chronic liver
disease (CLD) patients (n=21). (B) Data were then stratified based on aetiology (ALD, alcoholic liver disease;
NASH, non-alcoholic steatohepatitis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis). There
were no significant differences between MRC1 expression in donor livers compared with either combined CLD
samples (p>0.05, Mann-Whitney test) (A) or each individual aetiology (p>0.05, Kruskal-Wallis test followed by
Dunn’s multiple comparison test) (B). MRC1 expression is shown relative to 18S which was used as a housekeeping
gene. Data shown are median + interquartile range where each data point represents an independent patient

sample.
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Figure 3.2: Mannose receptor (MR) was abundantly expressed in normal human liver tissue.

MR (brown) displayed a sinusoidal expression pattern (arrows) with some intense positive staining within sinusoids
that resembled Kupffer cells (arrowheads) (inset, high magnification). Bile ducts (dashed lines) and hepatocytes
were negative, as were isotype control samples. Fields of view were selected in Zen Blue software (Zeiss) post-
acquisition of entire tissue sections using a Zeiss Axio Scan.Z1 and a 20x objective. Images shown are
representative of 7-11 patient samples. Scale bars represent 200 um (upper) and 50 ym (lower).
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Figure 3.3: Mannose receptor (MR) homogeneity was disrupted in chronic liver disease (CLD).

MR (brown) expression was assessed in alcoholic liver disease (ALD), non-alcoholic steatohepatitis (NASH),
primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) (right panels). Fibrosis was evident within
patient samples by visualisation of collagen deposition (red) via Sirius red staining (left panels). Fibrotic septa are
depicted by red dashed lines. MR expression was often particularly low in areas proximal to fibrotic septa, indicated
by blue dashed lines, although MR was still present within fibrotic septa. Images shown are representative of 5-6
patient samples per aetiology. Scale bars represent 200 um. See Appendix 7.1 for isotype controls.
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Figure 3.4: Mannose receptor (MR) was downregulated in chronic liver disease (CLD).

(A) Collagen deposition was measured via Sirius red staining of donor (n=6) and CLD (n=14) livers (**p<0.01,
Mann-Whitney test). (B) MR expression was determined by quantification of immunohistochemical staining of donor
(n=8) and CLD patient (n=23) samples (**p<0.01, student’s unpaired t-test). (C) Data were stratified based on
aetiology (ALD, alcoholic liver disease; NASH, non-alcoholic steatohepatitis; PBC, primary biliary cholangitis; PSC,
primary sclerosing cholangitis) (***p<0.001, one-way ANOVA and Dunnett’'s multiple comparison test). Isotype-
matched control (IMC) levels are indicated by the grey gridline. Data shown are mean % area + SEM, where each
data point represents an independent patient sample. (D) MR expression was plotted against Sirius red staining
area measured in serial sections from matched patient samples (n=13).

3.1.2 MR was downregulated in HCC tumour tissue but did not correlate with clinical parameters

In tumour tissue from HCC patients, MR was downregulated at the mRNA level compared with adjacent
non-tumour tissue (Figure 3.5A). Sequencing data from TCGA databases showed a significant ~3.63-
fold reduction in MRCI gene expression within HCC tumours compared to matched non-tumour
controls (Figure 3.5A). When HCC samples were analysed by qRT-PCR, there was no significant

difference in MRC1 gene expression, and some variation was seen between tumour levels relative to the
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non-tumour tissue (Figure 3.5B). At the protein level, there was no significant difference in MR staining
area within tumour tissue sections compared to non-tumour, as determined by immunohistochemistry
(Figure 3.5C, D). However, despite intense MR staining within the tumour stroma, there appeared to
be reduced sinusoidal MR, observed in 5/9 cases (Figure 3.5D). Regarding patient prognosis and
survival, there was no significant association between MRCI expression and cancer stage or tumour
grade (Figure 3.6A, B). Further, despite showing a negative correlation with aneuploidy score (Figure
3.6C), which is a surrogate marker of tumour aggressiveness, MRC1 gene expression did not seem to

be predictive of overall or disease-free patient survival (Figure 3.6E).

3.1.3 PLVAP was upregulated in CLD and showed a scar-associated expression pattern

At the gene level, PLVAP mRNA was shown to be increased (~6.85-fold) in CLD, as determined by
gRT-PCR analysis (Figure 3.7A). When expression data were stratified according to aectiology, only
ALD and NASH samples showed a significantly higher PLVAP gene expression compared to donor
controls (Figure 3.7B). These data support the upregulation of PLVAP during chronic liver

inflammation.

Expression of PLVAP in donor liver tissue was low (Figure 3.8, Figure 3.10), tending to associate with
periportal sinusoidal areas, as well as being expressed on larger vessels (Figure 3.8). In CLD, PLVAP
expression was considerably more evident, localising to neovessels within fibrotic septa and the
surrounding sinusoids (Figure 3.9). When staining area was quantified, PLVAP was significantly
upregulated in CLD patient samples overall (14.96 + 1.44%), and when stratified as individual
actiologies, compared to donor levels (4.23 + 0.88%) (Figure 3.10A-B). Moreover, PLVAP
significantly correlated with the extent of collagen deposition and fibrosis in matched patient samples,

with its expression being directly proportional to the amount of Sirius red staining (Figure 3.10C).
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Figure 3.5: Mannose receptor (MR) was downregulated in hepatocellular carcinoma (HCC) tumours.

(A) Publicly-available TCGA (The Cancer Genome Atlas) databases were analysed for MRC1 expression in
matched non-tumour (NT) (n=50) and tumour (T) (n=50) tissues from HCC patients (****p<0.0001, Wilcoxon test).
Data shown are median log2(RNAseq by Expectation-Maximum) * interquartile range and are accessible via
https://xenabrowser.net/. (B) MRC1 expression was determined by gRT-PCR of matched NT and T whole tissue

TCGA mRNA
16 ek 0.25
124 .34 & sm 021
g o 323
o 3 8>
: ~§- 20 0.151
8 g9
- e ‘: 8 ® 0.11
S
4 & g
| = £ 0.051
n=50 =50
0 ] ] 0-—-——
NT T NT
7z -
‘ '
! ”
| iy
i ’ 4
o i 'I,A p
7/ -
o\ R e
” IR, A\TE %
- N\
4 N
N p 1. - i >
\-’>, , 4 ™ \\ E \ .
¥ : R 4 N
\ -~ N
X N\
e O ~
= \\\ = -
» /. . .')‘1‘."?:"‘ g2
A L5 XY :
| e p .'?—_-'.-_ v .‘ { | o e
s 'f' 1 - AV [
¢ e |
» : r =S - . %
'.A(- ./_,. - ~“~~ \\ . LT -7
. < ~ ﬁ
pe. . Y \\ N
[ ; 'tl 4 - N .
& S Clahpe
3 "ﬂ' ‘ﬁ"’ j
27 é 7/ A
¢ S
- 7. 7 o
- o .
:‘ % ‘.-— 4 -
4 g r's

Protein
504
'g .
T 40+
°\° g
8 30"
A .
@ 204
L%- -
o 104
z -

0 1 1

NT T

lysates from HCC patients (p>0.05, student’s paired t-test). Expression is shown relative to GUSB which was used
as a housekeeping gene. (C) MR protein expression was variable in HCC tumours compared to matched non-
tumour controls, determined by immunohistochemistry and quantification of staining area. Each data point in (A-C)
represents an independent patient sample. (D) Representative images of MR immunohistochemical staining
(brown) in NT and T tissue from HCC patients. Fibrotic septa and tumour stroma are indicated by red and black
dashed lines, respectively. Fields of view were selected in Zen Blue software (Zeiss) post-acquisition of entire tissue
sections using a Zeiss Axio Scan.Z1 and a 20x objective. Scale bars represent 100 um (left) and 50 ym (right).
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Figure 3.6: MRC1 expression did not correlate with survival or other hepatocellular carcinoma (HCC)
clinical parameters.

Publicly-available TCGA (The Cancer Genome Atlas) databases were analysed for MRC1 expression relative to
(A) cancer stage and (B) tumour grade (p>0.05, Kruskal-Wallis test followed by Dunn’s multiple comparison test).
Data shown are median log2(RNAseq by Expectation-Maximum) = interquartile range and are available at
http://www.cbioportal.org/. (C, D) MRC1 expression showed a significant negative correlation with aneuploidy score
(n=344) (****p<0.0001, Spearman’s correlation test) but no significant correlation with Buffa hypoxia score (n=348)
(p>0.05, Spearman’s correlation test), both of which are surrogate markers of tumour aggressiveness. (E) Kaplan-
Meier plots depicting overall and disease-free survival data for MRC1"" and MRC1'*% HCC patients (p>0.05, Log-
rank test) (HR, hazard ratio). High and low expressing groups were stratified based on the median MRC1
expression. Survival data is accessible via https://kmplot.com/analysis/.
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Figure 3.7: Plasmalemma vesicle-associated protein (PLVAP) gene expression was upregulated in
chronic liver disease (CLD).

(A) Gene expression was determined by qRT-PCR of whole liver tissue lysates from donor (n=5) and CLD patients
(n=24) (***p<0.001, Mann-Whitney test). (B) Data were then stratified based on aetiology (ALD, alcoholic liver
disease; NASH, non-alcoholic steatohepatitis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis)
(*p<0.05, ***p<0.001, Kruskal-Wallis test followed by Dunn’s multiple comparison test). PLVAP expression is shown
relative to 78S which was used as a housekeeping gene. Data shown are median + interquartile range, where each
data point represents an independent patient sample.
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Figure 3.8: Plasmalemma vesicle-associated protein (PLVAP) was expressed at low levels in normal
human liver tissue.

PLVAP often localised to periportal sinusoidal areas (arrows) and larger vessels (arrowheads) (inset, high
magnification). Isotype control samples were negative. Fields of view were selected in Zen Blue software (Zeiss)
post-acquisition of entire tissue sections using a Zeiss Axio Scan.Z1 and a 20x objective. Images shown are
representative of 6-8 patient samples. Scale bars represent 200 ym and 50 um (inset).
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Figure 3.9: Plasmalemma vesicle-associated protein (PLVAP) expression was increased in cirrhotic
human liver.

PLVAP (brown) expression was assessed in alcoholic liver disease (ALD), non-alcoholic steatohepatitis (NASH),
primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) (right panels). Sirius red images (left
panels) are those shown in Figure 3.3 (except PSC), where the red dashed lines indicate fibrotic septa. PLVAP
staining was localised within, and proximal to, fibrotic regions (blue dashed lines). Images shown are representative
of 3-4 patient samples per aetiology. Scale bars represent 200 um. See Appendix 7.2 for isotype controls.
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Figure 3.10: Plasmalemma vesicle-associated protein (PLVAP) was upregulated and displayed a scar-
associated expression pattern in chronic liver disease (CLD).

(A) PLVAP expression was determined by quantification of immunohistochemical staining of donor (n=6) and CLD
patient (n=14) samples (***p<0.001, student’s unpaired t-test). (B) Data were stratified based on aetiology (ALD,
alcoholic liver disease; NASH, non-alcoholic steatohepatitis; PBC, primary biliary cholangitis; PSC, primary
sclerosing cholangitis) (*p<0.05, **p<0.01, one-way ANOVA and Dunnett's multiple comparison test). Isotype-
matched control (IMC) levels are indicated by the grey gridline. Data shown are mean % area + SEM, where each
data point represents an independent patient sample. (C) PLVAP expression was plotted against Sirius red staining
area measured in serial sections from matched patient samples (n=20) (****p<0.0001, Pearson’s correlation test).

3.1.4 PLVAP was upregulated in HCC tumours and correlated with improved prognosis and survival

Expression of PLVAP is known to be upregulated in several human cancers and has recently been
proposed as a therapeutic target for HCC and cholangiocarcinoma®” **®, Analysis of TCGA RNA-
sequencing data demonstrated that PLVAP gene expression was upregulated (~9.49-fold) in HCC
tumour tissue compared to non-tumour tissue ( Figure 3.11A). This was validated in-house with qRT-
PCR analysis of matched non-tumour and tumour HCC patient samples, which confirmed a significant
upregulation (~5.12-fold) of PLVAP gene expression in tumour tissue ( Figure 3.11B). At the protein
level, PLVAP showed a significant upregulation in tumour sections as measured by
immunohistochemistry, with an increase in positive staining area from 3.82 = 1.29% to 34.4 £+ 8.63% (

Figure 3.11C, D).

PLVAP gene expression also seemed to be inversely associated with cancer stage and tumour grade
(Figure 3.12A, B), and immunohistochemistry studies suggested a downregulation of PLVAP in poorly-
differentiated tumours, which are often associated with unfavourable outcomes (Figure 3.12C).

Consistent with this, PLVAP gene expression negatively correlated with clinical parameters associated
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with more aggressive tumours, including aneuploidy score and Buffa hypoxia score (Figure 3.13A, B).
Furthermore, higher PLVAP expression was predictive of improved overall and disease-free survival in
HCC patients, with the high group surviving on average 18.6 months longer than the low group (Figure

3.13C).

3.1.5 MR and PLVAP displayed a strong endothelial signature in HCC

The expression of MRCI and PLVAP in HCC TCGA patient samples was studied in relation to
expression of other genes. Of the genes significantly co-expressed with MRCI or PLVAP, 2931 genes
were shared between the two groups (Figure 3.14A). MRCI-expressing cells showed a larger repertoire
of co-expressed genes (2754) compared with PLVAP-expressing cells, which only co-expressed an
additional 1107 genes. When the top 20 co-expressed genes were analysed, many of the genes co-
expressed with MRC1 were myeloid-associated genes with a few markers associated with both myeloid
and endothelial cells (Figure 3.14B). In contrast, genes co-expressed with PLVAP were endothelial-

specific (or -enriched) markers (determined using livercellatlas.mvm.ed.ac.uk) including CD34,

CLECI4A4, and MMRN2 (Figure 3.14B). A selection of genes was studied on the basis of their
expression in tumour-specific cell types®” 44 MRCI expression correlated with genes associated with
both tumour-associated macrophages and HCC endothelial cells. In contrast, PLVAP showed strong
association with tumour endothelial cells and a positive correlation with some tumour-associated
fibroblast genes (ACTA2, PDGFRB) (Figure 3.14C). Collectively, these data are consistent with the
expression of MRCI in tumour-associated macrophages and endothelial cells, whereas PLVAP co-

expression data suggest an endothelial signature.
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Figure 3.11: Plasmalemma vesicle-associated protein (PLVAP) was upregulated in hepatocellular
carcinoma (HCC) tumours.

(A) Publicly-available TCGA (The Cancer Genome Atlas) databases were analysed for PLVAP expression in
matched non-tumour (NT) and tumour (T) tissues from HCC patients (****p<0.0001, Wilcoxon test). Data shown
are median log2(RNAseq by Expectation-Maximum) £ interquartiie range and are accessible via
https://xenabrowser.net/. (B) PLVAP expression was determined by qRT-PCR of matched NT and T tissue lysates
from HCC patients (n=5) (*p<0.05, student’s paired t-test). Expression is shown relative to GUSB which was used
as a housekeeping gene. (C) PLVAP protein expression was determined by immunohistochemistry and
quantification of staining area in matched NT and T tissue sections. Isotype-matched control (IMC) levels are
indicated by the grey gridline. (D) Images shown are representative of four patient samples. Fields of view were
selected in Zen Blue software (Zeiss) post-acquisition of entire tissue sections using a Zeiss Axio Scan.Z1 and a
20x objective. Scale bars represent 100 um and 50 um (inset).
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Figure 3.12: PLVAP expression inversely correlated with cancer stage and tumour grade.

(A, B) Publicly-available TCGA (The Cancer Genome Atlas) datasets were analysed for PLVAP gene expression
relative to cancer stage and tumour grade (**p<0.01, *p<0.05, Kruskal-Wallis test followed by Dunn’s multiple
comparison test). Data shown are median log2(RNAseq by Expectation-Maximum) + interquartile range and are
available at http://www.cbioportal.org/. (C) Immunohistochemistry of cryopreserved hepatocellular carcinoma
tumour tissues was performed to stain for PLVAP (brown). Representative images of well- and poorly-differentiated
tumours are shown. Scale bars represent 100 um and 50 ym (inset).
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Figure 3.13: PLVAP expression inversely correlated with indicators of tumour aggressiveness and
hepatocellular carcinoma (HCC) patient survival.

(A, B) PLVAP expression showed a significant negative correlation with aneuploidy score (n=344) and Buffa
hypoxia score (n=348) (****p<0.0001, Spearman’s correlation test), both of which are surrogate markers of tumour
aggressiveness. (C) Kaplan-Meier plots depicting overall and disease-free survival data for PLVAP"9" and PLVAP°"
HCC patients (*p<0.05, ***p<0.001, Log-rank test) (HR, hazard ratio). High and low expressing groups were
stratified based on the median PLVAP expression. Survival data is accessible via https://kmplot.com/analysis/.

3.1.6 MR and PLVAP were differentially expressed in human liver

Dual immunofluorescent staining was performed to visualise MR and PLVAP in the same tissue
sections. A distinct and mutually exclusive expression pattern was observed, not only confirming the
disruption of MR in CLD and the scar-associated nature of PLVAP, but also highlighting that the
PLVAP" populations seemed to reside within areas which were MR low/negative (Figure 3.15).

Intensity profiles of MR and PLVAP were compared, demonstrating a non-overlapping staining pattern

98



and confirming their mutually exclusive expression (Figure 3.15B). Additional markers were
investigated in conjunction with MR/PLVAP to further characterise these cell populations. Chronically
diseased liver sections were the focus for these studies since these samples displayed the unique

expression patterns of both MR and PLVAP relative to the fibrotic areas.

Liver-specific intercellular adhesion molecule 3-grabbing non-integrin (L-SIGN) is a C-type lectin
highly expressed by the sinusoidal endothelium which is known to be downregulated in liver cirrhosis®”"
499 Lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) can be used as a lymphatic

endothelial cell marker, but is also enriched in the hepatic sinusoidal endothelium®’

. Mannose receptor
was observed to co-localise with sinusoidal marker, L-SIGN, within regenerative hepatic nodules
(Figure 3.16), whilst there was little overlap between MR and L-SIGN within fibrotic septa (Figure
3.17). There was also co-localisation between MR and LY VE-1 within sinusoidal regions (Figure 3.18).
One notable observation was that expression of both L-SIGN and LYVE-1 appeared to be disrupted
proximal to fibrotic septa, a similar staining pattern to that observed for MR. These data confirm a

perturbed sinusoidal phenotype in areas proximal to fibrosis and also suggest the presence of a distinct

population of scar-associated MR " cells, in addition to the MR " sinusoidal endothelium.

In contrast to MR, PLVAP" cells displayed a distinct phenotype which did not correspond with
expression of sinusoidal markers, L-SIGN and LYVE-1 (Figure 3.19, Figure 3.20). In fact, there was
virtually no overlap between these markers and PLVAP, which instead co-localised with classic vascular
marker CD31 and partially co-localised with CD34 (Figure 3.21, Figure 3.22). CD34 is a
transmembrane sialomucin protein that defines an inflammatory endothelial cell population which was
shown to be expanded in cirrhotic patients®’. Contrastingly, there was little if any co-localisation
between MR and CD31 or CD34 (Figure 3.23, Figure 3.24). These data confirm that MR and PLVAP"
endothelial cells represent two distinct populations which could have differential roles in homeostasis

and inflammation.
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Figure 3.14: MRC1- and PLVAP-expressing cell populations displayed strong endothelial signatures in
hepatocellular carcinoma (HCC) patients.

(A) Of all the genes displaying significant co-expression with MRC1 and PLVAP, 2931 genes were shared between
both populations. MRC7-expressing cell populations showed a larger repertoire of co-expressed genes (2754)
compared with PLVAP-expressing cells which only expressed an additional 1107 genes. (B) The top 20 co-
expressed genes with MRC1 were predominantly myeloid markers (red), with some genes expressed in both
myeloid and endothelial hepatic populations (green) (determined using http://www.livercellatlas.mvm.ed.ac.uk).
PLVAP co-expressed genes were predominantly endothelial (blue). (C) Correlation of MRC1 and PLVAP with
tumour-associated cell-specific genes. Co-expression data is available at http://www.cbioportal.org/ and heat map
was generated using http://www.heatmapper.ca/.

100



Isotype Control

l ‘v A )
JUAL Phaadtbl L iU e

r T T T
0 500 1000 1500
Distance (nm)

Figure 3.15: Mannose receptor (MR) and plasmalemma vesicle-associated protein (PLVAP) displayed a
mutually exclusive expression pattern in human liver.

(A, B) Dual immunofluorescent staining for MR (green) and PLVAP (red) was performed in cirrhotic liver tissue
sections. Field of view shown in (A) is the same as that shown in Figure 3.3 and Figure 3.9 (NASH, non-alcoholic
steatohepatitis). Yellow line in (B) depicts the site of intensity measurements. (C) Isotype control samples were
negative. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Fields of view were
selected in Zen Blue software (Zeiss) post-acquisition of entire tissue sections using a Zeiss Axio Scan.Z1 and a
20x objective. Scale bars represent (A, C) 200 um or (B) 100 um. Images shown are representative of 6 patient
samples.
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Figure 3.16: Mannose receptor (MR) co-localised with liver-specific intercellular adhesion molecule 3-
grabbing non-integrin (L-SIGN) within regenerative liver nodules.

Dual immunofluorescent staining for L-SIGN (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow and orange lines depict site of corresponding intensity profiles (lower). Isotype controls were negative. 4',6-
diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss
LSMB880 confocal microscope and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient
and are representative of four visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars

represent 50 um.
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Figure 3.17: Mannose receptor (MR) did not co-localise with liver-specific intercellular adhesion molecule
3-grabbing non-integrin (L-SIGN) within fibrotic septa.

Dual immunofluorescent staining for L-SIGN (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow and orange lines depict site of corresponding intensity profiles (lower). 4',6-diamidino-2-phenylindole (DAPI,
blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880 confocal microscope and
a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient and are representative of four visual
fields. Analysis was performed in Zen blue software (Zeiss). Scale bar represents 50 um.
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Figure 3.18: Mannose receptor (MR) co-localised with lymphatic vessel endothelial hyaluronan receptor 1
(LYVE-1) within sinusoidal regions.

Dual immunofluorescent staining for LYVE-1 (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow line depicts site of intensity profile (lower). Isotype controls were negative. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880 confocal microscope
and a 10x objective. Images shown are from an alcoholic liver disease patient and are representative of four visual
fields. Analysis was performed in Zen blue software (Zeiss). Scale bars represent 50 um.
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Figure 3.19: Plasmalemma vesicle-associated protein (PLVAP) did not co-localise with liver-specific
intercellular adhesion molecule 3-grabbing non-integrin (L-SIGN).

Dual immunofluorescent staining for L-SIGN (green) and PLVAP (red) was performed in cirrhotic liver tissue
sections. Yellow line depicts site of intensity profile (lower). Isotype controls were negative. 4',6-diamidino-2-
phenylindole (DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880
confocal microscope and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient and are
representative of five visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars represent 50
pum.
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Figure 3.20: Plasmalemma vesicle-associated protein (PLVAP) did not co-localise with lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE-1).

Dual immunofluorescent staining for LYVE-1 (green) and PLVAP (red) was performed in cirrhotic liver tissue
sections. Yellow line depicts site of intensity profile (lower). Isotype controls were negative. 4',6-diamidino-2-
phenylindole (DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880
confocal microscope and a 10x objective. Images shown are from an alcoholic liver disease patient and are
representative of four visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars represent 50
pm.
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Figure 3.21: Plasmalemma vesicle-associated protein (PLVAP) co-localised with CD31 in cirrhotic liver.

Dual immunofluorescent staining for CD31 (green) and PLVAP (red) was performed in cirrhotic liver tissue sections.
Yellow line depicts site of intensity profile (lower). Isotype controls were negative. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880 confocal microscope
and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient and are representative of eight
visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars represent 50 pm.
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Figure 3.22: Plasmalemma vesicle-associated protein (PLVAP) partially co-localised with CD34 in cirrhotic
liver.

Dual immunofluorescent staining for CD34 (green) and PLVAP (red) was performed in cirrhotic liver tissue sections.
Yellow and orange line depict sites of corresponding intensity profile (lower). Isotype controls were negative. 4',6-
diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss
LSMB880 confocal microscope and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient
and are representative of three visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars
represent 50 ym.
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Figure 3.23: Mannose receptor (MR) did not co-localise with CD31 within fibrotic regions of cirrhotic liver.

Dual immunofluorescent staining for CD31 (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow line depicts site of intensity profile (lower). Isotype controls were negative. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880 confocal microscope
and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient and are representative of seven
visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars represent 50 um.
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Figure 3.24: Mannose receptor (MR) did not co-localise with CD34 within fibrotic regions of cirrhotic liver.

Dual immunofluorescent staining for CD34 (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow and orange lines depict site of corresponding intensity profiles (lower). Isotype controls were negative. 4',6-
diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss
LSMB880 confocal microscope and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient
and are representative of four visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bars

represent 50 ym.
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3.1.7 MR was also expressed in Kupffer cells

Mannose receptor is known to be highly expressed in cells of myeloid lineage, including macrophages
and dendritic cells, in addition to the sinusoidal endothelium®*”-***4"° Dual immunofluorescent staining
of MR with macrophage marker CD68 showed the presence of MR" Kupffer cells residing within the
MR-expressing hepatic sinusoids (Figure 3.25). Within fibrotic septa, however, there was a distinct

MR population of cells which were CD68-negative (Figure 3.26).

Endo180 is the fourth member of the macrophage mannose receptor family of C-type lectins, which is
known to be expressed by fibroblasts, in addition to endothelial cells and macrophages*’'. To investigate
whether scar-associated MR cells could be fibroblasts, dual immunofluorescence was performed with
mesenchymal marker, vimentin (Figure 3.27). Partial co-localisation of MR and vimentin was observed
in non-fibrotic sinusoidal regions, that likely highlights the close proximity of HSEC and HSCs, which
are known to express vimentin®”’. In contrast, there was little co-localisation between MR and vimentin

in fibrotic septa, suggesting MR" cells are not scar-associated fibroblasts.
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Figure 3.25: Mannose receptor (MR) partially co-localised with CD68-positive Kupffer cells (KCs) within
the hepatic sinusoids.

Dual immunofluorescent staining for CD68 (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow, orange and blue lines depict site of corresponding intensity profiles (lower). White and black arrowheads
indicate MR/CD68 overlap (KCs). Isotype controls were negative. 4',6-diamidino-2-phenylindole (DAPI, blue) was
used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880 confocal microscope and a 10x
objective. Images shown are from a non-alcoholic steatohepatitis patient and are representative of four visual fields.
Analysis was performed in Zen blue software (Zeiss). Scale bars represent 50 um.
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Figure 3.26: Mannose receptor (MR) defined a distinct CD68-negative scar-associated cell population
within fibrous septa.

Dual immunofluorescent staining for CD68 (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow, orange and blue lines depict site of corresponding intensity profiles (lower). White and black arrowheads
indicate MR/CD68 overlap (KCs) in sinusoidal regions. Isotype controls were negative. 4',6-diamidino-2-
phenylindole (DAPI, blue) was used as a nuclear counterstain. Samples were imaged using a Zeiss LSM880
confocal microscope and a 10x objective. Images shown are from a non-alcoholic steatohepatitis patient and are
representative of four visual fields. Analysis was performed in Zen blue software (Zeiss). Scale bar represents 50
um.
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Figure 3.27: Scar-associated mannose receptor (MR)-positive cells did not co-localise with vimentin
within fibrotic septa.

