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ABSTRACT 
 

The burden of liver disease is continuously increasing globally, and this emphasises the need 

for the development of therapeutics. In order for this to be achieved, potential cellular and 

molecular targets need to be identified. Liver sinusoidal endothelial cells (LSECs) play a key 

role in maintaining liver homeostasis and their dysfunction drives liver disease 

pathophysiology and this role needs to be further elucidated.  

In order to identify phenotypic differences in LSECs in health and disease, a combination of 

analytical techniques such as immunohistochemistry and qPCR was applied on human tissue 

specimens. To confirm whether these changes are recapitulated in vitro, I isolated LSECs from 

human healthy and cirrhotic tissue specimens for the establishment of culture model of 

human LSECs. Validation of functional and phenotypic characteristics of LSECs in vitro was 

carried out using immunocytochemistry and qPCR. Furthermore, the development and 

optimisation of a super-resolution imaging protocol for the visualisation of LSEC fenestrations 

was performed. 

Altered expression and downregulation of scavenger receptors in LSECs was identified in 

diseased human tissue specimens compared to healthy specimens and this confirmed 

capillarisation of sinusoidal endothelial cells in liver disease. Expression of scavenger receptors 

and key regulatory molecules was maintained in LSECs in vitro.  The phenotypic changes in 

LSECs identified in liver tissue specimens were partially recapitulated in LSECs in vitro. The 

application of pharmaceutical molecules for the enhancement of nitric oxide (NO) signalling 

in LSECs revealed an altered genotype in healthy and cirrhotic LSECs. Finally, fenestrations 

were visualised on the LSEC membrane using the developed super-resolution imaging 

protocol and improvement in LSEC porosity following the application of sildenafil citrate.  

Hence these findings emphasise the relevance of appropriate culture models and imaging 

approaches to study phenotypic changes in LSECs in relation to disease and highlight the 

therapeutic potential of sildenafil citrate in improving LSECs porosity.           
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1 General introduction 
 

1.1 Liver anatomy and function 
 

1.1.1 The importance of studying liver disease  
 

The burden of liver disease is continuously increasing globally, with liver cancer ranked within 

the top three causes of cancer mortality in 46 different countries (1). Epidemiological data has 

illustrated that liver cirrhosis is a major cause of death and morbidity worldwide and was 

associated with 2.4% of deaths globally in 2019 (2). Liver disease aetiologies include alcoholic 

liver disease (ALD) and non-alcoholic steatohepatitis (NASH) which is commonly referred to as 

an epidemic due to its exponential increase in prevalence. Both aetiologies are leading causes 

of progression to liver cirrhosis and cancer thereby contributing significantly to the overall 

burden of liver disease (3,4).  Even though a liver transplant is the only curative option, it is an 

unattainable goal for thousands of cases of liver disease worldwide due to the limitation of 

organ shortage (5). Living donor organ transplantation is an alternative option however this is 

also severely impacted by the high occurrence of NASH and obesity (6). The scientific 

advancement of machine perfusion of livers with the goal to rehabilitate the organs to meet 

transplant criteria has shown great potential (7). The development of extracorporeal hepatic 

systems through the decellularisation of cirrhotic livers to create a scaffold which can be 

repopulated by hepatic progenitor cells is another promising, alternative approach to liver 

transplantation (8,9).  

Deciphering the pathophysiological cellular and molecular mechanisms in a liver disease-

specific setting which eventually lead to fibrosis and cirrhosis is required for the development 

of therapeutic interventions tailored to target specific pathological pathways. Liver sinusoidal 
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endothelial cells (LSECs) are a key player in liver homeostasis as well as in the 

pathophysiological initiation and progression of cirrhosis. There is however a knowledge gap 

into the phenotypic and genotypic changes that LSECs undergo during chronic liver disease 

and how they contribute to disease progression, and this will be the focus of this thesis. 

Therefore, the following sections in this introduction will cover general liver biology, LSECs 

specific endothelial biology, changes in disease as well as current strategies for assessing EC 

phenotype and function.     

1.1.2 Liver anatomy and physiology   
 

The liver is the human body’s largest internal organ, crucial to the maintenance of systemic 

and metabolic homeostasis. In adults, the liver lies under the diaphragm and is situated in the 

upper right quadrant of the abdomen (10). The liver is separated into lobes, the right, left, 

caudate and quadrate. The caudate lobe is situated between the right and left lobes in an 

anterior and superior position, while the quadrate lobe is found on the inferior surface of the 

right lobe (11). The Glisson’s capsule is a thin layer of collagenous connective tissue, enclosing 

the liver as well as encapsulating the portal vein, hepatic artery and bile ducts comprising the 

portal triad (12).  It is composed of type I collagen fibres, scattered type III fibres and contains 

fibroblasts (13).  

A dual blood supply reaches the liver at the porta hepatis, whereby oxygenated blood arrives 

though the hepatic artery while the portal vein delivers poorly oxygenated blood flowing from 

the pancreas, intestines, and spleen, to be filtered within the liver. The two blood sources 

meet at the portal tracts surrounding each liver lobule which comprises the metabolic unit of 

the liver. Each portal tract (also referred to as portal triad) is composed of three elements, 
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namely the hepatic artery, hepatic vein, and bile duct as shown in Figure 1.1. The blood is then 

filtered within the hepatic sinusoidal capillaries by a highly specialised type of endothelial cells 

called, liver sinusoidal endothelial cells before it eventually drains from branches of the 

hepatic venous network as well as through the central vein within each liver lobule (14–16) as 

shown in Figure 1.2.  Further details on the anatomy and function of LSECs as well as their role 

in pathophysiology of liver disease will follow in subsequent sections of this introduction.  

 

 

Figure 1.1: Anatomical segmentation of the liver 

 

 
 

Segmentation of the liver based on the main divisions of the portal vein and hepatic 
artery. The left lobe is composed of segments II to IV and the right lobe is formed 
by segments V to VIII. The hepatic artery (red vessels), portal vein (blue vessels) as 
bile ducts (green vessels), extend into each segment of the liver where they meet 
at the portal triads surrounding each liver lobule (492).         
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1.1.3 Anatomy of the hepatic structural and functional unit 
 

The terms lobule and acinus are used interchangeably to describe the microarchitecture of 

liver’s functional unit. The first description of the ‘liver lobule’ was documented by Kiernan in 

1833 (17) whereby the microarchitecture is defined as a hexagonal structure with the central 

vein in the middle and portal tracts in the surrounding apexes. The anatomic unit of the liver 

is represented by the lobule, while the functional unit is the hepatic acinus. The hepatic acinar 

model recognises a smaller triangular unit in a concept proposed by Rappaport (18–20) 

whereby the central vein is located at the periphery instead of the centre as in the anatomic 

model. The acinar zones 1, 2 and 3 correspond to the distance from arterial blood supply (21) 

as illustrated in Figure 1.3.  

 

Healthy liver  
Sinusoidal 
capillary 

 Liver lobule  

CV 

Figure 1.2: Structural organisation of the liver lobule 
The liver is composed of liver lobules, termed as the structural unit of the 
liver (right). Each liver lobule is arranged in a hexagonal shape, with portal 
triads located at the vertices; composed of the hepatic artery (red), portal 
vein (purple) and bile duct (green) with blood filtered through sinusoidal 
capillaries before getting drained through the central vein. CV: central vein. 
Created with BioRender.com  
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1.1.4 Zonation of the liver lobule 
 

The distribution of blood into the liver means that regions within the lobule have different 

microenvironments or zones. Zone 1 includes the periportal region closest to the portal tracts 

where blood enters each liver lobule through the portal hepatic vein and artery. It is therefore 

rich in oxygenated blood and nutrients sourced from vascular inflow. The mid-parenchymal 

region constitutes zone 2, and zone 3 is closest to the central vein and is exposed to blood 

which has the lowest oxygen content. The lobular gradient generated, results in differences in 

metabolic activity of the cells in each area (11). Blood flow slows down significantly within the 

sinusoids, creating the conditions required for efficient filtration and uptake of nutrients and 

Figure 1.3: The structure of the hepatic acinus and hepatic lobule 

The functional unit is represented by the acinar model is shown on the left and the 
anatomic unit formed by the liver lobule is portrayed on the right (493). PV: portal 
vein, HA: hepatic artery, BD: bile duct, THV: terminal hepatic vein.   
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waste macromolecules from circulating blood (22). There have been recent advances in 

unravelling the metabolic zonation patterns in hepatocytes. It has been illustrated that 55% 

of the hepatic proteome presents with zonation, whereby oxidative phosphorylation, 

complement as well as coagulation cascades and gluconeogenesis exhibited periportal 

zonation. Furthermore, lipid metabolism, bile acid biosynthesis and cytochrome P450 

xenobiotic metabolism displayed pericentral zonation (23). Interestingly, gene expression 

profiles for enzymes expressed by hepatocytes revealed that Cyp8b1 which encodes for a 

protein localised in the endoplasmic reticulum membrane involved in bile acid metabolism 

(member of the P450 enzyme superfamily), was highest in zones 2 and 3 of the liver lobule. 

Additional genes within the P450 superfamily of enzymes, Cyp7a1 and Hsd3b7, which encode 

for enzymes involved in the catalysis of cholesterol into bile acids, were abundantly expressed 

pericentrally. The expression of the gene encoding bile acid-CoA: amino acid N-

acyltransferase, Baat, was absent in hepatocytes located in the pericentral zone (24).  

It is not only hepatocytes which show spatial separation of gene expression. Spatial mapping 

of gene expression in mouse liver using a paired-cell RNA sequencing (paired hepatocyte and 

LSECs) has been implemented in order to infer LSECs location using the expression of 

hepatocyte landmark genes. This approach has revealed spatial heterogeneity in LSECs 

whereby the zonation pattern of genes of ligands such as Wnt2, Wnt9b and Rspo3 were found 

to be enriched in pericentral cells (25). Moreover, Delta-like ligand 4 (Dll4) previously found 

to be enriched in arterial endothelial cells (26), exhibited periportal zonation in LSECs along 

with Efnb2 and Cldn5.                 
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1.1.5 Liver embryonic development  
 

In mice, the foregut endoderm gives rise to the liver and expression of albumin is initially 

observed at E8.5 within the newly formed hepatic endoderm. Fibroblast growth factor 

signalling from the developing heart to the gut tube (27,28) as well as bone morphogenic 

protein signals from the septum transversum mesenchyme result in hepatoblast 

differentiation. Consequently, this leads to the formation of the liver bud at E10.5 (29–31). 

During embryonic development, the human liver acquires its vascular architecture by 17-25 

weeks of gestation however the vessels composing the hepatic vasculature have variable 

embryonic origins. As such, portal vessels originate from vitelline veins while the sinusoidal 

network forms from capillary vessels of the septum transversum. By week 20 of gestation, the 

highly specialised hepatic sinusoidal endothelium acquires its fenestrated phenotype, a 

process led by the transcription factor GATA binding protein 4 (GATA4) (32,33).   

 

1.2 The liver as a multi-functional metabolic engine 
 

1.2.1 Carbohydrate metabolism 
 

The liver is the lead engine of metabolic processes in the human body, and careful 

maintenance of these process is vital for sustaining homeostatic balance. Hepatocytes are 

responsible for carrying out the detoxification, major metabolic function, protein synthesis 

and storage within the liver. As the human body requires energy to function and maintain 

homeostasis, blood glucose levels are balanced between feeding and fasting states. Glucose 

homeostasis in the liver is influenced by hormones secreted by the pancreas such as glucagon 
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and insulin (34,35). After a meal, surplus glucose present in the bloodstream following 

digestion, leads to glycogenesis. Glucose reaches the liver via the portal vein and is absorbed 

by hepatocytes through the glucose transporter 2 (GLUT2) (36). The increase in glucose levels 

activates glucokinase, which is the first enzyme involved in the conversion of glucose to 

glycogen, a form of carbohydrate that can be stored in the liver. Alternatively, glycogenolysis 

takes place to mediate the release of glucose from hepatocytes into the bloodstream during 

a fasting state (37,38).  In order to meet the glucose requirements (125g/day in a 70 kg human) 

when glycogen stores have been depleted, the liver performs gluconeogenesis and uses 

substrates such as glucogenic amino acids (e.g., glutamine and alanine), lactate and pyruvate 

(39,40). 

1.2.2 Protein synthesis and storage  
 

The human body’s source of energy does not rely on glucose alone. The liver is the main site 

of synthesis of multiple amino acids which serve as an energy source such as glutamate, 

aspartate and glycine which also form the building units for the synthesis of integral proteins 

such as albumin and also serve as a substrate for glutathione synthesis which is one of the 

most abundant antioxidants in cells (39,41). Under normal conditions in a healthy individual, 

the liver will produce approximately 20 g of albumin daily (42). Amino acids sourced in the 

liver, originate from dietary intake of protein which reaches the liver through the portal vein 

and is thereafter metabolised by hepatocytes, or via amino acid catabolism (43). This process 

excludes branched chain amino acids whereby hepatocytes accumulate branched-chain keto 

acids (BCKAs) which are produced in muscle tissues. Branched chain a-keto-acid 
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dehydrogenase expressed by hepatocytes then irreversibly mediates the oxidative 

decarboxylation of BCKAs (44–46).              

1.2.3 Lipid metabolism 
 

The liver can both synthesise as well as oxidise fatty acids which along with glycerol comprise 

the main reserve of energy in mammals (47). The liver plays a crucial role in intestinal lipid 

absorption as bile acids secreted by hepatocytes mediate the emulsification of lipid droplets 

after a meal, making them available for lipase hydrolysation. More than 95% of dietary fat 

absorbed by the small intestine, either reaches the liver through the hepatic portal vein (48) 

or is converted by enterocytes into chylomicrons which constitute the largest group of 

lipoproteins found in circulation. Chylomicrons are then released into the lymphatic vessels, 

to be transported to the liver and adipose tissues (49). In addition, the liver contributes to the 

plasma fatty acid content by synthesising triacylglycerol which is packaged as very low-density 

lipoproteins (VLDLs) and secreted into blood circulation (43). Fatty acids bound to albumin in 

blood circulation, reach hepatocytes either by passively diffusing across their membrane or 

via fatty acid transport proteins (FATP) expressed by hepatocytes such as FATP2 and FATP5, 

or caveolin-1 (50,51). Hepatocyte mitochondria are responsible for carrying out b-oxidation, 

a process mediating fatty acid degradation. De novo lipogenesis on the other hand, leads to 

the synthesis of fatty acids within the cytosol of hepatocytes using excess dietary amino acids 

and carbohydrates, a process mediated by the acetyl co-enzyme A (43).   

1.2.4 Xenobiotic metabolism 
 

The liver also carries out detoxification in the body which is a crucial defence mechanism. Drug 

metabolising enzymes are the primary drivers of xenobiotic metabolism within the liver, 
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starting with Phase I enzymes such as cytochrome P450 (CYP450) (52). Drug metabolism 

mediates a series of chemical reactions that result in in the conversion of chemicals that the 

body is challenged with, into water-soluble metabolites which can be more easily eliminated 

from the body through urine. The reactions that take place in the process of chemical and 

toxin degradation can be divided into Phase I and Phase II, with specific metabolising enzymes 

involved in each one (53). The majority of drug metabolising enzymes required, are expressed 

by hepatocytes and these include CYP450, aldehyde dehydrogenase, monoamine oxidases 

and alcohol dehydrogenase, although alcohol dehydrogenase 1 as well as CYP2E1 have been 

reported to be expressed by LSECs thereby suggesting that sinusoidal endothelium is also 

involved in metabolising alcohol (54).         

1.2.5 Blood clearance 
  

The filtration capacity of the liver is mainly dominated by LSECs which mediate blood clearance 

of and filtration through their multitudinous fenestrae as well as endocytic capabilities. LSECs 

and Kupffer cells (KC) both contribute to viral clearance. It has been demonstrated that LSECs 

are involved in the removal of polyomavirus from circulation where mouse LSECs were 

observed to efficiently endocytose blood borne BK- as well as JC-VLPs which were found to 

colocalise with the mannose receptor as assessed by immunofluorescent labelling and 

subsequent confocal imaging (55). Similarly, examination of in vivo viral uptake by LSECs and 

KC in mice, revealed that 90% of adenovirus clearance was mediated by LSECs while the 

contribution of KC to adenovirus uptake was only 10% (56). Additionally, the clearance of HIV-

like particles in mice followed a similar pattern whereby 90% of uptake was localised to LSECs, 

with KC accounted for only 10% of uptake. The hepatic sinusoids exhibit an impressive 

clearance capacity of 100 million HIV-like particles per minute (57). The dynamic sieving 



23 

 

properties of LSECs fenestrations have been demonstrated by reports such as the forced 

sieving of 400 nm sized liposomes through LSECs fenestrae in experiments carried out in rat 

LSECs (58). As fenestrations facilitate bidirectional exchange of substrates, they are also 

permissive of the passage of albumin as well as albumin-bound substrates and experiments 

have demonstrated that that albumin distribution is influenced by alterations in 

fenestrae (59).   

It has been demonstrated by Fraser et al. that LSECs participate in lipoprotein metabolism as 

fenestrations mediate the filtration of chylomicron remnants, circulating lipoproteins with 

atherogenic properties (60), thereby allowing their uptake by hepatocytes. It has been 

suggested that the function of LSECs in chylomicron filtration and clearance, plays a crucial 

part in the prevention and development of atherosclerosis (61,62).  LSECs have also been 

shown to expedite the uptake of oxidised LDL via the endocytic receptor stabilin-1 (63).  The 

scavenging functions and fenestrations of LSECs will be discussed further in section 1.5 of this 

introduction.                        