Dual immunofluorescent staining for vimentin (green) and MR (red) was performed in cirrhotic liver tissue sections.
Yellow and blue lines depict site of corresponding intensity profiles (lower). Isotype controls were negative. 4',6-
diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Images shown are from an alcoholic
liver disease patient. Fields of view were selected in Zen Blue software (Zeiss) post-acquisition of entire tissue
sections using a Zeiss Axio Scan.Z1 and a 20x objective. Scale bars represent 100 um.
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3.1.8 PLVAP-expressing cells displayed both endothelial and mesenchymal characteristics

The endothelial specificity of PLVAP has long been documented, and is supported by recent single-cell
RNA sequencing studies of normal and cirrhotic human liver’”’. As shown in Figure 3.21 and Figure
3.22, PLVAP cells seemed to express classic vascular endothelial marker, CD31, and neovessel marker,
CD34, rather than sinusoidal markers L-SIGN and LYVE-1 (Figure 3.19, Figure 3.20). This cell
population was also associated with caveolin-1 (Figure 3.28), another marker highly enriched within

all types of liver endothelial cells*’.

Recent work has highlighted a phenomenon known as endothelial-to-mesenchymal transition (EndMT)
whereby endothelial cells adopt a more “mesenchymal-like” phenotype, and have been suggested as
drivers of fibrosis*’**’*. Given the scar-associated nature of PLVAP" endothelial cells, dual staining was
performed with mesenchymal markers to investigate this further. Whilst there did not seem to be any
obvious association between myofibroblast marker aSMA (Figure 3.29), there was substantial overlap
between PLVAP and vimentin (Figure 3.30) and PLVAP and collagen III (Figure 3.31). These data
suggest that the PLVAP" population of cells express both endothelial and mesenchymal markers,

displaying characteristics of both cell types in fibrotic human liver.
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Figure 3.28: Plasmalemma vesicle-associated protein (PLVAP)-positive cells localised with caveolin-1.

Dual immunofluorescent staining for caveolin-1 (green) and PLVAP (red) was performed in cirrhotic liver tissue
sections. Yellow and orange lines depict site of corresponding intensity profiles (lower). Isotype controls were
negative. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Images shown are from
primary biliary cholangitis patient. Fields of view were selected in Zen Blue software (Zeiss) post-acquisition of
entire tissue sections using a Zeiss Axio Scan.Z1 and a 20x objective. Scale bars represent 100 pm.
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Figure 3.29: Plasmalemma vesicle-associated protein (PLVAP) did not co-localise with alpha smooth

muscle actin (¢ SMA) within fibrotic septa.

Dual immunofluorescent staining for aSMA (green) and PLVAP (red) was performed in cirrhotic liver tissue sections.
Yellow line depicts site of intensity profile (lower). Isotype controls were negative. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Images shown are from non-alcoholic steatohepatitis patient.
Fields of view were selected in Zen Blue software (Zeiss) post-acquisition of entire tissue sections using a Zeiss
Axio Scan.Z1 and a 20x objective. Scale bars represent 100 pm.
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Figure 3.30: Plasmalemma vesicle-associated protein (PLVAP) co-localised with vimentin within fibrotic
septa of cirrhotic livers.

Dual immunofluorescent staining for vimentin (green) and PLVAP (red) was performed in cirrhotic liver tissue
sections. Yellow and blue lines depict site of corresponding intensity profiles (lower). Isotype controls were negative.
4' 6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Images shown are from an alcoholic
liver disease patient. Fields of view were selected in Zen Blue software (Zeiss) post-acquisition of entire tissue
sections using a Zeiss Axio Scan.Z1 and a 20x objective. Scale bars represent 100 pm.
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Figure 3.31: Plasmalemma vesicle-associated protein (PLVAP) co-localised with collagen Ill within fibrotic
septa of cirrhotic livers.

Dual immunofluorescent staining for collagen lll (green) and PLVAP (red) was performed in cirrhotic liver tissue
sections. Yellow line depicts site of intensity profile. Isotype controls were negative. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Images shown are from a non-alcoholic steatohepatitis patient.
Fields of view were selected in Zen Blue software (Zeiss) post-acquisition of entire tissue sections using a Zeiss
Axio Scan.Z1 and a 20x objective. Scale bars represent 100 pm.
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Summary

MR was highly expressed in the sinusoidal endothelium of normal human liver and its
expression was downregulated in CLD and HCC tumours

PLVAP was expressed at low levels in normal human liver but was significantly upregulated in
CLD and HCC tumours

PLVAP correlated with the extent of fibrosis in CLD localising within and proximal to fibrotic
septa

PLVAP gene expression was inversely associated with cancer stage and tumour grade and
displayed higher expression in well-differentiated tumours

PLVAP gene expression negatively correlated with markers of tumour aggression and was
predictive of improved overall and disease-free survival in HCC patients

MR and PLVAP displayed a reciprocal and mutually exclusive expression pattern in human
liver

MR" endothelial cells displayed a sinusoidal phenotype whilst PLVAP" endothelial cells

exhibited a scar-associated inflammatory phenotype
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4 REGULATION OF MR AND PLVAP IN PRIMARY HSEC

4.1 Introduction

In the previous chapter, results highlighted the distinct expression patterns of MR and PLVAP in normal
liver, CLD and HCC, suggesting these proteins are also likely to be differentially regulated. The
regulation mechanisms of MR and PLVAP have been studied in various cell types and several
modulators of expression have been identified. These are summarised in Table 4.1 and Table 4.2.
However, very few studies have been performed in HSEC, and those that have solely focus on murine
HSEC, leaving the regulation mechanisms of MR and PLVAP expression in human HSEC entirely
unknown. This is pertinent given the known differences in expression between mice and humans,
particularly for PLVAP. Identification of MR and PLVAP regulators in primary HSEC would allow
manipulation of their expression in vitro and use in subsequent functional studies. This would also offer
insight into how these molecules are regulated in vivo, since components of the tissue microenvironment
in various disease contexts, either solely or in combination, are almost certainly key in maintaining (MR)

or stimulating (PLVAP) their expression through autocrine and paracrine signalling.

Table 4.1: Summary of previously reported mannose receptor (MR) regulators.

Treatment Effect Cell Type Pathway Reference
15d-PGJ2 Upregulatllon .(T Man-BSA Peritoneal PPARy 475
binding) mMeo
ATRA Downregulation (| mRNA) THP-1 pSTAT6, CLCA1 476
Aspirin Upregulation (1 surface | o a\y264.7 PPARy 77
expression)
- Upregulation (1 Man-BSA Peritoneal 475
Ciglitazone binding) mMo PPARy
CX3CL1 Upregulation (1 protein) THP-1 Src 478
Downregulation (| Peritoneal
Cytochalasin D expression/sMR Actin polymerisation 403
. mMeo
shedding)
1 MR activity ('%51- Peritoneal i 479, 480
Dexamethasone Mannose degradation) mMeo
Dimethyl . : 481
Fumarate Upregulation (1 mRNA) THP-1 Nrf2
. Upregulation (1 surface P . 482
Dynorphin expression) BV-2 microglia TLR4, NFxB
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Ginsenoside

Upregulation (1 surface

RAW264.7

PPARy

Rg1 expression)
Ginsenoside Upregulation (1 surface RAW264.7, PPAR 484
Rg3 expression) THP-1 v
Downregulation (| .
Hep B core mRNA/surface Chronic HBV ) 485
antigen . Mz hMos
expression)
ivity (125]
| MR activity ( .I Peritoneal
IEN Mannose degradation) mM ) 480, 486
v Downregulation (| ®,
" J774E
transcription)
IL-10 Upregulation (1 sMR) mMae, ) 487, 488
Downregulation (| mRNA) | Rat astrocytes
IL-13 Upreglulatlon. (.T Peritoneal PPARy, pA2 475, 489
expression/activity) mMeo
: 125|_
IL-1p Upregulation (1 ™I mHSEC IL-1Ra 490
Mannose uptake)
Upregulatlcl)n. (1 182'\5AR) Peritoneal
1 MR activity (**°I- mMo 476, 480, 487
IL-4 Mannose THP-1 - 488
binding/degradation) ’

Upregulation (1 mRNA)

Rat astrocytes

Downregulation (|

Latrunculin A expression/sMR Peritoneal Actin polymerisation 403
. mMeo
shedding)
Upregulation (1 125I-
Mannose uptake) mHSEC, IL-1Ra
Upregulation (1 surface BV-2 TLR4, NFxB 482, 490
LPS expression) microglia, 433, 488
Downregulation (| mRNA) | Rat astrocytes,
Downregulation (| surface hMDDCs
expression/activity)
. . LPAR,
A | Ureuleton (autace | Mune | vpssiERkrz |
P 9 MAPKs
Upregulation (1 . i 483
Mannose mRNA/protein) Rat lung tissue
Pam3CSK4 Upregulation (1 MR* M2 Peritoneal ) 492
Meos) mMeo
Upregulation (~4-6-fold
PGE1/2 rexpression) (1 125I- mBMDMg - 493
Mannose binding)
. Downregulation (| 494
Rapamycin mannose RME) mBMDDCs mTOR
Upregulation (1 Man-BSA Peritoneal
Rosiglitazone binding, 1 surface mMe PPARy 475, 495
expression) mKCs
Silvestrol DownregulatlonI (] surface hMDMg ) 496
expression)
Substance p | UPregulation (1 protein BMDMs | PI3K/AKUMTOR/S6K | 47
expression)
Sulforaphane Upregulation (1 mRNA) THP-1 Nrf2 481
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. Murine 498
TGFB Downregulation (| mRNA) microglia TGFBR1
Downregulation (| surface ) 433
TNFo expression/activity) hMDDCs
Wogonin Upregulation (1 mRNA) THP-1 Nrf2 481

15dPGJ2, 15-Deoxy-Delta-12,14-prostaglandin J2; Man-BSA, mannosylated-bovine serum albumin;
PPAR, peroxisome proliferator-activated receptor; mMe, murine macrophage; ATRA, all-trans retinoic
acid; pSTATG6, phospho-signal transducer and activator of transcription 6; CLCA1, chloride channel
accessory 1; CX3CLA1, fractalkine; sMR, soluble mannose receptor; TLR4, toll-like receptor 4; NFxB,
nuclear factor kappa-light-chain-enhancer of activated B cells; hMe, human macrophage; IFNy,
interferon v; IL, interleukin; pA2, phospholipase A2; LPS, lipopolysaccharide; hMDDC, human
monocyte-derived dendritic cell; LPA, lysophosphatidic acid; MAPK, mitogen-activated protein kinases;
PGE1/2, prostaglandin E1/2; mBMDMe¢, murine bone marrow-derived macrophage; RME, receptor-
mediated endocytosis; mBMDDC, murine bone marrow-derived dendritic cell; mTOR, mammalian
target of rapamycin; mKC, murine Kupffer cell; hMDM¢, human monocyte-derived macrophage;
rBMDM, rat bone marrow-derived macrophage; PI3K, phosphoinositide 3-kinase; TGFp, transforming
growth factor B; TNFa, tumour necrosis factor o.

Table 4.2: Summary of previously reported plasmalemma vesicle-associated protein (PLVAP) regulators.

Treatment Effect Cell Type Pathway Reference
Angiopoietin | . Murine UUO . 499
(KO) Downregulation kidney Tie2
. . Upregulation (1 500
Angiotensin Il permeability/caveolae) HUVEC AT1, p38 MAPK
Downregulation (| Murine
. . . i . 501
B-catenin (GOF) fenestrations) subfornical | Norrin/Wnt/B-catenin
organ
B-catenin (KO) Upregulation CNS mECs Wnt/B-catenin 502
BMP-9 Upregglation (prevents mHSEC ALKA 503
fenestration loss in culture)
Cancer cell CM
(US7MG, Upregulation HMVEC - 456
U251MG)
. Downregulation ) 504
Caveolin-1(KO) (Internalisation/degradation) Lung mECs
Downregulation (| Zebrafish ) 505
Dexamethasone permeability) larvae
Fibrinogen Upregulation (1 caveolin-1) | Brain mECs MMP9 506
FZD4 (KO) Upregulation CNS mECs Norrin/Wnt 807
. Retinal Norrin/Wnt3a/j- 508
FZD4 (Ab) Upregulation mECs catenin
HGF Upregulation HMVEC - 456
LiCl Downregulation Brain mecs | CSK3/Norrin/Wnt/p- 509
catenin
LPS Downregulation CNS mECs - 510
HUVEC
. ! VEGF, VEGFR2,
PMA Upregulation Hﬁu\\//gg ! MEK1, ERK1/2 367, 456, 511
MAPK
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S1P Upregulation Mfe'ﬂl IE:SC S1PR1 512
. Zebrafish 505
SB431542 Downregulation (FISH) larvae TGFBR, ALK5
Shear Stress Upregulation HUVEC - 463
TGFB Upregulation HUVEC - 463
o Angiopoietin-2,
. 1 permeability/monocyte 513
Thrombin adhesion (1 PLVAP?) HUVEC Gab1’\//ISAHPIT<2/p38
Downregulation
TNFa Redistribution towards cell HUVEC - 459, 463
periphery
Upregulation (phenocopies Retinal
Tspan12 (KO) FRD4/LRP5/Norrin MECs Norrin/p-catenin 514
mutants)
HUVEC,
Upregulation (1 mRNA, 1 HHDMMV\/EE%
VEGF caveolin-1, 1 Iomerula’r VEGFR2, PI3K, p38 | 456.500,515
permeability/caveolae, 9 MECs MAPK 518
fenestration loss) choroi d’al
hECs
Wnt3a Downregulation Brain mECs | Norrin/Wnt/p-catenin 509

KO, knockout; UUO, unilateral ureteral obstruction; HUVEC, human umbilical vein endothelial cells;
ATA1, angiotensin Il type 1 receptor; MAPK, mitogen-activated protein kinase; GOF, gain-of-function;
CNS, central nervous system; mEC, murine endothelial cell; BMP-9, bone morphogenic protein 9;
mHSEC, murine hepatic sinusoidal endothelial cell; ALK, activin receptor-like kinase; CM, conditioned
medium; HMVEC, human microvascular endothelial cells; MMP9, matrix metalloproteinase 9; FZD4,
frizzled class receptor 4; HGF, hepatocyte growth factor; LiCl, lithium chloride; GSK3, glycogen
synthase kinase 3; LPS, lipopolysaccharide; PMA, phorbol 12-myristate 13-acetate; HDMVEC, human
dermal microvascular endothelial cells; VEGF, vascular endothelial growth factor; S1P, sphinosine-1-
phosphate; TGFp, transforming growth factor ; TNFa, tumour necrosis factor o; Tspan12, tetraspanin
12; LRP5, LDL receptor-related protein 5; hEC, human endothelial cells.

4.2 Regulation Studies

Regulation studies were performed with primary human HSEC isolated from fresh liver tissue by
immunomagnetic selection, using a well-established protocol’’® (Figure 4.1). Briefly, slices of liver
tissue were mechanically and enzymatically digested before separation of the non-parenchymal cell
fraction by density centrifugation. Biliary epithelial cells and immune cells were removed by positive
immunomagnetic selection for epithelial cell adhesion molecule (EpCAM) and CD45, respectively.
Endothelial cells were then isolated by immunomagnetic selection for CD31" cells and placed in culture

in the presence of VEGF and HGF up to a maximum passage of 6 (p6). The HSEC phenotype was
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confirmed by immunofluorescent staining for several markers which characterise HSEC in culture*®,
including endothelial markers CD31 and LYVE-1, as well as CD32b and scavenger receptors CD36,
stabilin-1 and stabilin-2 (Figure 4.2). Another characteristic of HSEC is their rapid endocytic capacity’®.
In vitro, HSEC maintained their ability to endocytose fluorescein isothiocyanate (FITC)-conjugated
dextran (40 kDa) within 15 minutes of exposure, which peaked at 30 minutes and began to drop off after
60 minutes (Figure 4.3A). Hepatic sinusoidal endothelial cells also represent key scavengers in the liver,
and similar to their endocytic capacity, the ability to rapidly scavenge acetylated low-density
lipoproteins (LDLs) was conserved in vitro*® ' (Figure 4.3B). Thus, primary human HSEC isolated
by this method represent a valid model for investigating the regulation and function of MR and PLVAP,
since they are able to recapitulate HSEC phenotype and function under cultured conditions. The
expression of MRCI and PLVAP mRNA was determined in freshly isolated and passaged HSEC by
performing qRT-PCR analysis of cell lysates. The expression and localisation of MR and PLVAP
protein within primary HSEC was determined by immunocytochemistry followed by confocal

microscopy and high-content imaging.

4.2.1 MR was expressed in freshly isolated and passaged primary human HSEC from all aetiologies

To investigate MR expression at the mRNA level, qRT-PCR analysis was performed using whole cell
lysates from freshly isolated patient-matched CD31" HSEC and CD45" immune cells, as well as HSEC
isolated from various aetiologies and passaged in vitro (up to a maximum of p6) (Figure 4.4A, B).
MRC] was expressed in CD31" HSEC and CD45" immune cells to a comparable extent, with a median
relative expression (and interquartile range) of 0.017 (0.007, 0.089) vs. 0.024 (0.004, 0.123),
respectively. These studies also showed that MR expression was maintained in HSEC following in vitro
culture and passage, although there were significantly higher MRCI levels in cells of a later passage
(p6) compared to p3 (3.15-fold), p4 (2.82-fold) and p5 (1.92-fold) HSEC, independently of aetiology
(Figure 4.4B). Furthermore, MRCI was expressed at similar levels in HSEC isolated from donor and
chronically diseased liver samples (0.028 (0.017, 0.037) vs. 0.024 (0.016, 0.037)) (Figure 4.4B). At the

protein level, MR was expressed in practically all HSEC in culture and was located intracellularly often
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within perinuclear stores, as determined by immunofluorescence and confocal microscopy (Figure

4.4C, D).

BEC Immune Cells
Negative Selection Negative Selection

CD31 *

—aA

HSEC
Positive Selection

Figure 4.1: Isolation of primary hepatic sinusoidal endothelial cells (HSEC) from fresh human liver tissue.

(A) Liver slices from donor or diseased explants were mechanically and enzymatically digested and strained through
a fine mesh. (B, C) The digest was concentrated through a series of centrifugation steps and the non-parenchymal
cell fraction (white arrow) was isolated by density centrifugation using a 33:77% Percoll™ gradient. Non-
parenchymal cells were washed with phosphate buffered saline and concentrated into one tube by centrifugation.
(D) Biliary epithelial cells (BEC) and immune cells were removed by immunomagnetic selection against epithelial
cell adhesion molecule (EpCAM) and CD45, respectively. HSEC were then isolated by immunomagnetic selection
for CD31. (E) Cells were placed in culture in the presence of vascular endothelial growth factor and hepatocyte
growth factor and passaged up to a maximum of six passages (p6). Scale bar represents 200 um.
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Figure 4.2: Hepatic sinusoidal endothelial cells (HSEC) are characterised by expression of several
phenotypic markers in culture.

These include CD31, lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1), and CD32b, as well as
scavenger receptors CD36, stabilin-1, and stabilin-2. Scale bars represent 20 pm.
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Figure 4.3: Hepatic sinusoidal endothelial cells (HSEC) maintained their rapid endocytic and scavenging
capacity in vitro.

Time (min)

(A) Fluorescein isothiocyanate (FITC)-conjugated dextran (40 kDa) (1 mg/mL) (green) or (B) Dil-conjugated
acetylated low-density lipoproteins (Dil-AcLDLs) (10 ug/mL) (red) were incubated with HSEC for times indicated
before cells were fixed and imaged using an LSM880 confocal microscope and a 40x objective. Endocytosis was
quantified using the “Analyse Particles” function in ImageJ and is shown as mean * standard deviation of FITC* or
AcLDL" vesicles per cell from five visual fields. Cell counts (mean + standard deviation per visual field) are shown
for each time point. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Images and
data shown are representative of two independent experiments. Scale bars represent 20 um.
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Figure 4.4: Mannose receptor (MR) was expressed at the mRNA and protein level in freshly isolated and
passaged hepatic sinusoidal endothelial cells (HSEC).

(A, B) MRC1 mRNA was quantified in freshly isolated CD31* and CD45* cell fractions (n=5), as well as in passaged
donor- (n=6) and chronic liver disease (CLD) patient-derived (n=15) HSEC. MRC1 expression was also studied
relative to HSEC passage number (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA, followed by Tukey’s multiple
comparisons test). Data shown are MRC1 expression (Donor vs. CLD — median * interquartile range, passage
number — mean + SEM) relative to GAPDH, where each data point represents a biological replicate. (C, D) MR
protein expression (red) in HSEC was determined by immunocytochemistry followed by confocal microscopy using
a (C) 25x or (D) 63x objective. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain and
CD31 (green) was used as a plasma membrane counterstain. White arrowheads in (D) indicate perinuclear MR
localisation. Isotype control samples were negative. Scale bars represent (C) 20 um and (D) 10 ym.

4.2.2  PLVAP was enriched in HSEC over other liver cell types and heterogeneity was maintained in

vitro

PLVAP gene expression was studied in both freshly isolated CD31" and CD45" cell fractions (Figure
4.5A), as well as in passaged HSEC, activated liver myofibroblasts (aLMF), HSC and BEC (Figure
4.5B). These data showed significant enrichment of PLVAP mRNA in HSEC compared to other liver
cell types. Levels of PLVAP mRNA were 19.57-fold higher in the CD31" cell fraction (1.067 £ 0.46)

compared to the CD45" immune cell fraction (0.055 + 0.02) from matched patient samples (Figure
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4.5A). Further, HSEC displayed a significantly higher expression of PLVAP compared to other cell
types isolated and cultured from the human liver, including aLMF (~2058-fold), BEC (~4682-fold), and
HSC (~7359-fold) (Figure 4.5B). In passaged HSEC isolated from donor and chronically diseased liver
samples, there was no significant difference in PLVAP expression (Figure 4.5C). However, there was
a positive correlation between the number of passages and the amount of PL VAP expressed, with HSEC
at pS or higher expressing significantly more PLVAP compared to lower passages (p3 and p4),
irrespective of the livers from which they were derived (Figure 4.5C). At the protein level, only a subset
of HSEC seemed to express PLVAP in primary cell culture (Figure 4.5D), recapitulating heterogeneity
observed in situ in human liver samples (Chapter 3). In addition, PLVAP seemed to localise throughout

the cell cytoplasm and within aggregates towards the cell periphery (Figure 4.5D).

4.2.3 MR predominantly resided intracellularly within the Golgi apparatus, early endosomes and

recycling endosomes

As depicted in Figure 4.4, MR was predominantly located within intracellular stores as opposed to being
associated with the plasma membrane. To investigate which intracellular compartments MR resided in,
immunocytochemistry was performed with Golgi apparatus marker, GM 130, early endosome-associated
protein (early endosomal antigen 1, EEA-1), recycling endosomal marker, Rablla, and late
endosomal/lysosomal marker, vesicle-associated membrane protein 7 (VAMP7). As shown in Figure
4.6, within cells that displayed prominent perinuclear MR staining, MR co-localised with GM130,
suggesting these intracellular stores reside within the Golgi apparatus (Figure 4.6A). In cells that
showed a vesicular staining pattern, MR co-localised incompletely with endosomal markers EEA-1 and
Rab11a, which is consistent with the idea that MR undergoes constant trafficking through the endosomal
system (Figure 4.6B, C). Under steady-state conditions, MR did not reside within late
endosomes/lysosomes since there was little colocalisation observed between MR and VAMP7 (Figure

4.6D).
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Figure 4.5: Plasmalemma vesicle-associated protein (PLVAP) was expressed at the mRNA and protein
level in freshly isolated and passaged hepatic sinusoidal endothelial cells (HSEC).

(A-C) PLVAP mRNA was quantified in freshly isolated CD31* and CD45" cell fractions (n=5) (*p<0.05, student’s
paired t-test), as well as in passaged HSEC, activated liver myofibroblasts (aLMF), hepatic stellate cells (HSC) and
biliary epithelial cells (BEC) (n=4-5) (****p<0.0001, one-way ANOVA, followed by Holm-Sidak’s multiple comparison
test). (C) PLVAP expression was also compared in donor- (n=6) and chronic liver disease (CLD) patient-derived
(n=15) HSEC, and in HSEC of different passage numbers (*p<0.05, **p<0.01, one-way ANOVA, followed by
Tukey’s multiple comparisons test). Data shown are PLVAP expression (mean + SEM, except Donor vs. CLD —
median * interquartile range) relative to GAPDH, where each data point represents a biological replicate. (D) PLVAP
protein expression in HSEC was determined by immunocytochemistry followed by confocal microscopy using a 25x
objective. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. White arrowheads in (D)
indicate peripheral PLVAP localisation. Isotype control samples were negative. Scale bars represent 20 um.
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Figure 4.6: Mannose receptor (MR) predominantly resided within the Golgi apparatus and endosomal
network in primary HSEC.

Immunocytochemistry and confocal microscopy allowed visualisation of MR (green) with (A) Golgi marker, GM130
(red), (B) early endosome marker, EEA-1 (early endosomal antigen 1) (red), (C) recycling endosome marker,
Rab11a (red), and (D) late endosome/lysosomal marker, VAMP-7 (vesicle-associated membrane protein 7) (red).
Coloured lines depict site of corresponding intensity profiles. Images were acquired using an LSM880 confocal
microscope and a 63x objective. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain.
Isotype control samples were negative (see Appendix 7.3). Scale bars represent 5 um.
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4.2.4 MR underwent constant endosomal trafficking and recycling which was inhibited by

bafilomycin

To investigate whether MR undergoes endosomal trafficking within HSEC as has been previously
described in other cell types, HSEC were treated with bafilomycin A1, an inhibitor of vacuolar type H'-
ATPase which is known to perturb endocytic transport as well as lysosomal acidification®®" %2,
Following bafilomycin A1 treatment, the cytoplasmic pool was altered in that MR appeared to aggregate
within larger intracellular vesicles (Figure 4.7). When these vesicles were characterised, it seemed that
the localisation of MR within recycling endosomes was lost, since MR no longer co-localised with
Rabl1a in bafilomycin-treated HSEC (Figure 4.7C). Instead, the majority of the intracellular MR pool

seemed to reside within the Golgi and GM130" vesicular structures (Figure 4.7B). These data suggest

that, under steady state conditions, MR undergoes continuous endosomal trafficking and recycling.

4.2.5 MR was rapidly internalised into early endosomes following antibody ligation

To investigate the effects of receptor ligation on the localisation of MR, HSEC were treated with a
mouse anti-human MR antibody for various time points, fixed and then stained with a fluorescently-
conjugated anti-mouse secondary antibody to visualise receptor localisation in response to treatment
(Figure 4.8A). Antibody treatment induced rapid MR internalisation within 15 minutes which peaked
at 30 minutes and was maintained at 60 minutes post-receptor ligation. This was demonstrated by
analysis of the number of MR " vesicles per number of HSEC. These data are consistent with the function
of MR as an endocytic receptor. Following treatment, cells were fixed and co-stained with a rabbit
polyclonal MR antibody, confirming the MR " identity of the internalised vesicles and also the specificity
of both antibodies (Figure 4.8B). These vesicles were identified as early endosomes since there was

substantial colocalisation with early endosomal marker, EEA-1 (Figure 4.8C).
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Figure 4.7: Mannose receptor (MR) underwent constant endosomal trafficking and recycling which was
inhibited by bafilomycin A1.