1.2.6 The role of the liver in immune surveillance 
 

The liver’s capacity to detect and clear pathogens is a dynamic combination of its anatomy 

and resident cell types. As the liver has a dual blood supply, it can detect pathogens of both 

gut and systemic origin. Bacteria-derived molecules such as lipopolysaccharide (LPS) are 

abundantly present in portal blood. In case of injury to the gut epithelium, intact pathogens 

can translocate from the gut into portal blood thereby lead directly to the liver (64).    

Hepatocytes play critical role in activation of innate immunity, as their protein synthesis 

function contributes to fighting pathogens. Proteins secreted by hepatocytes have been found 
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to be elevated following bacterial infection. Inflammatory signals received by hepatocytes 

lead to the rapid production of innate immunity proteins such as C-reactive protein (CRP) and 

serum amyloid p component (SAP), termed as acute-phase proteins (APP) (65). The 

mechanism employed by APP to eliminate bacteria directly or stimulate the immune pathway 

for pathogen clearance is evolutionary conserved. APP production is regulated by 

inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1β (IL-1β) and tumour necrosis 

factor-α (TNF-α) which activate transcription factor 3 (STAT3) which mediates signal 

transduction as well as nuclear factor-κB (NF-κB) activation. Consequently, hepatocytes act as 

effector cells in the delivery of APPs in response to stimulating cytokines such as IL-6 and IL-

1β thereby coordinating the immune response (66).          

The liver also contains the largest macrophage population (Kupffer cells), the highest densities 

of Natural Killer (NK) cells and natural Killer T (NKT) cells as well as the largest network of 

reticuloendothelial cells in the body (67). LSECs contribute to hepatic immune function by 

clearing small immune complexes from blood thereby preventing their pathologic 

accumulation. This is specifically facilitated by the receptor FcγRIIb (CD32B) expressed by 

LSECs (68). Within the sinusoidal network, the rate of blood flow slows down and blood 

pressure is reduced 50-fold in comparison to arterial blood. This optimisation of blood flow 

enables the screening and capture of pathogens from blood passing through sinusoidal 

capillaries (69).                 

The liver’s critical role in regulating response to pathogens has been demonstrated in mouse 

models where animals depleted of KC, were treated with Listeria monocytogenes. The 

depleted animals exhibited 100% mortality (70) thereby confirming the key role of pathogen 
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clearance by KC. NKT cells are act as pathogen patrol as they actively search for pathogens 

within the hepatic vasculature by crawling along the sinusoidal walls regardless of the 

direction of blood flow. When activated, they no longer crawl but rather adhere to the 

sinusoidal wall (71,72). Once activated they can produce regulatory cytokines and chemokines 

to orchestrate and appropriate response to the invading pathogen. The patrolling function of 

NKT cells has been visualised within the liver using intra-vital microscopy in live mice 

expressing green fluorescent protein (GFP) (73).  

 

1.3 Chronic liver disease and hepatic fibrosis  
 

A critical point in liver injury progression, as a result of aetiologies such as ALD, primary biliary 

cirrhosis (74) or autoimmune hepatitis, is the progression to significant liver inflammation as 

a result of the leukocyte recruitment to the liver. The balance between clearance and 

persistence of immune cell subsets within the liver, is a key determining factor in whether the 

injury will resolve, persist, or progress to liver failure or chronic hepatitis and cirrhosis (75). 

Abnormal or persistent activation of LSEC throughout chronic liver injury also triggers 

fibrogenesis as the cells are no longer able to maintain HSC quiescence or angiocrine factor 

release which regulate the equilibrium between regeneration and fibrosis (76). Therefore, 

LSEC dysfunction precedes hepatic fibrosis which eventually progresses to cirrhosis. These 

processes are accompanied by fundamental changes in hepatic tissue architecture such as the 

development of bridging fibrosis and regenerative nodules of hepatocytes throughout the 

liver as well as gradual deterioration of liver functions (77).     
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Fibrosis is a dynamic process involving crosstalk between parenchymal and non-parenchymal 

cells within the liver, characterized by the accumulation of extracellular matrix in the space of 

Disse and the formation of a sub-endothelial basement membrane (78). Although 

myofibroblasts no longer inhabit the liver after embryonic development when they are 

replaced by portal fibroblasts, liver injury leads to their re-emergence though the activation 

of stromal cell populations such as portal fibroblasts or hepatic stellate cells (HSCs) (79). 

Consequently, myofibroblasts are primarily involved in tissue repair and remodelling occurring 

throughout chronic liver injury and are particularly found within scar tissue in cirrhotic livers. 

They highly express α-smooth muscle actin which enables them to apply traction forces and 

produce extracellular matrix (ECM) components and matrix metalloproteinases (80). This 

gradually progresses to the capillarisation of sinusoids which is the progressive defenestration 

of LSEC and phenotypic switch to a phenotype akin to continuous vascular endothelia.  The 

process of capillarisation also involves the loss of GATA4 signalling, and upregulation of 

platelet and endothelial adhesion molecule 1 (CD31) expression (64,81).  

Morphologically, LSECs of diseased livers are characterised by cytoplasmic swelling while the 

cell body protrudes into the sinusoidal lumen. There is an increase in rough endoplasmic 

reticulum in cytoplasmic processes that are closely associated with basement membrane-like 

material, and reticulin fibres in the space of Disse (82,83). One of the most frequent aetiologies 

of chronic liver disease is alcoholic liver disease in which LSEC defenestration has been well-

documented. In a baboon alcohol model, alcohol feeding from 4 to 24 months led to a 

decrease in fenestration frequency and an increase in their mean diameter compared to 

controls (84).  Alcohol induced fenestration of the hepatic sinusoids has been implicated in the 

development of hyperlipoproteinemia as a consequence of the reduced chylomicron 
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clearance of the liver sieve (85,86). Moreover, fibrotic changes in mid-lobular zone of the 

lobule have been reported as perivenous and perisinusoidal fibrosis. TEM combined with SEM 

imaging of liver needle biopsies from normal livers has shown smaller fenestration diameter 

but higher frequency in zone 3 in comparison to zone 1. In contrast to this, in cases of ALD 

with or without fibrosis, fenestration frequency and porosity was significantly lower compared 

to non-alcoholic liver cases (87,88). Proteomic investigations have revealed differential 

expression of proteins in a rat model of ALD. Alcohol dehydrogenase was downregulated after 

1 month of daily 5% ethanol administration in the rats’ diet while aldehyde dehydrogenase 

was upregulated at 3 months which has been linked to a hepatic protection mechanism 

against ethanol toxicity. An additional development in the pathophysiology of ALD as well as 

NASH is fat infiltration which was found to be increased in ethanol-fed rats compared to 

controls (89).         

A key regulator of the LSEC fenestrated phenotype is the constant release of NO as a result of 

shear stress from sinusoidal blood flow and the release of vascular endothelial growth factor 

(VEGF) by hepatocytes. NO signalling involves the endothelial isoform of the enzyme nitric 

oxide synthase (eNOS) which is impaired in chronic liver disease, and this leads to 

vasoconstriction followed by an increase in intrahepatic vascular resistance (90,91). 

Upregulation of the inducible isoform of nitric oxide synthase (iNOS) in LSEC has been 

associated with their capillarisation (92,93). iNOS expression can also be induced by LPS and 

cytokines and is associated with LSEC dysfunction (94).    
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1.4 Hepatic cell types 
 

Cell type organisation and function within the liver is in line with the principle of ‘function 

follows form’. LSEC constitute the first line of defence within the liver, forming part of the 

reticuloendothelial system which is a concept introduced by Aschoff in 1924. This concept also 

includes macrophages and cells residing in the sinusoids of lymph nodes, spleen, bone 

marrow, adrenal and pituitary glands (95). Originally, LSECs and KCs were considered to be 

the same hepatic cell population, until LSECs were distinguished as a separate cell type from 

KCs and were recognised as a specialised type of endothelial cell with high endocytic 

capacity (96). Strategically lining the sinusoidal capillary wall, LSEC act as a permeable barrier 

between circulating blood and the main liver parenchyma (Figure 1.4) while the absence of a 

basement membrane in LSEC allows for the bidirectional flow of particles and 

macromolecules (97). The following sections will summarise the main hepatic cell types and a 

separate section focusing on LSEC phenotype and function is presented in section 1.5.  

The main cell types residing within the liver include parenchymal cells which are hepatocytes 

and non-parenchymal cell populations formed of LSEC, cholangiocytes, epithelial cells, KCs 

and hepatic stellate cells (HSCs) (Figure 1.4) as well as additional endothelial populations and 

liver specific innate and adaptive immune cell populations. Endothelial cell transcription 

within the liver is regulated by the GATA family of transcription factors and the types of 

endothelial cells within the liver include portal and central vein endothelium as well as 

lymphatic endothelium. The heterogeneity exhibited by endothelial cell phenotypes is directly 

linked to the heterogeneity in function. Vascular endothelium lines the hepatic artery and 

portal vein and these endothelial cells form a continuous monolayer in contrast to the 
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discontinuous endothelium lining the sinusoidal capillaries (98). Vascular endothelium is 

surrounded by layers of smooth muscle cells as well as basal lamina, a morphological 

characteristic which emphasises the difference between vascular and sinusoidal endothelium 

within the liver (99). Endothelium lining portal tract and central vein vessels can be labelled 

using CD31 and the transmembrane glycoprotein CD34 which are classic endothelial markers 

(100). Lymphatic vessels within the liver lobule are localised to portal tract areas and lack 

proximal smooth muscle cells and pericytes. They are characterised by lymphatic vessel 

endothelial hyaluronan receptor (LYVE-1), Prox1 and podoplanin expression while functionally 

they contribute to the immune cell trafficking (101). Lymphatic endothelium dysfunction was 

shown to be involved in the development of a fatty liver in mice (102).   

1.4.1 Hepatocytes 
     

The perisinusoidal space called space of Disse, is located between LSEC and hepatocytes 

(Figure 1.4) which compose the liver parenchyma, representing 60% of the total hepatic cell 

population and approximately 80% of the total hepatic volume. Hepatocytes are polarised 

epithelial cells with a polyhedral shape and a diameter of approximately 20 µm to 30 µm, 

arranged into anastomosing plates. Parenchymal organisation has been well demonstrated by 

scanning electron microscopy (103). The plasma membrane regions of hepatocytes vary 

according to the function they associate with. The basal surface of the hepatocyte plasma 

membrane is orientated towards the sinusoidal capillary, with microvilli spreading into the 

space of Disse thereby maximising the surface area available for substance exchange between 

blood plasma and hepatocytes. The lateral plasma membrane is the interface between 

adjoining hepatocyte cells. The basal and lateral domains are considered a combined 
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functional unit and therefore referred to as the basolateral plasma membrane which serves 

as a point for endocytosis and protein secretion.  

Hepatocytes exhibit phenotypic and functional heterogeneity across the liver lobule whereby 

periportal hepatocytes within zone 1 are primarily involved in gluconeogenesis and b-

oxidation (104). The periportal region of the liver parenchyma is the first to be exposed to 

toxins and microbes originating from the gut as well as interacting with blood rich in oxygen 

and nutrients (105). Single-cell RNA sequencing data from human liver samples has shown 

enrichment of genes in relation to lipid and cholesterol synthesis such as SCD, HMGSC1 and 

ACSS2 which match genes enriched in periportal hepatocytes in mice (106). On the contrary, 

pericentral hepatocytes have access to lower concentrations of oxygen and nutrients and are 

therefore characterised by metabolic functions such as enhanced glycolysis, lipogenesis, and 

detoxification (105).  The resulting gradient in nutrients and oxygenation within the liver lobule 

is reflected by the corresponding gene expression within each region, with periportal cells 

expressing high levels of genes involved in innate inflammatory responses such as PGLYP2 

which mediates an anti-inflammatory response against bacteria, for the digestion of the 

peptidoglycan wall  (104,107).            

Transport of bile acids is another important function that hepatocytes perform with bile acids 

extracted at a high rate from circulating plasma (108). Bile canaliculi form a network of 

channels passing directly through adjoining hepatocytes, comprising the apical area of the 

hepatocyte plasma membrane. The apical membrane also has microvilli extensions that 

increase the surface area available for secretion and is separated from the basolateral 

domains by a layer of tight junctions. Bile is secreted by hepatocytes into canalicular space 
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and is drained towards the portal tracts within the bile canalicular network, in order to be 

collected by the biliary system (109).   
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Figure 1.4: Structural organisation of the main hepatic cell types. 

LSEC line sinusoidal capillaries within the liver lobule, forming a barrier between 
the space of Disse and hepatocytes. Hepatic stellate cells reside within the space of 
Disse while Kupffer cells localise to the sinusoidal lumen. The LSEC perform dynamic 
filtration of the blood through fenestrations (gaps in the membrane), as well as 
scavenging and antigen presentation through the expression of multiple receptors. 
Created with BioRender.com    
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1.4.2 Cholangiocytes 
              

Cholangiocytes or biliary epithelial cells (BEC) are dynamic epithelial cells that contribute 3% 

to 5% of the hepatic cell population and form the lining of the ductal network of the biliary 

tree which consists of the canals of Hering, bile ductules as well as the intrahepatic and 

extrahepatic bile duct system. Heterogeneity is common in cholangiocytes throughout the 

biliary tree, and this is also observed on a structural level as their diameter increases in a basal-

to-apical direction which results in increased diameter of the biliary lumen (110). Generally, 

their size differs and is directly impacted by the size of the ducts they line. Cuboidal 

cholangiocytes are found in small bile ducts while they shift to a columnar morphology within 

larger bile ducts (111). Cholangiocytes are primarily involved in the absorption and secretion 

of water and electrolytes thereby altering bile composition while it is transported through bile 

ducts (112–114). The ductal epithelium is responsible for the production of 40% of bile in 

humans. Bile secretion is mediated by sodium and bicarbonate transport from cholangiocytes 

towards the duct lumen along with the controlled passage of water arriving through the 

intercellular tight junctions (115) while secretion is dependent on hormonal regulation by 

secretin and somatostatin (116). The bile absorptive function of cholangiocytes is mediated 

by the expression of transport proteins on their apical and basolateral plasma membranes. 

The absorption of a proportion of secreted bile which is then recirculated back to hepatocytes 

is termed as the cholehepatic shunt. Passive diffusion of unconjugated bile acids (secreted by 

hepatocytes into bile) into cholangiocytes, takes place via their apical plasma 

membrane (117,118). Unconjugated bile acids are then transported back to hepatocytes 

through the peribiliary vascular plexus. This is followed by re-secretion into bile canaliculi and 

this stimulates the secretion of bicarbonate ions (HCO3-) (119). On the contrary, transport of 
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conjugated bile acids depends on specific transporters such as Na+-dependent bile acid 

transporter (ASBT/SLC10A2) which is expressed on the apical plasma membrane of 

cholangiocytes (120). Additionally, cholangiocytes are also involved in the absorption and 

transport of glucose from bile.  

1.4.3 Hepatic oval cells  
 

The liver is known for its capacity to regenerate, and in specific circumstances of liver damage 

where hepatocyte proliferation has been impaired, this is achieved through the activity of 

hepatic oval cells (HOCs) which arise from the canal of Hering in the portal areas of the liver 

lobule (121). They were first detected in the rat liver and are characterised by a high nuclear 

to cytoplasm ratio and have an ovoid nucleus (122). HOCs are derived from biliary epithelial 

cells and just as fetal hepatoblasts, oval cells have bipotential properties which allow them to 

differentiate into hepatocytes or cholangiocytes as necessary. Adult hepatocytes are 

estimated to have an average life span between 200 and 300 days under homeostatic 

conditions (123). Hepatocyte proliferation in response to liver damage is normally mediated 

by hepatocytes that are proliferatively quiescent, which then enter the proliferative 

cycle (124). In contrast to this, proliferation of HOCs and their differentiation into hepatocytes 

is initiated by specific kinds of liver damage, such as chronic liver damage by chemicals such 

as galactosamine and DL-ethionine, as demonstrated in rat models (122). This is a case of 

progenitor-dependent liver regeneration and therefore the oval progenitor cells can be 

regarded as a ‘facultative liver stem cell’ (125). Oval cells express both ductal epithelium 

markers such as cytokeratin-19 (CK19) and hepatocyte markers such as albumin. An additional 
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characteristic that oval cells have in common with fetal hepatoblasts is a high level of a-

fetoprotein expression (122).        