Hepatic sinusoidal endothelial cells were treated with 10 nM bafilomycin (or DMSO) for 24 h, before being fixed and
stained for (A-C) MR (red), (B) GM130 (green) and (C) Rab11a (green). Coloured lines depict site of corresponding
intensity profiles. Images were acquired using an LSM880 confocal microscope and a 63x objective. 4',6-diamidino-
2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Scale bars represent (A) 20um or (B, C) 10 um.
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Figure 4.8: Mannose receptor (MR) underwent rapid internalisation into early endosomes following
antibody ligation.

(A) Hepatic sinusoidal endothelial cells (HSEC) were treated with an anti-MR antibody (mlgG1) for time points
indicated, before being fixed, permeabilised and stained with an anti-mlgG1 antibody (green). The number of MR*
vesicles per cell for each time point was quantified using the “Analyse Particles” function in Imaged, as were the
cell counts for each condition via quantification of HSEC nuclei. Data shown are mean + SD of five visual fields per
time point and are representative of two independent experiments. (B) The localisation of MR within internalised
vesicles was confirmed by co-staining with a rabbit polyclonal anti-MR antibody (red) post-fixation. (C) MR* vesicles
co-localised with early endosomal antigen 1 (EEA-1, red). Yellow and orange lines in (B) and (C) depict the site of
intensity profiles. Images were acquired using an LSM880 confocal microscope and a 63x objective. 4',6-diamidino-
2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Scale bars represent (A) 10 um or (B, C) 5 ym.
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4.2.6 PLVAP was excluded from cell-cell junctions, localised mostly intracellularly, and was

insensitive to bafilomycin treatment

In contrast to MR, which often resided within perinuclear stores, PLVAP was located throughout the
cytoplasm and towards the cell periphery (Figure 4.5D). Previous work has suggested that PLVAP is
almost completely excluded from cell-cell junctions of lymphatic endothelial cells®®.
Immunocytochemistry was performed to visualise PLVAP and junctional protein vascular endothelial-
cadherin (VE-cadherin) by confocal microscopy (Figure 4.9). As has been previously described,
PLVAP was excluded from VE-cadherin® junctions between primary HSEC. Given the enrichment of
PLVAP at the cell periphery, immunocytochemistry was performed in non-permeabilised HSEC to
investigate the proportion of PLVAP which resided within the cell membrane (Figure 4.10A). The %
staining area was approximately 5-fold higher in permeabilised HSEC, with only 18.16 + 4.71% of
PLVAP residing at the cell surface. However, the localisation of PLVAP was unchanged in response to

bafilomycin Al treatment, suggesting that PLVAP does not undergo endosomal trafficking in primary

HSEC (Figure 4.10B).

4.2.7 PLVAP co-localised with caveolin-1 and underwent trafficking to the cell periphery in response

to TNFa

Given the well-established relationship between PLVAP and caveolae, immunofluorescent staining was
performed to investigate PLVAP’s localisation relative to caveolin-1. Whilst all HSEC were positive
for caveolin-1, only a subset expressed PLVAP, which recapitulated observations in human liver
sections (Chapter 3). Interestingly, in PLVAP" cells, there was evident colocalisation with caveolin-1,
which could suggest these molecules lie in close proximity to one another, perhaps within the same
structures (Figure 4.11). These data also confirmed observations in characterisation studies, which
showed complete colocalisation between PLVAP and caveolin-1 in liver samples, but also highlighted
evident caveolin-1" regions which were PLVAP-negative (Figure 3.24). In response to TNFa., both

caveolin-1 and PLVAP underwent trafficking towards the cell periphery where they continued to co-
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localise in PLVAP" cells (Figure 4.11). Since these studies were performed in permeabilised cells,

whether PLVAP or caveolin-1 are trafficked to the cell membrane in response to TNFa is not known.

4.2.8 Antibodies targeted towards PLVAP rapidly bound to HSEC

To understand whether treatment with an anti-PLVAP antibody could lead to altered PLVAP
localisation, as was observed with MR, time-course experiments were performed with primary HSEC.
As shown in Figure 4.12, PLVAP antibodies were able to rapidly bind to the HSEC surface within five
minutes, which increased in a time-dependent manner up to the final time point of 60 minutes. Notably,
the level of antibody binding was significantly higher (~5-fold) at 60 minutes compared to the fixed
untreated control, where PLVAP was often observed to aggregate following 30-60 minutes of treatment.
This could suggest either that antibody binding to PLVAP is more efficient in live cells, possibly due to

epitope changes following fixation, or that antibody treatment led to PLVAP redistribution and

aggregation which was not observed in untreated cells.

VE-cadherin

Isotype Control

Figure 4.9: Plasmalemma vesicle-associated protein (PLVAP) was excluded from cell-cell junctions and
often localised at the cell periphery.

PLVAP (red) was visualised with junctional marker vascular endothelial cadherin (VE-cadherin, green) by
immunocytochemistry and confocal microscopy. White arrowheads indicate PLVAP localisation proximal to, but not
within, intercellular junctions. Images were acquired using an LSM880 confocal microscope and a 40x objective.
4' 6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Isotype control samples were
negative. Scale bars represent 20 um.
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Figure 4.10: Plasmalemma vesicle-associated protein (PLVAP) was predominantly localised intracellularly
and was insensitive to bafilomycin treatment.

(A, B) PLVAP (red) localisation in non-permeabilised (NP) and permeabilised (P) (0.3% Triton™-X 100) cells was
assessed via immunocytochemistry and confocal microscopy. (A) PLVAP staining area (%) was quantified for five
visual fields using ImageJ. Isotype-matched control (IMC) levels for each permeabilisation protocol are indicated by
the corresponding gridlines. (B) Hepatic sinusoidal endothelial cells were treated for 24 h with bafilomycin A1 (10
nM) or vehicle (DMSO) control before analysis of PLVAP in permeabilised cells. 4',6-diamidino-2-phenylindole,
(DAPI; blue) was used as a nuclear counterstain. Data shown are mean £ SD from one independent experiment.

Scale bars represent 20 ym.
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Figure 4.11: Plasmalemma vesicle-associated protein (PLVAP) co-localised with caveolin-1 in untreated
and tumour necrosis factor a (TNFa)-stimulated hepatic sinusoidal endothelial cells (HSEC).

PLVAP (red) and caveolin-1 (green) were visualised by immunocytochemistry and confocal microscopy. TNFa
treatment redistributed caveolin-1 and PLVAP to the cell periphery. Yellow lines depict sites of intensity profiles.
Images were acquired using an LSM880 confocal microscope and a 40x objective. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Scale bars represent 20 um.
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Figure 4.12: Antibodies targeted to plasmalemma vesicle-associated protein (PLVAP) rapidly bound to
hepatic sinusoidal endothelial cells (HSEC).

(A-C) HSEC were treated with an anti-PLVAP antibody for time points indicated, before being fixed, permeabilised
and stained with an anti-migG1 antibody (green). The staining area (%) for each time point was measured in
Imaged, as were the cell counts for each condition via quantification of HSEC nuclei (DAPI, blue). Data shown are
(B) mean + SEM (where each data point represents an independent HSEC isolate) (*p<0.05, **p<0.01, ***p<0.001,
one-way ANOVA followed by Tukey’s multiple comparison test) or (C) mean + SD (3-5 visual fields per time point)
and are representative of three independent experiments. Scale bars represent 20 um.
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4.2.9 MR and PLVAP were not transcriptionally regulated by high shear stress

Endothelial cells are known to alter their transcriptional profiles in response to biomechanical stimuli
such as shear stress*®, which is thought to be important for maintaining the flow-adapted endothelial
phenotype in vivo. To investigate whether shear stress could alter MR and PLVAP mRNA levels, gRT-
PCR was performed following exposure of HSEC to arterial shear stress (~10 dyn/cm?), by culturing
cells on an orbital shaker for 72 hours. There were no significant differences in MRC1I and PLVAP gene
expression when cells were cultured under static or fluid shear conditions (Figure 4.13A, B).
Interestingly, cells subject to flow conditions seemed to elongate and align with the direction of flow,

as can be seen in representative brightfield images (Figure 4.13C).

4.2.10 MR and PLVAP were not transcriptionally regulated by hypoxia

Most in vitro studies are carried out with cells subject to atmospheric O, levels (~150 mmHg or
~20%)°*. However, within the liver sinusoids, normoxia is thought to range from 60-65 mmHg in
periportal regions to 30-35 mmHg in pericentral areas (~4-9% O,)**'. Further, hypoxic conditions within
the tumour microenvironment are thought to range from 0.5 — 2% 0,°**°%. To investigate whether the
expression of MRC1 and PLVAP was altered in response to hypoxic conditions, HSEC were cultured in
either 20% or 2% O, for 24 hours before being lysed and prepared for qRT-PCR analysis. As shown in
Figure 4.14A, although there was an increasing trend in MRCI expression (~1.5-fold) following
hypoxic exposure (4/5 HSEC isolates), there were no significant differences observed between the two
groups. In contrast, trends in PL VAP expression in response to hypoxia were variable (two HSEC donors
showed an increase whilst two showed a decrease), and so no significant differences were identified
(Figure 4.14B). The viability of HSEC following 24-hour culture in 2% O, was confirmed via

brightfield microscopy (Figure 4.14C).
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Figure 4.13: Mannose receptor (MRC1) and plasmalemma vesicle-associated protein (PLVAP) were not
transcriptionally regulated by high shear stress.

(A-C) Hepatic sinusoidal endothelial cells (HSEC) were cultured either under static conditions or in a humidified
temperature-controlled orbital shaker to induce fluid shear stress (~10 dyn/cm?) for 72 hours (n=3). Cells were then
lysed and analysed for (A) MRC1 and (B) PLVAP gene expression by gqRT-PCR. Data shown are gene expression
values relative to GAPDH, from three independent HSEC isolates. Groups were compared using a student’s paired
t-test and no significant differences were found. Representative brightfield images are shown in (C) and were
acquired on a Zeiss inverted microscope. Scale bars represent 100 um (/eft) or 50 um (right).
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Figure 4.14: Mannose receptor (MRC1) and plasmalemma vesicle-associated protein (PLVAP) were not
transcriptionally regulated by hypoxia.

(A-C) Hepatic sinusoidal endothelial cells (HSEC) were cultured either in 95% air:5% CO. (hyperoxia) or 2% 02:5%
CO; (hypoxia) for 24 hours (n=4-5). Cells were then lysed and analysed for (A) MRC1 and (B) PLVAP gene
expression by qRT-PCR. Data shown are gene expression values relative to ACTB, from four independent HSEC
isolates. Groups were compared using a student’s paired f-test and no significant differences were found.
Representative brightfield images are shown in (C) and were acquired on a Zeiss inverted microscope. Scale bars

represent 100 um (left) or 50 um (right).

4.2.11 MR and PLVAP were differentially regulated in primary HSEC in vitro

Several regulators of MR expression have been identified previously in macrophages (Table 4.1),
although only a handful have been studied in murine HSEC, with limited studies in humans. Similarly,
a number of PLVAP regulators have been reported in various endothelial cell types, with the most well-
studied being VEGF (Table 4.2). To identify regulators of MR and PLVAP expression in primary

human HSEC, a high-content imaging (HCI) assay was designed to allow high-throughput detection of
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immunofluorescent changes in a randomised and automated manner (Figure 4.15). This was validated
by treating HSEC with increasing concentrations of TNFa, which is known to cause a dose-dependent
upregulation of ICAM-1°7%. A spot detection algorithm was developed and Object.SpotTotal Area.Ch2
and Object.SpotTotallnten.Ch2 were deemed valid parameters based on their ability to differentiate

between variable ICAM-1 levels in response to TNFa.

The HCI assay was applied to study the effects of 24-hour treatment with pro-inflammatory stimuli.
These included TNFa, IL-1B and LPS, along with master regulator of endothelial function VEGF, all
of which have been studied previously in HSEC with respect to MR and/or PLVAP expression. When
HSEC were treated with increasing concentrations of TNFo. MR fluorescence area and intensity did not
change (Figure 4.16A). In contrast, although there were no significant changes as responses were
variable, PLVAP area (1.78-fold &+ 0.50) and intensity (1.65-fold & 0.70) seemed to increase following
treatment with 10 ng/mL TNFo (Figure 4.16B). Notably, the fold-change difference between the IMC
and the control group was considerably larger for MR than PLVAP, reflecting the higher basal
expression of MR by HSEC compared to PLVAP. As shown during optimisation of the high-content
imaging assay (Figure 4.15), TNFa induced a robust concentration-dependent increase in ICAM-1,
with 10 ng/mL driving a significant upregulation in fluorescence area (230-fold + 96.6) and intensity
(95.7-fold £ 37.9) compared to the untreated control (Figure 4.16C). This upregulation was mirrored
by a significant 35.7-fold increase in I[CAM1 gene expression following 10 ng/mL TNFq treatment
(Figure 4.16F). Interestingly, the effects of 24-hour TNFa treatment (10 ng/mL) on MR and PLVAP
were not recapitulated at the mRNA level, since a decrease in MRC1 (1.38-fold) and PLVAP (3.06-fold)
gene expression was observed compared to the control, although this was not statistically significant

(Figure 4.16D, E).

At the protein level, IL-1 induced a modest increase in MR area (1.18-fold + 0.02) and intensity (1.25-
fold + 0.08), although the latter was not statistically significant (Figure 4.17A, C). As with TNFa, the

effects of treatment with IL-13 on MR and PLVAP protein expression did not seem to correlate with
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mRNA levels at the 24-hour time point, since MRC1 and PLVAP gene expression were reduced by 1.56-
fold and 3.06-fold, respectively (Figure 4.17D, E). In contrast to IL-1f3, LPS had no effect on MR area
or intensity, whereas there was a slight increase in MR intensity in response to VEGF (1.21-fold + 0.09),
although this was not significant. Similarly, LPS treatment did not seem to influence PLVAP area or
intensity, whilst a slight increase was observed in response to IL-1p, but this did not reach statistical
significance (Figure 4.17B). The lack of effect of LPS on MR and PLVAP was also recapitulated at the
mRNA level (Figure 4.17D, E). As has been shown previously in multiple endothelial cell types, VEGF
significantly upregulated PLVAP area (1.89-fold = 0.22) and intensity (1.96-fold + 0.18), whilst having
minimal impact on MR expression (Figure 4.17A-C). Again, the effects of VEGF on PLVAP were not
mimicked at the mRNA level, at least not at the 24-hour time point (Figure 4.17E). This could be due
to a transient increase in gene expression that is not evident at 24 hours, or due to differences in post-
translational modifications, which may influence protein stability and/or rate of degradation, and
therefore not be reflected at the mRNA level. In summary, these data not only validated the use of the
high-content imaging assay as an appropriate screening tool for identifying MR and PLVAP regulators,

they also suggest that MR and PLVAP are differentially regulated in vitro in primary human HSEC.
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Figure 4.15: High-content imaging assay optimisation.

(A) Hepatic sinusoidal endothelial cells (HSEC) were seeded in collagen-coated black 96-well imaging plates and
left to adhere overnight. The following day cells were serum- and growth factor-starved for two hours before addition
of treatments and incubation for 24 hours. Cells were then fixed in 4% paraformaldehyde, permeabilised with 0.3%
Triton™ X-100 and stained by immunocytochemistry. Imaging was performed using a Celllnsight CX5 High-content
Imaging Platform (ThermoFisher) and analysis was performed in HSC Studio software. (B, C) The assay was
optimised and validated by treatment of HSEC with increasing concentrations of tumour necrosis factor o (TNFa.)
which is known to upregulate expression of intercellular adhesion molecule 1 (ICAM-1). (B) Signal detection (green)
was performed via a user-defined threshold and fluorescence area and intensity were quantified within a defined
region of interest relative to HSEC nuclei (4',6-diamidino-2-phenylindole, DAPI; blue). Images shown are
representative of nine visual fields per well with each condition performed in at least duplicate. (C) There was a
dose-dependent increase in ICAM-1 area (left) and intensity (right) in response to 24-hour treatment with TNFa.
Data shown are mean £ SD of duplicate wells. Scale bars represent 100 pm.
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Figure 4.16: The effects tumour necrosis factor a (TNFa) on the expression of mannose receptor (MR) and
plasmalemma vesicle-associated protein (PLVAP).

(A-C) Protein expression in response to 24-hour treatment with TNFo was determined via high-content imaging
and was quantified for nine visual fields per well with each condition performed in at least duplicate (*p<0.05, one-
way ANOVA followed by Dunnett’'s multiple comparison test). Isotype control levels are indicated by the grey
gridlines. (D-F) The effects of TNFa (10 ng/mL, 24 h) on gene expression was determined by gRT-PCR (*p<0.05,
student’s unpaired t-test). Gene expression data are relative to GAPDH. Data shown are mean + SEM from three
independent experiments.
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Figure 4.17: The effects of pro-inflammatory stimuli and vascular endothelial growth factor (VEGF) on
mannose receptor (MR) and plasmalemma vesicle-associated protein (PLVAP) expression.

(A-E) Hepatic sinusoidal endothelial cells were treated for 24 hours with interleukin 1 (IL-1B, 10 ng/mL),
lipopolysaccharide (LPS, 1 pg/mL), or vascular endothelial growth factor (VEGF) (100 ng/mL). (A-C) Protein
expression was determined via high-content imaging and was quantified for nine visual fields per well with each
condition performed in at least duplicate (**p<0.01, one-way ANOVA followed by Dunnett's multiple comparison
test). (D, E) Gene expression relative to GAPDH was determined by qRT-PCR. Data shown are (A, B) mean fold-
change to control + SEM or (D, E) mean gene expression + SEM from 3-4 independent experiments. Representative
images are shown in (C). Scale bars represent 100 um.
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4.2.12 MR expression remained stable following HSEC stimulation with various cytokines, growth

factors and small molecule compounds

A high-content screen was performed to test the effects of several putative MR regulators on its protein
expression in primary human HSEC (Figure 4.15). These regulators consisted of several cytokines,
chemokines, and pharmacological agents. Fluorescence area and intensity were quantified in response
to 24-hour treatment and a summary of results are shown in the table in Figure 4.18A. No significant
changes were observed in MR immunofluorescence area, although a small decrease was observed in
response to ATRA (0.93-fold £ 0.03) and latrunculin (0.84-fold + 0.08), and a small increase occurred
in response to cytochalasin D (1.37-fold + 0.16). Similar changes were found in MR
immunofluorescence intensity in response to ATRA (0.85-fold & 0.05) and cytochalasin D (1.64-fold +
0.19), yet an increase in intensity was observed following latrunculin A treatment (1.30-fold + 0.22).
There was also a small increase in fluorescence intensity in response to IFNy (1.20-fold = 0.11) which
did not reach significance, whereas a small but significant decrease in fluorescence intensity was noted
in response to PGE1 (0.93-fold &+ 0.03). Representative images for PGE1 and ATRA along with their
respective controls are shown in Figure 4.18B. Cell counts were also quantified for each condition to
ensure there was no cell toxicity (Figure 4.18C). Although the most profound changes appeared to occur
in response to cytochalasin D and latrunculin A, the considerable reduction in cell numbers in response
to these treatments, and also the HSEC morphology, indicated that these apparent changes in MR
expression were in fact due to cellular toxicity. Overall, these data suggest that MR expression is
resistant to stimulation in human HSEC, and also highlight distinct MR regulation mechanisms in

endothelial cells compared to the better studied macrophage.
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Figure 4.18: Mannose receptor (MR) expression remained stable following stimulation with various
cytokines and small-molecule compounds.

(A-C) Hepatic sinusoidal endothelial cells (HSEC) were stimulated for 24 h with the treatments indicated before
analysis of MR expression via high-content imaging. (A) Putative MR enhancers are colour-coded in green (bar
outlines and in table) whilst inhibitors are shown in red (bar outlines and in table). In graphs, vehicle controls are
indicated by black filled bars, and green and red filled bars indicate observed enhancement or inhibition of MR,
respectively. In table, values in green/red depict observed increase/decrease (* indicates a significant fold-
change — p<0.05, student’s unpaired t-test). Data shown are mean fold-change to respective control + SEM of five
independent experiments. Data and images shown in (B) and (C) are representative of nine visual fields per well,
with each condition performed in triplicate, from five independent HSEC isolates. Scale bars represent 100 um.
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4.2.13 PLVAP was upregulated by pro-inflammatory stimuli and factors which influence endothelial

function

In the high-content screen, several hits were identified to significantly upregulate both PLVAP
immunofluorescence area and intensity (Figure 4.19A, B), including PMA (Area: 2.32-fold + 0.26;
Intensity: 2.79-fold + 0.37), VEGF (Area: 1.81-fold + 0.20; Intensity: 1.71-fold £+ 0.30), fibrinogen
(Area: 1.60-fold + 0.09; Intensity: 1.75-fold + 0.18), and BMP-9 (Area: 1.53-fold + 0.09; Intensity: 1.41-
fold + 0.09). As shown in Figure 4.19B, these treatments increased both the amount of PLVAP per cell
and the proportion of PLVAP" HSEC per field of view, although the heterogeneity observed in
unstimulated cells seemed to be maintained following treatment. TNFa significantly increased
immunofluorescence area by 1.45-fold + 0.22, but did not impact intensity values. Cell counts remained
fairly stable across treatment conditions suggesting no cytotoxicity was observed, although there was a
small decrease in cell number in response to TNFa treatment (Figure 4.19C). Since PMA had the most
profound impact on total PLVAP expression, the effects of PMA on PLVAP surface expression was
assessed in non-permeabilised cells (Figure 4.20). Under steady state PLVAP (~80%) was mostly
located intracellularly. Total PLVAP expression was increased by 3.16-fold + 1.18, whilst surface
PLVAP expression displayed an 8.13-fold + 3.64 upregulation, in response to PMA treatment. This
suggests that PMA stimulates both PLVAP synthesis and trafficking of PLVAP to the cell surface.
Collectively, these data highlight several novel regulators of PLVAP expression in human HSEC,
including pro-inflammatory stimuli and factors which are known to influence endothelial phenotype and

function.
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Figure 4.19: Plasmalemma vesicle-associated protein (PLVAP) expression was upregulated by several
soluble factors in vitro.

(A-C) Hepatic sinusoidal endothelial cells (HSEC) were stimulated for 24 h with the treatments indicated before
analysis of PLVAP expression via high-content imaging. (A) Putative PLVAP enhancers are colour-coded in green
(bar outlines and in table) whilst inhibitors are shown in red (bar outlines and in table). In graphs, vehicle controls
are indicated by black filled bars, and green and red filled bars indicate observed enhancement or inhibition of
PLVAP, respectively (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA and Dunnett's multiple
comparisons test). In table, values in green/red depict observed increase/decrease (* indicates a significant fold-
change). Data shown are mean fold-change to respective control + SEM of five independent experiments. Data
and images shown in (B) and (C) are representative of nine visual fields per well, with each condition performed in
triplicate, from five independent HSEC isolates. Scale bars represent 100 pm.
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Figure 4.20: Phorbol 12-myristate 13-acetate (PMA) upregulated both surface and total plasmalemma
vesicle-associated protein (PLVAP) expression.

(A) Hepatic sinusoidal endothelial cells (HSEC) were treated for 24 h with PMA (50 nM) or vehicle (DMSO) control
before analysis of PLVAP (red) in non-permeabilised (NP) and permeabilised (P) (0.3% Triton™-X 100) cells via
immunocytochemistry and confocal microscopy. (B) PLVAP staining area (%) was quantified for five visual fields
using ImagedJ. Isotype-matched control (IMC) levels for each permeabilisation protocol are indicated by the
corresponding gridlines. (C) HSEC nuclei were counted using the “Analyse Particles” function in ImageJ (4',6-
diamidino-2-phenylindole, DAPI; blue). (A, B) Images and data shown for vehicle-treated controls are the same as
those shown in Figure 4.10. Data shown in (B) and (C) are mean £ SD from one independent experiment. Scale
bars represent 20 ym.
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4.2.14 PLVAP was regulated by factors found within the tumour microenvironment

Given the upregulation of PLVAP within tumours of HCC patients (Chapter 3), the high-content
imaging assay was applied to study the effects of conditioned medium from HCC cell lines on PLVAP
expression in primary HSEC. Although there was an increase in immunofluorescence area (1.31-fold +
0.23) and intensity (1.41-fold + 0.18) following 24-hour treatment with conditioned medium from Huh-
7 cells (Huh-7-CM)), this did not reach statistical significance (Figure 4.21A). Similarly, PLVAP area
(1.46-fold + 0.09) and intensity (1.36-fold + 0.28) were upregulated following treatment with HepG2-
CM, with the former being significantly different to the vehicle DMEM control (Figure 4.21B). As can
be seen from the representative images shown in Figure 4.21C, the impact on PLVAP expression was
more pronounced with HepG2-CM treatment. These data suggest that PLVAP expression is regulated

by factors secreted by HCC tumour cells.
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Figure 4.21: Plasmalemma vesicle-associated protein (PLVAP) expression was upregulated by factors
found within the tumour microenvironment.