1.4.4 Hepatic stellate cells  
 

Hepatic stellate cells or Ito cells, originally described by Boll and Kupffer in the 1870s, are 

mesenchymal cells found within the perisinusoidal space of Disse (Figure 1.4) and account for 

5-8% of the hepatic cell population. They have an astral phenotype with dendritic-like 

extensions which wrap around the sinusoids and intersect parenchymal hepatocytes, which 

places them in an ideal position for the regulation of hepatic blood flow (126,127). HSCs 

express smooth muscle proteins such as a-smooth muscle actin (aSMA) and desmin and are 

primarily involved in vitamin A storage which can be seen as cytoplasmic lipid droplets within 

the cell cytoplasm, a characteristic that is lost in condition of stress or liver injury. Under 

normal conditions, HSCs are involved in maintaining ECM turn-over within the liver by 

synthesising and secreting ECM molecules, metalloproteinases for matrix degradation as well 

as cytokines and growth factors (128). Liver injury occurring during chronic liver disease, 

activates HSCs leading to a phenotypic shift and trans-differentiation from a quiescent to a 

fibrinogenic state. They then acquire a myofibroblast phenotype and significantly contribute 

to the excess production of collagen which gradually disrupts the liver’s normal architecture, 

leading to the development of liver fibrosis, scarring and ultimately cirrhosis (129). Therefore, 

their phenotypic differentiation during chronic liver disease also contributes to the 

capillarisation of the sinusoids. The phenotypic differentiation of activated HSCs to 

myofibroblasts is mediated by proinflammatory cytokines released by infiltrating immune 

cells as well as an increase in reactive oxygen species (ROS). ECM and protease secretion as 
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well as migration of HSC upon activation are energy demanding processes and this is reflected 

by the augmented glucose transport capacity as well as glycolytic activity of primary activated 

HSC in vitro (130). Single cell transcriptomic studies have revealed a link between spatial 

zonation and function of HSCs throughout liver fibrosis, whereby HSCs localised within the 

central vein area of the liver lobule appear to be leading pathogenic collagen production 

during fibrosis as a result of liver injury initiated in that specific area. Moreover, single cell RNA 

sequencing has revealed three distinct mesenchymal sub-populations in the fibrotic mouse 

liver. The portal niche identified, consists of CD34+, PDGFRb+ cells, localised next to PanCK+ 

biliary epithelial cells. Reelin+ and PDGFRb+ mesenchymal cells were located within the 

perisinusoidal space, while PDGFRb+ and Calponin 1+ were found within the walls of both the 

hepatic artery and portal vein  (131).      

1.4.5 Immune cell populations 
 

An additional liver-specific cell type residing within the sinusoidal lumen, are KC (Figure 4), 

constituting the liver’s resident macrophage population and one of the liver’s innate immune 

cell populations. They contribute to hepatic clearance and scavenging by expressing markers 

such as the mannose receptor, a characteristic they have in common with LSEC (132). Even 

though there is evidence from bone marrow and liver transplant studies that suggests KC are 

derived from circulating monocytes (133), they do have the capacity to proliferate which is a 

property allowing the Kupffer cell population to expand during liver injury (134,135). 

Additionally, from a developmental point of view, KC appear in the mouse liver before the 

appearance of circulating monocytes and there is evidence supporting that they could 

originate from macrophages within the yolk sac (136,137). Functionally, KC focus on 
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phagocytosis and rapidly clear apoptotic hepatocytes as well as removing and degrading 

soluble matter from portal blood.  Emerging evidence is increasingly supporting the fact that 

the immune microenvironment within the liver is a major player in maintaining homeostasis 

as well as driving disease-specific pathophysiological processes. Single cell transcriptomics 

have deconvolved the existence of two distinct populations of intrahepatic macrophages 

within all normal liver specimens analysed. Both populations were CD68+, however one of the 

populations exhibited enriched expression of LYZ, CSTA, CD74, which indicated that this 

subpopulation represented inflammatory macrophages. The second CD68+ macrophage 

population identified, was characterised by enriched expression of genes related to the 

tolerogenic function of macrophages such as VSIG4 whose tolerogenic properties have also 

been confirmed in mice (106,138).                  

The liver immune microenvironment is shaped by resident innate immune cells including KCs, 

invariant NKT (iNKT) cells, natural killer (NK) cells, mucosal-associated invariant T (MAIT) cells, 

gd T cells, dendritic cells as well as innate lymphoid cells (139–143). The tolerogenic 

environment existing within the liver under homeostatic conditions, primes resident innate 

immune cells which are also involved in the clearance of pathogen-associated molecular 

patterns (PAMPs) and damage-associated molecular patterns (DAMPs) they frequently 

encounter (144–147). KCs contribute to the maintenance of hepatic homeostasis through the 

clearance of senescent and dead cells, phagocytosis as well as by participating in the tissue 

repair process (64,148). The production of immunosuppressive metabolites such as IL-10 and 

prostaglandin is mediated by KCs in mice as well as the expression of V-set and Ig domain-

containing 4 (VSIG4) which is involved in the inception of immune tolerance in T and NKT cells.  

The liver microenvironment is enriched in IL-10 which is involved in the up-regulation of 
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programmed death ligand 1 (PD-L1) expression on KCs. PD-L1 is then indirectly stimulate the 

development of Tregs by promoting T cell inhibition (149–152).    

Adaptive immune cells within the liver include T cells such as regulatory T cells (Tregs), 

cytotoxic T lymphocytes and Type 1, 2, 17 and 22 helper T cells as well as B cells and plasma 

cells (153–155). Tregs are major players in maintaining hepatic tolerance through the 

expression of immunoregulatory markers such as cytotoxic T lymphocyte-associated protein 

4 (CTLA-4) and lymphocyte-activation gene 3 (LAG-3). They are responsible for IL-10 secretion 

which harbours anti-inflammatory properties, and this is vital for the conservation of immune 

tolerance within the liver as well as preventing immunopathogenesis (156,157).  In mice, 

immune tolerance is mediated by the cooperation of hepatic immune cell populations such as 

Tregs and KCs in order to reinforce a local suppressive environment, thereby preventing the 

progression of a cytotoxic T lymphocyte response (158).  
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1.5 The liver sinusoidal endothelial cell and its role in health and disease 
 

1.5.1 Phenotypic, structural, and functional characteristics of LSEC 
 

As the hepatic cell type of interest in this thesis is LSEC and how their phenotype and function 

is altered in disease, section 1.5 will focus on the current knowledge on LSEC phenotype and 

function. The distinction between LSEC and KC was brought forward by Eddie Wisse who 

submitted evidence supporting the presence of an endothelial cell population inhabiting the 

hepatic sinusoids as opposed to KC only (96). LSEC form a unique endothelial population 

within the liver and line the capillaries carrying blood through the hepatic sinusoidal network 

(Figure 1.4). Consequently, they are strategically positioned, and this is in accordance with 

their structure as well as the wide range of functions they perform in maintaining hepatic 

homeostasis. To begin with, they lack a basal lamina and are arranged in a thin cytoplasmic 

layer which is approximately 50 nm to 80 nm thick. Their plasma membrane is decorated with 

dynamic, transmembrane nanopores called fenestrations or fenestrae (Figure 1.4) that lack 

diaphragms and carry out a critical filtration function (159). The fenestrated membrane of 

LSEC allows for direct access to the liver parenchyma through the space of Disse thereby 

creating bidirectional route for the exchange of substrates; hence why the fenestrated LSEC 

membrane is often referred to as a molecular sieve. Pharmaceutical molecules, lipoproteins, 

and macromolecules flow through fenestrae to reach hepatocytes and waste output flows 

through fenestrae back into the bloodstream (160).  
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1.5.2  eNOS-mediated regulation of LSEC function  
 

The endothelial isoform of the nitric oxide synthase (eNOS) is constitutively expressed by LSEC, 

and its activation is mediated by stimuli such as VEGF and shear stress. eNOS is responsible 

for the constant release of small amounts of nitric oxide (NO) which is vital for preservation 

of vascular tone and hepatic blood flow as well as HSC quiescence (161,162). NO was originally 

named as the ‘endothelial-derived relaxation factor’ by Robert Furchgott and regardless of the 

fact that it is a highly reactive and diffusible signalling molecule, it mediates post-translational 

modification of target proteins via S-nitrosylation (163). NO synthesis is the result of the 

conversion of the amino acid L-arginine and oxygen (O2) to NO and L-citrulline (164). cGMP is 

the primary mediator of NO signalling, and its downstream targets include cGMP-dependent 

protein kinases (PKGs), phosphodiesterases (PDEs) and cGMP-gated cation channels.     

The localisation of eNOS within LSEC influences protein targeting for S-nitrosylation and it 

usually localises to intracellular membrane domains which include the cytoplasmic side of the 

Golgi apparatus as well as plasma membrane caveolae (165). Experiments comparing the 

localisation of mutant and wild type eNOS have demonstrated that eNOS 

compartmentalisation at the Golgi apparatus affects cell functions such as protein trafficking 

by decreasing the transport velocity of proteins from the endoplasmic reticulum to the Golgi 

and from the Golgi to reach the plasma membrane (166). The fact that eNOS localises to the 

Golgi apparatus is associated with regulation of Golgi function through S-nitrosylation of 

proteins such as extracellular matrix metalloproteinase inducer (EMM-PRIN) and Golgi 

phosphoprotein 3 (GOLPH3) in endothelial cells (167,168).      
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1.5.3  It’s all about fenestrae  
 

Fenestrae were first identified as a structural feature on LSEC by Yamagishi in 1959 using 

transmission electron microscopy (TEM) in ultrathin sections and described further by Eddie 

Wisse in 1970 (169,170). Fenestrations are also found on the membrane of glomerular 

endothelial cells in the kidney (171). In LSEC, these nanopores occupy 2-20% the plasma 

membrane’s surface area as described from scanning electron micrographs (172) and they are 

organised in clusters called sieve plates situated between cytoplasmic arms. Fenestrae cover 

the flattest regions found in the periphery of the LSEC membrane as well as having perinuclear 

localisation (173,174). The reported size range of fenestrations is typically between 50 nm and 

300 nm and these values are species dependent (175–177).   

The frequency and diameter of LSEC fenestrae vary across the liver lobule. When looking at 

fenestrations from periportal to pericentral cells, there is a slight decrease in diameter with 

measurements of 110.7±0.25 nm to 104.8±0.22 nm respectively (measurements taken after 

critical point drying for SEM) (178). In addition, fenestrae frequency was increased across the 

liver lobule, thereby leading to an increase in porosity. Fenestrae measurements carried out 

from transition electron microscopy (TEM) images on the other hand, indicate diameter values 

of 174.6 ± 1.0 and 147.2 ± 0.9 nm for periportal and pericentral LSEC respectively (179). These 

measurements clearly illustrate the differences between different sample preparation 

approach for specific imaging techniques.      
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1.5.4 Maintenance of fenestrae  
 

Vascular endothelial growth factor (VEGF) is a major player in the maintenance of LSEC 

fenestrae by acting as a vascular permeability factor (180). It is released by hepatocytes and 

cholangiocytes as part of paracrine signalling and maintains LSEC porosity through the release 

of NO (181). LSEC also express the VEGF receptors VEGF receptor 1 (VEGFR1, FLT1) and VEGF 

receptor 2 (VEGFR2, KDR) which participate in the VEGF signalling cascade. VEGFR2 mediates 

signalling associated with LSEC proliferation and survival while VEGR1 has been linked to 

pathological angiogenesis (182). Maintenance of the liver sieve is a closely regulated process, 

with NO constantly produced in small amounts by eNOS which maintains the dynamic 

filtration capacity of the liver sieve.  

1.5.5  Decoding the regulation of fenestrae 
 

Recent advances in the study of fenestral dynamics have contributed to the puzzle of how 

these nanopores are maintained and regulated. Such studies have suggested four different 

hypotheses to explain the process. Firstly, the idea that fenestration frequency is regulated by 

actin (de)polymerisation was introduced by Braet et al. in 1995 where fenestrae-associated 

cytoskeleton rings (FACR) were shown to border individual fenestrae (183) as well as sieve 

plates and individual fenestrae within them (184). The treatment of rat LSEC with actin 

depolymerising drugs such as latrunculin, illustrated the relationship between fenestrae and 

the cytoskeleton since alterations in LSEC cytoskeleton were detected as well as an increase 

in the number of fenestrae (185). Secondly, the hypothesis that calcium ions regulate 

fenestrae diameter has also been proposed. The concept is supported by the role of calcium, 

calmodulin and actomyosin in the contraction of fenestrations whereby calcium-calmodulin 
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signalling modulates myosin light chain phosphorylation. The close association of calmodulin 

and actin microfilaments with the LSEC plasma membrane, indicates that the occurrence of 

calcium ions, calmodulin and actin microfilaments could be contributing to the contraction 

and dilatation of fenestrae (186). A mechanism for the contraction and dilatation of fenestrae 

were brought forward by Van der Smissen et al. and Oda et al. in 1986 and suggested that 

regulation of fenestrae diameter was influenced by a calcium-calmodulin-actomyosin system 

surrounding the nanopores (187,188). It is well known that fenestrae and fenestrae-forming 

centres (FFC) predominantly occur in the flat areas of the LSEC plasma membrane across the 

cell periphery. The sieve-raft hypothesis for the regulation of fenestrations indicates that the 

flat areas of the plasma membrane where fenestrations occur are situated between lipids rafts 

(189). These have been characterised as dynamic membrane micro-domain clusters enriched 

with cholesterol and sphingolipids, susceptible to morphological changes in response to intra- 

or extracellular stimuli (190). The existence of lipid rafts is a controversial concept itself, as it 

based on the idea that living membranes are not laterally homogeneous, however solid 

evidence towards how lipid rafts contribute to the regulation of signalling at the plasma 

membrane has yet to emerge (191). The final hypothesis concerning the regulation of 

fenestrae involves the scaffolding protein spectrin in the closed and open states of 

fenestrae (192). Spectrin mediates the connection of the plasma membrane to the actin 

cytoskeleton and is therefore integral in maintaining membrane integrity and transmembrane 

protein arrangement (193,194). Super-resolution fluorescence microscopy has significantly 

contributed to the establishment of the structural association between the actin cytoskeleton 

and fenestrae within sieve plates (184,195,196). It has been demonstrated that actin encircles 

fenestrations (184,192), and super-resolution images have indicated the uniform distribution 
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of actin and spectrin within the LSEC plasma membrane and specifically within sieve plates. It 

has also been deduced that a complete fenestrae-associated cytoskeletal ring (FACR) is 

required to mediate the transition to an open pore state thereby controlling fenestrae 

formation and the rapid switching between an open and closed state, termed ‘blinking’. 

Moreover, it has been hypothesised that the ‘blinking’ of fenestrae is mediated by the fine 

tuning of actin depolymerisation and cytoskeleton degradation with the involvement of 

spectrin oxidation (192). 

The remodelling of the LSEC cytoskeleton influencing fenestrae frequency is also of particular 

importance when isolating LSEC since cultured cells undergo a shift from an in vivo to an in 

vitro state. Imaging of live LSEC using Atomic Force Microscopy (AFM), has demonstrated the 

opening, and closing of individual fenestrations as well as sieve plates during LSEC attachment 

to the substrate provided in vitro (197). Even though fenestrae dynamics were shown to 

gradually slow down, within 20-minute window, fenestrae still maintained the capacity to 

migrate and alter their diameter up to 200% (198).     

The inducibility of fenestrae on the LSEC membrane was first demonstrated by Steffan et al. 

in 1986 (199) by treating mouse LSEC with cytochalasin B which is a microfilament-inhibiting 

agent. Cytochalasin B induced an increase in fenestration number confirming the relationship 

between fenestrae and the cytoskeleton. This change proved to be reversible upon removal 

of cytochalasin B after a three-hour treatment. In contrast to this, colchicine which has a 

microtubule-disrupting effect did not impact the number of fenestrae and these findings 

emphasise the importance of the actin-cytoskeleton in fenestrae formation (200). As 

fenestrae are dynamic structures, their diameter can be altered leading to an overall change 
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in porosity of LSEC. Substances such as alcohol, dietary nutrients as well as pharmacological 

agents such as sildenafil citrate can rapidly mediate changes in fenestrations. An example of 

this is the enlargement of fenestrae to a range of 0.5-3 µm in diameter following 

acetaminophen treatment in mice assessed by TEM and SEM (201).   

Sildenafil citrate indirectly increases the bioavailability of NO to LSEC which is a key regulatory 

molecule in liver homeostasis and disease, thereby promoting fenestrae formation (re-

fenestration) and altering LSEC porosity. Sildenafil citrate has previously been used in mouse 

LSECs and was found to increase LSEC porosity (202). The mechanism of action involves the 

inhibition of phosphodiesterase type 5 (PDE-5) thereby inhibiting the breakdown of cGMP. 

The increased presence of cGMP in vasculature, and sinusoidal capillaries within the liver, 

leads to vasodilation (203).  

1.5.6 LSEC as scavengers within the hepatic microcirculation 
 

LSEC owe their very efficient blood clearance and endocytic properties to the fenestrations 

decorating their plasma membrane and also to the impressive array of receptors and adhesion 

molecules they express. LSEC are highly involved in the fine tuning of hepatic homeostasis by 

having a critical role in blood clearance by efficiently removing nanoparticles and waste 

macromolecules via receptor mediated endocytosis (204). As a result of the constant release 

of matrix macromolecule fragments such as collagens and connective tissue polysaccharides, 

e.g. hyaluronan, a large proportion of these molecules escapes lymph node clearance to and 

enter the general circulation. Here they reach the hepatic microcirculation where they are 

rapidly endocytosed and degraded by LSEC. The main receptors expressed by LSECs are 
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reviewed in the following section and their expression patterns in human LSEC in vitro will be 

presented in chapters 3 and 4.  

The mannose receptor (CD206) is a type I transmembrane receptor within the C-type lectin 

receptor family. It plays a major role in blood clearance as it is a multi-ligand receptor. This is 

illustrated by its binding affinity for several different ligands through three different ligand 

binding domains it expresses. Within the liver, it is abundantly expressed by LSEC, and also by 

subgroups of macrophages such as KC but to a lesser extent (205). The C-type (C-type lectin) 

domain, which is calcium dependent, is responsible for carbohydrate binding, is present in 

eight copies and binds mannose and N-acetylglucosamine (206,207). A second domain, 

formed by a single fibronectin type II repeat, specifically recognises alpha chains present in 

collagen types I – IV and therefore effectively clears collagen waste molecules as well as the 

fibrinolytic tissue plasminogen activator (208,209). The third domain which is rich in cysteine 

and is characterised by a high affinity for sulphated N-acetyl-galactosamine residues (GalNAc-

4-SO4). As a result of this cysteine rich domain of the mannose receptor, hormone level control 

is carried out through the recognition and clearing of hormones such as lutropin and 

thyrotropin (210). A genetic fingerprint for human LSEC composed of 30 genes was established 

using GFP+ LSEC from Tie2-GFP mice. Only genes corresponding to human orthologs were 

included in the final fingerprint and microarray quantification revealed the mannose receptor 

(Mrc1) was within the top three abundant LSEC markers (211).     

The scavenging activity of LSEC also contributes to hepatic immune function through the high 

expression of FcγRIIb (CD32B) which is the only inhibitory Fc receptor expressed by LSEC. It 

plays a key role in immune and inflammatory mechanisms by clearing small soluble immune 
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complexes (212). Functional evidence supporting the expression of Fc receptors on LSEC and 

not only KC, was presented by Muro et al. in mouse, rat, and human liver where small immune 

complexes were evenly distributed across the sinusoidal wall and binding was observed both 

on the luminal and abluminal compartments of LSEC with higher occurrence on the luminal 

side. It is also noteworthy that most of the immune complex binding was observed in LSEC 

compared to KC and was absent in portal veins and arteries as well as central veins (213,214). 

In mice, 90% of FcγRIIb expression can be assigned to LSEC, while lack of this receptor leads 

to the development of systemic lupus erythematosus (215). FcγRIIb is therefore an essential 

receptor for the efficient elimination of immune complexes which would otherwise be 

deposited on tissues and trigger an inflammatory response. Following the binding of immune 

complexes to FcγRIIb, they are internalised via clathrin-coated pits (212). This endocytic 

pathway distinguishes LSEC from other endothelial cells as in general, endothelial cells follow 

caveolae-mediated endocytosis. Despite the fact that LSEC express Caveolin-1, endocytosis via 

caveolae has not been reported (216).   As a result of mRNA splicing, there are two splice 

variants of FcγRIIb receptor, namely FcγRIIb1 and FcγRIIb2 (217). The difference between 

them lies in the cytoplasmic tail of FcγRIIb2 which includes a domain required for the 

accumulation in coated pits. In FcγRIIb1 however, this domain is interrupted by a 47 amino 

acid insertion and therefore, endocytosis and internalisation via coated pits can only be 

mediated through FcγRIIb2 (218). As well as clearance of small soluble immune complexes, 

FcγRIIb ligands include fibrinogen-like protein 2 (FGL2) (219) and measles virus nucleocapsid 

protein (220). The distribution of FcγRIIb along the liver lobule varies between rodents and 

humans, with even distribution throughout the entire liver lobule in rat and mouse liver 

(56,132). In contrast to this, expression of FcγRIIb in human liver is absent in periportal areas 
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(100). In liver cirrhosis and hepatocellular carcinoma however, expression of FcγRIIb is 

downregulated (221,222).                          

Stabilin 1 (STAB1, FEEL-1, CLEVER-1) is a homeostatic endocytic receptor expressed on 

sinusoidal endothelium as well as macrophages although its expression in KCs has not been 

reported (223,224). It is involved in receptor mediated endocytosis and recycling and shuttles 

between the endosomal compartment and trans-Golgi network. Its role in the endocytosis of 

different forms of LDL such as oxidised LDL and acetylated (ac)LDL has been demonstrated 

using CHO and HeLa cells which were transiently transfected with stabilin-1 (225,226). 

Trafficking of stabilin-1/acLDL has been shown to be dependent on PI3K activity throughout 

the lysosomal-targeted endocytic pathway which confirmed that stabilin-1 mediated 

trafficking of acLDL utilises the classical endocytic pathway (227,228). The homeostatic 

function of stabilin-1 is illustrated by its ability to internalise and clear the glycoprotein SPARC, 

a well-known regulator of tissue remodelling and wound healing which has been implicated 

in the inhibition of VEGF interaction with the endothelial surface (229–231). SPARC expression 

is increased during chronic liver injury and its accumulation has been implicated in 

fibrogenesis in NASH (232).     

Stabilin-2 is regarded as the main endocytic receptor for hyaluronan (233) and although it is 

structurally similar to stabilin-1 it is exclusively expressed on LSEC (234,235). Its involvement 

in hyaluronan uptake has been further illustrated in cultured LSEC using an anti-stabilin-2 

antibody which inhibited hyaluronan accumulation in LSEC at a level > 98% (236). Additional 

ligands for endocytosis by stabilin-2 include formaldehyde-treated BSA, acLDL and 

glycosaminoglycan (237). The distribution of stabilin-2 expression was reported to be up to 
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50% on the plasma membrane and was also found to be more abundant than stabilin-1 on the 

cell surface (238). In terms of the involvement of stabilin-2 in pathogenic processes, reduction 

of stabilin-2 expression has been found to contribute to protection against 

atherosclerosis (239) while high expression levels have been associated with a poor prognosis 

in non-small cell lung cancer (240).  

LYVE-1 is a member of the link protein superfamily, and its expression is a characteristic LSEC 

have in common with lymphatic endothelium where it functions as a hyaluronan receptor. 

LYVE-1 expression has been reported in healthy sinusoidal endothelium while downregulation 

of expression was observed in cirrhotic livers as well as cases of hepatocellular 

carcinoma (241). Characterisation of LYVE-1 expression using immunohistochemistry in 

chronically inflamed livers of varying aetiologies such as Hepatitis C, ALD, NASH and PBC has 

revealed reduced LYVE-1 expression while LSEC in livers marked by complete septal cirrhosis 

lacked LYVE-1 expression altogether (242). In addition, hepatic metastasis of WT31 melanoma 

cells in a LYVE-1 knock out mouse model was significantly reduced, thereby suggesting a 

regulatory role of LYVE-1 in hepatic metastasis (243).    

LSECs also express C-type lectin domain family 4 member M (CLEC4M) endocytic receptor, 

which mediates the uptake of von Willebrand factor (VWF) and the blood coagulation factor 

VIII (FVIII) which circulate in blood plasma in dynamic equilibrium (244). The internalisation of 

VWF in CLEC4M expressing HEK 293 cells has been reported whereby it is transported to early 

endosomes (245). Further characterisation of the endocytic pathway mediating VWF uptake 

has revealed the involvement of clathrin-coated pits (246). CLE4M is also involved in the 

uptake of bacterial and viral pathogens (247).    
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1.5.7 The role of LSEC in leukocyte trafficking within the liver  
 

LSEC mediate 70-80% of leukocyte adhesion during liver inflammation.  Activation of the 

leukocyte adhesion cascade (248) involves a sequence of steps beginning with initial tethering 

and rolling of leukocytes to the luminal side of the blood vessel or capillary and enter a state 

of arrest which allows for strong adhesion. The adhesion of leukocytes is mediated by integrins 

activated by chemokines released within the tissue, which bind immunoglobulins expressed 

on the endothelial luminal surface. This is followed by transmigration into the tissue through 

the endothelial barrier to reach the site of inflammation. Transmigration is achieved through 

a series of changes to the cytoskeleton of both the endothelium and leukocytes as well as 

receptor-ligand interactions which allow leukocytes to migrate with no disruption to the 

vascular barrier (249,250). Although in general, tethering of leukocytes to the endothelial 

barrier involves selectins and E -selectin in particular is an adhesion molecule previously 

described to be upregulated in LSECs during disease (251), leukocyte tethering within the liver 

can be independent of selectins and rolling activity is generally not observed. Physical trapping 

of leukocytes instead of molecular adhesion within the sinusoids has also been proposed. This 

could be attributed to the fact that anatomically the sinusoidal capillaries are narrow, 

characterised by low shear stress and depending on the zonal location they are not wider than 

a flowing leukocyte (252).   

In liver disease, LSEC express high levels of the conventional adhesion molecules involved in 

leukocyte attachment to the endothelium such as intercellular adhesion molecule 1 (ICAM1) 

and vascular cell adhesion molecule 1 (VCAM1) (253,254). The involvement of both ICAM1 

and VCAM1 in lymphocyte recruitment has been demonstrated both in vitro and in vivo 
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assays. Lymphocytes bind to VCAM1 via a4b1 integrin binding and this facilitates their capture 

from circulating blood as well as stabilisation (75,255). ICAM1 mediates strong adhesion by 

binding to integrin aLb2 (252). It has been demonstrated that mucosal vascular addressin cell 

adhesion molecule 1 (MADCAM1) which mediates lymphocyte trafficking to the gut through 

mucosal vessels, is upregulated in some chronic liver diseases. In these cases, it facilitates the 

recruitment of activated T cells expressing high levels of a4b7 integrin within the gut. This 

strengthens the association of IBD with inflammatory liver disease such as primary sclerosing 

cholangitis (256,257). Molecules contributing to unconventional adhesion and migratory 

routes of lymphocytes within the hepatic sinusoids include vascular adhesion protein 1 

(VAP1), an amine oxidase which was initially described to be involved in lymphocyte adhesion 

to post-capillary endothelial venules within lymph nodes (258). LSEC express VAP1 at high 

levels in chronic liver disease. The first study to report data from human LSEC on the activity 

of VAP1, demonstrated that VAP1 promotes lymphocyte adhesion and transmigration across 

LSEC under physiological shear stress. Blocking of VAP-1 resulted in decreased lymphocyte 

adhesion to LSEC stimulated by tumour necrosis factor a (TNF-a) by 50%, under conditions of 

flow, while the number of adherent lymphocytes that transmigrated across LSEC activated 

with LPS was significantly reduced (259). Several studies have confirmed that the enzyme 

activity of VAP1 can indirectly upregulate leukocyte recruitment by inducing the over-

expression of adhesion molecules on LSEC (260–263). Additionally, Stabilin-1 and Stabilin-2, 

members of the scavenger receptor family, have also been implicated in leukocyte trafficking 

to the liver. Stabilin-1 expression is increased in chronic liver disease as well as hepatocellular 

carcinoma thereby mediating lymphocyte transmigration under conditions of shear stress. It 
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has also been suggested that Stabilin-1 might boost the recruitment of regulatory T cells (264). 

Stabilin-2 also plays a role in lymphocyte adhesion to LSECs by binding aMb2 integrin (265).  

Both paracellular and a transcellular routes of leukocyte transmigration across the hepatic 

sinusoids have been described. In the paracellular route, adherence to LSEC is followed by 

crawling along the endothelial surface prior to transmigration through endothelial 

junctions (266,267). Visualisation of migrating lymphocytes across LSEC under conditions of 

flow using confocal microscopy, has illustrated that 50% of cells followed the transcellular 

route of migration, thereby traveling directly through the endothelial cell body in contrast to 

the paracellular route (264). The transcellular migration route included the creation of ICAM1-

rich channels which enabled lymphocyte migration (268). Intracellular crawling of 

lymphocytes within LSECs has also been described, whereby lymphocytes migrate to adjacent 

LSECs through cell junctions (269).                         

1.5.8 LSEC as antigen presenting cells 
  

LSECs utilise scavenger receptors, the mannose receptor in particular to contribute to the 

regulation of adaptive immunity within the liver. LSECs ability for antigen-presentation to CD8+ 

T cells has been demonstrated whereby the mannose receptor mediated the endocytosis, 

processing, and transfer of antigen to major histocompatibility complex (MHC) 

class I (270,271). Antigen uptake via the LSEC mannose receptor contributes to CD8+ T cell 

tolerance, as well as tumour antigen tolerance (272,273).  Moreover, antigen presentation 

including orally derived antigens, and expression of programmed cell death 1 ligand 1 (PDL1) 

by LSEC, mediates a tolerogenic response in naïve CD8+ T cells. This is achieved by the 

activation of the receptor programmed cell death protein 1 (PD1) on naïve T cells (274–276). 
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T cell activation mediated by LSEC is adaptable and drives rapid effector T cell responses, 

depending on antigen load and the presence of local inflammatory factors. This has been 

illustrated in vitro, where mouse LSEC received antigens at variable concentrations for the 

purpose of cross presentation to CD8+ T cells. Higher concentrations of antigen presented by 

LSEC lead to differentiation of T cells from a tolerogenic to an effector state resulting from 

enhanced T cell receptor signalling which overpowered PD-1 driven tolerogenic responses 

(277). MHC class II molecules are also expressed by LSEC which allow antigen presentation to 

CD4+ T cells(278). The fact that LSEC express co-stimulatory molecules leads to regulatory T 

cell development instead of mediating the differentiation of naïve CD4+ T cells to T helper cells 

(279,280). In mice it has been demonstrated that the tolerance inducing properties of LSEC 

regulate autoimmunity whereby an interaction between LSEC and circulating inflammatory 

CD4+ T cells was shown to successfully suppress inflammatory cytokine release (281).     

     

1.6 Imaging approaches for visualisation of fenestrae 
 

1.6.1 Electron microscopy  
 

Microscopy has always guided biological knowledge and discovery. Many of the receptors and 

features described in the preceding sections have been identified using traditional microscopy 

approaches. However, the size of the average LSEC fenestration means that specialised 

microscopy approaches are required for the visualisation of fenestrations. Electron 

microscopy (EM) specifically, initially used for the exploration of matter within the fields of 

material and soil sciences, has contributed immensely to the study of liver biology with the 

first description of fenestrations recorded by Yamagishi in 1959 using TEM. Eddie Wisse’s work 
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with electron microscopy has also contributed enormously to the characterisation of LSEC 

fenestrae.    

Electron microscopy utilises a focused beam of electrons to image a sample as opposed to 

photons used in light microscopy. Scanning electron microscopy (SEM) offers the advantage 

of providing a greater field depth to; therefore, a larger surface area of a sample can be imaged 

in a single field of view at nanometre resolution. The scanning electron microscope offers a 

view of the surface of a sample whereas for transmission electron microscopy (TEM), samples 

are sectioned thereby looking through a sample to visualise internal features. When the 

electron beam comes in contact with matter such as a biological sample, the interaction gives 

rise to high energy backscattered electrons, secondary electrons, and X-rays which are then 

collected by appropriate detectors. The advantage of EM is that electrons have a shorter 

wavelength than photons and this results in superior resolution (282). As with all imaging 

approaches, EM comes with limitations or compromises with regards to sample preparation.     

1.6.2 The principle of fluorescence  
 

Fluorescence microscopy has been an invaluable tool in studying cell physiology such as 

identifying and characterising transmembrane receptor expression or quantifying 

fluorescently labelled vesicles endocytosed by cells. The fundamental principle of 

fluorescence is based on light energy absorption in the form of a photon. This is followed by 

the emission of part of absorbed light energy in a matter of nanoseconds. This process results 

in some energy loss whereby the photon emitted has less energy than the photon absorbed. 

Based on the fact that light with a short wavelength (i.e 405 nm) has higher energy compared 

to longer light wavelengths (i.e 647 nm), emitted light from a fluorophore will usually have a 
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longer wavelength compared to the wavelength of the absorbed light at the point of 

excitation. This difference between excitation and emission wavelengths is termed as the 

Stokes shift (283). Laser scanning confocal microscopy is an essential imaging tool for the 

characterisation of expression of the repertoire of phenotypic markers contributing to LSEC 

identity (269). The use of fluorescent labels allows for the visualisation of the distribution of 

phenotypic markers such as scavenger receptors across the cell surface or tissue sample. 

Additionally, colocalization of different markers can be identified. The acquired image 

originates only from the focal plane with optical removal of noise emerging from sample 

thickness. The approach of optical sectioning employed by confocal microscopy is also suitable 

for imaging liver tissue sections. In confocal imaging, the chosen field of view in a specimen is 

focused on by the objective lens and scanning is carried out across it so that illumination and 

light detection are derived strictly from that specimen region. The pinhole can be adjusted to 

eliminate out of focus light and is recommended to image at 1AU, while a PMT detector 

situated behind it collects the light. Specialised computer software synchronised with the 

microscope build an image of the specimen, from the PMT detector output (284,285). A 

limitation of confocal microscopy is that it is a diffraction limited technique and therefore 

cannot resolve structural features below 300 nm such as fenestrations.                   