PLVAP expression in hepatic sinusoidal endothelial cells was quantified by high-content imaging following 24-hour
treatment with conditioned medium from (A) Huh-7 and (B) HepG2 hepatocellular carcinoma cell lines. Data shown
are mean fold-change to DMEM control + SEM of three independent experiments (**p<0.01, student’s unpaired t-
test). Images shown in (C) are representative of nine visual fields per well with each condition performed in triplicate
wells. Scale bars represent 100 um.
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4.2.15 Summary

e Primary human HSEC isolated by immunomagnetic selection for CD31 displayed a sinusoidal
phenotype in vitro, including expression of sinusoidal endothelial markers and rapid scavenging
function

e Expression of MR and PLVAP was maintained in vitro and the level of mRNA expression was
comparable in donor- and CLD patient-derived HSEC

e  MRCI and PLVAP expression were increased with HSEC passage number

e MR underwent constant endosomal trafficking, residing predominantly within early endosomes,
recycling endosomes and the Golgi apparatus

e MR was rapidly internalised into early endosomes following antibody ligation

e Under resting conditions, PLVAP mostly resided intracellularly within vesicles often located at
the cell periphery, and its localisation was insensitive to bafilomycin treatment

e PLVAP co-localised with caveolae marker, caveolin-1, in both untreated and TNFa-stimulated
HSEC

e MR and PLVAP were not significantly regulated by high shear stress or hypoxia at the transcript
level

e MR expression was resistant to regulation by multiple cytokines, chemokines and small
molecule compounds

e PLVAP was upregulated by several soluble factors including VEGF, PMA, BMP-9 and

fibrinogen, as well as by conditioned medium from HCC cell lines
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5 SENESCENT CELL-ENDOTHELIAL CROSSTALK IN CLLD

AND HCC

5.1 Introduction
5.1.1 Senescence

Cellular senescence is defined as an irreversible state of cell cycle arrest in which cells cease to
proliferate but remain metabolically active??. The mechanisms of senescence can be broadly stratified
into two distinct pathways: (1) replicative senescence, during which a cell senses endogenous DNA
damage as a result of successive rounds of cellular replication and subsequent telomere shortening; (2)
stress-induced senescence, whereby injurious stimuli including traumatic injury, oxidative stress,
radiation or chemotherapy induce rapid DNA damage. Although senescence is a widely studied
phenomenon, its pleiotropic effects are largely context-dependent, with outcomes influenced heavily by
the nature of the trigger, duration of stimulus and cell type(s) involved. This heterogeneity has led to a
lack of consensus on a unanimous senescence biomarker which has mandated the identification of
multiple traits in order to ascertain a cell’s senescent status. These characteristics include cell cycle
arrest, macromolecular damage, dysregulated metabolism and an altered secretome, and are summarised

in Figure 1.1°%*°%

Cell cycle arrest is maintained by two families of cyclin-dependent kinase (CDK) inhibitors — the INK4
family (p16™** [CDKN24], p15™%*B, p18™&4C and pl9ARF™**P) and the Cip/Kip family (p27%P",
p57%P2 and p21WAFVCP [CDKN1A]). Trreversible proliferative arrest is also accompanied by BCL-2
family-mediated apoptosis inhibition®**. DNA damage response (DDR) is characterised by
accumulation of double-strand break sensor proteins YH2A.X, 53BP1, CHK2 and MDC1 and lack of
DNA repair proteins RPA and RADS1. Senescence-associated heterochromatin foci (SAHF) can also
be visualised as DAPI-dense areas within the nucleus. Cells that have undergone senescence form
aggregates of lipofuscin due to increased lysosomal content, which can be distinguished using SA-f-

Gal, DDAOG, Sudan Black B (SBB) or GL13 staining. Furthermore, senescence is accompanied by
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morphological changes including increased cell size, vacuolised appearance of the cytoplasm and
nucleus, and plasma membrane alterations, likely due to lipid damage which can be detected via
perilipin. Senescent cells also display an abnormal metabolic profile due to aberrant mitochondrial

activity, dysregulated ATP production and excess ROS production.
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Figure 5.1: The hallmarks of senescence.

These include cell cycle arrest, DNA damage response, lipofuscin accumulation, morphological and metabolic
changes and production of senescence-associated secretory phenotype (SASP). Markers of senescence cells are
shown in red.
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5.1.2  Senescence-associated secretory phenotype

Following induction of senescence, cells secrete a combination of factors that act in an autocrine and
paracrine manner to reinforce senescence (“bystander effect), alert and sensitise neighbouring cells to
the stressful stimulus, and activate immune surveillance mechanisms to promote their clearance. This is
known as the senescence-associated secretory phenotype (SASP) and is comprised of numerous
cytokines, chemokines, growth factors, ECM proteins and extracellular vesicles, all of which facilitate

multi-cellular crosstalk within the senescent microenvironment (Figure 1.1).

Release of the SASP is thought to enable recruitment of immune cells which stimulates tissue repair and
regeneration. However, chronic senescence leads to sustained SASP release which has been shown to
aggravate multiple age-related diseases including atherosclerosis, diabetes, osteoarthritis, obesity and
neurodegeneration’** °° In the liver, the SASP has been shown to exacerbate disease progression,
contributing to fibrosis, promoting monocyte recruitment and differentiation into macrophages, and
driving paracrine senescence in the surrounding parenchyma®®. Furthermore, despite being comprised
of numerous pro-inflammatory cytokines and chemokines, the SASP has been shown to contribute to a
pro-tumourigenic microenvironment, through CCL2-mediated immature myeloid cell recruitment and
exposure to HCC-derived secretory factors which drive their immunosuppressive phenotype’’.
Moreover, stromal-derived SASP has been shown to drive tumour invasiveness and metastasis, an effect
thought to be mediated by induction of epithelial-to-mesenchymal transition and increased recruitment
of myeloid-derived suppressor cells™** **. Thus, the SASP can elicit pleiotropic effects depending on

the biological context.

5.1.3  Models to study senescence

There are several in vitro and in vivo models that have been developed to study senescence which have
been extensively reviewed > ***. Mechanisms of senescence induction are based on the multiple triggers

of senescence in vivo, including DNA damage, oxidative stress, and CDK inhibitor or oncogene

158



activation. Progeroid murine models developed to recapitulate human syndromes of premature ageing

are also characterised by accelerated senescence®*’.

Oncogene-induced senescence (OIS) is a fail-safe anti-tumourigenic mechanism which prevents
transformation and propagation of pre-malignant cells. Kang et al. (2011) describe a murine model of
OIS, in which transposable elements expressing the oncogene Nras (Nras®’?") are stably delivered to
hepatocytes via hydrodynamic tail vein injection®'. Control animals were administered with

transposable elements encoding a non-signalling mutant (Nras®/?"P3%

) for comparison. Authors
confirmed induction of senescence by staining of mouse livers for p21, p16, and SA-B-Gal, and observed
similar findings following intra-hepatic Cre-recombinase-mediated oncogenic Kras activation
(Kras®?P). 1t was shown that the secretory program of Nras®’?’-expressing hepatocytes facilitated
immune-mediated senescent cell clearance, which was dependent on intact CD4" T cell-mediated

adaptive immunity and the presence of monocytes/macrophages. Impaired immune surveillance of

senescent cells led to development of HCC in Nras®’?” severe combined immunodeficient (SCID) mice.

Senescence can also be induced by oncogene activation in vitro. A gold-standard in vitro OIS model is
the overexpression of HRASY"?" in IMR9O0 fibroblasts™*. This is achieved through stable transduction
with a tamoxifen-inducible ER:RAS construct; upon addition of tamoxifen to the cell culture medium,
IMRO90 cells become growth arrested, displaying several senescence hallmarks including chromatin
changes, increased cell size, positivity for SA-B-Gal, p21 and p16, and production of SASP. This model
has proven invaluable for the study of senescence mechanisms in vitro and the effects of the SASP in

numerous contexts.

Another murine model of senescence involves the hepatocyte-specific deletion of the Mdm?2 gene
(AMdm2"%*)**° Murine double minute 2 (MDM?2) is a negative regulator of p53; since the p53/p21 axis
is central to senescence induction, hepatocyte specific deletion of Mdm?2 drives p21-dependent
senescence by p53 upregulation. Mdm2” mice display multiple hallmarks of senescence and impaired

regeneration in response to paracetamol-induced liver damage, an observation that was dependent on
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induction of paracrine senescence by macrophage-derived TGFB1. Similar observations were made in
a mouse model of biliary senescence, in which conditional Mdm2 deletion in the bile ducts (via a Krt19

promoter) exacerbates biliary injury and impairs regeneration following partial hepatectomy?*.

5.2 Senescence Studies
5.2.1 Senescence was a key feature of CLD and HCC

Senescence is thought to be a key component of the tissue microenvironment during injury, chronic
inflammation and cancer. There are several markers which can be used to identify senescent cells, two
of which are CDK inhibitors p21 (CDKNIA) and p16 (CDKN2A) that maintain cell cycle arrest, a key
hallmark of senescence. The expression of p21 and p16 in CLD patient samples was assessed at the gene
level by qRT-PCR and compared to donor liver controls. Whilst there was no significant difference
between CDKNIA gene expression in diseased and donor livers, CDKN2A4 expression displayed a

significant 9.95-fold upregulation in CLD compared to donor controls (Figure 5.2A).

Analysis of publicly-available TCGA datasets demonstrated a modest, yet significant, increase in
CDKNI1A expression within non-tumour tissue from HCC patients compared to both normal liver
(~1.52-fold) and tumour (~1.23-fold) tissue (Figure 5.2B). In contrast, CDKN24 mRNA levels were
significantly higher in HCC tumours compared to both non-tumour (~20.82-fold) and normal liver
(~34.3-fold) tissue. Although there was a 1.65-fold increase in CDKN2A expression in non-tumour

compared to normal liver this was not statistically significant (Figure 5.2B).

Given the upregulation of p16 in HCC tumours, TCGA datasets were analysed to correlate CDKN2A
expression with clinical parameters. Despite no association between CDKN2A expression and tumour
grade, its expression was significantly upregulated in cancers of a higher stage (Figure 5.3A).
Furthermore, higher CDKN2A expression was indicative of poorer clinical outcomes, since CDKN2A"e"

patients had worse overall and disease-free survival (Figure 5.3B).

The expression and localisation of p21 and p16 protein was next assessed by immunohistochemistry in
donor and cirrhotic liver specimens. The frequency of p21" hepatocytes was significantly increased from
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11.5 £+ 5.74 in donor liver to 41.6 = 9.70 in CLD (Figure 5.4A). Expression of p16 appeared to be more
widespread in hepatocytes of both donor and CLD livers, yet in CLD, the presence of other p16" cell
types was also apparent. However, staining area was variable across the patient cohort and so no
significant differences in pl6 were observed between normal and cirrhotic liver (Figure 5.4B).
Collectively, these data suggest that senescence is a key feature of liver disease, and that p16 expression

could be a valuable prognostic marker in HCC patients.
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Figure 5.2: Expression of senescence markers, p21 (CDKN1A) and p16 (CDKN2A), in chronic liver disease
(CLD) and hepatocellular carcinoma (HCC).

(A) CDKN1A and CDKNZ2A expression was quantified in whole tissue lysates from donor (n=5) and cirrhotic (n=15)
livers by qRT-PCR (***p<0.001, Mann-Whitney test). Gene expression data are shown relative to 18S, where each
data point represents an independent patient sample. (B) The Cancer Genome Atlas (TCGA) datasets were
analysed for CDKN1A and CDKN2A expression in normal liver (NL) (n=110), non-tumour (NT) (n=50) and tumour
(T) (n=369) samples from HCC patients (*p<0.05, **p<0.01, ****p<0.0001, Kruskal-Wallis test followed by Dunn’s
multiple comparison test). Data shown are median + interquartile range.
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Figure 5.3: CDKN2A expression correlated with cancer stage and was a predicter of worse overall and
disease-free survival in hepatocellular carcinoma (HCC) patients.

(A, B) The Cancer Genome Atlas (TCGA) datasets were analysed for CDKN2A gene expression in HCC tumours
and stratified according to (A) cancer stage (*p<0.05, **p<0.01, Kruskal-Wallis test followed by Dunn’s multiple
comparison test) or (B) tumour grade. (C) Kaplan-Meier plots depicting overall and disease-free survival data for
CDKN2AMsh and CDKNZ2A' HCC patients (*p<0.05, Log-rank test) (HR, hazard ratio). High and low expressing
groups were stratified based on the median CDKNZ2A expression. Survival data is accessible via
https://kmplot.com/analysis/.
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Figure 5.4: Immunohistochemical staining of senescence markers, p21 and p16, in donor and cirrhotic
human liver tissue.

Representative images showing localisation of (A) p21 (black arrows) and (B) p16 in donor (left panels) and chronic
liver disease (CLD) (right panels) patient specimens. Insets are shown below. Quantification of p21 (positive cells
per field of view) and p16 staining (% area) is shown (right). Data shown are mean + SEM (*p<0.05, student’s
unpaired t-test). Scale bars represent 100 um (upper) or 50 um (lower).
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5.2.2  The senescent secretome influenced HSEC phenotype and function

Senescent cells release a secretome known as SASP, comprising numerous cytokines, chemokines and
growth factors. These factors contribute to the biological milieu during tissue homeostasis and
inflammation, instigating autocrine and paracrine signalling in neighbouring cells. It was hypothesised
that components within the SASP, either solely or in combination, could drive phenotypic and functional
alterations in HSEC, perhaps to facilitate leukocyte migration across the sinusoidal endothelium and
subsequent clearance of senescent cells. The impact of the SASP on HSEC phenotype and function was
characterised by stimulating isolated primary human HSEC for 24 hours with either conditioned medium
from IMR90 fibroblasts undergoing RAS-mediated oncogene-induced senescence (Ras-CM), or the
growing IMR90 control (Grow-CM) (Figure 5.5). The effect of SASP stimulation was then assessed by
investigating gene expression by qRT-PCR, visualising morphological changes by brightfield and

confocal microscopy, and quantifying alterations in protein expression by immunofluorescence.

Brightfield microscopy highlighted distinct morphological changes in Ras-CM-treated HSEC compared
to the Grow-CM-treated controls, with these cells appearing more elongated and with an aligned
orientation (Figure 5.6A). These morphological alterations were confirmed by visualising the perimeter
of each cell, via immunocytochemistry for junctional marker VE-cadherin, followed by confocal
microscopy (Figure 5.6B). Following measurement of cell length and width, the ratio between these
parameters was calculated to give an elongation factor (length/width) per cell (Figure 5.6C). Ras-CM
treatment significantly increased cell length from 61.7 £ 1.48 um to 71.7 = 0.92 um, reduced cell width
from 36.8 = 1.55 um to 30.9 = 2.07 um, and consequently, the cell elongation factor was significantly
increased (1.48-fold) following Ras-CM treatment. Treatment with Ras-CM also drove profound
changes in the HSEC actin cytoskeleton, which were visualised by phalloidin staining of F-actin
followed by confocal microscopy (Figure 5.7A). Ras-CM treatment induced a significant and dose-
dependent increase in F-actin staining area, from 11.5 £+ 2.29% (Grow-CM) to 22.9 £+ 0.67% (Ras-CM,
1in4)and 33.8 £ 1.17 (Ras-CM, 1 in 2) (Figure 5.7B). There was also a small but significant step-wise

increase in F-actin intensity (mean grey value) with increasing concentrations of Ras-CM (1 in 4 — 1.06-
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fold; 1 in 2 — 1.15-fold) compared to the Grow-CM control (Figure 5.7C). These increases were
accompanied by the formation of stress fibres in Ras-CM-treated HSEC which is consistent with the

morphological changes observed in Figure 5.6.

The expression of endothelial activation markers was also studied following Ras-CM treatment of
HSEC. At the mRNA level, HSEC increased their expression of pro-inflammatory genes including
ICAM1 (11-fold), CCL2 (6.27-fold), IL6 (112-fold), ILIB (26.2-fold) and CXCLS (67.4-fold) in
response to SASP stimulation (Figure 5.8A). The upregulation of CCL2 and CXCLS8 was shown to be
statistically significant. Given their well-established role in lymphocyte and monocyte recruitment,
respectively, ICAM-1 and CCL2 were studied at the protein level by immunocytochemistry and
confocal microscopy. ICAM-1 displayed a significant and dose-dependent increase following Ras-CM
treatment, from 0.02 = 0.01% (Grow-CM) to 6.34 + 1.03% (Ras-CM, 1 in 4) and 19.8 + 4.13% (Ras-
CM, 1 in 2) (Figure 5.8B). Although following quantification of CCL2 % staining area there was no
significant difference after Ras-CM treatment, there was in fact a re-distribution of CCL2 in SASP-
stimulated HSEC (Figure 5.8C). CCL2 appeared to localise within the nucleus of both Grow-CM and
Ras-CM-treated HSEC, however following SASP stimulation, there were a subset of HSEC with
prominent perinuclear localisation of CCL2. Since CCL2 co-localised with GM130 in Ras-CM-treated
HSEC, this suggests increased trafficking to the Golgi apparatus, and perhaps also enhanced synthesis
and/or secretion of CCL2 (Figure 5.8D). In summary, these data suggest that exposure of HSEC to the
senescent secretome results in phenotypic changes, such as elongation and cellular activation, which

likely influence HSEC function.
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Figure 5.5: Summary of in vitro studies using the senescence-associated secretory phenotype (SASP).

The SASP was derived from the conditioned medium of IMR90 fibroblasts undergoing oncogene-induced
senescence (OIS). IMROO fibroblasts were stably transduced with a plasmid encoding the RAS oncogene under a
tamoxifen-inducible promoter (ER:RAS IMR90). Following addition of tamoxifen to the cell culture medium IMR90
cells overexpress RAS and undergo OIS. These cells produce SASP (termed Ras-CM) which can then be compared
to the conditioned medium from the untreated growing IMR90 cells (Grow-CM). Primary hepatic sinusoidal
endothelial cells (HSEC) were then treated for 24 hours with Grow-CM or Ras-CM: (1) in 6-well plates and lysed
for analysis of gene expression by qRT-PCR; (2) in 6-channel ibidi® slides, fixed and subject to
immunocytochemistry and confocal microscopy; (3) in 6-channel ibidi® slides for use in flow adhesion assays with
peripheral blood monocytes or lymphocytes isolated from healthy volunteers.
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Figure 5.6: The senescent secretome induced morphological changes in hepatic sinusoidal endothelial
cells (HSEC).

(A-C) HSEC were treated for 24 hours with either Grow-CM or Ras-CM (1 in 4 or 1 in 2 dilution) and then (A) imaged
by brightfield microscopy or (B) fixed, stained for VE-cadherin (red), and imaged by confocal microscopy. 4',6-
diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. (C) Cell length and width (um) were
measured using Zen blue software and the elongation factor was calculated by dividing the cell length by the cell
width (*p<0.05, **p<0.01, student’s unpaired f-test). Data shown are mean + SEM from three independent HSEC
isolates, from a total of 71-93 cells across five visual fields per experimental condition. Scale bars represent (A) 50

um or (B) 20 um.
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Figure 5.7: The senescent secretome drove cytoskeletal changes in hepatic sinusoidal endothelial cells
(HSEC).

(A) HSEC were treated for 24 hours with either Grow-CM or Ras-CM (1 in 4 or 1 in 2 dilution) and then fixed, stained
with phalloidin (grey), and imaged by confocal microscopy. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as
a nuclear counterstain. (B) F-actin area (%) and (C) intensity (mean grey value) was quantified for a minimum of
five visual fields (*p<0.05, **p<0.01, ***p<0.001, one-way ANOVA followed by Tukey’s multiple comparison test).
Data shown are mean + SEM from three independent HSEC isolates. Scale bars represent 20 ym.
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Figure 5.8: The senescent secretome increased expression of adhesion molecules, cytokines and
chemokines in hepatic sinusoidal endothelial cells (HSEC).

HSEC were treated for 24 hours with either Grow-CM or Ras-CM (1 in 4 or 1 in 2 dilution) and then either (A) lysed
and analysed for gene expression via qRT-PCR (*p<0.05, student’s paired f-test) or (B-D) fixed and subject to
immunocytochemistry and confocal microscopy (*p<0.05, **p<0.01, one-way ANOVA followed by Tukey’s multiple
comparison test). (A) Gene expression is shown relative to GAPDH, where each data point represents a biological
replicate. (B) Intercellular adhesion molecule 1 (ICAM-1, green) and (C) CCL2 (red) staining area (%) was quantified
for a minimum of five visual fields per condition using ImagedJ. Data shown are mean + SEM from three independent
HSEC isolates. Perinuclear CCL2 localisation in Ras-CM-treated HSEC is indicated by the yellow arrowheads. (D)
CCL2 (red) co-localised with Golgi apparatus marker, GM130 (green). The yellow line depicts the site of intensity
profile. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Scale bars represent 20
um.
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5.2.3 PLVAP was upregulated in HSEC by the senescent secretome in vitro

Given the ability of the SASP to stimulate transcription and protein synthesis of multiple endothelial
activation markers, the effects of Ras-CM treatment on PLVAP expression were assessed by qRT-PCR
and immunocytochemistry followed by high-content imaging or confocal microscopy. Ras-CM
treatment for 24 hours significantly increased PLVAP gene expression by 3.02-fold (Figure 5.9A). This
was recapitulated at the protein level, since SASP treatment significantly increased PLVAP

immunofluorescence area (2.09-fold + 0.19) and intensity (2.04-fold + 0.34) (Figure 5.9B, C).

Since PLVAP has been shown in the previous chapter to localise at the cell periphery, paired with the
profound effects of SASP treatment on cytoskeletal organisation, the localisation of PLVAP and F-actin
was studied by Airyscan confocal microscopy. As shown in Figure 5.10, PLVAP appeared to localise
within F-actin-rich regions at the cell periphery, proximal to but not within the intercellular junctions.
PLVAP was also often observed to localise at polar ends of elongated HSEC (Figure 5.10). Since the
perinuclear localisation of CCL2 was observed only in a subset of HSEC following SASP treatment,
much like the expression pattern of PLVAP in vitro, both of these proteins were studied simultaneously
by dual immunofluorescence. As shown in Figure 5.11, there was no clear association between CCL2
localisation and PLVAP positivity. In fact, when the proportions of single- and double-positive cells
were quantified, the incidence was approximately equal for PLVAP" (30.6%), CCL2" (37.6%) and

PLVAP'CCL2" (31.8%) populations.

5.2.4 SASP stimulation altered the HSEC secretome which was relatively unchanged by PLVAP

knockdown

To study the impact of PLVAP on the HSEC secretome in response to SASP treatment, cell supernatants
from genetically manipulated, SASP-stimulated cells were analysed with cytokine arrays. As shown in
Figure 5.8, exposure of HSEC to the senescent secretome led to cellular activation, including
upregulation of pro-inflammatory cytokines and chemokines. To investigate the effects of Ras-CM

treatment on the HSEC secretome in the presence and absence of PLVAP, cell supernatants obtained
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from genetically manipulated Grow-CM- or Ras-CM-stimulated HSEC were analysed using
commercially-available cytokine arrays (Figure 5.12). When comparing Grow-CM and Ras-CM
treatment in the control arm (siControl), secretion of several factors was shown to be upregulated in
response to SASP treatment, including G-CSF (146-fold), IL-6 (11.5-fold), GM-CSF (5-fold), IL-21
(3.62-fold), CXCL1 (1.32-fold), CXCL12 (1.29-fold), C5a (1.19-fold) and IL-8 (1.14-fold). In contrast,
secretion of PAI-1 (0.84-fold) and MIF (0.86-fold) were downregulated in response to Ras-CM (in the
presence of PLVAP). Secretion of ICAM-1, CCL2 and CCLS5 did not seem to change following SASP
treatment. When the effects of Grow-CM and Ras-CM treatment were studied following knockdown of
PLVAP, results were variable depending on each cytokine/chemokine. The absence of PLVAP did not
seem to influence the SASP-mediated effects on GM-CSF, IL-6 and PAI-1 production. In contrast, the
absence of PLVAP reduced the baseline (Grow-CM) secretion of several factors including MIF,
CXCL12 and CCL2, yet this effect seemed to be reversed following Ras-CM treatment in the absence
of PLVAP. Notably, several factors which had comparable baseline (Grow-CM) secretion in the absence
of PLVAP, yet were upregulated to a slightly lesser extent following Ras-CM treatment (siControl +
Ras vs. siPLVAP + Ras in Figure 5.12). These included IL-21 (0.13-fold), C5a (0.87-fold), G-CSF
(0.88-fold), IL-8 (0.91-fold) and CXCL1 (0.94-fold). These data suggest that SASP treatment stimulates
secretion of multiple soluble factors capable of promoting leukocyte recruitment, yet the role of PLVAP

in shaping this secretory profile appears to be minimal.
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Figure 5.9: The senescent secretome upregulated plasmalemma vesicle-associated protein (PLVAP)
expression in hepatic sinusoidal endothelial cells (HSEC).

(A-C) HSEC were treated for 24 hours with either Grow-CM or Ras-CM (1 in 4 dilution) and then either (A) lysed
and analysed for PLVAP gene expression via qRT-PCR (*p<0.05, Wilcoxon test) or (B) fixed and subject to
immunocytochemistry and high-content imaging (***p<0.001, Mann-Whitney test, *p<0.001, student’s unpaired t-
test). (A) Gene expression is shown relative to GAPDH, where each data point represents a biological replicate.
Data shown in (B) are mean fold-change to Grow-CM control £ SEM of three HSEC isolates with each condition
performed in at least duplicate. Representative images of PLVAP (green) are shown in (C). 4',6-diamidino-2-
phenylindole (DAPI, blue) was used as a nuclear counterstain. Scale bars represent 100 ym.
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F-actin

Figure 5.10: Plasmalemma vesicle-associated protein (PLVAP) localised with F-actin-rich areas proximal
to the cellular junctions in response to the senescent secretome.

Hepatic sinusoidal endothelial cells (HSEC) were treated with Grow-CM (left) or Ras-CM (right) (1 in 2 dilution) for
24 hours before fixation, immunocytochemistry to visualise PLVAP (green) and F-actin (grey), followed by confocal
microscopy. PLVAP and F-actin enrichment is indicated by the yellow arrowheads. 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Scale bars represent 20 um.
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Figure 5.11: The subset-specific expression of plasmalemma vesicle-associated protein (PLVAP) did not
correlate with perinuclear CCL2 localisation following exposure to the senescent secretome.

(A-C) Hepatic sinusoidal endothelial cells (HSEC) were treated with Grow-CM or Ras-CM (1 in 4 dilution) for 24
hours before fixation, immunocytochemistry to visualise PLVAP (green) and CCL2 (red), followed by confocal
microscopy. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. (A) Perinuclear CCL2
localisation in PLVAP* (yellow arrowheads) and PLVAP- (red arrowheads) HSEC was observed, as was PLVAP
expression in the absence of perinuclear CCL2 localisation (green arrowheads). (B) The frequency of these events
was quantified for ten visual fields from three independent HSEC isolates. Isotype control samples were negative
(C). Scale bars represent 20 um.
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Figure 5.12: The senescent secretome altered the secretory profile of hepatic sinusoidal endothelial cells
(HSEC) which was largely unaffected by plasmalemma vesicle-associated protein (PLVAP) knockdown.

HSEC were treated with siRNA targeted against PLVAP (siPLVAP) or a negative control (siControl) and then
stimulated with either Grow-CM or Ras-CM (1 in 2 dilution) 24 hours post-knockdown. Cells were then thoroughly
washed with phosphate buffered saline before addition of basal endothelial medium for 24 hours. Cells were then
lysed for validation of successful genetic knockdown (KD) (data not shown) and supernatants were collected and
analysed using a Proteome Profiler Human Cytokine Array Kit (R&D). Data shown are mean fold-change to
reference spots per nitrocellulose membrane from one individual experiment. Colour coding is as follows: None, no
change in response to Ras-CM + KD; green, increase with Ras-CM + PLVAP KD; red, decrease with Ras-CM %
PLVAP KD; blue, decrease in baseline (Grow-CM) following PLVAP KD; orange, less upregulation in response to
Ras-CM following PLVAP KD.
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5.2.5 The senescent secretome facilitated lymphocyte and monocyte recruitment via distinct routes

Previous work, by our group and others, has shown that the senescent tissue microenvironment and
soluble factors within it are able to facilitate hepatic recruitment of lymphocytes under physiological

shear stress*®* 33!

. To test the hypothesis that the senescent secretome also promotes monocyte
recruitment, flow adhesion assays were performed with SASP-stimulated donor- and CLD patient-
derived HSEC and healthy volunteer peripheral blood monocytes. Phase-contrast videos were then
manually scored to assess the numbers of adhered, shape-changed and transmigrated leukocytes (Figure
5.13). Indeed, Ras-CM treatment of HSEC facilitated the recruitment of monocytes under flow
conditions, significantly increasing monocyte adhesion from 80 + 22.3 to 262 + 40 (3.28-fold), shape-
change from 42.3 + 12.7 to 130 + 23.9 (3.07-fold) and transmigration from 11.2 &+ 2.25 to 85.7 + 15
(7.65-fold) (monocytes/mm*/million cells perfused) (Figure 5.13B). The percentage of adhered
monocytes which underwent transmigration was also significantly increased from 20.7 + 5.52% to 35 +

3.53%, but the proportion of adhered cells which underwent a shape-change was not significantly

different (Figure 5.13B).