 

1.6.3 Seeing beyond the diffraction limit using super-resolution microscopy 
 

The development of super-resolution fluorescence microscopy has reformed biological 

research in the last couple of decades by overcoming the resolution limit posed by the 

diffraction of light. Conventional microscopy is restricted to a resolution limit of ∼λ/ (2 NA) (λ 
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is the wavelength and NA is the numerical aperture of the microscope system) referred to as 

the Abbe diffraction limit (286). Structured illumination microscopy (SIM) (287), stimulated 

emission microscopy (STED) (288), photo-activated localisation microscopy (PALM) (289,290), 

stochastic optical reconstruction microscopy (STORM) and direct stochastic optical 

reconstruction microscopy (dSTORM). Super-resolution approaches such as STED overcome 

the diffraction limit by optically controlling the point spread function (PSF) which in the 

acquired image, is a blurred representation of how a single point looks like in the actual 

specimen (291). In a diffraction limited image for instance two PSFs closer than 300 nm apart 

would be seen as one blurred point within the image. STORM, dSTORM and PALM, are super-

resolution optical microscopy techniques also referred to as single molecule localisation 

microscopy techniques. STORM was developed in 2006 (292) and is known for its capability to 

achieve sub-diffraction resolution through single molecule localisation. This is achieved by the 

use of photo-switchable fluorescent probes which are sequentially switched “on” and “off” 

shifting between the excited state and dark state respectively, in each image frame. The 

continuous photo-switching throughout image frame acquisition allows for only a subset of 

fluorophores to be switched on in a given frame. A localisation algorithm is then used to 

determine the centres of all single fluorescent emitters within each frame at nanometre 

precision. Image resolution can be improved by 10 times, as long as sufficient localised 

fluorophores have been acquired from a large enough set of image frames (between 5000 – 

40000 frames). Although the computational reconstruction and analysis of (d)STORM images 

can be a tedious process, this imaging approach offers a resolution down to approximately 20 

nm using standard organic dyes (292–294). Even though the dye or fluorophore of choice is 

sample and imaging target dependent, localisation accuracy can be impacted by the number 
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of photons emitted as there can be single or multiple emitters within each acquired frame. 

dSTORM can be carried out on a sample labelled with a standard organic fluorescent dye such 

as Alexa Fluor 647 (293) while STORM required an activator-reporter dye pair such as Alexa 

Fluor 405 - Alexa Fluor 647 (295).      

dSTORM has been successfully used for the imaging of fenestrations in rat LSEC so far (296). 

It is therefore within the scope of this thesis the explore the suitability of dSTORM as an optical 

super-resolution imaging tool for imaging fenestrations in human LSEC in vitro. In order for 

dSTORM to be successful, the synergy of the following factors is vital; 1) appropriate labelling 

(as well as density) of the imaging target, 2) achievement of sparse distribution of single 

fluorescent emitters within the field of view being acquired, through stochastic photo-

activation of fluorophores during acquisition and finally, 3) accurate localisation of all single 

fluorescent emitters acquired in each image frame by choosing the correct reconstruction and 

image post-processing parameters. However, the fine tuning of the above parameters in order 

to achieve the most accurate imaging results possible presents a challenge in the field of 

biology (297). For the imaging of fenestrations in rat LSEC, the fluorescent probe used was 

CellMaskÔ Deep red plasma membrane stain (Thermo Fisher, C10046), which has also been 

used been used for the imaging of human LSEC as will be illustrated in Chapter 6. This is an 

indirect approach for the imaging of these nanopores which will be identified in each image 

as gaps in the membrane whereby there is an absence of signal as the result of the lack of 

labelling in those regions. Cell MaskÔ Orange plasma membrane stain has also been used for 

imaging fenestrae in human LSEC using SIM however LSEC were isolated from liver tissue 

derived from patients undergoing hepatic resection for liver metastasis from colorectal 

cancer (298). CellMaskÔ Deep red is a suitable dye for dSTORM as it is a far-red dye, and its 
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photo-switchable properties can be manipulated by using a chemical buffer which is added to 

the sample immediately prior to acquisition (296).   

1.7 Scope of this work                  
 

The increasing burden and prevalence of liver disease and liver cirrhosis worldwide emphasise 

the need to understand the pathophysiological events leading the initiation and progression 

of fibrosis during chronic liver disease. As LSEC play a crucial role in maintaining hepatic 

homeostasis (299), it is crucial to study and compare the phenotype of LSEC in health and 

disease in order to uncover key phenotypic changes and molecular interactions contributing 

to their role in disease. Although major research progress has been made in the study of liver 

biology and disease in animal models (300) and in vitro (301), specific phenotypic changes of 

human LSEC in healthy and diseased conditions require further exploration.  

The following aims will be explored in the data presented in this thesis:  

• The identification of differences in expression of LSEC specific as well as classical 

endothelial markers at both protein and mRNA level in healthy donor and cirrhotic 

liver tissue 

• The isolation of primary human LSEC from healthy donor and cirrhotic liver tissue 

specimens 

• The confirmation of LSEC identity in vitro via scavenger receptor expression and 

endocytic capacity 

• Analyse the effect of passaging on the development of an LSEC capillarised phenotype 

in vitro.  



58 

 

• Treatment of LSEC with NO-signaling enhancing agents to analyse the potential 

restoration of LSEC differentiated phenotype. 

• Develop a dSTORM imaging protocol tailored to visualising fenestrations in human 

LSEC.  

• Assess the effect of sildenafil citrate on LSEC fenestrations using the optimised 

dSTORM protocol. 
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2 Materials and methods 
 

2.1 Use of human tissue samples 
 

All tissue used in this study was collected at the Liver and Hepatobiliary Unit, Queen Elizabeth 

Hospital, Birmingham, with prior written informed patient consent and local research ethics 

committee approval 06/Q2708/61 (Immune Regulation) and 18-WA-0214 (Liver 

Inflammation)). Donor material was surplus to requirement for transplantation, whilst 

diseased tissue was collected from explanted livers upon transplantation for cirrhotic liver 

diseases (e.g. primary biliary cholangitis (PBC), alcoholic liver disease (ALD), primary sclerosing 

cholangitis (PSC), non-alcoholic steatohepatitis (NASH) and autoimmune hepatitis (AIH)). 

Samples from human tissue explants were fixed in formalin prior to paraffin embedding as 

well as gradually frozen in a foil boat over liquid nitrogen and stored in -80°C.          

 

 
 

 

 

 

 

 

 

 

 



60 

 

2.1.1 Antibodies used for immunohistochemistry and immunocytochemistry 

  
A variety of immunohistochemical approaches were used to study LSEC in tissue and in 

culture. Thus, for clarity the reagents used have been combined into the tables to follow. 

Company 
ref#  

Description Species/Clone  Working 
concentration 

Antigen 
retrieval 
Buffer  

Secondary antibody 
reagent 

Abcam 
ab77093 

Anti-CD32B  Goat 
polyclonal  

3.8 µg/ml pH 6  ImmPRESS HRP anti-
goat polymer 
detection kit (MP-
7405, Vector Labs) 

Abcam 
ab45143 

Anti-CD32B Rabbit 
monoclonal/ 
EP888Y 

0.995 µg/ml pH 9 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

Abcam 
187377 

Anti-CD31 Mouse 
monoclonal/ 
[C31.3] IgG1 

2 µg/ml pH 9 ImmPRESS HRP anti-
mouse polymer 
detection kit (MP-
7452, Vector Labs)  

Abcam 
ab33682 

Anti-LYVE1  Rabbit 
polyclonal 

5 µg/ml  pH 9 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

DAKO 
M0616 

Anti-Von 
Willebrand 
Factor 

Mouse 
monoclonal/ 
F8/86 

0.252 mg/ml pH 9 ImmPRESS HRP anti-
mouse polymer 
detection kit (MP-
7452, Vector Labs)  

Sigma-
Aldrich 
HPA042661 

Anti-CLEC4M  Rabbit 
polyclonal  

1 µg/ml pH 9 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

Invitrogen 
PA5-55447 

Anti-Stabilin-
2 

Rabbit 
polyclonal 

0.2 µg/ml  pH 9 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

Abcam 
ab64693  

Anti-Mannose Rabbit 
polyclonal 

2.5 µg/ml  pH 6 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 
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Table 2.1: Antibodies use for immunohistochemistry 

 

 

Table 2.2: Antibodies used for immunocytochemistry and immunofluorescence 

  

 

 

 

Abcam 
ab192869 

Anti-Caveolin-
1 

Rabbit 
monoclonal/ 
EPR15554 

3 µg/ml pH 9 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

Abcam 
ab34710 

Anti-Collagen 
I 

Rabbit 
polyclonal  

5 µg/ml pH 9 ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

Thermo 
Fisher 
cat#02-6202 

Goat IgG 
isotype 
control  

Goat 3.8 µg/ml Primary 
antibody 
dependen
t 

ImmPRESS HRP anti-
goat polymer 
detection kit (MP-
7405, Vector Labs) 

DAKO 
X0931 

Mouse IgG1 
isotype 
control 

Mouse 0.252 mg/ml 
and 2 µg/ml 

Primary 
antibody 
dependen
t 

ImmPRESS HRP anti-
mouse polymer 
detection kit (MP-
7452, Vector Labs) 

Abcam 
ab34417 

Rabbit 
polyclonal 
isotype 
control  

Rabbit 0.995-5 µg/ml  Primary 
antibody 
dependen
t 

ImmPRESS HRP anti-
rabbit polymer 
detection kit (MP-
7401, Vector Labs) 

Company ref#  Description Species/Clone Working 
concentration 

Secondary antibody 
reagent 

Abcam ab33682 Anti-LYVE1  Rabbit 
polyclonal 

5 µg/ml Goat anti-rabbit IgG 
Alexa Fluor plus 594 
(A32740, Thermo 
Fisher) 

Abcam ab151497 Anti-CD32B  Rabbit 
polyclonal  

2 µg/ml Goat anti-rabbit IgG 
Alexa Fluor plus 594 
(A32740, Thermo 
Fisher)  

Abcam ab187377 Anti-CD31 Mouse 
monoclonal/ 
[C31.3] IgG1 

2 µg/ml Goat anti-mouse IgG1 
Alexa 488 (A21121, 
Thermo Fisher)  
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2.1.2 Studies using human tissue samples  
2.1.2.1 Histology 
2.1.2.1.1 Haematoxylin and Eosin (H&E)  
 

General morphology and level of steatosis of human tissue sections were assessed by 

conducting haematoxylin and eosin (H&E) staining. Formalin fixed paraffin embedded (FFPE) 

tissue sections cut at 4µm thickness were stained using in house protocol consisting of 

sequential baths of reagents in the order and duration indicated in Table 2.3. Sections were 

mounted with a 24x40 mm #1.5 glass coverslip (0102192, Paul Marienfeld) in DPX mounting 

medium (SEA-1304-00A, Cell Path) at the end of the staining procedure and left to air-dry 

overnight. Each section was scanned using Zeiss Axioscan Z1 slide scanner (Zeiss) with a 20x 

objective.  Representative fields of view were taken using Zen Blue software (Zeiss).       

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagent Duration 
Xylene 2 min (3x) 
Alcohol 2 min (3x) 
Water 2 min (2x) 

Harris Haematoxylin 4 min 
Water 2 min 

Acid alcohol 30 secs 
Water 2 min 

Scott’s tab water substitute 30 secs 
Water 2 min 
Eosin 1 min 
Water 2 min 

Alcohol 2 min (4x) 
Xylene 2 min (3x) 

Table 2.3: Protocol for H&E staining 
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2.1.2.2  Van Gieson staining  
 

The degree of fibrosis and collagen deposition in human tissue sections was assessed using 

Van Gieson (VG) staining. Formalin fixed paraffin embedded (FFPE) tissue sections cut at 4µm 

thickness were stained using an in-house protocol consisting of sequential baths of reagents 

in the order and duration indicated in Table 2.4. Sections were mounted with a 24x40 mm 

#1.5 glass coverslip in DPX mounting medium at the end of the staining procedure and left to 

air-dry overnight. Each section was scanned using Zeiss Axioscan Z1 slide scanner (Zeiss) with 

a 20x objective.  Representative fields of view were taken using Zen Blue software (Zeiss).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagent Duration 
Xylene 2 min (3x) 
Alcohol 2 min (2x) 
Water 5 min  

Celestine Blue 5 min 
Water 2 min 
Water 2 min 

Harris Haematoxylin  4 min 
Water 2 min 

Acid Alcohol 30 secs 
Water  2 min 

Scott’s tab water substitute 30 secs  
Water 2 min 

Van Gieson 3 min 
Alcohol 3 min (2x) 
Xylene 2 min (3x) 

Table 2.4: Protocol for van Gieson staining 
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2.1.3 Immunohistochemical analysis of liver sinusoidal endothelial cell markers in normal 
and cirrhotic liver tissue 

 

Characterisation of the expression of LSEC markers in human liver tissue was carried out using 

immunohistochemistry on formalin-fixed paraffin-embedded (FFPE) sections cut from normal 

and cirrhotic liver samples at 4 µm thickness. Sections were dewaxed in sequential baths of 

xylene and alcohol and rehydrated using water as outlined in Table 2.5. Depending on the 

primary antibody being used, the sections were then immersed in citrate based (H-3300, 

Vector Labs) or Tris-based (H-3301, Vector Labs) antigen retrieval buffer to expose antigens 

masked by cross linking as a result of formalin fixation. The antigen retrieval solution was 

prepared by adding 10 ml of antigen retrieval buffer to 1L of distilled water and preheating in 

the microwave for 10 minutes. Heat-induced antigen retrieval (HIAR) on the dewaxed and 

rehydrated tissue sections was then carried out in the microwave for 30 min. Following HIAR, 

sections were cooled by running cold tab water directly into the antigen retrieval solution. 

Tissue sections were then washed in phosphate buffered saline (PBS) supplemented with 0.1% 

Tween®20 (PBS-T) (Sigma, P1379) for 5 minutes with constant agitation provided by a 

magnetic stirrer.  

Using a hydrophobic pen (Vector Labs), a frame was drawn around each section before 

proceeding with blocking steps. The sections were carefully positioned in a humidified 

chamber which was placed on a rocker during long incubation steps. Endogenous peroxidase 

activity was blocked using BLOXALL (SP-6000, Vector Labs) solution for 20 minutes followed 

by a 5-minute wash step in PBS-T with constant agitation. Protein binding activity was blocked 

for 30 minutes using 2x casein (SP-5020, Vector labs) prepared in distilled water. The primary 

antibodies were prepared at the appropriate working concentration (Table 2.1) using PBS-T 
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and incubated for 1 hour at room temperature or at 4°C overnight. This was followed by a 5-

minute wash step with PBS-T and then 2-3 drops of the ImmPRESS HRP polymer detection kit 

of the appropriate species was applied on each section for 30 minutes. This was followed by 

washing the sections twice in PBS-T and the immunoreaction was visualised by incubating with 

ImmPACT DAB Substrate, Peroxidase (HRP) (SK-4105, Vector Labs) for 5 minutes. Following 

this, sections were washed with water and nuclei were counterstained with filtered Mayer’s 

Haematoxylin. Finally, sections were washed with water, dehydrated, and cleared in 

sequential baths of alcohol and xylene as indicated in Table 2.5 and mounted in DPX mounting 

medium.  Sections were left to dry overnight, and all staining was initially assessed under a 

bright field microscope, followed by scanning using Zeiss Axioscan Z1 slide scanner with a 20x 

objective. Five representative fields of view per case were taken using Zen Blue software 

(Zeiss) including isotype matched controls. Fiji software (302) was used for quantification of 

the staining as follows. Each field of view obtained using Zen Blue software was imported into 

Fiji and thresholded to select for stained the stained area. The area was then quantified using 

measure function in Fiji. The average area per biological replicate was then used for statistical 

analysis.       

      

Reagent Duration 
Xylene 3 min (3x) 
Alcohol 3 min (3x) 
Water 3 min (2x) 

             Table 2.5: Liver tissue dewaxing and rehydration steps for immunohistochemistry 
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2.1.4 Immunofluorescent labelling of liver sinusoidal endothelial cell markers in human liver 
tissue 

 

The co-expression of liver sinusoidal endothelial cell markers in human liver tissue was 

characterised using dual immunofluorescent labelling and this was carried out by following 

the protocol described above (section 2.1.3) with the following modifications. Blocking of 

endogenous peroxidase activity was not necessary. Protein binding activity was blocked for 

30 minutes using 2x casein (SP-5020, Vector labs) and 10% goat serum (31872, Thermo Fisher) 

prepared in distilled water. Primary antibody incubation and washing of tissue sections was 

carried out as described above. Secondary fluorescent antibodies (Table 2.2) were prepared 

in PBS at 4 µg/ml and 250-350 µl were applied to each tissue section depending on the size. 

The secondary reagent was incubated at room temperature for 30 minutes on a rocker. This 

was followed by washing the sections twice in PBS-T for 5 minutes. Nuclear counterstaining 

was carried out using 4’, 6’-Diamidino-2-Phenylindole (DAPI) (D1306, Thermo Fisher) which 

was applied at 300 nM for 5 minutes. Tissue sections were then washed in distilled water for 

5 minutes and mounted in fluorescence mounting medium (S3023, Agilent). Mounted sections 

were allowed to dry overnight while protected from light. Immunofluorescent labelling was 

visualised, and representative images were captured using LSM 880 confocal microscope 

(Zeiss). The captured Images were then processed using Zen Blue 3.1 software (Zeiss).     
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2.1.5 Isolation of Liver Sinusoidal Endothelial Cells (LSEC) from human liver tissue  
 

The Centre for Liver and Gastrointestinal Research (CLGR) has a standard method for the 

isolation of LSEC (303) which was carried out as follows; a slice of liver tissue (between 40g 

and 50g) was mechanically chopped very finely using a scalpel and any obvious vascular areas 

were removed. The tissue was then incubated in 5 ml of Collagenase type I A (0.01g/ml; from 

Clostridium Histolyticum, C9891, Sigma Aldrich) in 20 ml sterile PBS at 37°C with continuous 

agitation for 20 to 30 minutes. Incubation periods were adjusted according to the texture of 

the liver tissue as cirrhotic specimens required a slight increase in incubation time with 

collagenase. The liver tissue digest was then filtered through a fine mesh while being washed 

through with sterile PBS at room temperature. This was then aliquoted into 8 universal tubes 

(approximately 20 ml per tube; 128AFS, Thermo Fisher) and centrifuged at 870 x g for 5 

minutes (acceleration set at 9 and deceleration set at 9 for all downstream centrifugation 

steps unless otherwise specified, using the centrifuge Rotanta 460, Hettichâ). The 

supernatant was discarded carefully in order to avoid loss of the pellet as it was quite loose at 

this step.  The pellet was resuspended in 1.5 ml of PBS and two pellets were combined into 

one universal tube and the volume made up to 25 ml in each tube with PBS. The sample was 

then centrifuged at 870 x g for 5 minutes and these steps were repeated until all pellets wee 

combined into one universal tube and the volume was made up to 25 ml with PBS. This was 

layered in 3 ml aliquots over a Percoll gradient to separate parenchymal and non-parenchymal 

cell fractions. Percoll gradient stock solutions were prepared as follows; stock Percoll was 

prepared using 99ml Percoll (17089101, Sigma Aldrich) and 11ml 10x PBS. 33ml of the stock 

was added to 67ml of 1x PBS to prepare the 33% Percoll. 77ml of stock Percoll was added to 

23ml of 1x PBS for the preparation of 77% Percoll. The gradient was prepared in each of 8 
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Falcon tubes (15 ml) with 3ml of 33% (top layer) and 3 ml 77% (bottom layer) Percoll. The 

Percoll gradients were centrifuged at 870 x g for 25 minutes with acceleration set at 9 and 

deceleration set at 2.  Following Percoll gradient centrifugation, the top layer was aspirated 

and discarded, and the non-parenchymal cell layer was collected, located between the 

parenchymal and red cell fractions, as illustrated in Figure 2.1. Two layers were combined in 

one universal tube and after all non-parenchymal cell layers were collected, the 4 universal 

tubes were centrifuged at 870 x g for 5 minutes, the supernatant was discarded, and the pellet 

was resuspended in PBS. Two pellets were combined into one universal tube and the volume 

was made up to 25 ml. The two universal tubes were centrifuged as previously, the 

supernatants were discarded, and the two pellets were combined into one 15 ml Falcon tube 

which was centrifuged at 870 x g for 5 minutes and the supernatant was discarded. The pellet 

was then resuspended in 500 µl PBS. The next and final part of the protocol was the 

immunomagnetic selection of specific cell populations. Firstly, the negative selection of BEC 

was carried out using anti-EP-CAM mouse anti-human antibody (61004, Progen) at 2.5 µg/ml. 

Here a 50 µl working aliquot of anti-EP-CAM antibody was added to 500 µl of cell suspension 

and incubated for 30 minutes at 37°C with intermittent agitation in a 15 ml Falcon tube. At 

the end of incubation, PBS was added in order to make the volume up to 14 ml and the sample 

was centrifuged at 870 x g for 5 minutes. The pellet was resuspended in 500 µl ice cold PBS 

and 10 µl of goat anti-mouse magnetic beads (11033, Thermo Fisher) was added to the cell 

suspension. The Falcon tube was placed on ice and incubated for 30 minutes with constant 

agitation on a rocker at 4°C. This was followed by adding 5 ml ice cold PBS and mixing well 

before adding the tube to the cell separation magnet (DynaMagTM, 12301D, Thermo Fisher) 

for 2 minutes. Magnetic-bead bound cells (EP-CAM positive) adhered to the sides of the tube 
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and the supernatant was collected and placed in a new 15 ml Falcon tube. This step was 

repeated twice more. The new Falcon tube containing the collected supernatant (EP-CAM 

negative cells) was placed in the magnet for 2 minutes to remove any residual beads. The 

supernatant was collected, placed in a new Falcon tube, and centrifuged at 870 x g for 5 

minutes. After this, the supernatant was discarded, and the pellet was resuspended in 500 µl 

ice cold PBS. At this point LSEC were positively selected using 10µl of CD31 coated magnetic 

beads (11155D, Thermo Fisher) added to 500 µl of cell suspension or the anti-CD32b antibody 

(ab151497) at 2 µg/ml followed by 10 µl of Dynabeads™ M-280 sheep anti-rabbit IgG coated 

magnetic beads (11203D, Thermo Fisher). The Falcon tube was placed on ice and incubated 

for 30 minutes at 4°C with constant agitation provided by a rocker. This was followed by 

adding 5 ml ice cold PBS and mixing well before adding the tube to the magnet for 2 minutes. 

Magnetic bead bound cells (CD31/CD32B positive) were attached to the sides of the tube and 

supernatant was collected and discarded. This step was repeated twice more. The CD31 

positive cells remaining in the Falcon tube were then resuspended in 5 ml of pre-warmed 

complete LSEC media, placed in a 25 cm2 flask pre - coated with rat tail collagen (RTC) and 

incubated at 37°C. Details of these media are supplied below. 
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2.1.6 Isolation of RNA from human liver tissue  
  

In order for downstream quantitation of mRNA expression levels of liver sinusoidal endothelial 

markers and regulatory molecules to be carried out, RNA was extracted from cryopreserved 

donor and explanted liver tissue specimens (section 2.1) as follows. Liver tissue specimens 

were kept on dry ice and 25 mg of each specimen was excised and weighed. The primary tissue 

material was then added to 2 ml reinforced tubes prefilled with 1.4 mm ceramic beads 

(1177770, Camlab) containing 600 µl RLT buffer (10 µl of β-mercaptoethanol was added per 

1ml of buffer). All tubes were kept on ice. This was followed by tissue disruption and 

homogenisation by using the Omni Bead Ruptor 12 Bead Mill Homogeniser (Camlab) at speed 

level 4 for two cycles of 20 seconds. This was repeated twice, and samples were kept on ice in 

Figure 2.1: Schematic representation of Percoll gradients for separation of 
parenchymal and non-parenchymal liver cell populations 

The images show the appearance of the gradient before and after centrifugation (left to right). 
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between repeats. After tissue lysis and homogenisation, RNA was extracted using the Rneasy® 

Mini kit from QIAGEN as described in section 2.2.2.3.      

        

2.2 Studying the phenotype of human liver sinusoidal endothelium in vitro 
 

2.2.1 Culture and expansion of primary Liver Sinusoidal Endothelial Cells (LSECs)  
 

Freshly isolated LSECs were resuspended in complete medium consisting of Human 

Endothelial serum free medium (11111044, Thermo Fisher) supplemented with penicillin and 

streptomycin solution (100 units/ml; 151 40-122, Thermo Fisher) human serum (10%, CS100-

500, TCS Biosciences), 10ng/ml of each of Vascular Endothelial Growth Factor (VEGF; 100-20, 

Peprotech) and Hepatocyte Growth Factor (HGF; 100-39, Peprotech). LSEC were grown as a 

monolayer in a 25cm2 tissue culture flask coated with RTC type I at 25 µg/ml (C3867, Sigma 

Aldrich) in sterile distilled water and incubated at 37°C with ambient O2 and 5% CO2. TryplE 

(12605010, Thermo Fisher) was used for harvesting and expansion of LSEC as follows; existing 

growth media was aspirated from the flask and discarded. Sterile PBS was used for washing 

the LSEC monolayer to remove all traces of human serum. TrypLE express enzyme (3ml; 

12605028, Thermo Fisher) was added to a 25cm2 flask and incubated for no longer than 3 

minutes. Following light tapping of the flask and assessment under the light microscope to 

check for complete detachment of the cell monolayer, 5ml of PBS were added to the flask in 

order to dilute the TrypLE. All contents of the flask were immediately aspirated, transferred 

to a 15 ml Falcon tube, and centrifuged at 870 x g for 5 minutes. The supernatant was 

discarded and the LSEC pellet was resuspended in 10 ml of complete medium. The cell 

suspension was seeded in a 75cm2 flask (pre-coated with RTC) and cultured until fully 
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confluent before being harvested as described above for further experiments. Cells were 

typically used between passage 2 (early) and 5 (late) for experimentation.  

 

2.2.2 Phenotypic and functional analysis of primary human Liver Sinusoidal Endothelial Cells  
 

2.2.2.1 Immunocytochemistry on cultured LSEC  
 

Expression of markers indicating a differentiated sinusoidal endothelial phenotype was 

assessed by immunocytochemistry on LSEC at early and late-stage passages. Primary and 

secondary antibodies used are outlined in Table 2.2. LSEC were harvested as described above 

(2.2.1), seeded at 70 000 cells per channel in a 6-channel µ-slide (#80606, Ibidi) and incubated 

overnight at 37°C. Growth media was aspirated and LSEC were washed twice with PBS and 

then fixed with 4% paraformaldehyde (PFA) in PBS for 10 minutes at 37°C. After the PFA was 

aspirated, LSEC were washed by flushing 1 ml PBS though each channel. LSEC were 

permeabilised with 0.1% TritonTM X-100 (X100, Sigma Aldrich) in PBS for 5 minutes. This was 

followed by blocking of unspecific staining with 1% BSA and 10% goat serum in PBS for 30 

minutes. Primary antibodies were prepared at the desired working concentration (Table 2.2) 

in PBS-T and incubated within the channel containing LSEC for 1 hour at room temperature or 

overnight at 4°C on a rocker. Isotype matched control (IMC) antibody was prepared at the 

same concentration as the primary antibody, in PBST. 100 µl of primary antibody solution or 

isotype matched control was added to each channel of the ibidi µ-slide. The primary antibody 

solution and IMC were aspirated and LSEC were washed 3 times by pipetting PBS-T through 

each channel. All secondary fluorescent antibodies were prepared at 4 µg/ml in PBS, 100 µl 

was added to each channel and incubated for 30 minutes at room temperature on a rocker. 
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The secondary antibody solution was then aspirated and LSEC were washed by pipetting 1 ml 

PBS-T through each channel. Cell nuclei were counterstained using DAPI (D1306, Thermo 

Fisher) which was applied at 300 nM for 5 minutes. DAPI was then aspirated and LSEC were 

washed by pipetting 1 ml PBS through each channel. Samples were stored and imaged in PBS 

on the LSM 880 Confocal Microscope with Airyscan (Zeiss) using a 40x water immersion 

objective and five fields of view were acquired per channel.  

 

 

2.2.2.2 Tracking the effect of in vitro capillarisation on the endocytic capacity of LSEC    
 

Albumin labelled with fluorescein isothiocyanate conjugate (FITC-BSA) (A9771, Sigma Aldrich) 

was used as a ligand in an uptake assay in order to assess the endocytic capacity of LSEC in 

vitro. LSEC were seeded at 70 000 cells per channel in an RTC coated 6-channel µ-slide with a 

#1.5 polymer coverslip (80606, Ibidi) and incubated overnight at 37°C. LSEC were then serum 

starved for two hours in Human Endothelial serum free medium and the FITC-BSA ligand was 

prepared in Human Endothelial serum free medium and was protected from light. The ligand 

was applied at 20 µg/ml for 30 minutes. The ligand solution was aspirated and LSEC were 

washed by flushing 1 ml of sterile PBS through each channel to remove any traces of FITC-BSA 

ligand and media. The PBS was aspirated and LSEC were fixed with 4% PFA for 10 minutes at 

37°C. The PFA was aspirated and LSEC were washed by flushing 1 ml of sterile PBS through 

each channel. Cell nuclei were then permeabilised with 0.1% TritonTM X-100 (X100, Sigma 

Aldrich) in PBS for 5 minutes and stained with DAPI (as above) and Alexa Fluor 633 Phallloidin 

(A22284, Thermo Fisher) at 165 nM in PBS for 15 minutes at room temperature. LSEC were 

imaged using the LSM 880 Confocal microscope (Zeiss) using a 40x water immersion objective. 
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All images acquired were processed for quantitation of vesicles in each field of view as follows; 

each image was split into separate channels (i.e green for the FITC-BSA vesicles and blue for 

cell nuclei). First, the green channel was thresholded in order to segment the FITC-BSA 

vesicles. The thresholding was adjusted in order to exclude as much background as possible 

without compromising the number of vesicles detected and was then applied to the image. 

Using the analyse particles function in Fiji software the number of vesicles per field of view 

was determined. The same approach was applied for the quantitation of cell nuclei in the blue 

channel. The number of vesicles quantified in each field of view was normalised to the number 

of cell nuclei to obtain the value presented as vesicles/cell.          

 

 

2.2.2.3 RNA extraction 
 

Total ribonucleic acid (RNA) was extracted from treated LSEC and passaged LSEC in normal 

culture conditions using the RNeasy® Micro kit and Rneasy® Mini kit from QIAGEN, 

respectively, as per manufacturer’s instructions. LSEC treated in 6-well plates were harvested 

from each well by washing with 1x PBS prior to adding 350 µl of buffer RLT. This was followed 

by scraping the cells from each well using a cell scraper. The cells were then aspirated, placed 

in a cryovial and vortexed followed by snap freezing in liquid nitrogen and storage at -80°C 

until RNA extraction. Both low and high passage cells were used to prepare RNA. Passaged 

LSEC were harvested from a 75 cm2 flask as described above (section 2.2.1) and 600 µl of 

buffer RLT was added to the pellet and resuspended for pellet disruption, lysed further by 

resuspending the sample using a 19-gauge needle and 1ml syringe at least 8 times. The lysed 
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LSEC were homogenised by vortexing, snap frozen in liquid nitrogen and stored at -80°C until 

RNA extraction.      

The following reagents were prepared as below before extracting RNA using the RNeasy® 

Micro kit:  

o Buffer RLT: addition of 10 µl of β-mercaptoethanol per 1ml of buffer  

o Buffer RPE: addition of 44 ml ethanol to 11ml concentrate  

o 70% ethanol: dilution of 100% ethanol in RNase-free water  

o 80% ethanol: dilution of 100% ethanol in RNase-free water   

o DNase I stock solution: lyophilised DNase I (1500 Kunitz units) dissolved in 550 µl of 

RNase-free water and mixed gently by inverting the vial. Stock DNase I solution was 

then aliquoted into single use aliquots and stored at -20°C for future experiments.  

The RNA extraction procedure was carried out as follows; for treated cell pellets, lysates were 

thawed on ice and vortexed. Proper lysis of cells was ensured by resuspending the sample 

using a 19-gauge needle and 1ml syringe at least 8 times. Then, 1 volume of 70% ethanol was 

added to the lysate and mixed well by pipetting. The sample was then transferred to a 

MinElute spin column placed in a 2 ml collection tube and centrifuged at 8000 x g for 15 

seconds.  The flow-through was discarded and 350 µl of Buffer RW1 was added to the column 

which was then centrifuged at 8000 x g for 15 seconds to wash the spin column membrane.  

The DNase I incubation mix was prepared by adding 10 µl DNase I stock to 70 µl Buffer RDD 

and mixed by inverting the tube. 80 µl of the DNase I incubation mix was added to each spin 

column, directly to the membrane, and incubated for 15 minutes at room temperature. Then, 

350 µl of Buffer RW1 was added to the spin column which was centrifuged at 8000 x g for 15 
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seconds to wash the spin column membrane.   The flow-through was discarded and the spin 

column was placed in a new 2 ml collection tube. 500 µl of Buffer RPE was added to the spin 

column which was centrifuged at 8000 x g for 15 seconds to wash the spin column membrane. 

Flow-through was discarded and 500 µl of 80% ethanol was added to the spin column which 

was centrifuged at 8000 x g for 2 minutes to wash the spin column membrane. Flow-through 

and collection tube were discarded. Each spin column was then placed in a new collection 

tube and centrifuged at full speed (16.3 x g) for 5 min. The flow through along with the 

collection tube were discarded and each spin column was placed in a new 1.5 ml collection 

tube. 14 µl of RNase-free water was added directly to the centre of each spin column 

membrane and samples were centrifuged for 1 min at full speed to elute the RNA.      

For the RNA extraction from passaged LSEC samples, the RNeasy® Mini kit was used and the 

following reagents were prepared as below before extracting RNA: 

o Buffer RLT: addition of 10 µl of β-mercaptoethanol per 1ml of buffer  

o Buffer RPE: addition of 44 ml ethanol to 11ml concentrate 

o 70% ethanol: dilution of 100% ethanol in RNase-free water  

o DNase I stock solution: lyophilised DNase I (1500 Kunitz units??) dissolved in 550 µl of 

RNase-free water and mixed gently by inverting the vial. Stock DNase I solution was 

then aliquoted into single use aliquots and stored at -20°C for future experiments.  

The RNA extraction procedure was carried out as follows; cell pellet lysates were thawed on 

ice and vortexed. 1 volume of 70% ethanol was added to the lysate and mixed well by 

pipetting. Up to 700 µl of the sample was then transferred to an RNeasy spin column placed 

in a 2 ml collection tube and centrifuged for 15 seconds at 8000 x g. Flow through was 
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discarded and any remaining lysate was transferred to the spin column and centrifuged for 15 

seconds at 8000 x g. The resulting flow through was discarded and 700 µl Buffer RW1 was 

added to the spin column. This was centrifuged for 15 seconds at 8000 x g to wash the 

membrane and the flow through was discarded. Next, 500 µl Buffer RPE was added to the spin 

column which was centrifuged for 15 seconds at 8000 x g and flow through was discarded. 

500 µl Buffer RPE was added to the spin column once more and centrifuged for 2 minutes at 

8000 x g to dry the spin column membrane. The collection tube and flow through were 

discarded and the RNeasy spin column was placed in a new 2 ml collection tube and 

centrifuged at full speed for 1 minute. Finally, in order to elute the RNA, the spin column was 

placed in a new 1.5 ml collection tube and 30 µl RNAse-free water was directly added to the 

spin column membrane. This was centrifuged for 1 minute at 8000 x g.                   