Transendothelial migration can occur via the paracellular pathway, through the intercellular junctions
of adjacent endothelial cells, or via the transcellular route, where leukocytes extravasate through pores
which traverse the endothelial cell body. To characterise the route of leukocyte transmigration in
response to the senescent secretome, flow adhesion assays were performed with fluorescently-labelled
(CellTracker Green and SiR-actin) Ras-CM-treated HSEC and peripheral blood monocytes or
lymphocytes (Figure 5.14). Transmigration events were first identified by the presence of a leukocyte
(visualised with DAPI and distinguished from HSEC nuclei based on size), along with disruption of the
HSEC cytoplasm (CellTracker Green), which allowed differentiation between leukocytes adhered to the
HSEC monolayer and those protruding through the HSEC cell body (Figure 5.14A, B). The route of
transmigration was determined by the location of diapedesis (at the cellular junction or not) and also the
integrity of the VE-cadherin cell junctions; that is, disruption of VE-cadherin indicated a paracellular

transmigratory event. Visualisation of the HSEC cytoskeleton was also possible by pre-labelling with
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live cell actin probe, SiR-actin. Strikingly, almost all monocytes transmigrated via the paracellular route
(92.6 £2.86%) in response to SASP treatment (Figure 5.14C). In contrast, the majority of lymphocytes
transmigrated via the transcellular route (62.4 = 1.12%). There were also notable differences observed
in the localisation of F-actin with adhered and transmigrating leukocytes; whilst lymphocytes were most
frequently (>80%) surrounded by F-actin regardless of their transmigratory pathway, the same F-actin
enrichment was not commonly observed for monocytes (<20%) (Figure 5.14D). Instead, monocyte
transmigration was associated with disrupted F-actin at the cellular junctions and a pore devoid of F-

actin through which the monocytes extravasate (Figure 5.14A, B).

To study the molecular mechanisms involved in SASP-mediated monocyte and lymphocyte recruitment,
flow adhesion assays were performed with Ras-CM-stimulated HSEC following treatment with
antibodies targeted against known adhesion molecules, ICAM-1 and CD31. There were no significant
differences in the number of adhered, shaped-changed or transmigrated monocytes following I[CAM-1
blockade, nor were there any changes in the percentage of adhered monocytes that underwent shape-
change or transmigration, despite successful binding of the I[CAM-1 antibody following treatment
(Figure 5.15A-C). Furthermore, although monocytes frequently transmigrated through ICAM-1" cells,
there was no obvious localisation of ICAM-1 with monocytes undergoing extravasation (Figure 5.15D).
In contrast, SASP-mediated lymphocyte adhesion and transmigration were sensitive to ICAM-1
inhibition, with a significant reduction of 0.69-fold + 0.08 and 0.54 + 0.05, respectively, following
antibody treatment compared to the IMC (Figure 5.16). In support of its role in SASP-mediated
lymphocyte recruitment, ICAM-1 localised with transmigrating lymphocytes in association with F-

actin-rich pores through the endothelial cell body (Figure 5.16C).

Following antibody-mediated CD31 blockade (Figure 5.17A, B), SASP-mediated monocyte
transmigration was significantly inhibited (0.66-fold £ 0.05) whilst the number of adhered monocytes
remained comparable. The number shape-changed monocytes displayed a concomitant significant
increase (1.38-fold = 0.15) with CD31 inhibition. These observations were mirrored by a significant

increase in the percentage of adhered monocytes which appeared shape-changed (from 44.2 + 1.91% to
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59.6 £ 1.91%), and a significant decrease in the fraction of adhered monocytes which underwent
transmigration (from 32.6 £+ 3.66% to 19.8 £+ 1.33%), in response to CD31 inhibition compared to the
IMC. Fixation, permeabilisation and staining with an anti-mIgG1 AF488 secondary antibody post-
treatment, followed by quantification of % staining area, highlighted successful binding of the CD31
antibody (Figure 5.17C). During both monocyte adhesion and transmigration, Airyscan confocal
microscopy highlighted a prominent enrichment of CD31, with HSEC appearing to extend F-actin-
containing CD31-rich protrusions from the membrane which enveloped monocytes during recruitment
(Figure 5.17D). Interestingly, a slight decrease in SASP-mediated lymphocyte transmigration was
observed, both in absolute numbers (0.82-fold + 0.10) and in the percentage of adhered cells (from 39.4
+2.95% to 32.0 £ 3.34%), although this did not reach statistical significance (Figure 5.18A, B). Similar
to observations with monocytes, the proportion of adhered lymphocytes which underwent a shape-
change was significantly increased from 36.1 + 1.93% to 44.7 £ 1.03% following CD31 blockade
compared to the IMC. The binding of the CD31 antibody was also confirmed for lymphocyte flow assays
(Figure 5.18C). Despite no significant inhibitory effect on lymphocyte transmigration, there was clear
localisation of CD31 during both paracellular and transcellular transmigration events, as shown by
Airyscan confocal microscopy (Figure 5.19). Although there was colocalisation between CD31 and F-
actin during both of these events, the associated membrane protrusions were considerably less prominent

than those observed during monocyte adhesion and transmigration (Figure 5.17D).

These data highlight that the senescent secretome is capable of driving hepatic recruitment of both
lymphocytes and monocytes under physiologically low shear conditions, yet these processes occur via

discrete endothelial routes and involve distinct molecular pathways.
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Figure 5.13: The senescent secretome facilitated monocyte recruitment across hepatic sinusoidal
endothelial cells (HSEC) under physiological shear stress.

(A, B) Flow adhesion assays were performed with Grow-CM or Ras-CM stimulated HSEC and monocytes isolated
from healthy volunteer peripheral blood. Representative phase-contrast images are shown in (A). (B) The number
of adhered (yellow arrowheads), shape-changed (red arrowheads) and transmigrated (black arrowheads)
monocytes were quantified in ten visual fields per lane. Data shown are mean + SEM from six independent
experiments (*p<0.05, **p<0.01, ***p<0.001, Mann-Whitney test (adhered and % transmigrated) or student’s
unpaired t-test). Scale bar represents 25 ym.
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Figure 5.14: Monocyte and lymphocyte recruitment across hepatic sinusoidal endothelial cells (HSEC) in
response to the senescent secretome occurred by distinct routes.

(A-C) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes or lymphocytes
isolated from healthy volunteer peripheral blood. HSEC were pre-labelled with CellTracker Green (green) and SiR-
actin (red), and following the flow assay, cells were fixed and stained for junctional marker vascular endothelial-
cadherin (VE-cadherin, grey). Orthogonal merged images are shown in (B) from the visual fields in (A). (C) The
route of transmigration was determined based on whether the VE-cadherin® junctions were disrupted (PC,
paracellular, yellow arrowheads) or not (TC, transcellular, yellow arrows). This was quantified for transmigration
events from at least 15 visual fields for three HSEC isolates (159 total lymphocyte events and 327 total monocyte
events). (D) The association of F-actin with adhered (Ad) and transmigrating (PC or TC) monocytes and
lymphocytes was quantified (n=3). Data shown are mean + SEM. Scale bars represent 10 um.
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Figure 5.15: Monocyte recruitment across hepatic sinusoidal endothelial cells (HSEC) in response to the
senescent secretome occurred independently of intercellular adhesion molecule 1 (ICAM-1).

(A-D) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood following antibody-mediated ICAM-1 blockade (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) monocytes were quantified in ten visual fields per
lane with each condition performed in duplicate. Data shown are mean + SEM from three independent experiments.
(C) Following the flow assay, cells were fixed, permeabilised, and stained with an anti-mlgG1 AF488 secondary
antibody (green). Staining area (%) was quantified for a minimum of three visual fields per condition using ImageJ
(***p<0.001, student’s unpaired t-test). 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear
counterstain. (D) HSEC were also pre-labelled with CellTracker Green (CTG, green) and SiR-actin (grey), and
following the flow assay, cells were fixed and stained for ICAM-1 (red). There was no association of ICAM-1 with
transmigrating monocytes (yellow arrowhead). Scale bars represent (A) 25 ym, (C) 20um or (D) 10 pm.
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Figure 5.16: Lymphocyte recruitment across hepatic sinusoidal endothelial cells (HSEC) in response to
the senescent secretome was mediated by intercellular adhesion molecule 1 (ICAM-1).

(A-C) Flow adhesion assays were performed with Ras-CM stimulated HSEC and lymphocytes isolated from healthy
volunteer peripheral blood following antibody-mediated ICAM-1 blockade (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) lymphocytes were quantified in ten visual fields
per lane with each condition performed in duplicate. Data shown are mean + SEM from three independent
experiments (*p<0.05, **p<0.01, student’s unpaired t-test). (C) HSEC were pre-labelled with CellTracker Green
(CTG, green) and SiR-actin (grey), and following the flow assay, cells were fixed and stained for ICAM-1 (red).
ICAM-1 localised with transmigrating lymphocytes (yellow arrow). Scale bars represent (A) 25 pm or (C) 10 ym.
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Figure legend on next page.
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Figure 5.17: Monocyte transmigration across hepatic sinusoidal endothelial cells (HSEC) in response to
the senescent secretome was mediated by CD31.

(A-D) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood following antibody-mediated CD31 blockade (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) monocytes were quantified in ten visual fields per
lane with each condition performed in duplicate. Data shown are mean + SEM from three independent experiments
(*p<0.05, **p<0.01, ***p<0.001, student’s unpaired t-test). (C) Following the flow assay, cells were fixed,
permeabilised, and stained with an anti-mIgG1 AF488 secondary antibody (green). Staining area (%) was quantified
for a minimum of six visual fields per condition using ImageJ (*p<0.05, student’s unpaired t-test). 4',6-diamidino-2-
phenylindole (DAPI, blue) was used as a nuclear counterstain. (D) HSEC were pre-labelled with CellTracker Green
(green) and SiR-actin (grey), and following the flow assay, cells were fixed and stained for CD31 (red). CD31
localises with adhered and transmigrating monocytes (yellow arrowhead and cross hairs). Scale bars represent (A)
25 pm, (C) 20um or (D) 10 pm.
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Figure 5.18: Lymphocyte recruitment in response to the senescent secretome was partially dependent on
CD31.

(A-C) Flow adhesion assays were performed with Ras-CM stimulated HSEC and lymphocytes isolated from healthy
volunteer peripheral blood following antibody-mediated CD31 blockade (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) lymphocytes were quantified in ten visual fields
per lane with each condition performed in duplicate. Data shown are mean + SEM from three independent
experiments (**p<0.01, Mann-Whitney test). (C) Following the flow assay, cells were fixed, permeabilised, and
stained with an anti-mlgG1 AF488 secondary antibody (green). Staining area (%) was quantified for a minimum of
six visual fields per condition using ImagedJ (***p<0.001, student’s unpaired t-test). 4',6-diamidino-2-phenylindole
(DAPI, blue) was used as a nuclear counterstain. Scale bars represent (A) 25 ym or (C) 20um.
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Figure 5.19: CD31 localised with lymphocytes during transendothelial migration (TEM) across hepatic
sinusoidal endothelial cells (HSEC) in response to the senescent secretome.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and lymphocytes isolated from healthy
volunteer peripheral blood. HSEC were pre-labelled with CellTracker Green (green) and SiR-actin (grey), and
following the flow assay, cells were fixed and stained for CD31 (red). 4',6-diamidino-2-phenylindole (DAPI, blue)
was used as a nuclear counterstain. (A) CD31 localised with lymphocytes transmigrating by both the paracellular
(yellow arrowhead) and transcellular (yellow arrow) route. Orthogonal merged images are shown in (B) from the
visual fields in (A), where transmigrating lymphocytes are indicated by the cross hairs. Scale bars represent 10 um.
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5.2.6 PLVAP expression correlated with senescence markers and immune cell infiltrate in CLD and

HCC

To understand whether there is a link between PLVAP and senescence in CLD and HCC, gene
expression data were obtained from matched patient samples via qRT-PCR or from TCGA databases,
respectively. In CLD, expression of CDKNIA and CDKN2A showed a significant positive correlation
with PLVAP expression (Figure 5.20A). Similarly, CDKN2A4 and PLVAP were also strongly correlated
in HCC tumours, although there was no association observed between CDKNIA and PLVAP (Figure
5.20B). Notably, normal, non-tumour and tumour tissues seemed to cluster together, with normal tissues
having the lowest PLVAP/CDKN2A levels and tumour tissues displaying the highest expression of

PLVAP/CDKN2A.

To visualise the spatial localisation of senescent cells relative to fibrotic septa and PLVAP expression,
immunohistochemistry for PLVAP and senescent markers, p21 and p16, along with Sirius red staining,
were performed on serial liver sections from donor and CLD patients (Figure 5.21). Cells positive for
p21 and pl6 were spatially enriched within peri-fibrotic regions which coincided with PLVAP
localisation (Figure 5.21A). Furthermore, quantification of staining highlighted a significant positive

correlation between PLVAP and p21/p16 across a range of liver aetiologies (Figure 5.21B).

Given the limited accessibility of matched non-tumour and tumour tissue from HCC patients, the TCGA
datasets were analysed to explore a potential link between PLVAP expression and immune infiltrate,
using the ESTIMATE and TIMER online resources (Figure 5.22)°**. PLVAP showed a weak positive
correlation with the immune score and partially correlated with infiltration levels of CD4" and CD8" T
cells, dendritic cells and neutrophils. To investigate whether immune infiltrate correlated with PLVAP
in CLD, immunohistochemistry was performed in serial sections from CLD patients to visualise several
leukocyte markers (Figure 5.23). MAC387 is an antibody (recognising S100A9 which forms
calprotectin heterodimer with SI00AS8) that has previously been used as a marker of newly infiltrating
monocytes>>* *°. Whilst MAC387" cells were evenly distributed within normal liver, they showed an
increased localisation and enrichment in the fibrotic regions of cirrhotic liver, positively correlating with
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PLVAP expression. A similar spatial enrichment with PLVAP was also observed for CD3" and CD20"
lymphocytes, although to a much lesser extent than MAC387. The incidence of CD20" B cells was low
in most cases, except in liver sections from PBC patients in which B cell aggregates were frequently
observed (Appendix 7.7). Whilst CD3" T cells (% area) positively correlated with PLVAP expression,
no correlation was observed with CD20" B cells. Neutrophil elastase” (NE") neutrophils were not readily
detected in neither normal nor cirrhotic liver sections. Collectively, these data suggest a link between
PLVAP expression, senescence and infiltration of monocytes and lymphocytes during chronic liver

inflammation.

5.2.7  PLVAP was upregulated in vivo in a murine model of senescence

There are several murine models of hepatic senescence which have been extremely valuable in allowing
the study of senescence pathways and their biological impact in vivo. Mdm?2 is a negative regulator of
p53, and its deletion in hepatocytes (AMdm2"?) leads to p53 overexpression and induction of p21-
mediated senescence. This model has previously been characterised to drive several hallmarks of
senescence, including cell-cycle arrest (p21 expression), DNA damage (yYH2A.X), lipofuscin
accumulation (SA-B-Gal) and SASP production (IL1c), as well as considerable acute liver injury®>.
Given the upregulation of PLVAP expression during human chronic liver inflammation and cancer, and
the associated senescent tissue microenvironment, immunohistochemistry was performed on murine
liver sections from the AMdm2"® senescence model. The widespread expression of PLVAP (MECA-
32) in control mice was striking (Figure 5.24), which greatly contrasted that observed in normal human
liver (Figure 3.9). Following induction of senescence via hepatocyte-specific deletion of Mdm?2
(AMdm2"'), there was a significant upregulation of PLVAP expression, with a staining area % increase
from 9.29 + 1.23% to 22.8 £+ 3.32% (Figure 5.24). These data suggest that, in vivo, PLVAP is
upregulated within a senescent tissue microenvironment in mouse liver, further supporting a link

between hepatic senescence and PLVAP expression, and validating this murine model for future studies.
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Figure 5.20: Expression of senescence markers, p21 (CDKN1A) and p16 (CDKN2A), correlated with

PLVAP expression in chronic liver disease (CLD) and hepatocellular carcinoma (HCC).

(A) CDKN1A, CDKN2A and PLVAP expression was determined in whole liver lysates from donor and cirrhotic
patients by gRT-PCR. Gene expression is shown relative to 18S where each data point represents an independent
patient sample (n=20). PLVAP showed a significant positive correlation with CDKN1A and CDKNZ2A expression in
CLD (*p<0.05, **p<0.01, Spearman’s correlation test). (B) The Cancer Genome Atlas (TCGA) datasets were
analysed for CDKN1A and CDKNZ2A gene expression in normal liver and matched non-tumour (NT) and tumour (T)
tissues from HCC patients (n=529). CDKN1A and CDKNZ2A gene expression was then correlated with PLVAP

expression (****p<0.0001, Spearman’s correlation test).
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Figure 5.21: PLVAP correlated with senescence markers, p21 and p16, in cirrhotic human liver tissue.

(A) Representative images showing PLVAP, p21 (black arrows) and p16 relative to fibrotic septa (Sirius Red, red
dashed lines) in serial liver sections from cirrhotic patients. Insets are shown (right panels). (B) Quantification of
p21 (positive cells per field of view) (upper) and p16 staining (% area) (lower) against PLVAP (% area) in matched
liver samples (*p<0.05, **p<0.01, Spearman’s correlation test). Scale bars represent 100 um (leff) or 50 um (right).
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Figure 5.22: PLVAP expression positively correlated with immune score and infiltration level in
hepatocellular carcinoma (HCC) tumours.

(A) PLVAP expression was plotted against immune score (*p<0.05, Spearman’s correlation) determined for each
TCGA (The Cancer Genome Atlas) sample (n=319) using ESTIMATE (Estimation of STromal and Immune cells in
MAlignant Tumor tissues using Expression data) https://bioinformatics.mdanderson.org/estimate/. Data shown are
log2(RNAseq by Expectation-Maximum). (B) PLVAP expression showed partial positive correlation with infiltration
level of CD8* T cells, CD4* T cells, neutrophils and dendritic cells, determined using TIMER (Tumour Immune
Estimation Resource) which is available at https://cistrome.shinyapps.io/timer/.
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Figure 5.23: Plasmalemma vesicle-associated protein (PLVAP) correlated with immune cell infiltrate in
chronic liver disease (CLD).

Figure legend continued on next page.
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Immunohistochemistry for PLVAP, S100A9 (MAC387), CD3, CD20 and neutrophil elastase (NE) was undertaken
in donor and cirrhotic liver serial sections from alcoholic liver disease (ALD), non-alcoholic steatohepatitis (NASH),
primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC) patients. Images shown are matched
visual fields and are representative of normal (left) and cirrhotic (ALD) (right) samples. Graphs display correlation
analysis of staining area (%), where each data point represents a matched independent patient sample (*p<0.05,

Spearman’s correlation test). Isotype control samples were negative and are shown in Appendix 7.7. Scale bars
represent 100 ym.
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Figure 5.24: Expression of plasmalemma vesicle-associated protein (MECA-32) was upregulated following
hepatocyte-specific deletion of p53 negative regulator, Mdm2.

(A-C) Immunohistochemistry was performed to stain for mouse PLVAP (MECA-32, brown) in the livers of senescent
(AMdm2hee n=5) and control (n=5) mice. (B) Staining area (%) was quantified for five visual fields per sample using

ImagedJ and data shown are mean + SEM (**p<0.01, student’s unpaired t-test). (C) Isotype control samples were
negative. Scale bars represent 100 um.

192



5.2.8 Monocyte, but not lymphocyte, transmigration across diseased HSEC was impaired following

PLVAP inhibition

Since the senescent secretome drives both leukocyte recruitment and PLVAP expression in the
sinusoidal endothelium, the contribution of PLVAP to SASP-mediated monocyte and lymphocyte
recruitment was assessed by genetic manipulation or antibody-mediated blockade of PLVAP in primary
HSEC. The successful knockdown of PLVAP following siRNA transfection was confirmed at the
mRNA and protein level, by qRT-PCR and immunofluorescence, respectively (Figure 5.25). Following
PLVAP genetic knockdown (siPLVAP) in CLD patient-derived HSEC (Figure 5.26), there was a small
reduction in the number of transmigrated monocytes (0.73-fold + 0.12) compared to the negative control
(siControl), whilst monocyte adhesion and shape-changed numbers were unaffected. Moreover, the
percentage of adhered monocytes which underwent shape-change was increased from 46 + 3.06% to
55.5 £ 3.20%, and the fraction of adhered monocytes which transmigrated was significantly inhibited
from 37.6 + 1.88% to 26.1 + 2.05%. Similarly, the number of transmigrated monocytes was significantly
decreased in response to treatment with an anti-PLVAP antibody (0.60-fold + 0.08), whilst there was
also a slight decrease in the number of adhered monocytes (0.85-fold + 0.046) (Figure 5.27). In addition,
the percentage of adhered monocytes which had undergone transmigration was significantly inhibited
from 31.1 = 2.17% to 21.5 + 2.77% following PLVAP blockade, whereas the % shape-change was
significantly enhanced from 45.4 £ 3.21 to 57.2 + 3.69%. Following the flow assay cells were then fixed
and stained for PLVAP and junctional marker VE-cadherin (Figure 5.28). Although monocytes
frequently transmigrated through the junctions of PLVAP" HSEC, there did not seem to be any PLVAP
enrichment around transmigrating monocytes, as was observed with CD31. Therefore, PLVAP
inhibition impairs SASP-mediated monocyte recruitment in diseased HSEC, but does not seem to

localise with transmigrating monocytes.

Similar experiments were next performed with HSEC derived from donor livers, and interestingly,
PLVAP genetic knockdown did not affect SASP-mediated monocyte adhesion, shape-change or

transmigration compared to the negative control, despite successful PLVAP mRNA knockdown
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efficiency (Figure 5.29). Likewise, there were no significant differences in monocyte adhesion, shape-
change or transmigration following antibody-mediated PLVAP inhibition in donor HSEC, although
there was a decreasing trend in the percentage transmigration compared to the IMC from 32.1 £2.51%
to 26.8 + 1.45% (Figure 5.30A, B). The successful binding of the PLVAP antibody was confirmed by
quantification of the % staining area following fixation, permeabilisation and staining of treated cells
with an anti-mIgG1 AF488 secondary antibody (Figure 5.30C). Thus, the extent of inhibition, if any,
on SASP-mediated monocyte transmigration across donor HSEC following PLVAP blockade was

considerably less than that observed in patient-derived HSEC.

To understand whether the impact of PLVAP inhibition on SASP-mediated transmigration was a
monocyte-specific effect, flow assays were also performed with peripheral blood lymphocytes following
PLVAP knockdown or antibody treatment. Notably, the number of adhesion events per visual field were
substantially less than those for monocytes, even in the presence of double the SASP concentration
(Figure 5.31A). Nevertheless, in response to siPLVAP transfection, there were no differences observed
in the numbers of adhered or shape-changed lymphocytes, nor were there any changes in the proportion
of adhered cells which underwent shape-change or transmigration (Figure 5.31B). There was a slight
reduction in absolute numbers of lymphocyte transmigration events by 0.9-fold ( 0.06) but this did not
reach statistical significance. Following treatment with an anti-PLVAP antibody, lymphocyte adhesion
was unaffected, whilst lymphocyte shape-change and transmigration were slightly decreased (0.9-fold
+ 0.10) and increased (1.12-fold + 0.11), respectively, although these changes were not statistically
significant (Figure 5.32). There was also a reduction in the % shape-changed lymphocytes from 32.8 +
2.54% to 26.9 £ 3.14% and a significant increase in the % transmigration from 37.3 + 1.89% to 44.1 £+
2.34%. Therefore, these data suggest that PLVAP is specifically involved in SASP-mediated monocyte
recruitment whilst having minimal contribution to lymphocyte recruitment in response to the senescent

secretome.
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Figure 5.25: Genetic knockdown of plasmalemma vesicle-associated protein (PLVAP) via short-interfering
RNA (siRNA) transfection was successful at the gene and protein level.

(A-C) Hepatic sinusoidal endothelial cells were treated for four hours with siRNA (3.125 nM) targeted against
PLVAP (siPLVAP) or a negative control (siControl) and then cultured in antibiotic- and growth factor-free medium
for 48 hours before assessment of knockdown. (A) PLVAP mRNA was measured by qRT-PCR and gene
expression, relative to GAPDH, was normalised to a % of the control (****p<0.0001, student’s unpaired t-test). (B)
PLVAP protein expression was determined by immunocytochemistry followed by high-content imaging (**p<0.01,
student’s unpaired t-test). Fluorescence area and intensity were normalised to a % of the control. Representative
images are shown in (C). 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain.
Fluorescence levels in siPLVAP-treated HSEC were comparable to isotype controls. Data shown are mean + SEM
for three independent HSEC isolates. Scale bars represent 100 um.
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Figure 5.26: Genetic knockdown of plasmalemma vesicle-associated protein (PLVAP) impaired monocyte
transmigration across diseased hepatic sinusoidal endothelial cells (HSEC) in response to the senescent
secretome.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood following siRNA transfection (siPLVAP) or transfection with a negative control (siControl).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) monocytes were quantified in ten visual fields per
lane with each condition performed in duplicate. Data shown are mean + SEM from four independent experiments

(***p<0.001, student’s unpaired t-test). Scale bar represents 25 ym.
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Figure 5.27: Antibody-mediated blockade of plasmalemma vesicle-associated protein (PLVAP) impaired
monocyte transmigration across diseased hepatic sinusoidal endothelial cells (HSEC) in response to the
senescent secretome.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood following treatment with an anti-PLVAP antibody (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) monocytes were quantified in ten visual fields per
lane with each condition performed in duplicate. Data shown are mean + SEM from three independent experiments
(*p<0.05, **p<0.01, student’s unpaired t-test). Scale bar represents 25 ym.
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Figure 5.28: Monocytes often transmigrated through plasmalemma vesicle-associated protein* (PLVAP)
hepatic sinusoidal endothelial cells (HSEC) but there did not seem to be any specific PLVAP localisation
during this process.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood. Cells were then fixed and stained for PLVAP (green) and vascular endothelial (VE)-
cadherin (red). 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Transmigrating
monocytes are indicated by the yellow dashed lines and a merged image for the visual fields in (A) is shown in (B).
(C) Isotype control samples were negative. Scale bars represent 20 um.
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Figure 5.29: Genetic knockdown of plasmalemma vesicle-associated protein (PLVAP) in donor hepatic
sinusoidal endothelial cells (HSEC) did not affect monocyte recruitment in response to the senescent
secretome.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood following siRNA transfection (siPLVAP) or transfection with a negative control (siControl).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) monocytes were quantified in ten visual fields per
lane with each condition performed in duplicate. Data shown are mean + SEM from three independent experiments.
(C) Where possible, genetic knockdown of PLVAP was confirmed at the mRNA level by qRT-PCR. Scale bar
represents 25 um.
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Figure 5.30: Antibody-mediated blockade of plasmalemma vesicle-associated protein (PLVAP) slightly
reduced monocyte transmigration across donor hepatic sinusoidal endothelial cells (HSEC) in response
to the senescent secretome.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and monocytes isolated from healthy
volunteer peripheral blood following treatment with an anti-PLVAP antibody (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) monocytes were quantified in ten visual fields per
lane with each condition performed in duplicate. Data shown are mean + SEM from three independent experiments.
Scale bars represent (A) 25 ym or (C) 20 pm.
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Figure 5.31: Lymphocyte recruitment across diseased hepatic sinusoidal endothelial cells (HSEC) in
response to the senescent secretome was unaffected by plasmalemma vesicle-associated protein
(PLVAP) genetic knockdown.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and lymphocytes isolated from healthy
volunteer peripheral blood following siRNA transfection (siPLVAP) or transfection with a negative control (siControl).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) lymphocytes were quantified in ten visual fields
per lane with each condition performed in duplicate. Data shown are mean + SEM from three independent

experiments. (C) Where possible, genetic knockdown of PLVAP was confirmed at the mRNA level by qRT-PCR.
Scale bar represents 25 um.
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Figure 5.32: Antibody-mediated blockade of plasmalemma vesicle-associated protein (PLVAP) did not
impair lymphocyte transmigration across diseased hepatic sinusoidal endothelial cells (HSEC) in
response to the senescent secretome.

(A, B) Flow adhesion assays were performed with Ras-CM stimulated HSEC and lymphocytes isolated from healthy
volunteer peripheral blood following treatment with an anti-PLVAP antibody (or isotype-matched control, IMC).
Representative phase-contrast images are shown in (A). (B) The number of adhered (yellow arrowheads), shape-
changed (red arrowheads) and transmigrated (black arrowheads) lymphocytes were quantified in ten visual fields
per lane with each condition performed in duplicate. Data shown are mean + SEM from three independent
experiments (*p<0.05, student’s unpaired t-test). Scale bar represents 25 pm.

5.2.9 Summary

e Senescence was observed as a key feature of CLD and HCC, correlating with PLVAP
expression and immune infiltrate in human patient samples

e The senescent cell secretome influenced HSEC phenotype and function, driving recruitment of
monocytes and lymphocytes via distinct molecular mechanisms

e Senescent cell-endothelial crosstalk drove expression of PLVAP, in human primary HSEC in
vitro, and in a AMdm2"® mouse model of senescence in vivo

e PLVAP was identified to play a specific role in SASP-mediated monocyte transmigration,

whilst its contribution to lymphocyte recruitment was minimal, further highlighting the

molecular distinction of these two processes
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6 DISCUSSION

6.1 Expression of MR and PLVAP in human liver tissue
6.1.1  The expression of MR and PLVAP in non-diseased human liver

In Chapter 3, the expression of MR and PLVAP in normal and diseased human liver tissue was
characterised, using immunohistochemical and molecular approaches. Within normal liver, MR was
highly expressed in the hepatic sinusoids, present within both Kupffer cells and the sinusoidal
endothelium. This is consistent with recently published single-cell RNA sequencing data which
demonstrated MRCI gene expression in mononuclear phagocyte and endothelial cell fractions of the
human liver’”’. In this study, of the mononuclear phagocyte populations, KCs demonstrated the highest
MRC1 expression, whilst expression in tissue monocytes was negligible. MRC1 expression was also
highlighted in some conventional DC populations, although to a much lesser extent than KCs. Moreover,
MRC1-expressing endothelial cells were characterised as having a liver sinusoidal phenotype, co-
expressing CLEC4M (L-SIGN), LYVE-1, CLEC4G, STAB2 and CDI4 whilst definitively lacking in
CD34. Another recent single-cell study confirmed this sinusoidal genetic signature and identified
additional endothelial genes including FLTI, PECAMI, and VWF®'. These gene expression data are
corroborated by findings from dual immunofluorescence studies detailed within Chapter 3, which show

co-localisation of MR and L-SIGN/LYVE-1, and lack of CD34, in the hepatic sinusoidal endothelium.

In contrast to MR, PLVAP was expressed only at very low levels in normal human liver. This expression
appeared to be restricted to larger vessels (perhaps branches of the portal and central veins) and peri-
portal sinusoids, a finding which is in keeping with previous reports*** **°, It is interesting to consider
the lack of PLVAP within peri-central sinusoids in the context of liver zonation and Wnt signalling.
Indeed, research surrounding the role of PLVAP in the BBB and BRB have implicated -catenin/Wnt

canonical signalling in the negative regulation of PLVAP*?

. Generally, in PLVAP-expressing non-
barrier endothelium, the absence of Wnt and Norrin ligands means that the canonical B-catenin

signalling pathway is inactive due to phosphorylation of the B-catenin destruction complex. In the case
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of barrier endothelium, the presence of Wnt and Norrin ligands and subsequent -catenin signalling
inhibits PLVAP expression and is integral for maturation of the BBB/BRB. As such, the presence of
PLVAP in barrier tissues is indicative of vascular leakage, characterising multiple pathologies including
diabetic retinopathy, brain ischaemia and brain tumours**>. This is supported by in vitro studies which
demonstrate that PLVAP gene expression is downregulated by Wnt/Norrin ligands, such as Wnt3a and
LiCl (glycogen synthase kinase 3 inhibitor), and upregulated by inhibitor of B-catenin activity, ICRT-
3°%, Furthermore, studies in mice have shown that PLVAP is upregulated in CNS-associated endothelial
cells following knockout or antibody-mediated blockade of Frizzled4 and -catenin, whilst a gain of
function mutation in B-catenin led to reduced PLVAP!3%%507-337 ‘With this in mind, it is possible that
PLVAP expression in normal human liver is inhibited within peri-central sinusoids due to increased
Whnt signalling. Alternatively, others have suggested that the presence of PLVAP in normal liver is not
due to sinusoidal expression, but rather expression within a distinct subset of capillaries which form a
network to supply the hepatic artery and surrounding bile ducts®®. This network is known as the
peribiliary capillary plexus which has been shown to express vasoactive proteins, such as eNOS and
ET-1, as well as CD34°*®. Future work to incorporate these additional markers, including biliary

markers, into immunohistochemistry studies would investigate this further.

Immunohistochemistry, detailed in Chapter 5 and by others, in murine tissues highlighted a drastic
distinction between species with regard to PLVAP expression. This divergence in PLVAP expression
between normal human and mouse liver is striking. As shown in control mice from senescence models,
PLVAP (also known as MECA-32) was present throughout the hepatic sinusoids. This is consistent with
previous work which indicates PLVAP is highly expressed in the portal and central veins, as well as

444

within peri-portal, mid-lobular and peri-central sinusoids, albeit to a lesser extent™. Notably, peri-
central sinusoids were found to have the lowest PLVAP expression, although this was not significantly
different from that observed in the other sinusoidal zones. Another noteworthy observation is the

phenotypic distinction between PLVAP" liver endothelial cells in mice and humans; that is, co-

localisation of PLVAP and LYVE-1 in murine liver sinusoids which was not observed in humans**. In
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mice, the role of PLVAP in the formation of fenestral and stomatal diaphragms has been extensively
studied, and in the liver, these structures are prominent during foetal development** ***. After birth,
fenestral diaphragms are lost, yet PLVAP expression on the HSEC surface was maintained throughout
adulthood. Furthermore, the formation of fenestrations was unaltered, and the contribution of stomatal
diaphragms to the presence of PLVAP was considered minimal since PLVAP expression was
comparable in caveolin-1-deficient mice which lack all caveolae***. Whether this is the case in the
human foetal liver is yet to be confirmed, and will remain a challenge due to the ethical and logistical
constraints surrounding the use of human foetal tissue in scientific research. Nevertheless, one recent
study has utilised scRNA-seq to investigate the genetic landscape of the human foetal liver, in particular
the enrichment of PLVAP" endothelial cells which are absent in normal adult liver’*®. These data not
only validate observations made in this thesis in humans, it also highlights clear species differences

which must be considered when interpreting in vivo data regarding PLVAP.

In summary, whilst single-cell sequencing studies have documented MR and PLVAP expression in
human liver at the gene level, and other groups have characterised their presence in alternative tissues
and cell types, to our knowledge this is the first extensive characterisation of MR and PLVAP in human

hepatic endothelium.

6.1.2  The expression of MR and PLVAP in cirrhotic human liver

The expression of MR and PLVAP in cirrhotic liver tissue was investigated in samples obtained from
ALD, NASH, PBC and PSC patients and compared with normal tissue from donor livers. Whereas MR
was abundantly expressed in normal liver tissue, in CLD MR was significantly downregulated,
particularly in areas proximal to fibrotic septa. This occurred independently of the patient aetiology,
which is suggestive of a common regulatory pathway in liver pathology (such as fibrosis), as opposed
to a disease-specific mechanism. Given the co-localisation of MR with sinusoidal markers L-SIGN and
LYVE-1, this could suggest a universal disruption in the sinusoidal phenotype during chronic
inflammation and fibrosis, a phenomenon known as sinusoidal capillarisation. During capillarisation,
HSEC undergo substantial phenotypic alterations, including loss of fenestrations, basement membrane
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synthesis, loss of sinusoidal markers and upregulation of vascular endothelial markers such as CD31
and CD347°. Consistent with this, expression of L-SIGN and LYVE-1 was also reduced in these areas.
These findings are supported by human scRNA-seq studies which report a significant reduction in the
fraction of endothelial cells which display a sinusoidal phenotype
(CLEC4M'CLEC4G'LYVEI"CD14"STAB2"MRC1") in liver cirrhosis®’. Disrupted MR expression in

CLD could therefore represent one of the many phenotypic changes during HSEC capillarisation.

MR was also shown to localise within fibrotic septa. These MR" cells were distinct from sinusoidal
endothelium in that they did not co-localise with L-SIGN and LY VE-1, and were also found to be CD68-
negative unlike the CD68" KCs residing within the hepatic sinusoids. Staining with additional markers
also showed this population was negative for CD31, CD34 and vimentin. These data suggest that cells
belonging to this MR" scar-associated population are not endothelial cells or CD68" macrophages, but
their identity remains an area for future research. For instance, there are certain subsets of monocytes
and monocyte-derived macrophages that do not express CD68. Instead, they express an array of markers
depending on their origin and activation status, including CD14, CD16, CCR2, CD163, MERTK and
CX;CR1°*. Single-cell sequencing technology has also identified novel scar-associated macrophage
markers including TREM2 and CD9*’. Future work would incorporate a selection of these myeloid

markers in order to identify and characterise hepatic scar-associated MR cell populations.

Once again in contrast to MR, PLVAP expression was significantly upregulated in CLD-patient derived
samples, both at the gene and the protein level, independently of aetiology. Furthermore, PLVAP
localised within and proximal to fibrotic septa, displaying a significant positive correlation with the
extent of collagen deposition and fibrosis in matched patient samples. These observations are consistent
with a recent study of hepatitis-C-positive cirrhotic patients, which demonstrated a proportional
upregulation of PLVAP expression with more advanced disease (Child-Pugh Grade A — bridging
fibrosis vs. Child-Pugh Grade C — decompensated cirrhosis)’*®. As with MR, the consistency of these
observations across multiple aetiologies suggest a generic pathway of PLVAP upregulation during

chronic inflammation and/or fibrosis. The expansion of two distinct PLVAP" scar-associated endothelial
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397 As was also

cell populations within the fibrotic niche of human cirrhosis has been described recently
shown in Chapter 3, these cells were positive for CD34, a factor which distinguished this population
from sinusoidal endothelial cells. Additional staining confirmed the non-sinusoidal phenotype of these
cells, including lack of L-SIGN and LYVE-1 expression and co-localisation with CD31 and vimentin,
along with CD34. Immunohistochemical staining highlighted a clear localisation of PLVAP to
neovessels within fibrous septa which co-express CD34. Consistent with this, previous reports have
identified a circulating population of CD34"VEGFR2" endothelial precursors that also express
haematopoietic stem cell marker AC133, which migrate in response to SDF-1 and VEGF via CXCR4>*,
These cells are therefore thought to play a role in neo-vascularisation and angiogenesis. Interestingly,
PLVAP has also been implicated in angiogenesis, both in the developing foetal liver and during
pathologies such as diabetic retinopathy and cancer*** *** **7. Despite being eluded to in previous

457, 536

studies , a definitive functional role for PLVAP in angiogenesis during CLD remains to be

confirmed.

As discussed above, HSEC undergo capillarisation during CLD which is thought to precede
inflammation and fibrosis. PLVAP may therefore act as a biomarker of capillarisation as has been
suggested previously®*®. It has also been proposed that PLVAP is closely associated with caveolae of
capillarised liver endothelial cells, perhaps localised within these structures, as indicated by

immunoelectron microscopy™°.

This is supportive of the fluorescent immunohistochemical data
presented in Chapter 3, which showed partial co-localisation of caveolin-1 and PLVAP in cirrhotic
liver tissue. Yet, caveolin-1" PLVAP" endothelium was also frequently observed, suggesting PLVAP is

not generically associated with all caveolae, per se. Whether PLVAP acts as a molecular component of

stomatal diaphragms associated with caveolae in capillarised HSEC still remains unclear.

The role of activated myofibroblasts in orchestrating liver fibrosis is well-established®*'. In addition to
capillarisation, some endothelial cells have also been shown to adopt a more mesenchymal-like
phenotype in CLD, a phenomenon referred to as endothelial-to-mesenchymal transition (EndMT). These

cells have been shown to co-express CD31, aSMA and collagens and are suggested to represent a source
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of mesenchymal cells in fibrotic disease’”>*’*. These observations also coincided with increased
expression of transcription factors zinc-finger E-box binding homeobox 1 (Zeb1) and Snaill, both of
which are implicated in acquisition of a mesenchymal-like phenotype*’>. This process was stimulated
by TGFp treatment in vitro, whilst BMP-7 significantly inhibited EndMT both ir vitro and in vivo. In
our CLD patient cohort, PLVAP showed partial co-localisation with CD31 and collagen 111, but did not
seem to co-localise with aSMA, which was prominent in larger vessels and within fibrotic septa.
Furthermore, PLVAP also co-localised with vimentin, a protein highly expressed in hepatic
mesenchymal and endothelial cells but largely absent from HSEC®*’. These data could suggest that
PLVAP" cells represent an endothelial population which has undergone EndMT since they have both
endothelial and mesenchymal characteristics. However, one alternative explanation for the partial
colocalisation of PLVAP and collagen III could be due to the presence of collagens within the space of
Disse, where HSEC lie within close proximity. This possibility is supported by scRNA-seq data which
demonstrates an enrichment of COL3A41 gene expression in myofibroblasts within cirrhotic liver but
minimal expression in endothelia (aside from a handful of scar-associated endothelial cells)**’. This is
contradictive of immunofluorescence shown in Chapter 3, which presented an apparent sinusoidal
staining pattern of collagen III; this localisation could be due to basement membrane synthesis and
collagen deposition by activated stellate cells rather than expression of collagen III by HSEC. Whether
PLVAP-expressing cells have undergone EndMT and therefore contribute to fibrogenesis cannot be

concluded from the data presented here.

Dual immunofluorescence studies of MR and PLVAP with multiple markers has allowed
characterisation of cells which express these proteins in cirrhotic human liver. One limitation of using
pixel intensities to measure colocalisation is that tissue sections are five-seven microns thick meaning it
is uncertain whether two markers are truly expressed in the same cell type or just residing in close
proximity. Furthermore, there is also an element of random colocalisation, in which two markers may
overlap by chance, rather than due to a genuine association. Future work should confirm the findings

reported here, by performing z-stacks of tissue sections to allow 3-D rendering, and statistical analyses
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of receptor colocalisation, such as calculation of the Manders overlap coefficient. Given the suggested
differential expression of the key phenotypic markers mentioned above by MR" and PLVAP" cell
populations, it is unsurprising that these proteins display a mutually exclusive and reciprocal expression
pattern. This suggests the presence of at least two distinct endothelial sub-populations which are
differentially regulated in diseased states. Future work would endeavour to resolve this further, by
isolation of pure MR and PLVAP" endothelial cell populations for extensive phenotyping, including
RNA sequencing and in vitro characterisation. This would allow investigation into the functions of these

distinct endothelial subsets and their contribution to liver homeostasis and inflammation.

6.1.3  The expression of MR and PLVAP in HCC tumours

Hepatocellular carcinoma is a frequent consequence of end-stage CLD, arising on a background of liver
cirrhosis in 90% of cases?’’. The expression of MR and PLVAP was characterised in matched non-
tumour and tumour samples from HCC patients, both at the gene level by analysis of TCGA datasets
and in-house qRT-PCR, and at the protein level by immunohistochemistry. Overall, MRCI expression
was downregulated in HCC tumours whilst MR protein levels were variable across patient samples. The
downregulation of MR in tumour tissue is interesting given that MR is already significantly
downregulated during chronic inflammation and fibrosis; this could suggest an even further reduction
in endothelial MR expression in a neoplastic context. Consistent with this, MR sinusoidal staining was
reduced in tumour compared with non-tumour tissues despite being prominent within the tumour stroma.
Correlation analysis of MRCI co-expression with a selection of tumour-associated cell-specific genes
revealed a strong tumour endothelial (PECAMI1, CD34, PLVAP, AQPI1, CLECI14A, IGFBP7, SPARC,
COL4A2, VIM) and TAM signature (SEMA3C, LGALS1, IL21R, CCL2, LSP1, PSMB9)®"-%_ It therefore
remains challenging to determine the sole contribution of MR downregulation in endothelial cells in
shaping the tumour microenvironment. MR is known to be expressed in tumour-associated macrophages
(TAMs), often being used as a marker of “M2” alternative activation, and associated with poor patient
prognosis>** **. These TAMs promote an immunosuppressive phenotype and can facilitate immune

evasion of cancer cells; notably, MR has also been suggested to drive immunosuppression via direct
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binding of tumoural mucins and IL-10-mediated Ty induction®** °*. Nevertheless, there was no
correlation between MRC1 expression in HCC tumours and clinical parameters such as patient prognosis
or survival. The conclusions that can be drawn from these studies are limited by the fact that this is gene
expression data only which does not necessarily correlate with protein expression. Future work on the
expression of MR at the protein level, within distinct cell subsets, and correlation with clinical
parameters would offer further insight into the potential impact of sinusoidal MR downregulation in

HCC.

As observed in CLD, PLVAP was upregulated in HCC tumours compared to matched non-tumour
controls, at both the gene and protein level. Remarkably, PLVAP showed a further upregulation in HCC
tumour tissue compared with the cirrhotic marginal non-tumour tissue, which already has increased
PLVAP expression compared to normal liver. These data therefore suggest activity of additional
pathological pathways in cancer important for PLVAP regulation. Consistent with this, PLVAP has
previously been shown to be upregulated in multiple human cancers, including HCC and
cholangiocarcinoma®”**®. Further, Sharma et al. (2020) used scRNA-seq to delineate the “onco-foetal
reprogramming” of the tumour microenvironment in HCC, a process that involves the re-emergence of
PLVAP'VEGFR2" foetal-like endothelial cells which were suggested to drive immunosuppressive
TAMs**®. In support of this, PLVAP-expressing cell populations displayed a strong endothelial signature
in HCC, positively correlating with expression of tumour-associated endothelial markers PECAM],
CD34, AQPI, CLEC14A, IGFBP7, SPARC, COL4A2, and VIM®. Some tumour-associated fibroblast-
related genes were also significantly co-expressed, including 4CTA2 and PDGFRB, suggesting these
cells may also be linked with the stromal tumour compartment*®’. A similar finding was observed in
immunohistochemical studies of liver fibrosis, where PLVAP was shown to correlate with collagen

deposition and fibrotic septa formation, discussed above.

PLVAP gene expression was also studied relative to clinical parameters, including cancer stage and
tumour grade, as well as patient survival. A negative correlation was observed between PLVAP

expression and cancer stage/tumour grade, and a downregulation of PLVAP in poorly-differentiated
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tumours was confirmed by IHC. PLVAP also seemed to inversely correlate with markers of tumour
aggressiveness, including aneuploidy score and Buffa hypoxia score, whilst higher PLVAP expression
conferred improved overall and disease-free survival. Upon initial interpretation, these data could
suggest that PLVAP is a favourable prognostic marker in HCC. This contrasts with a recent study in
cholangiocarcinoma patients, where high PLVAP expression was indicative of poorer clinical outcomes
(i.e. higher TNM (tumour, node and metastasis) stage and reduced survival)**’. The same study also
demonstrated a significant positive correlation between PLVAP levels and the microvascular density,
as determined by CD31 IHC in patient samples. Not only does this support the notion that PLVAP is
linked with neovascularisation, as discussed above, these data also suggest that HCC survival data could
be confounded by the differentiation status of the tumour. That is, well-differentiated tumours, which
are often associated with better patient outcomes, have a higher proportion of endothelial cells and
therefore increased PLVAP expression by default. In keeping with this hypothesis, several studies have
highlighted that antibody-mediated PLVAP inhibition reduces tumour growth in murine xenograft
models of HCC and cholangiocarcinoma®” ***. Future work should attempt to mitigate potential
confounding factors by correcting for the presence of endothelial cells, such as co-staining for CD31 or
VE-cadherin, within tumour tissue to allow the percentage of PLVAP" endothelium to be quantified.
Given the variable expression across HCC patient cohorts, it may be necessary to stratify patients on the
basis of PLVAP and/or microvascular density, in order to identify those which could respond best to
future anti-PLV AP therapies. Nevertheless, the data presented here are generally in keeping with recent
advancements and could suggest that PLVAP is a valid novel therapeutic target in the context of CLD

and HCC.

6.2 Regulation of MR and PLVAP in primary HSEC
6.2.1 Use of primary HSEC as a model to study MR and PLVAP regulation and function

Both human and murine HSEC are highly specialised cell types characterised by their fenestrated
morphology, superior endocytic capacity and expression of various sinusoidal markers and scavenger
receptors. However, aside from the presence of diaphragm-less fenestrae arranged in sieve plates, there
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is no single HSEC-specific marker, meaning a combination of markers are required to identify them?®*
23 The use of fresh primary HSEC is limited by low cell yields following isolation, making their
application challenging without cell passage. Notably, when cultured in vitro primary HSEC de-
differentiate and undergo capillarisation; that is, fenestration loss, basement membrane synthesis and
altered expression of sinusoidal markers*®. Despite this, early passage primary HSEC can be
characterised based on their expression of several phenotypic markers, including endothelial markers
CD31 and LYVE-1, as well as CD32b and scavenger receptors CD36, stabilin-1 and stabilin-2*%.
Expression of these markers paired with demonstration of their rapid endocytic and scavenging
functions in vitro confirmed the sinusoidal phenotype of endothelial cells isolated by the method

described in this thesis, validating their use in further studies.

The maintenance of MR and PLVAP expression in primary human HSEC in vitro offered the
opportunity to further investigate their regulation and functional properties in these cells.
Unsurprisingly, MRC1 expression was comparable in freshly isolated CD31" and CD45" hepatic cell
populations, which is consistent with the expression of MR in both sinusoidal endothelial cells and
immune cells. In contrast, PLVAP expression was enriched in freshly isolated CD31" cells compared
with CD45" cells, and also showed significantly higher expression in passaged HSEC compared with
other hepatic cell types. These data are consistent with PLVAP being an endothelial-specific protein, as
has been reported consistently for almost 40 years*®. Despite their differential expression in normal and
chronically-diseased liver tissue, expression of MRC1 and PLVAP were comparable in HSEC derived
from donors and CLD patients. This suggests that HSEC revert to a common phenotype once they are

placed in culture, possibly because they are no longer receiving cues from the hepatic microenvironment.

Intriguingly, immunocytochemistry revealed that whilst MR was expressed in practically all HSEC,
PLVAP maintained the subset-specific expression in distinct HSEC clusters, similar to that observed in
situ in human liver. This could suggest a certain level of heterogeneity in cultured HSEC which has not
been reported previously. There are several possible explanations for this selective PLVAP expression:

(1) the population of CD31" cells which are isolated is heterogeneous to begin with, containing some
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PLVAP" cells which proliferate in vitro; (2) PLVAP expression is associated with a transient cell state
(e.g. a particular stage of the cell cycle) which appears as a heterogeneous population at any given time;
(3) PLVAP is regulated in spatially discrete clusters by release of soluble factors which act in a paracrine
manner to drive PLVAP expression in neighbouring cells. The former hypothesis is interesting to
consider in the context of the zonal PLVAP expression observed in normal liver; PLVAP" cells in
culture could represent the in situ periportal HSEC population, although this is based on the unlikely
assumption that signalling which controls hepatic zonation is maintained in vitro. This also assumes an
element of rigidity regarding PLVAP expression i.e. cells are either PLVAP-positive or PLVAP-
negative. Yet, stimulation of PLVAP expression (discussed in more detail below) increased not only the
amount of PLVAP present but also the proportion of PLVAP" cells, suggesting most HSEC are capable
of PLVAP expression if exposed to the appropriate stimulus. Alternatively, PLVAP may be an
indication of cells undergoing capillarisation in culture, as has been suggested in vivo™°. In keeping with
this idea, PLVAP expression was higher in cells of a later passage, suggesting a possible link with de-
differentiation or cellular senescence. The factors controlling the subset-specific expression of PLVAP
in vitro, however, remain undefined. Similarly, MRCI expression was also increased in higher passage
cells, which could also be due to secretion of soluble factors by “capillarised” or senescent HSEC. The

localisation and regulation mechanisms of MR and PLVAP in vitro are discussed in more detail below.

6.2.2  Trafficking of MR in primary HSEC

Many proteins undergo post-translational modification within the Golgi apparatus following their
synthesis, a process which involves sorting within intracellular vesicles. Membranous proteins also often
undergo trafficking through the endosomal system, frequently recycling between the cell surface and
intracellular stores. At steady state, MR was found to reside predominantly intracellularly, within the
Golgi apparatus as well as early and recycling endosomes. This is in keeping with the role of MR as an
endocytic receptor and is consistent with previous reports which state that, under basal conditions,
around 10-30% of MR is found at the cell surface and 70-90% is located intracellularly*”’. Futhermore,

this trafficking was susceptible to inhibition by bafilomycin, a vacuolar type H'-ATPase inhibitor that
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is known to perturb both endosomal trafficking and lysosomal acidification*'-***. The accumulation of
MR in large vesicles following bafilomycin treatment also suggests a rapid protein turnover (synthesis
and degradation). Following receptor ligation with a specific monoclonal antibody, MR underwent rapid
internalisation into early endosomes which peaked at 60 minutes. Understanding the fate of MR post-
ligation, whether it be sorted for lysosomal degradation or dissociated from its ligand and returned to

the cell surface, would be interesting to investigate in future studies.

6.2.3  The intracellular localisation of PLVAP in primary HSEC

PLVAP has been well-characterised as the only known molecular component of diaphragms which span
the openings of fenestrae and caveolae®®”**°. As such, PLVAP has frequently been found to localise to
the luminal endothelial surface, both in HSEC and vascular endothelial cells** 3%,
Immunocytochemistry studies indicated that PLVAP was present throughout the HSEC cytoplasm
within punctate, vesicular-like structures, as well as being localised at the cell periphery. Additional
staining revealed that PLVAP was located proximal to, but excluded from, the intercellular junctions.

This is in keeping with previous studies in HUVEC and human/mouse lymphatic endothelial cells®®**°.