Purity and concentration of extracted RNA were recorded using a NanoPhotometer (Implen, 

7122 V2.1.0). The values for the ratios 260/280nm and 260/230nm were used to evaluate the 

purity of RNA where a value of 2 indicated a relatively pure RNA yield.  

 

2.2.2.4 cDNA synthesis 
 

RNA was reverse transcribed into single stranded complementary deoxyribonucleic acid 

(cDNA) for use in real-time PCR using the High-Capacity cDNA Reverse Transcription kit 

(#4368814, Applied Biosystems). Each sample was prepared using the same total RNA 

concentration in a final reaction volume of 20 µl. The reaction mixture consisted of 2 µg RNA, 

2 µl 10x RT Buffer, 0.8 µl of dNTP mix, 2 µl Random Primers, 1 µl MultiScribe Reverse 

Transcriptase, 1 µl RNase inhibitor along with variable volumes of RNase-free water. Each 
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sample was gently mixed and centrifuged for 30 seconds before being placed in the thermal 

cycler. For the reverse transcription reaction, the samples were incubated at 25°C for 10 

minutes, followed by 120 minutes at 37°C and 5 minutes at 85°C. The samples were then ready 

for immediate real-time PCR analysis or were stored at -20°C until further use.         

 

2.2.2.5 Real-time PCR using Taqman primers 
 

Analysis of gene expression by real-time PCR was carried out in triplicate for each sample in a 

final reaction volume of 10 µl. The reaction mixture was made up of 0.5 µl cDNA, 5 µl Applied 

Biosystems™ Taqman™ Universal Master Mix II NO UNG (4440040, Thermo Fisher), 0.5 µl of 

taqman primer and 4 µl water. The list of primer-probe sets of Taqman Gene Expression 

Assays (Thermo Fisher, USA) used is displayed in Table 2.6. The PCR plate was centrifuged 

briefly before being loaded onto the Roche LightCycler® 480 Real-time PCR system. Cycling 

conditions were as follows: 95°C for 15 seconds, 60°C for 1 minute and 72°C for 1 second.    

Light Cycler® 480 software was used for data analysis by advanced relative quantification and 

gene expression levels were normalised to SRSF4 housekeeping gene. The threshold cycle (CT) 

value for each well was calculated on the real-time cycler software using the second derivative 

max setting. Gene expression data were then normalised to SRSF4 messenger ribonucleic 

acid (mRNA) and relative transcript levels were calculated with the comparative Ct method (2-

ΔΔCT) (304) For gene expression changes in LSEC treated with VEGF and sildenafil citrate, mRNA 

expression was expressed as fold change to control. GraphPad Prism 9.0 (GraphPad, US) was 

used for displaying the results.   
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Assay ID Gene Symbol Gene name  

Hs01634996_s1 FCGR2B Fc fragment of IgG receptor IIb 

Hs01065279_m1 PECAM1 Platelet and endothelial cell adhesion molecule 

1 

Hs00272659_m1 LYVE-1 Lymphatic vessel endothelial hyaluronan 

receptor 1 

Hs03805885_g1 CLEC4M C-type lectin domain family 4 member M 

Hs01000844_m1 STAB2 Stabilin-2 receptor 

Hs00267207_m1 MRC1 Mannose receptor 

Hs00354519_m1 CD36 CD36 molecule 

Hs01574659_m1 NOS3 Endothelial nitric oxide synthase 

Hs01052961_m1 FLT1 Fms related tyrosine kinase 1 (VEGFR1) 

Hs00911700_m1 KDR Kinase insert domain receptor (VEGFR2) 

Hs00971716_m1 
 

CAV1 Caveolin-1 

Hs00171403_m1 GATA4 GATA binding protein 4  

Hs00164004_m1 COL1A1 Collagen type I alpha 1 

Hs00900675_m1 SRSF4 Serine and arginine rich spicing factor 4 

          Table 2.6: TaqMan primers used for real-time PCR 
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2.3 Investigating the regulators of LSEC phenotype in vitro   
 

2.3.1 Gene expression changes in response to treatment  
 

With the aim of elucidating the modifications in homeostatic signalling pathways as a result 

of in vitro capillarisation of LSEC in culture, treatment with growth factors and other 

pharmacological agents (Table 2.7) was carried out. These were compared to cells treated 

with media containing vehicle control. Post treatment assays included gene expression 

analysis (section 2.2.2.5) and super-resolution imaging (section 2.4). LSECs were harvested as 

described above (2.2.1) and seeded at 250 000 – 300 000 cells per well in complete medium 

in an RTC coated 6-well plate and incubated overnight or until a confluent monolayer was 

reached, at 37°C. This was followed by aspiration of complete media and washing with PBS. 

Human endothelial serum free media was added to each well and cells were serum starved 

overnight at 37°C. Treatment agents (Table 2.7) were prepared in Human Endothelial serum 

free medium. Serum free media was aspirated and LSEC were treated with varying 

concentrations of the appropriate agent for 4 hours a 37°C. At the end of the incubation 

period, the supernatants were collected in cryovials and snap-frozen in liquid nitrogen. The 

LSEC monolayer was washed with PBS which was aspirated and discarded. Next, 350 µl of RLT 

lysis buffer was added to each well followed by scraping using a cell scraper.  A 19-gauge 

needle and syringe were used to further lyse the cells while still in the well. The lysate was 

collected into a cryovial, vortexed and snap frozen in liquid nitrogen. All supernatants and cell 

lysates were stored at -80°C until further analysis.     
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Table 2.7: Agents used for LSEC treatments 

 

2.4 Super-resolving the hepatic sinusoidal nanopores  
 

One of my experimental aims was to develop methodology that could be used for super-

resolution imaging of normal and cirrhotic human LSEC. This has been performed extensively 

on rodent LSEC but methodology for human cells has only been described for SIM 

imaging (298). The gold standard for confirming LSEC identity is the presence of fenestrations 

on the plasma membrane. In order to image fenestrations, an imaging approach which can 

overcome the limitations of light diffraction was required. Consequently, super-resolution 

imaging protocol for dSTORM was implemented in order to achieve this. The final protocols 

implemented are described below. 

 

2.4.1 Preparation of glass bottom µ-slides 
 

LSEC were imaged in a 6-channel µ-slide VI 0.5 with glass bottom #1.5H (#80607, Ibidi). 

Channels were washed with 1 M potassium hydroxide (P5958, Sigma) for 10 minutes at room 

temperature followed by washing through the channels with 1 ml sterile PBS. This was 

followed by RTC coating at 250 µg/ml overnight at 37°C. RTC was aspirated, and channels were 

washed with PBS and air dried under sterile conditions. These were then used immediately as 

described in the following section. 

Substance Company (ref) Stock reconstitution  Concentrations applied 

Recombinant Human 

VEGF165 

Peprotech 

(100-20) 

100 µg/ml in 0.1% BSA in 

PBS  

50, 100, 200, 300, 400 ng/ml 

Sildenafil citrate  Sigma Aldrich 

(PZ0003)  

5mg/ml in DMSO 2.5, 5, 10, 20, 25 µg/ml 
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2.4.2 Liver sinusoidal endothelial cell preparation and treatments 
 

LSEC isolated from normal and cirrhotic human liver tissue (typically passage 3-5) were seeded 

at 30 000 cells per channel (100 µl of cell suspension in each channel) in complete media and 

incubated overnight at 37°C. This was followed by serum-starvation for two hours as described 

above. To explore the re-fenestration capacity of LSEC in vitro, sildenafil citrate was used to 

treat the cells at 10 µg/ml. Treatments were prepared in Human Endothelial serum free 

medium (11111044, Thermo Fisher) and cells were incubated with sildenafil or vehicle control 

for up to 4 hours at 37°C. Treatments were then aspirated and cells were washed by flushing 

1ml PBS though each channel. Next, the PBS was aspirated, and cells were fixed with freshly 

prepared 4% PFA in PBS for 10 minutes at 37°C. The fixative was aspirated, and the cells were 

washed by pipetting 1ml PBS though each channel. The PBS was then aspirated, and the cells 

were stored in 100 µl PBS at 4°C until staining and imaging.  Completely untreated LSEC were 

cultured until they had spread well throughout the channel before fixing with freshly prepared 

4% PFA as described above.     

2.4.3 Immunofluorescent labelling of the LSEC plasma membrane and actin fibres   
 

LSEC were stained with Cell Mask Deep Red plasma membrane stain (CMDR) (C10046, Thermo 

Fisher) prepared at 5 µg/ml in PBS and incubated for 10 minutes at room temperature. CMDR 

solution was then aspirated, and cells were washed by pipetting 1 ml of PBS-T through each 

channel which was immediately aspirated, and this was step was repeated using PBS to 

remove any traces of PBS-T. For two-colour dSTORM, following CMDR staining, Atto 488 

Phalloidin (49409, Sigma Aldrich) was applied to the appropriate channel of LSEC at 0.1 µM in 
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PBS for 20 minutes for the staining of actin. This was then aspirated and the LSEC monolayer 

was washed by pipetting 1 ml of PBS through the µ-channel. Throughout image acquisition, a 

degree of sample drift is expected to take place and to enable correction for this, gold nanorod 

fiducials (25 x75 nm) (NanopartzTM) were used for CMDR imaging. These served as a reference 

point throughout the sample as they do not blink or bleach throughout imaging. LSEC were 

incubated with fiducials prepared at 2.5 µg/ml in PBS for 10 minutes. For two-colour dSTORM, 

TetraSpeckTM microscheres (0.1 µm) (T7279, Thermo Fisher) were applied as fiducial markers 

and were incubated in the appropriate channel for 10 minutes in PBS at a density of 

approximately 9 x 108 particles/ml. These are pre-stained with four different fluorescent dyes 

and display good separation in their emission/excitation peaks (505/515 nm (green), 

660/680 nm (dark red)) and therefore could be used for both CMDR and phalloidin channels. 

The fiducial markers were then aspirated, and the imaging buffer was added to each channel 

immediately prior to imaging.  

2.4.4  Imaging system specifications  
 

Direct Stochastic Optical Reconstruction Microscopy (dSTORM), which is a variation of single 

molecule localisation microscopy, was carried out using the Nanoimager(305) by Oxford 

Nanoimaging (ONI). A standard oil immersion 100x objective was used, with a numerical 

aperture of 1.4. Images were acquired within a field of view of 50 µm x 80 µm per channel. 

 

 

 



84 

 

2.4.5  dSTORM imaging  
 

Image acquisition was performed using NimOS software. CMDR and Atto 488 Phalloidin were 

acquired sequentially. CMDR fluorescent dye was excited with a 640 nm laser at 100% laser 

power. For the same field of view, acquisition of Alexa Fluor 488 Phalloidin was carried out 

using a 488 nm laser at 35-40% laser power. The 405 nm laser was used periodically to 

enhance photo switching of phalloidin fluorophores. Imaging was carried out in highly inclined 

optical sheet (HILO) illumination mode with an illumination angle of 53-53.5°. Images were 

collected with an integration time of 30 milliseconds for 20 000 frames. Five fields of view 

were acquired per condition.  

Stochastic photo switching of CMDR and phalloidin fluorophores was achieved using an 

oxygen scavenging buffer, composed of the reagents described in Table 2.8. This works best 

when oxygen is excluded from the sample, therefore each channel was filled with buffer up 

to the very top of the inlet and outlet (about 160 µl).   
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Reagent Company (ref) Stock prepared in Concentration 

in final buffer  

Glucose oxidase 

from Aspergillus 

niger  

G7141 – Sigma 

Aldrich 

8 mg/ml in 10mM Tris with 50 mM NaCl 0.8 mg/ml 

Cysteamine 

Hydrochloride  

M6500 – Sigma 

Aldrich 

2 M in 10mM Tris with 50 mM NaCl 150 mM 

Catalase from 

bovine liver 

aqueous 

suspension  

C30 – Sigma 

Aldrich 

Ready to use in aqueous form 40 µg/ml  

D-(+)-Glucose  G8270 – Sigma 

Aldrich  

20% w/v in 10mM Tris with 50 mM NaCl 18% 

Table 2.8: dSTORM imaging buffer components 

 

 

2.4.6  Image reconstruction 
 

Raw dSTORM data were imported into Fiji software and reconstructed using the 

ThunderSTORM (306) plugin with the selection of the following inbuilt parameters. Camera 

set up: pixel size: 117 nm, photoelectrons per A/D count: 0.47, base level [A/D] counts]: 100 

and no EM gain. A Gaussian filter was applied for image filtering with a sigma pixel value of 

1.6. approximate localisation of molecules was carried out using the local maximum method 

with a peak intensity threshold of 1000 (for CMDR) and 600 (for Atto 488 Phalloidin). Sub-pixel 

localisation of molecules was carried out using the integrated gaussian approach with a fitting 

radius of 3 pixels. Localisations were fitted using the maximum likelihood method. Images 

were rendered for visualisation of localisations using a 10 nm pixel size and lateral uncertainty 

of 20.   
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2.5 Image analysis  
 

2.5.1 Membrane fenestration ground truth data simulations 
 

Data were simulated using custom written code within R. 100 nm diameter circles were 

seeded, with their centres spaced 250 nm in x and 180 nm in y from each other, in the 

equivalent of an 8x8 μm region of interest. The difference between the 100 nm circles and the 

8x8 μm region of interest was taken and used as the area in which to simulate high density 

single molecule localisation microscopy (SMLM) data, equivalent to that observed for 

membrane staining. The area within the 100 nm circles was used for simulating data 

equivalent to background labelling form the glass coverslip. Within these regions the x,y – 

coordinates of points were randomly generated and retained. For membrane staining the 

number of simulated points/μm2 was stepped from 8,000 to 14,000 in 2,000-point increments, 

whereas the background simulated points/μm2 was maintained at 3,000. Once the simulation 

had completed each simulated point were then shifted by randomly generated vector 

according to a localization precision value randomly selected from the measured localization 

precisions of experimental data. The simulated points were then exported into .csv format for 

further analysis. 

 

2.5.2 Thresholding and analysis of simulated SMLM images 
 

Simulated SMLM data were imported into the ThunderSTORM plugin within Fiji software and 

each point was convolved with a Gaussian kernel with a width corresponding to its localization 
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precision. The pixel intensities in the region of the images corresponding to the simulated 

membrane data were measured and retained for further analysis, this was measured for every 

simulated point density image. The convolved images were then saved for thresholding 

analysis. Each image was thresholded by a range of pixel intensity values from 0.3 to 0.7 in 

0.05 increments, with the resulting binary images saved for each threshold and the area of 

each feature detected calculated. The average deviation of the measured areas compared to 

the ground truth area of the 100 nm diameter circles (i.e., 0.0078 μm2) was calculated for each 

threshold within each simulated data set. The average deviation vs. the threshold value was 

fitted with a linear fit to determine where the average deviation reach zero, i.e., where the fit 

intersected with the threshold axis. This was repeated for each simulation point density, and 

the threshold value was plotted as a function of image pixel intensity (measured previously). 

These data were then fitted with a linear fit to determine the function of threshold vs pixel 

intensity (resulting in the function: threshold = 0.3129*pixel intensity + 0.1535), to allow 

choosing of the most appropriate thresholding value for real data. 

 

2.5.3 Processing and analysis of real membrane fenestration SMLM data 
 

The first step of image analysis for reconstructed dSTORM images of untreated and sildenafil 

citrate treated healthy donor and cirrhotic LSEC was the thresholding of each image. The 

thresholding value for each image was calculated according to the approach described above 

based on the point density. After thresholding, fenestrated areas of the plasma membrane in 

each image were selected and saved as separate fields of view which were analysed in Fiji to 

obtain measurements for the area (µm2) of each fenestration in each field of view. This was 
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carried out using a batch macro for automation of the process (outlined below). In order to 

exclude single pixels, only fenestrations with area above 0.01 µm2 in each field of view were 

selected. The measured fenestration area was then used to calculate the diameter of each 

fenestration (assuming circularity).  

2.5.4 Automated detection of fenestrations and fenestration area measurement  
 
For each field of view extracted from each dSTORM image, fenestrations were detected and 

fenestration area was measured using the following macro written in Fiji software: 

dir1 = getDirectory("Choose Source Directory "); 

format = "TIFF"; 

dir2 = getDirectory("Choose Destination Directory "); 

list = getFileList(dir1); 

setBatchMode(true); 

for (i=0; i<list.length; i++) { 

    showProgress(i+1, list.length); 

    open(dir1+list[i]); 

 run("Fill Holes"); 

 run("Erode"); 

 run("Dilate"); 

 run("Dilate"); 

 run("Create Selection"); 

 run("ROI Manager..."); 

 roiManager("Add"); 

 roiManager("Split"); 

 roiManager("Show All"); 

 roiManager("Measure"); 

 roiManager("Show All with labels"); 
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    saveAs("Tiff", dir2+list[i]); 

    selectWindow("Results"); 

 saveAs("results", dir2+list[i]+"_results.csv"); 

 indexes = roiManager("count"); 

 roiManager("select",Array.getSequence(indexes)); 

 roiManager("delete"); 

 close("Results");  

 close("*_rois.tif"); 

 close("Roi Manager"); 

 }     

All protocols for dSTORM image acquisition and image analysis were developed with support 

and guidance of Dr. Daniel J Nieves.  

 

2.6 Statistical analysis  
 

Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad, US). Unpaired t-test, 

or Mann-Whitney test were applied based on normality according to the Shapiro-Wilk test. 