Although PLVAP was often enriched at polar ends of the cell, immunocytochemistry studies in non-
permeabilised cells indicated that PLVAP was predominantly located intracellularly, with only around
18% residing at the cell surface in resting cells. This intracellular pool was seemingly insensitive to
bafilomycin treatment, unlike MR, suggesting PLVAP" vesicles do not undergo basal trafficking
through the endosomal system. Yet, following treatment with PMA, which was highlighted to
upregulate total PLVAP expression (discussed in more detail below), surface expression was also
increased suggesting PLVAP redistribution can occur in response to stimulation. Similarly, PLVAP was
also shown to traffic towards the cell periphery in response to TNFa stimulation, although these studies
were only performed in permeabilised HSEC which could not distinguish between the membranous and
intracellular PLVAP pools. Whether this trafficking in response to pro-inflammatory stimuli is sensitive

to bafilomycin treatment remains unknown.
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Interestingly, in the small subset of untreated and TNFa-stimulated cells which were PLVAP-positive,
colocalisation with caveolin-1 was observed. A similar observation was made by Keuschnigg et al. in
HUVEC*?. This could suggest that PLVAP can undergo trafficking in response to stimulation via the
caveolar system. Yet, in contrast to PLVAP, caveolin-1 was present in practically all HSEC in vitro, a
finding which is consistent with those made in immunohistochemistry studies in Chapter 3.
Collectively, these data support the idea that, whilst PLVAP may closely associate with caveolae in
some cells, it is not universally associated with all caveolar structures. However, one way to definitively
conclude this would be to knockdown caveolin-1, preventing caveolae formation, and then assess the

expression and localisation of PLVAP as has been done previously in vivo™*.

The effects of antibody ligation on PLVAP localisation was assessed for various time points up to 60
minutes, indicating that antibody binding began to occur as early as five minutes and increased in a time-
dependent manner. These data suggest that a large proportion of PLVARP is readily accessible from the
extracellular space, and yet, only a small proportion of PLVAP was localised to cell membrane in fixed,
non-permeabilised cells. This could suggest that antibody could gain access to the intracellular PLVAP
pool following its uptake via caveolin-mediated endocytosis. This notion could also partly explain why
PLVAP appears to form aggregates in antibody-treated HSEC. Interestingly, immunofluorescence
levels were significantly higher following 60-minute antibody treatment compared with the fixed
untreated control. It is highly unlikely that these observations are due to upregulated PLVAP protein
synthesis given the short time frame. Instead, it is probably more feasible that: (1) antibody binding is
more efficient in live cells due to alterations in the recognised epitope following fixation; (2) antibody
treatment leads to PLVAP redistribution and concentration within specific intracellular compartments.
Which of these possibilities is the case here is unknown, however, the former hypothesis could suggest

immunocytochemistry studies in fixed HSEC may actually underestimate their PLVAP expression.

6.2.4  The regulation of MR in primary HSEC

Previous work has extensively characterised the regulation mechanisms of MR in myeloid cells
including macrophages and DCs, with its expression often being driven by factors which promote “M2”
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alternative activation. However, very few studies have investigated MR regulation in HSEC, and the
handful that have solely focus on murine HSEC, leaving the regulatory pathways in primary human
HSEC entirely unknown. In Chapter 4, the regulation of MR and PLVAP in HSEC was studied at the
gene and protein level, by qRT-PCR and immunocytochemistry/HCI, respectively. Treatment with
classic pro-inflammatory cytokine, TNFa, showed no significant effect on MR mRNA or protein
expression, despite a significant upregulation of ICAM-1 being detected. This contradicts previous
studies in human monocyte-derived DCs which showed a downregulation of MR surface expression and

activity in response to TNFo**3,

Previous studies in murine HSEC have shown that IL-1 treatment upregulated MR activity*’, a finding
also supported here by the small but significant increase in MR immunofluorescence area. In contrast,
responses to LPS treatment regarding MR expression have proven conflicting, with some studies
demonstrating increased uptake activity in murine HSEC*”, and others suggesting downregulation of
MR mRNA and membranous protein expression in rat astrocytes and human monocyte-derived DCs,
respectively®® **¥_ Data presented in Chapter 4 demonstrated that LPS had no effect on the levels of
MR mRNA or protein in primary human HSEC. This could be due to the well-characterised hypo-

responsiveness of HSEC to LPS, given that they are continuously exposed to gut-derived LPS in vivo'®
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A high-content screen of multiple putative MR regulators was performed, highlighting a general
resistance of MR to regulation by multiple cytokines, chemokines, growth factors and small molecules
previously reported to modulate its expression. Aside from inhibitors of actin polymerisation, which
induced cellular toxicity, there were only two viable hits — ATRA and PGE1. In THP-1 cells, ATRA
was shown to downregulate MR mRNA levels, whilst PGE1 upregulated MR expression and binding
activity in murine bone marrow-derived macrophages*’®**. Here, both induced a significant but modest
downregulation of MR expression; the minimal fold-change in response to these treatments compared
to the control, however, casts doubt on the biological significance of these findings. Overall, these data

demonstrate the existence of distinct regulatory mechanisms in primary HSEC, compared to the better
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studied macrophage, and even murine HSEC. Furthermore, whilst MR expression appears to be tightly
regulated by various stimuli in myeloid cells, the same cannot be said for HSEC which express high

basal levels of MR and are resistant to stimulation.

Given the downregulation of MR in HCC tumours, which are frequently hypoxic with oxygen levels of
0.5-2%, the effects of hypoxia on MRCI expression were investigated. An increasing trend of MR
mRNA following HSEC exposure to 2% oxygen was observed compared to atmospheric oxygen levels,
suggesting hypoxic conditions may drive MR expression. The effects of hypoxia have not been studied
regarding MR expression in HSEC, but one study found that MR surface expression was upregulated in
both M1- and M2-polarised macrophages when exposed to 1% 0,°*°. One limitation of the work
presented here is that hypoxic conditions are compared to atmospheric oxygen levels, which do not
represent normoxia within the liver sinusoids (4-9% 0)**'. Further work in HSEC is therefore required

to confirm this at varying O, concentrations and at the protein level.

6.2.5 The regulation of PLVAP in primary HSEC

The regulatory mechanisms of PLVAP expression were also studied in primary human HSEC by qRT-
PCR and HCI. Several groups have presented compelling evidence that PLVAP expression is driven by
master regulator of endothelial function, VEGF*% 90515318 "Qpecifically, VEGF-mediated stimulation
of PLVAP expression occurs downstream of VEGFR2, via activation of PI3K and p38 MAPK signalling
pathways’**>">. Contradictory to this, one study reported that PLVAP expression is negatively regulated
by VEGF in caveolin-1, but not caveolin-2, knockout mice®’. VEGFR2 is known to localise within
caveolae which are lacking in caveolin-1 knockout mice. These paradoxical findings could therefore be
explained by altered VEGF-mediated PLVAP expression in the absence of caveolae due to changes in

VEGFR?2 availability. Interestingly, PLVAP interacts with VEGFR2 co-receptor neuropilin 1 (NRP1)***

548.

b

this presents the possibility of a positive feedback loop in which VEGF-mediated PLVAP expression
stabilises VEGFR2-NRP1 signalling complexes, leading to further PLVAP upregulation. In HSEC,
VEGF treatment led to a robust and significant upregulation of PLVAP although this was not

recapitulated at the mRNA level, at least at the 24-hour time point. Given the increased angiocrine

217



factors such as VEGF within the tumour microenvironment, this could explain, at least in part, the

upregulation of PLVAP within HCC tumours described in Chapter 3.

PLVAP has also previously been shown to be regulated by pro-inflammatory stimuli in various cell
types, including TNFa, PMA and fibrinogen; here, these factors were also shown to upregulate PLVAP
in primary human HSEC. Published data on the effects of TNFa treatment in HUVEC are conflicting,
with one study suggesting that PLVAP expression is downregulated by 24-hour TNFa treatment,
whereas another demonstrated PLV AP redistribution to the cell periphery and increased colocalisation
with caveolin-1*% 4%, These data are therefore consistent with the findings reported here, where at 24
hours TNFa treatment downregulated PLVAP mRNA whilst an increase in fluorescent area, but not
intensity, was observed which could indicate PLVAP redistribution within the cell. PMA was identified
as the biggest hit in the HCS increasing PLVAP expression in HSEC by ~2-3-fold. PMA has previously
been shown to induce PLVAP expression and de novo diaphragm formation in HUVEC, HMVEC and
HDMVEC in a VEGFR2- and ERK 1/2 MAPK-dependent manner*®”***>!" Furthermore, the effects of
PMA were shown to rely on synthesis of soluble factors, including VEGF, which act in an autocrine
manner to drive PLVAP expression’'!. PMA could therefore upregulate PLVAP indirectly in HSEC,
via VEGF secretion, although further studies which investigate the effects of PMA treatment following
VEGF receptor manipulation would be required to confirm this. Fibrinogen is a coagulation factor which
is enzymatically converted to fibrin by thrombin, acting as an acute-phase protein that is increased in
the circulation during systemic inflammation and tissue injury. In murine cortical brain endothelial cells,
fibrinogen was shown to upregulate PLVAP expression, increasing co-localisation with caveolin-1 and

caveolae formation, a process found to be dependent on MMP-9°%

. Here, fibrinogen treatment of HSEC
also increased PLVAP expression, although whether this was due to increased caveolae formation in

these cells cannot be confirmed or refuted. Collectively, the upregulation of PLVAP in response to pro-

inflammatory stimuli is consistent with its upregulation in CLD discussed in Chapter 3.

BMP-9 is member of the TGFp superfamily of proteins which is released by HSC and is important for

maintenance of vascular quiescence. The relationship between BMP-9 and PLVAP expression is
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interesting to consider in the context of capillarisation and fibrosis, although studies to date have only
been performed in murine liver. Desroches-Castan et al. (2019) depict a protective role for BMP-9 in
hepatic fibrosis, where Bmp9 knockout was associated with HSEC capillarisation, including loss of
sinusoidal markers (Lyvel, Stabl, Stab2, Ehd3, Cd209b, eNos, Maf and Plvap), increased CD34
expression, basal lamina deposition and fenestration loss®”. Synonymously, culturing HSEC in the
presence of recombinant BMP-9 prevented this reduction in fenestraec and maintained expression of
Gata4 and Plvap. In contrast, human PLVAP expression is associated with HSEC capillarisation and
loss of sinusoidal markers, yet BMP-9 still upregulates PLVAP in primary human HSEC in vitro. Given
the well-characterised differences in mouse and human PLVAP expression, this seemingly paradoxical
relationship is perhaps not that surprising. This could however, suggest a more direct role of BMP-9 and
subsequent ALK1 signalling in PLVAP upregulation, rather than this occurring as an indirect

consequence of regulating the HSEC phenotype.

Results discussed in Chapter 3 present compelling evidence for the upregulation of PLVAP in HCC
tumours. Because cells residing within the tumour microenvironment are frequently subject to hypoxic
conditions, the expression of PLVAP was studied following HSEC exposure to 2% oxygen and
compared with atmospheric oxygen levels. The association between PLVAP expression and hypoxia
has been proposed, due to the common observation of its upregulation in several cancers, as well as in

brain tissues of patients with acute ischaemia*”®

. Hypoxia is also an inducer of VEGF secretion, via
activation of HIF-1c., which is known to drive PLVAP expression in an autocrine manner. Yet, PLVAP
expression in HSEC did not appear to be regulated by 24-hour exposure to hypoxic conditions. However,
as mentioned above, these studies are limited by a lack of “normoxic” control (4-9% O,). Cancer cells
are known to produce a myriad of soluble factors which shape the tumour microenvironment, driving
immune suppression and tumour persistence. Carson-Walter et al. provided evidence that conditioned
medium from human brain tumour cell lines, U87MG and U251MG, increased PLVAP expression in

HMVEC*®, The effects of HSEC treatment with conditioned medium from HCC cell lines was assessed

by HCI, demonstrating a modest upregulation of PLVAP in response to tumour-derived factors. It would
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be interesting to characterise the components of this conditioned medium which have the ability to

stimulate or suppress PLVAP expression in HSEC; this remains an avenue for future studies.

6.3 The role of MR in leukocyte recruitment across HSEC

The functional role of MR in lymphocyte recruitment was assessed by performing flow assays with
TNFa-stimulated HSEC following MRCI genetic knockdown (Appendix 7.4) or antibody-mediated
blockade of MR (Appendix 7.5). The localisation of MR during lymphocyte adhesion and
transmigration following flow assays was also explored by immunocytochemistry and confocal
microscopy (Appendix 7.6). Collectively, these data suggested that lymphocyte recruitment is not
dependent on MR, since adhesion, shape-change and transmigration were unaltered following MR
inhibition. In addition, there was no localisation or redistribution of MR during lymphocyte recruitment,
further supporting its likely unnecessary role. These findings are contradictive of previous reports which
suggest that MR plays a role in lymphocyte adhesion within the lymphatic system**-*. Since HSEC
are known to express a vast array of scavenger receptors, which often display substantial redundancy
regarding their recognition of carbohydrate and sulphated ligands, it is possible that the lack of MR is
compensated for by other C-type lectins. Interestingly, the MRC1 transcript is known to also encode a
microRNA (miR-511-3p) which is predicted to regulate various genes involved in transcription,
morphogenesis, metabolism and protein localisation®®. Thus, it would be informative to perfume bulk
RNA sequencing on siMRCl1-transfected HSEC to understand the effects of MR genetic knockdown on
the HSEC transcriptome. This could elucidate the functional role of MR in HSEC, which is so highly
expressed at steady state, and is an avenue for future research. Furthermore, MR has also been implicated
in cancer cell adhesion to lymphatic vessels™®. Given the variable MR expression observed in tumour
endothelium of HCC patients described in Chapter 3, it would be interesting to understand whether MR

can also mediate cancer cell binding to HSEC. This also remains an area for future work.
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6.4 Senescent cell-endothelial crosstalk in CLD and HCC
6.4.1 Expression of senescent markers in CLD and HCC

Senescence is a key feature of multiple chronic liver diseases of varying aetiology, including being a
hallmark of cancer, yet whether senescence is an inducer of injury or arises as a consequence of tissue
damage is unclear. The biological impact of senescence appears to be both cell type- and context-
dependent and has been reviewed recently’**>*. Several markers can be used to identify senescent cells;
in this thesis, gene expression of CDK inhibitors, p21 and p16, were assessed to study senescence in
CLD and HCC. Whilst p21 gene expression was fairly comparable in normal, cirrhotic and cancerous
liver tissue, pl6 gene expression was upregulated in a diseased setting and was associated with
unfavourable outcomes in HCC patients. These data are supported by previous studies which show p16
upregulation in almost every aetiology of liver disease’**. Furthermore, inhibition of p16 ameliorated

C*5 331 At the protein level, p21-

inflammation and fibrosis in murine models of NASH and PS
expressing hepatocytes were more frequently observed in CLD, whilst p16 expression was widespread
across multiple cell types and highly variable within the CLD patient cohort. In keeping with this
finding, p21 expression in hepatocytes is a feature of both acute and chronic liver injury, as well as
tumourigenesis in HCC***. Furthermore, p16 is expressed in cholangiocytes, hepatocytes, HSC, HSEC

524 However, the data reported in

and immune cells across a range of aetiologies and disease models
this thesis are limited since they only focus on two senescence markers, both of which relate to the cell
cycle arrest aspect of senescence. Given the disparity observed between transcription and translation of
p21 and pl6, additional work is required to investigate other markers of senescence, in order to

strengthen these findings. Nevertheless, these data highlight that senescence is a key feature of CLD and

HCC as is well-described in the literature.

6.4.2  The effects of the senescent secretome on HSEC phenotype

Senescent cells release a secretome (SASP) comprised of numerous soluble factors with the potential to

influence the HSEC phenotype. Importantly, the tissue microenvironment during homeostasis,
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inflammation and cancer encompasses a complex biological milieu. Thus, investigation into the effects
of SASP exposure offers a unique opportunity to study cellular responses in a physiologically relevant
context rather than use of discrete factors in isolation. Conditioned medium from IMR90 fibroblasts
undergoing Ras-mediated senescence (Ras-CM) was shown to drive pronounced morphological,
phenotypic and functional changes in primary HSEC. These included cell elongation and alignment, as
well as rearrangement of the actin cytoskeleton, including formation of stress fibres. Endothelial cell
elongation is an important physiological component of angiogenesis and is thought to be regulated by
several transcriptional regulators (Mef2, Foxol) and signal transduction cascades (VEGF-mediated
pathways such as PI3K-Akt, mTOR and Notch)**?. For instance, mTORC?2 is known to drive vascular
endothelial cell elongation and stress fibre formation through reorganisation of the actin cytoskeleton
via Rho-ROCK signalling, whereas mTORC1 and PI3K-Akt negatively regulate this actin

remodelling>>

. Moreover, VEGF-induced expression of Notchl and its ligand, D1I4, activates Notch
signalling which converges on mTOR and PI3K-Akt signalling pathways>*. HSEC elongation could
therefore be induced by the components of the SASP which influence these pathways, including VEGF

and Notch ligands, but also activation of other receptors which involve downstream mTOR/PI3K-Akt

signalling.

Several groups have characterised the composition of the SASP derived from senescent IMR9O0 cells,
with as many as 7748 significant differentially expressed proteins compared to the growing IMR90
control, as determined by SILAC proteomics*®*>>. Many of these are pro-inflammatory stimuli such as
interleukins and chemokines which are known to drive endothelial cell activation. It is therefore
unsurprising that treatment of HSEC with the conditioned medium from these senescent cells led to
upregulation of activation genes ICAM1, CCL2, IL6, IL1B and CXCLS, protein expression of ICAM-1
and CCL2, and secretion of soluble cytokines and chemokines. Identifying which particular SASP
components are responsible for driving these changes would require vast high-throughput screening
with genetically-manipulated (or otherwise inhibited) HSEC, to determine which receptors and/or

signalling pathways are critical for said alterations to occur. Given the low yields of primary HSEC
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following isolation and their finite lifespan in culture, this would be an unrealistic task. Furthermore, it
is almost certain that these phenotypic changes are driven by exposure to a combination of factors
working synergistically, as opposed to a single agent. Nevertheless, increased expression of endothelial
adhesion molecules and chemotactic factors supports the hypothesis that SASP exposure may drive

functional changes in HSEC, perhaps facilitating leukocyte recruitment.

6.4.3  The association between PLVAP, senescence and immune infiltrate in human and mouse liver

Given the upregulation of PLVAP and senescence markers in CLD and HCC, which are conditions
characterised by leukocyte recruitment, associations between PLVAP expression, senescence and
immune infiltrate composition were assessed. Amongst driving several interesting phenotypic changes
in HSEC, the SASP also stimulated expression of PLVAP mRNA and protein levels in vitro, suggesting
that senescent cell-endothelial crosstalk may drive expression of PLVAP in vivo. This is perhaps not
surprising since the SASP is known to contain several known enhancers of PLVAP, including VEGF,
HGF, TGFB, angiopoietins and Notch ligands®’. The presence of putative inhibitors of PLVAP
expression within the SASP, such as Wnt/Frizzled ligands, could also suggest that the impact on PLVAP
may be dependent on the SASP composition. The SASP is known to comprise a complex array of
factors which act in a paracrine manner on neighbouring cells to reinforce senescence*®* **°. This is
interesting if we consider the upregulation of PLVAP expression with HSEC passage discussed in
Chapter 4; perhaps late passage cells begin to undergo senescence, secrete their own SASP, which
drives both paracrine senescence and PLVAP expression. Nevertheless, these data suggest that PLVAP
is upregulated by factors, either solely or in combination, found within a senescent tissue
microenvironment. To explore this further in human liver, gene expression data for PLVAP and p21/p16
were obtained in CLD and HCC patients. In both CLD and HCC tissues, PLVAP gene expression was
directly proportional to CDKN2A4 expression, whilst a positive correlation with CDKNIA was only
observed in CLD. Quantification of immunohistochemical staining revealed that the correlation between
PLVAP and senescence was also maintained at the protein level. These data further support a link

between PLVAP and senescence in human liver disease.
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The SASP released from senescent cells is thought to act as a driver of leukocyte recruitment in order
to facilitate senescent cell clearance®'. Furthermore, PLVAP is readily expressed in periportal sinusoids
and CD34" neovessels within fibrotic septa, which are likely sites of leukocyte recruitment during
chronic inflammation. Paired with the notion that PLVAP may be implicated in leukocyte trafficking’®®
439460 this could suggest an association between senescence, PLVAP expression and immune infiltrate
in CLD and HCC. To explore this further, the immune infiltrate in the context of PLVAP expression
was characterised in HCC and CLD patients. TCGA datasets and widely-available online resources
(ESTIMATE and TIMER) were used to assess immune score and composition of the inflammatory
infiltrate in HCC tumours>*. There was a conservative yet significant positive correlation between
PLVAP gene expression and immune score, where partial correlations with infiltration levels of CD4"
and CD8" T cells, dendritic cells and neutrophils were observed. Whilst these findings are gene
expression data only, this could suggest a possible link (either directly or indirectly) between PLVAP

and the immune microenvironment of HCC. Future work to investigate this in situ will be required to

consolidate this finding.

Immunohistochemistry for PLVAP and several leukocyte-specific markers was performed in serial liver
sections from cirrhotic patients. MAC387 is a mouse monoclonal antibody which recognises calcium
binding protein, S100A9, also known as migration inhibitory factor-related protein 14 (MRP14) or
calgranulin B**®. SI00A9 associates with SI00AS to form calprotectin heterodimers which are enriched
in the cytosol of monocytes and granulocytes. MAC387 has therefore previously been used to visualise
infiltrating monocytes and neutrophils in human tissue®** >*. In this case, the level of hepatic neutrophil
infiltration was minimal even in the acute setting, as shown by immunohistochemistry in seronegative
hepatitis patients which were characterised by substantial MAC387" cell infiltration (Appendix 7.8).
This suggests the contribution of neutrophils to the MAC387" immunoreactivity in CLD was minimal,
and was confirmed by neutrophil elastase staining in matched tissue sections. MAC387 has also been

557

shown previously to stain tissue-resident macrophages including KCs>”’. Yet, KCs were inconsistently

positive for MAC387, and those that were had considerably lower staining intensities. Thus, monocytic
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cells were clearly distinguishable from KCs based on shape and intensity, which was supported by clear
immunolabelling of KCs with CD45 but not MAC387 in normal liver (Appendix 7.9). This suggests
that the majority of MAC387" cells are infiltrating monocytes or recently differentiated monocyte-
derived macrophages. Following quantification of immunohistochemical staining, PLVAP was
observed to correlate both spatially and quantitatively with the infiltration of MAC387" and CD3" cells,
suggesting PLVAP may be involved in the recruitment of monocytes and lymphocytes. Whether this is

also the case in HCC remains an area for future research.

The expression of PLVAP was also studied in an in vivo murine model of senescence, displaying a
robust and significant upregulation in response to hepatocyte-specific deletion of Mdm2 (AMdm2"P).
Mdm?2 is a key negative regulator of the tumour suppressor p53 and the p53/p21 axis is central to
senescence induction. Thus, AMdm2"* leads to p53 overexpression and induces acute p21-dependent
hepatocellular senescence characterised by increased expression of multiple senescence markers,
including p21 itself, but also YH2A.X, IL1a and SA-B-Gal*’. This finding is further supportive of the
correlation between a senescent microenvironment and PLVAP expression, validating the observations
made in human liver tissue and cultured primary HSEC. It would be interesting to also characterise the
immune infiltrate in murine liver following senescence induction allowing parallels to be drawn between
mice and humans. Despite the widespread PLVAP expression in mice in contrast to humans, this robust
upregulation in the AMdm2"? mice validates this model for future studies, which will aim to understand

the effects of PLVAP inhibition on hepatic leukocyte recruitment in vivo.

Collectively, these data suggest an intriguing and previously unreported link between PLVAP and
senescence in chronic liver injury, which could have pivotal implications for leukocyte recruitment

during chronic inflammation.

6.4.4  Mechanisms of SASP-mediated leukocyte recruitment

One physiological function of SASP release is the capacity to drive leukocyte recruitment which is

thought to facilitate senescent cell clearance™'. In the liver, this senescence surveillance is thought to
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prevent cancer development, by reducing the likelihood of accumulation and persistence of pre-
malignant hepatocytes™'. This surveillance was shown to be mediated by cytokine and chemokine

release and was dependent on monocyte/macrophage and CD4" T cell compartments®®'

. Similarly,
HSEC also increase their expression and/or secretion of cytokines, chemokines and adhesion molecules
in response to SASP exposure, as demonstrated here by qRT-PCR, immunocytochemistry and cytokine
array of cell supernatants. This suggests that SASP-stimulated HSEC may be capable of supporting
hepatic leukocyte recruitment. In favour of this concept, previous work in our lab has shown that
lymphocytes are recruited across HSEC, under physiological shear stress, in response to SASP

treatment*®*,

In this thesis, the hypothesis that SASP stimulation can also promote monocyte recruitment was
investigated by undertaking flow adhesion assays with HSEC and peripheral blood monocytes. Indeed,
Ras-CM treatment robustly increased the number of adhered, shape-changed and transmigrated
monocytes in both donor- and patient-derived HSEC. Furthermore, this was shown to occur much more
readily in monocytes than lymphocytes, even at twice the SASP concentration. This could suggest a
more predominant role for monocytes in senescence surveillance, or could perhaps reflect variation in
the kinetic profiles of monocyte vs. lymphocyte recruitment. Additional time-lapse experiments which

allow the study of these processes in real-time would be required to confirm this theory.

Lymphocytes and monocytes were shown to transmigrate via morphologically distinct routes through
the endothelial monolayer, with almost all monocytes migrating paracellularly, and lymphocytes
preferring to extravasate through the transcellular pathway (~60%). To our knowledge, this is the first
report which compares the route of transmigration for monocytes and lymphocytes in primary HSEC.
In support of these findings, previous studies in HUVEC have documented a similar observation with

monocytes in response to TNFq?*®

, whilst 62% of lymphocytes were observed to transmigrate
transcellularly across HSEC in response to TNFo/IFNy®8!. This suggests similarity between recruitment
mechanisms in response to the SASP and classic pro-inflammatory stimuli, although additional studies

would be required to explicitly confirm this.

226



When attempting to compare and contrast the molecular mechanisms of monocyte and lymphocyte
recruitment, it is important to first consider the stages of adhesion and diapedesis for each transmigratory
route. Generally, and irrespective of the route of transmigration, integrin-mediated adhesion of
leukocytes is associated with clustering of VCAM-1 and ICAM-1, as well as tetraspanins (e.g. CD9,
CD151), leading to recruitment of adaptor proteins which link these clustered proteins to the actin
cytoskeleton®’” > Simultaneously, endothelial RhoGTPases activate downstream signalling pathways

which reduce cell-cell adhesion, favouring paracellular migration®®.

Paracellular migration, in which leukocytes squeeze between adjacent endothelial cells, is initiated by
two key stages: (1) membrane influx from the lateral border recycling compartment (LBRC)*>; (2) VE-
cadherin mobilisation away from the transmigration site’. The LBRC is a complex invagination of the
plasma membrane, harbouring several adhesion molecules which are important for paracellular
transmigration, including CD31, CD99, JAM-A and PVR*** 53! 1t has been suggested that this acts
as a reservoir of both the adhesion molecules, and the addition junctional membrane, necessary for
transmigration to occur. Transcellular migration, during which a leukocyte extravasates through the
endothelial cell body, is considerably less well-studied than paracellular migration. Yet, many of the
molecules necessary for junctional leukocyte transmigration have also been implicated in transcellular
migration, including ICAM-1, CD31, CD99 and JAM-A**"-3%2 Importantly, in the liver, transcellular
migration has been shown to act as the key pathway for lymphocyte recruitment, in response to both

cytokine and SASP stimulation®®'.

Experiments performed with antibody-treated HSEC identified CD31 and ICAMI1 as key adhesion
molecules involved in SASP-mediated monocyte and lymphocyte recruitment, respectively, confirming
that these processes occur by molecularly distinct mechanisms. Neither monocyte adhesion nor
transmigration were affected following ICAM-1 inhibition, despite successful binding of the ICAM-1
antibody under these conditions. Furthermore, there was no localisation of I[CAM-1 with transmigrating
monocytes in response to the SASP. It is possible, therefore, that ICAM-1 is not required for paracellular

migration across HSEC. This notion is contradicted by previous work in TNFa-treated HUVEC,
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suggesting that ICAM-1 localises within apical protrusions associated with transmigratory pores, and is
required for neutrophil paracellular transmigration®*®. Yet, previous work in TNFa-stimulated HSEC
showed that adhesion of CD16" monocytes was significantly impaired by dual VCAM-1/ICAM-1
blockade, whilst monocyte transmigration was unaffected**’. In the context of data presented here, this
could suggest that monocyte adhesion to HSEC is mediated primarily by VCAM-1. In favour of this,
HUVEC transduced with an adenoviral vector encoding VCAM-1 were able to support adhesion of
peripheral blood monocytes at <1.5 dyne/cm?” shear stress in the absence of stimulation’®’. Additional
flow experiments following VCAM-1 and VCAM-1/ICAM-1 inhibition with SASP-stimulated HSEC

would provide further mechanistic insight into monocyte adhesion and transmigration.

In contrast to monocytes, SASP-mediated lymphocyte adhesion and transmigration were significantly
impaired following I[CAM-1 inhibition. These experiments were limited however by the low numbers
of'adhesion events observed with lymphocytes following SASP-stimulation, despite doubling the SASP
concentration in attempt to mitigate this potentially confounding variable. Nevertheless, previous work
in TNFa-activated HSEC have provided convincing evidence for the role of ICAM-1 in lymphocyte
recruitment’’3"% 3! Moreover, the enrichment of ICAM-1 around transmigrating lymphocytes in close
association with F-actin was frequently observed in response to the SASP, further supporting its
adhesive role. This is consistent with previous reports, demonstrating [CAM-1 translocation to caveolin-
rich membrane domains in association with F-actin-rich transcellular pores, through which lymphocytes

extravasate ®.

Lymphocyte adhesion was unaffected by CD31 inhibition, whilst a partial reduction in transmigration
was observed, although this did not reach statistical significance. The percentage of adhered
lymphocytes which underwent shape-change was significantly increased, perhaps indicating that
transmigration of arrested lymphocytes was delayed. Given that 60% of lymphocytes extravasate via
the transcellular route, this could suggest that CD31 is only important for paracellular migration, and
therefore only a fraction of the lymphocyte transmigratory events are affected by CD31 inhibition. Yet,

CD31, along with other LBRC components, has also been implicated in transcellular migration, albeit
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of monocytes and neutrophils**>. Furthermore, CD31 was seen to form rings around transmigrating
lymphocytes regardless of their transmigration route, which is consistent with findings reported

338.352 Since leukocytes are considered to take the path of least resistance in order to cross the

previously
endothelial barrier, it is conceivable that CD31 plays a more predominant role in paracellular migration,
and so its inhibition may push lymphocytes towards migration via the transcellular route. The factors

which determine the route of transmigration, however, are poorly understood and further work would

be required to investigate whether this is the case here.

Following CD31 inhibition, SASP-mediated monocyte transmigration was perturbed, whilst monocyte
shape-change increased and adhesion was unaffected. This is consistent with a role for CD31 in SASP-
mediated monocyte transmigration, since cells were able to adhere and locomote the apical endothelial
surface but not complete diapedesis. As mentioned above, CD31 is a key component of the LBRC

(~30%), and is therefore integral for paracellular transmigration®®*

. During transmigration, targeted
recycling occurs, whereby the LBRC moves along microtubules in order to interact with extravasating
leukocytes. As such, inhibition of CD31-CD31 homophilic interactions ablates both transmigration and
targeted recycling’®* %, Here, enrichment of CD31 around transmigrating monocytes was consistently
detected, which is in keeping with previous studies®>>. Although CD31 is known to be present on both
monocytes and endothelial cells, it is likely that the majority of this CD31 is endothelial-derived, since
there was colocalisation with F-actin which was visualised by SiR-actin treatment of HSEC only.
Furthermore, endothelial cells were observed to extend CD31- and F-actin-rich protrusions which
appeared to envelop transmigrating monocytes; these membrane ruffles were not observed during
lymphocyte transmigration irrespective of the route taken. Similar observations have been made during

neutrophil transmigration, where junctional membrane protrusions enriched in CD31 and F-actin serve

as hotspots for leukocyte migration>®.

Another distinction between monocyte and lymphocyte transmigration was the association of F-actin.
As mentioned above, monocyte transmigration was associated with extension of F-actin-rich membrane

ruffles, whilst observations of F-actin enriched pores at the cell junctions were rare. In fact, almost a
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complete void of F-actin was more commonly observed, despite the formation of CD31-rich
transmigratory channels. In contrast, transmigrating lymphocytes were predominantly surrounded by F-
actin when migrating either para- and transcellularly. These findings highlight possible differences in
actin cytoskeletal rearrangement may occur during SASP-mediated monocyte vs. lymphocyte
transmigration which is not necessarily dictated by the migratory route. These data contradict previous
studies of neutrophils and monocytes, in which transmigratory events were actually defined by the
presence of F-actin-rich pores due to their high incidence®™®. Authors proposed that this actin
cytoskeletal integrity, mediated by ICAM-1 and RhoA activation, was critical in maintaining endothelial
cell barrier function. Interestingly, apical F-actin protrusions similar to those documented here were also
observed, although these were found to be insensitive to RhoA inhibition. It would therefore be
interesting to explore a possible functional role for RhoA in mediating HSEC vascular permeability

during monocyte transmigration, particularly given the seemingly redundant role of ICAM-1.

There are two key differences between the study mentioned above and the results reported here, which
could explain the conflicting observations regarding F-actin pore formation. Firstly, Heemskerk et al.
study neutrophil and monocyte recruitment in response to classic pro-inflammatory stimulus, TNFo*3,
In contrast, the SASP comprises a myriad of factors, possibly eliciting varying effects on expression of
endothelial adhesion molecules that are then available to interact with monocytes. Since leukocytes are
known to interact with multiple molecules within the LBRC, increased monocyte binding avidity at the
endothelial junction may limit additional mechanisms required to maintain endothelial barrier
integrity®®’. Investigation into expression of other LBRC adhesion molecules, alongside CD31, in
response to the SASP would elucidate this further. Secondly, Heemskerk et al. use HUVEC to
understand these processes, which are known to differ drastically from HSEC in terms of their
transcriptional profiles, metabolic activity and response to stimulation*”’. For instance, previous work
by our group has shown reduced expression of junctional molecules (VE-cadherin, JAM-A, occludin)
in HSEC compared to HUVEC, which was thought to underpin intracellular crawling of lymphocytes

470

between adjacent HSEC specifically””™. These findings provide evidence that variations in the
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endothelial phenotype can translate into differences in lymphocyte behaviour. This poses the question
of whether this could also be the case for cytoskeletal rearrangements during monocyte transmigration
across HSEC. Live cell imaging of actin dynamics during SASP-mediated monocyte and lymphocyte

recruitment would offer further insight into this phenomenon and is an area of ongoing research.

Collectively, these data suggest the SASP-mediated monocyte and lymphocyte recruitment occurs by

morphologically and molecularly distinct routes through the hepatic endothelium.

6.4.5 The role of PLVAP in SASP-mediated monocyte transmigration

Results in Chapter 5 have identified a previously unreported link between PLVAP expression,
senescence and immune cell infiltrate in CLD and HCC patients. Furthermore, the stimulatory effects
of the senescent secretome on PLVAP expression proposes a mechanism by which senescent cells may
communicate with the hepatic endothelium, altering its immunomodulatory phenotype and perhaps
facilitating recruitment. Given that PLVAP has previously been implicated the trafficking of both

monocytes and lymphocytes*®® 46

, we sought to investigate a functional role for PLVAP in SASP-
mediated leukocyte recruitment. Genetic knockdown or antibody-mediated blockade was used to inhibit
PLVAP and flow assays were undertaken to compare monocyte and lymphocyte recruitment across
SASP-treated HSEC under physiological shear stress. Whilst PLVAP did not seem to be involved in the
adhesion stage of either monocyte or lymphocyte recruitment, monocyte transmigration was selectively
impaired following PLVAP inhibition. Furthermore, this finding was only consistently observed in CLD
patient-derived HSEC, as results in donor HSEC were variable. This could suggest a mechanistic
pathway which is selectively upregulated in a diseased setting, which is consistent with the upregulation
of PLVAP during chronic inflammation. Although PLVAP gene expression was comparable in donor
and diseased HSEC, we cannot confirm at this stage whether there are differences in protein expression

at baseline, and responses to stimulation may also vary across different aetiologies. Additional work is

required in order to further understand these functional differences.
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There are several possible explanations for the differential results obtained for SASP-mediated
monocyte and lymphocyte recruitment following PLVAP blockade: (1) its role is indirect, having
consequences for downstream effectors specifically involved in monocyte transmigration, such as by
altering transcriptional or secretory profiles; (2) PLVAP is specifically involved in paracellular
transmigration, leaving lymphocyte transmigration intact since they predominantly migrate
transcellularly; (3) PLVAP interacts with a specific monocyte-derived ligand that is not found on
lymphocytes. Each of these theories, including evidence for and against them, is outlined in more detail

below.

It is possible that genetic knockdown of PLVAP could drive changes in the HSEC transcriptome that
may influence expression of genes, and therefore production of proteins, important for monocyte
transmigration. It would be interesting to characterise any alterations in HSEC transcription by
performing bulk RNA sequencing following PLVAP genetic knockdown. Analysis of the HSEC
secretome in response to PLVAP knockdown did not reveal any obvious impairments, with only minor
reductions in CXCL12, CCL2, IL-8, CXCLI1, IL-21, G-CSF and complement C5a, some of which were
restored following SASP stimulation. Furthermore, the consistent effects observed with the anti-PLVAP
antibody are suggestive of a direct effect on monocyte transmigration, although a potential impact on
the trafficking or interactions of other adhesion molecules necessary for monocyte transmigration cannot

be ruled out.

It is conceivable that PLVAP plays a specific role in paracellular transmigration since over 90% of
monocytes extravasated via this route. However, the evidence against this idea is two-fold. Firstly,
around 40% of lymphocytes transmigrated paracellularly, and so if PLVAP plays a generic role in
paracellular migration, we would anticipate at least a partial reduction in lymphocyte transmigration
(similar to that observed following CD31 blockade). Instead, genetic knockdown had no effect on
lymphocyte transmigration, and if anything was increased in response to the anti-PLVAP antibody. It
remains plausible however, that inhibition of PLVAP does in fact impair paracellular lymphocyte

migration, forcing them to take the path of least resistance (i.e. the transcellular route) and therefore
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masking any effects. Additional studies into the route of transmigration following PLVAP inhibition
would be required to confirm this. Secondly, there is evidence to suggest PLVAP may also be important
for transcellular migration of lymphocytes, where it has been shown to localise to transmigratory pores
observed in TNFa-treated HUVEC*®. However, these experiments were limited since they were
performed under static conditions. Flow assays following HUVEC treatment with an anti-PLVAP
antibody showed a similar partial transmigratory defect, but these experiments were undertaken using
peripheral blood mononuclear cells (PBMCs), making it difficult to delineate the specific effects on
lymphocytes and monocytes*’. Similar observations were made in HSEC following PLVAP genetic
knockdown, and whilst transmigration was not significantly inhibited, again these experiments used

PBMCs which could potentially conceal any monocyte-specific observations®’.

Our data suggest that PLVAP does not play a role in SASP-mediated lymphocyte recruitment across
HSEC. In addition, although data here suggests that PLVAP plays an undeniable role in SASP-mediated
paracellular monocyte transmigration, that is not to say it may not also play a role in transcellular
migration of monocytes (or other immune cells for that matter), in settings where this is a more frequent
occurrence. One way to investigate whether PLVAP has a role in paracellular migration generally, or is
involved in monocyte transmigration specifically, would be to repeat PLVAP inhibition experiments
with neutrophils since they are known to predominantly migrate paracellularly. Interestingly, in the
context of spinal cord injury, PLVAP-expressing microvessels appear to be spatially correlated with

neutrophil extravasation®®®

. Moreover, PLVAP inhibition was shown to impair migration of neutrophils,
as well as lymphocytes and macrophages, in a murine model of peritonitis**’. This remains an area for

future research.

Given the points discussed above, it is reasonable to predict that PLVAP may interact with a monocyte-
enriched ligand to facilitate transmigration. Aside from the homodimeric interactions which occur
between PLVAP molecules within fenestral and stomatal diaphragms**, relatively little is known about
its other prospective ligands. Molecular approaches have identified several of PLVAP’s binding

partners, including NRP1, vimentin, LYVE-1, VEGF, VEGFR2 and heparin, yet how these interactions
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relate to its biological functions is still unclear*** *°-4%-5% Rantakari et al. proposed that monocytes
interact with foetal HSEC-derived PLVAP indirectly, through binding of NRP1 and VEGFRI1 via a
heparin bridge*®. However, whether similar interactions occur during SASP-mediated monocyte
recruitment across HSEC remain to be explored. Alternatively, PLVAP may interact with, or influence
trafficking of, other adhesion molecules important for monocyte transmigration, as mentioned above.
Although PLVAP did not seem to be enriched around transmigrating monocytes as observed with CD31,
it is known to localise within caveolae, and caveolar structures (including vesiculo-vacuolar organelles)
have been implicated in transcellular migration due to their role in vesicular trafficking. Previous work
in HUVEC has demonstrated an enrichment of caveolin-1 around lymphocytes undergoing transcellular

333,459 suggesting that caveolar structures could be a source of additional membrane and

diapedesis
adhesion molecules required for leukocyte extravasation. Moreover, inhibition of caveolin-1, via RNA
interference, reduced transcellular migration of T lymphoblasts across HUVEC**®. This could also be
the case for paracellular transmigration although a definitive role for caveolar structures in this process

remains controversial. Future work should aim to elucidate the contribution of caveolae to PLVAP-

mediated monocyte transmigration.

Given the frequent localisation of PLVAP towards the cellular junctions, in close association with F-
actin, it is possible that PLVAP is a component of the LBRC which is known to contain several other
molecules important for transmigration. Interestingly, PLVAP has been shown to bind vimentin which
has been identified within the LBRC, and is excluded from the VE-cadherin junctions. The definitive
lack of VE-cadherin within the LBRC could provide evidence in favour of PLVAP’s residence within
this structure. Whether PLVAP permanently resides within this compartment, or whether it is trafficked
there specifically in SASP-treated or otherwise stimulated HSEC, also remains a key question.
Answering these enquires would require application of super-resolution microscopy techniques in order

to understand the dynamics of these complex subcellular structures.
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6.5 Clinical implications and future prospects

The hepatic sinusoidal endothelium forms a specialised barrier which supports leukocyte recruitment in
response to injury and/or infection as well as during chronic inflammation. The composition of the
hepatic immune infiltrate during CLD and cancer has critical implications for disease outcome, since
the complex interplay between liver cell types underpins both resolution of inflammation and fibrosis.
The liver sinusoids represent a unique environment in which leukocyte recruitment occurs, due to low
shear forces, distinct cellular junctions, and expression of atypical adhesion molecules. As such, several
receptors have been reported to mediate hepatic leukocyte recruitment specifically, whilst their
contribution to recruitment across classic vascular endothelium is thought to be minimal. Furthermore,
these molecules seem to selectively recruit distinct immune cell subsets rather than acting as generic
recruitment signals. This offers the potential to therapeutically target cell- and liver-specific recruitment

whilst preserving leukocyte trafficking at distal sites.

The molecules involved in hepatic leukocyte recruitment are discussed in detail in Chapter 1; the
majority of these have been identified to play a role in the adhesion stage of the leukocyte adhesion
cascade, whilst the mechanisms of transmigration across HSEC remain considerably more elusive.
Stabilin-1 has been implicated in the transmigration of CD4" T and B lymphocytes where it collaborates
with ICAM-1 and VAP-1°*". However, the knowledge surrounding the molecular mechanisms of hepatic
monocyte transmigration is limited. Here, PLVAP was identified as a novel regulator of monocyte
transmigration, alongside CD31. Whether these two molecules act in synergy during the same stage of
transmigration, or whether their roles are sequential, remains to be explored. Additional mechanistic
experiments combining antibodies targeted against multiple receptors would delineate this process
further. The contribution of other adhesion molecules suggested to be involved in paracellular migration,
such as JAM-A, CD99, CD155, endothelial cell-selective adhesion molecule (ESAM), and VAP-1, is

also unknown and remains an area for future research.
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The process of leukocyte recruitment is complex and dynamic, and mechanistic understanding would
be expanded by application of “organ-on-a-chip” approaches, which would incorporate multiple cell
types to more accurately recapitulate the sinusoidal microenvironment™®. In this regard, reconstitution
of endothelial, epithelial and stromal cell types within microfluidic chambers, followed by introduction
of leukocytes under flow conditions, would allow multi-cellular crosstalk to be modelled in vitro.
Indeed, Groger et al. (2016) co-cultured HUVEC, primary monocyte-derived macrophages, LX-2
stellate cells and HepaRG cells within multi-organ-tissue-flow (MOTiF) biochips to study monocyte
adhesion and transmigration under shear stress”’°. Similar experiments using HSEC instead of HUVEC
would offer greater mechanistic insight in the context of hepatic recruitment, but also allow broader
assessment of the biological impact of leukocyte migration on liver functionality. Furthermore, use of
patient-derived primary cells in chip-based platforms offers the opportunity to model human disease,

enhancing discovery of novel targets and drug screening against known targets.

Additionally, live cell imaging of flow assays would allow the study of leukocyte behaviour during
recruitment in real-time. Interestingly, reverse transmigration of monocytes has been observed across
HSEC under static conditions, which were predominantly found to belong to the CD16" subset’’'.
Whether this occurs under physiological shear stress could also be investigated by live cell imaging of
flow assays. This notion also introduces the idea of monocyte subset-specific behaviours; given the
subset-specificity of multiple non-classical adhesion molecules, it is conceivable that PLVAP may also
mediate selective transmigration of a particular monocyte subpopulation. This could also underpin the
partial inhibitory effect of PLVAP blockade observed when using a mixed population of peripheral
blood monocytes. The properties of classical, intermediate and non-classical monocytes have been well-
characterised, and in the context of the liver, these are known to be functionally distinct’”">"*. Selective
PLVAP-mediated transmigration of a particular subset could therefore have important implications
during liver disease. For instance, recruitment of intermediate pro-fibrogenic monocytes across PLVAP"
inflamed sinusoids could be detrimental for the resolution phase of inflammation®’*, whilst recruitment

of myeloid-derived suppressor cells across PLVAP" tumour endothelium may support immune evasion
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of cancer cells’’”. Additional flow assays with different subsets of monocytes are needed to elucidate

this further.

Flow adhesion assays using primary human HSEC and leukocytes have allowed the in-depth
mechanistic study of SASP-mediated leukocyte recruitment. However, this does not fully recapitulate
recruitment as it occurs in vivo. It would therefore be valuable to test the effects of PLVAP inhibition
on monocyte recruitment and senescent cell clearance in vivo, which would also offer insight into the
biological implications in a disease setting. The AMdm2"> model would be a reasonable starting point
given that it is associated with senescence, liver injury and PLVAP upregulation, however there would
also be scope to test this in various other acute/chronic liver injury and cancer models to understand the
implications in several disease contexts. These studies could however be limited by the species-
dependent expression of PLVAP, which is considerably more prominent in normal mouse liver than
humans, and could therefore present translatability issues. Nevertheless, promising in vivo data would
further support the pursuit of PLVAP as a potential therapeutic target in CLD and HCC. One possible
concern of targeting PLVARP is its widespread expression in vascular endothelium throughout the body,
which could lead to unwanted off-target effects following systemic administration of potential therapies.
It may therefore be desirable to administer anti-PLV AP pharmacological or biological agents to the liver
directly, which can be achieved through intrahepatic delivery via the hepatic artery or hepatic portal

vein.

On a more general note, the work presented in this thesis has identified two distinct endothelial cell
populations which are differentially regulated in human liver and can be defined based on their
expression of MR and PLVAP. Future work should endeavour to characterise these populations in more
depth, through RNA sequencing and in vitro phenotyping, which would offer insight into their functional
contribution to liver homeostasis and inflammation. Overall, the findings presented in this study offer
valuable insight into the expression and regulation of MR and PLVAP in the hepatic sinusoids and
address the hypothesis of their predicted involvement in hepatic leukocyte recruitment. However, given

the limited availability of human samples many of these experiments, particularly flow assays, are likely
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underpowered. As a result, in some instances, data trends have been mentioned but are not considered
informative without further validation. As such, future work should perform relevant power calculations

using existing datasets to ensure the statistical robustness of these results.

6.6 Conclusions

This thesis provides a detailed investigation into the expression and regulation of MR and PLVAP in
human liver tissue and primary HSEC. Whilst MR is highly expressed in normal sinusoidal endothelium
and likely plays a homeostatic role due to its resistance to regulation, PLVAP is upregulated in CLD
and HCC. This is consistent with the upregulation of PLVAP in vitro by pro-inflammatory stimuli and
the senescent cell secretome, both of which are key components of the tissue microenvironment in
chronic liver injury and cancer. Whilst MR does not appear to play a role in lymphocyte recruitment
across HSEC, data presented here implicate PLVAP as a leukocyte trafficking molecule in the liver.
This work highlights a previously unreported link between PLVAP and senescence, in which senescent
cell-endothelial crosstalk drives expression of PLVAP and shapes the immune landscape in CLD and
HCC. Specifically, PLVAP was shown to play a selective functional role in SASP-mediated monocyte
transmigration which could facilitate senescent cell clearance in vivo. PLVAP could therefore be a novel
therapeutic target allowing perturbation of aberrant monocyte recruitment during liver inflammation.
These data support the further study of PLVAP in pre-clinical models to explore its clinical potential as

a therapeutic target for CLD and HCC patients.
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7 APPENDICES

ALD NASH
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Appendix 7.1: Isotype controls for mannose receptor immunohistochemical staining shown in Figure 3.3.
Immunohistochemistry for isotype controls was performed on tissue sections from matched patient samples where
possible. Scale bars represent 200 um.

ALD PBC PSC

- - -

Appendix 7.2: Isotype controls for plasmalemma vesicle-associated protein immunohistochemical staining
shown in Figure 3.9. Immunohistochemistry for isotype controls was performed on tissue sections from matched
patient samples where possible. Scale bars represent 200 um.
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GM130 EEA-1 MR

MR
Appendix 7.3: Isotype controls for immunocytochemical staining shown in Figure 4.6. Images were acquired

using an LSM880 confocal microscope and a 40x or 63x objective. 4',6-diamidino-2-phenylindole (DAPI, blue) was
used as a nuclear counterstain. Scale bars represent 20 yum (GM130, EEA-1) or 10 um (Rab11a, VAMP7).

Isotype Controls
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Appendix 7.4: Lymphocyte recruitment was unaffected following mannose receptor (MVRC1) knockdown.
Flow adhesion assays were performed with tumour necrosis factor o (TNFa)-stimulated HSEC following MRC1
knockdown (or negative control) and lymphocytes isolated from healthy volunteer peripheral blood. (A-C) Genetic
knockdown was confirmed at the (A) mRNA and (B, C) protein level by qRT-PCR and immunofluorescence,
respectively (*p<0.05, ****p<0.0001, student’s unpaired t-test). Gene expression was measured relative to GAPDH
and normalised to a % of the negative control. (D) The number of adhered, shape-changed and transmigrated
lymphocytes were quantified in ten visual fields per lane with each condition performed in duplicate (p>0.05,
student’s unpaired t-test or Mann-Whitney test). Data shown are mean + SEM from 2-3 independent experiments.
Scale bars represent 100 ym.
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Appendix 7.5: Lymphocyte recruitment was unaffected following antibody-mediated mannose receptor
(MR) blockade. Flow adhesion assays were performed with tumour necrosis factor o (TNFa)-stimulated HSEC
following treatment with an anti-MR antibody or an isotype-matched control (IMC) and lymphocytes isolated from
healthy volunteer peripheral blood. (A) MR internalisation was confirmed by immunofluorescence and confocal
microscopy. The number of MR* vesicles per cell was quantified using the “Analyse Particles” function in ImagedJ.
Data shown are representative of three independent experiments. (B) The number of adhered, shape-changed and
transmigrated lymphocytes were quantified in ten visual fields per lane with each condition performed in duplicate
(p>0.05, student’s unpaired t-test or Mann-Whitney test). Data shown are mean + SEM from three independent
experiments. Scale bars represent 20 um.
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Adhesion B Transmigration

Appendix 7.6: Mannose receptor (MR) did not localise with adhered or transmigrating lymphocytes. Flow
adhesion assays were performed with tumour necrosis factor o (TNFa)-stimulated HSEC and lymphocytes isolated
from healthy volunteer peripheral blood. Cells were fixed and stained for MR (green) and F-actin (phalloidin, grey)
and images of (A) adhered and (B) transmigrating lymphocytes were acquired using an LSM880 confocal
microscope. 4',6-diamidino-2-phenylindole (DAPI, blue) was used as a nuclear counterstain. Scale bars represent
20 pm.
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Figure legend on next page.
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Appendix 7.7: Isotype controls for immunohistochemical staining shown in Figure 5.21. Isotype controls
were performed for each batch of staining. Scale bars represent 100 pm.
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Appendix 7.8: Inmunohistochemical staining for neutrophil elastase (NE) and MAC387 highlighted that the
contribution of neutrophils to MAC387 immunoreactivity was minimal. Immunohistochemistry was performed
on serial tissue sections from matched seronegative hepatitis patient samples (n=4). Isotype control for NE staining
(left) is shown. Scale bars represent 200 ym.

CD45 MAC387
P dq &
'
-
>
- K’ N
o “HE T . -
a ~
= ~ Ny > 5 w -
- £ > » -
/ ] ] ¥ ! g ’
o p ¢ | » .
- v 2 |\ -~ . ”
Ny % pe .' >
. o R : & X v
- P »
'l ‘} - % 4 f =
M 4
< ’b o
L » ¢ L .
o Ps v e ° o - s
3 o v o
d " » o B
' 4 e “ ‘-‘ § 4
l. ? 2 [) - 50 pm

Appendix 7.9: Inmunohistochemical staining for CD45 and MAC387 highlighted Kupffer cells (KCs) are
generally MAC387-negative. Immunohistochemistry was performed on tissue sections from donor liver. CD45
(left) allowed visualisation of immune cell populations showing prominent KC staining, whilst MAC387* cells (right)
were circular and often localised to the portal tracts. Images shown are matched fields of view from the same
patient. Scale bar represents 50 um.
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