Ordinary one-way analysis of variance (ANOVA) was performed for the comparison of multiple 

groups The outcome of the statistical test was considered significant when p-values were 

below 0.05 and were shown in figures as follows: * p < 0.05, ** p < 0.01 and *** p < 0.001. 

Figure legends include details concerning the number of specimens for each experiment and 

data was expressed as mean ± standard error unless specified otherwise.            
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3 Characterisation of the expression of endothelial markers in 
normal and cirrhotic liver tissue   

 

3.1 Introduction 
   
The crucial role of LSEC in maintaining homeostasis is reflected by the myriad of markers that 

they express. LSEC exhibit heterogeneity in endothelial marker expression patterns across the 

liver lobule, from periportal endothelium in zone 1 to pericentral endothelium in zone 3 which 

has been demonstrated both by immunofluorescence as well as RNA sequencing (100,106). 

During the progression of chronic liver disease as well as aging (307), marked changes in tissue 

architecture and physiology take place within the liver lobule such as the deposition of 

collagen fibres in the space of Disse. This process, termed as capillarisation or age-related 

pseudo-capillarisation is accompanied by LSEC dysfunction, altered expression of scavenger 

receptors and glycoproteins as well as a dramatic decrease in both size and frequency of 

fenestrations (299,307). The ability of LSEC to maintain HSC in a quiescent state is 

compromised which contributes to the process of fibrogenesis and liver cirrhosis (162).  

The classical endothelial marker CD31, is a membrane glycoprotein and its expression has 

been reported at low levels liver sinusoidal endothelium in comparison to HUVEC (308). The 

receptor CD32B or FcγRIIb is another biomarker expressed by LSEC which contributes to the 

clearance of soluble IgG complexes by endocytosis and has been described as the only Fcγ 

receptor expressed in LSEC (68). In addition, LYVE-1 is a transmembrane hyaluronic acid 

receptor, originally reported to only be expressed by lymphatic vessels, which is also 

expressed on LSEC (241). In contrast to these proteins, Von Willebrand Factor is a marker 

whose expression has been documented in LSEC in the context of liver injury and is associated 
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with platelet adhesion (309). Markers such as CD32B and LYVE-1 have been used to distinguish 

LSEC from vascular endothelium and altered expression of CD31, CD32B, LYVE-1 and vWF has 

been reported (242,310,311). Despite this however, data describing human disease specific 

expression levels of these markers in comparison to healthy control liver specimens is still 

lacking.          

Therefore, prior to the establishment of an in vitro model for the study of LSEC phenotype and 

function, knowledge of the architecture of the primary tissue specimens available to us for 

LSEC isolation was required, as well as characterisation of the expression patterns of 

endothelial markers in healthy donor and cirrhotic, otherwise referred to as diseased liver 

tissue specimens. Healthy donor liver specimens originated from organs deemed unsuitable 

for transplantation which then become available for research purposes. Cirrhotic liver tissue 

specimens originate from explanted organs with aetiologies such as ALD or PBC.            

This aim of this chapter is to characterise the architectural differences between healthy donor 

and cirrhotic liver tissue specimens and identify LSEC within the liver lobule based on 

expression patterns of the markers mentioned above. Additionally, quantification of the 

expression will be presented as well as variable expression patterns in a disease setting such 

as ALD. The method of isolation of LSEC from human liver tissue is presented as well as the 

maintenance of phenotypic and functional characteristics of LSEC in vitro.   

I began with histological staining using H&E and Van Gieson stains, to assess how liver tissue 

architecture changes in ALD compared to healthy donor liver tissue. This was followed by the 

immunohistochemical analysis of endothelial markers in healthy donor and ALD liver tissue. 

LSEC were isolated from healthy donor and ALD liver tissue specimens and expanded in culture 
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followed by in vitro assessment of their endocytic capacity and expression of endothelial 

markers.  

3.2 Histological analysis of human liver tissue 

Histology enables the study of cells and tissue morphology under a light microscope by the 

use of chemical dyes that are retained within the cells and tissue after washing(312). An 

essential combination of stains used in histopathology to assess tissue architecture is 

haematoxylin and eosin (313).  

Haematoxylin is a positively charged, basic dye that stains basophilic cellular components such 

as the nucleus in shades of violet and blue colour when exposed to an alkaline environment. 

Eosin is an acidic dye which stains the cell cytoplasm as well as extracellular matrix in varying 

shades of pink depending on the affinity of the tissue for the dye (314) (315). Elastin van Gieson 

staining can also be used to highlight pathologic changes in elastic fibres within connective 

tissue and provides differential staining of collagen(316).    

First, van Gieson staining was performed in order to define the morphological characteristics 

and microarchitecture of healthy donor and ALD tissue samples followed by H&E staining. 

Representative images of van Gieson and H&E staining in healthy donor and ALD liver tissue 

specimens are shown in Figure 3.1 and Figure 3.2 respectively. Healthy donor liver tissue 

illustrated in panels A and C, revealed normal tissue architecture with distinct liver lobules 

showcasing a well branched network of sinusoidal capillaries connecting portal and central 

venules, surrounded by parenchymal hepatocytes.  Liver tissue morphology in the chronically 

diseased ALD specimen collected upon explant for the complications of cirrhosis was 

significantly altered. Extracellular matrix fibres are evident as illustrated in Figure 3.1 and 
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Figure 3.2 panels B and D. Normal lobular architecture is disrupted and the tissue is organised 

into nodules separated by bridging fibrosis. This is illustrated more clearly in the van Gieson 

staining of cirrhotic liver tissue in Figure 3.1 (B) and (D), where fibrous connective tissue 

throughout the sample is evident in varying shades of magenta. Representative images of 

portal areas in healthy donor and ALD liver tissue are presented in Figure 3.2 (E) and (F). The 

portal area in healthy donor liver tissue (E) is composed of the portal vein (V), the hepatic 

artery (blue arrow) and bile duct (green arrow), with sinusoidal capillaries radiating outwards 

towards the central vein of the liver lobule. The accumulation of fat termed as steatosis, seen 

as white droplets (red arrows) surrounding the portal area is also evident. In contrast, the 

portal area architecture in ALD liver tissue (F) exhibits significant remodelling as it is 

surrounded by fibrous tissue which distorts the normal arrangement of the portal tract as 

observed in healthy donor liver tissue. Thus, while LSEC in a healthy liver are in close proximity 

with underlying hepatocytes, LSEC in cirrhosis exist within an environment with increased 

inflammatory mediators, hepatocellular death, and fibrosis.         
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Figure 3.1: Van Gieson staining in healthy donor and ALD liver tissue sections 

 

  

 

 

 

 

 

 

 

 

 

 

FFPE liver tissue was sectioned at 4 µm and Van Gieson staining was carried out. Representative 

images are shown from n = 3 healthy donor (A&C) and ALD (B & D) liver tissue specimens. H&E 

stained tissue specimens were imaged using Axio Scan Z1 Slide Scanner (Zeiss) using a 20x 

objective and processed in Zen 3.1 (Blue edition, Zeiss) software. CV: Central Vein. Areas within 

black dotted lines represent fibrous tissue. Scale bar: 200 µm (top row), 100 µm (bottom row).   
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Figure 3.2: H&E staining in healthy donor and ALD liver tissue sections 

 

 

FFPE liver tissue was sectioned at 4 µm and H&E staining was carried out. Representative images are 
shown from n = 3 healthy donor (A&C) and ALD (B & D) liver tissue specimens with representative fields 
of view illustrating portal areas in healthy donor (E) and ALD (F) liver tissue. H&E stained tissue 
specimens were imaged using Axio Scan Z1 Slide Scanner (Zeiss) using a 20x objective and processed 
in Zen 3.1 (Blue edition, Zeiss) software. CV: Central Vein. Area within black box indicates a portal triad 
located in zone 3 of the liver lobule. Areas within black dotted lines represent fibrous tissue. N: Liver 
nodule. F: Fibrous scarring. Green arrows indicate bile ducts within portal tracts, blue arrows show 
hepatic arteries, red arrows point to fat accumulation. Scale bar: 200 µm (top row), 100 µm (middle 
row), 50 µm (bottom row).   
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3.3 Immunohistochemical analysis of endothelial markers in human liver tissue  
    

Next, immunochemical staining was performed, with a combination of primary antibodies, in 

order to characterise the expression of endothelial markers in liver tissue. The endothelial 

markers explored here are the following; CD31 (PECAM-1), CD32B (FcγRIIb), LYVE-1 and von 

Willebrand Factor (vWF). Representative images of CD31 stained healthy donor and cirrhotic 

liver tissue specimens are shown Figure 3.3. Panel A illustrates that in healthy donor liver, 

CD31 expression appears homogeneous throughout the liver lobule. The marker localises to 

sinusoidal endothelial cells within sinusoidal capillaries but is also present on vascular and 

arterial endothelial cells in the portal area. The intensity of expression appears similar across 

all these vessels. In addition to CD31 positive LSEC, KC residing within the sinusoids also 

express CD31 (black arrow, Figure 3.3 (C)). CD31 expression is maintained on LSEC in cirrhosis 

however the distribution pattern is altered. The representative example of cirrhotic ALD liver 

tissue shown in Figure 3.3 (B) and (D), illustrates that there is an accumulation of endothelial 

cells staining positive for CD31 at the periphery of the lobules but a corresponding loss of 

staining in central areas. Vascular endothelial cells remain positive. Morphometric analysis 

was used to calculate the percentage of stained area in each of n=5 random fields of from n=5 

cases of healthy donor and ALD liver specimens. Although statistical analysis revealed no 

significant difference in CD31 expression between healthy donor and ALD liver tissue (Figure 

3.3 (F)), staining quantification illustrates comparable CD31 expression between groups with 

the exception of one healthy donor isolate.  
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Figure 3.3: CD31 expression in healthy donor and chronic liver disease specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-CD31 antibody (ab187377) at 2 ug/ml. 
Representative images of CD31 stained liver sections from a healthy donor (A & C) and alcoholic liver 
disease (ALD) (B & D) are shown. Mouse IgG (DAKO, X0931) was used as a negative control at 2 µg/ml 
and panel E shows a representative image of background staining. F: Microscopic quantification of 
percentage area stained, quantified from 5 random fields of view per section in n=5 cases per condition. 
Images were acquired using Axio Scan.Z1 slide scanner (Zeiss) using a 20x objective and quantified using 
ImageJ software. Data are expressed as mean +/- SEM percentage area (bars) and symbols indicate mean 
values per individual patient in the group. Mann Whitney test confirmed no significant difference in 
protein expression between groups.    
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Representative images of protein expression of the Fcγ receptor CD32B in healthy donor and 

cirrhotic liver tissue are shown Figure 3.4. CD32B expression exhibits uniform distribution 

throughout the liver lobule, with the marker localising in sinusoidal endothelium of normal 

liver tissue as illustrated in panels A and C. The staining intensity appears uniform throughout 

the liver lobule. In ALD tissue however, although CD32B expression is maintained, staining 

appears less intense and exhibits an irregular pattern. Figure 3.4 (B) and (D) shows maintained 

expression of CD32B within fibrous tissue areas as well as liver nodules. Following the same 

approach for staining quantification as described above, CD32B expression was found 

significantly reduced in chronically inflamed ALD specimens compared to healthy donor as 

shown in panel G.  

LYVE-1 expression in LSEC exhibits similar staining pattern to CD32B in normal liver tissue, as 

illustrated by Figure 3.5 (A) and (C) which shows uniform distribution and intense staining 

throughout the liver lobule zones 1 to 3. In contrast to this, LYVE-1 expression is dramatically 

reduced in ALD tissue which shows minimal and sporadic staining in the hepatic sinusoids 

within liver nodules and fibrotic areas as indicated by Figure 3.5 (B) and (D). The dramatic 

decrease in LYVE-1 positive LSEC in ALD liver tissue specimens was confirmed by staining 

quantification, whereby expression was found significantly reduced in cirrhotic (ALD) tissue 

compared to healthy donor (Figure 3.5 (F)).  

Expression of vWF in normal liver tissue LSEC was extremely low with distribution appearing 

in vascular endothelium and mainly absent from sinusoidal endothelium as shown in Figure 

3.6 (A) and (C). It exhibits a significant increase in expression and intensity in ALD liver tissue 

sown in Figure 3.6 (B) and (D) whereby it is present on sinusoidal endothelium throughout as 
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well as on the periphery of the lobules. Expression on vascular endothelium is also maintained 

in cirrhotic tissue. Staining quantification for vWF revealed a significant increase in expression 

in ALD liver tissue compared to healthy donor liver specimens as illustrated by Figure 3.6 (F).          
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Figure 3.4: CD32B expression in healthy donor and cirrhotic liver disease specimens 

FFPE liver tissue was sectioned (4µm) and stained with anti-CD32B antibody (ab77093) at 3.8 ug/ml (healthy 
donor) and anti-CD32B antibody (ab45143) at 0.995 µg/ml. Representative images of CD32B stained liver 
sections from a healthy donor (A & C) and alcoholic liver disease (ALD) (B & D) are shown. Goat (Thermo 
Fisher, #02-6202) and rabbit IgG (ab34417) were used as negative controls at 3.8 µg/ml and 0.995 µg/ml 
respectively and panels E and F show representative images of background staining. G: Microscopic 
quantification of percentage area stained, quantified from 5 random fields of view per section in n=5 cases 
per condition. Images were acquired using Axio Scan.Z1 slide scanner (Zeiss) using a 20x objective and 
quantified using ImageJ software. Data are expressed as mean +/- SEM percentage area (bars) and symbols 
indicate mean values per individual patient in the group. Mann Whitney test. P-value* < 0.05.  
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Figure 3.5: LYVE-1 expression in healthy donor and chronic liver disease specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-LYVE-1 antibody (ab33682) at 5 ug/ml. 
Representative images of LYVE-1 stained liver sections from a healthy donor (A & C) and alcoholic liver disease 
(ALD) (B & D) are shown. Mouse IgG (DAKO, X0931) was used as a negative control at 5 µg/ml and panel E shows 
a representative image of background staining. F: Microscopic quantification of percentage area stained, 
quantified from 5 random fields of view per section in n=5 cases per condition. Images were acquired using 
Axio Scan.Z1 slide scanner (Zeiss) using a 20x objective and quantified using ImageJ software. Data are 
expressed as mean +/- SEM percentage area (bars) and symbols indicate mean values per individual patient in 
the group. Mann Whitney test. P-value *** < 0.001.    
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Figure 3.6: von Willebrand factor expression in healthy donor and chronic liver disease specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-von Willebrand Factor antibody (DAKO, M0616) at 0.252 
mg/ml. Representative images of anti-von Willebrand Factor stained liver sections from a healthy donor (A & C) 
and alcoholic liver disease (ALD) (B & D) are shown. Mouse IgG (DAKO, X0931) was used as a negative control at 
0.252 mg/ml and panel E shows a representative image of background staining. F: Microscopic quantification of 
percentage area stained, quantified from 5 random fields of view per section in n=5 cases per condition. Images 
were acquired using Axio Scan.Z1 slide scanner (Zeiss) using a 20x objective and quantified using ImageJ software. 
Data are expressed as mean +/- SEM percentage area (bars) and symbols indicate mean values per individual patient 
in the group. Mann Whitney test. P-value ** < 0.01.    
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The co-expression of LSEC specific markers CD32B and LYVE-1 was assessed by dual 

immunofluorescence staining. A representative image of healthy donor liver tissue stained 

with CD32B and LYVE-1 is shown in Figure 3.7 (A) whereby CD32B expression is indicated in 

green and LYVE-1 positive staining in red. CD32B and LYVE-1 exhibit expression throughout 

the liver lobule, with LYVE-1 also expressed on KC within sinusoids (white arrows). The 

distribution pattern of both markers however is disrupted by the presence of steatosis within 

the sample, indicated by the regions enclosed within the white circles in panel A.  The intensity 

profile shown in Figure 3.7 (B) illustrates CD32B and LYVE1 co-expression in a representative 

region marked by the white line in panel A which covers a pericentral to mid-lobular region. 

There is variability in intensities in CD32B (green) and LYVE-1 (red) staining within that region. 

The peaks pointed out by the regions marked in white rectangular outlines illustrate regions 

of colocalization between the two markers. Figure 3.7 (C) shows the region outlined in panel 

A at a higher magnification where labelling of the sinusoids with CD32B and LYVE-1 in the 

pericentral region of the lobule is visualised. The region is also marked by fat accumulation as 

indicated by the orange arrows.            

Further to this, co-expression of LYVE-1 and CD32B was also assessed is cirrhotic liver tissue 

as shown in Figure 3.8. expression of the two markers is clearly diminished. This specific 

sample is from a PSC liver and expression is extremely low, to a level comparable to the 

negative control shown in Figure 3.8 (B). A magnified region from panel A is illustrated in 

Figure 3.8 (C) which emphasises the lack of expression of these two markers within the fibrotic 

area shown with the exception of weak CD32B positive staining in some regions (white 

arrows).    
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Figure 3.7: Co-expression of CD32B and LYVE1 in healthy donor liver specimens 

 

 

(A) Representative image of FFPE liver tissue sectioned (4µm) and co-stained with anti-CD32B 
(ab77093) and anti-LYVE-1 (ab33682) antibodies followed by donkey anti-goat Alexa Fluor 488 (green) 
and donkey anti-rabbit Alexa Fluor 647 (red) secondary antibodies respectively. DAPI staining was 
carried out for nuclear counterstaining shown in blue. Images were acquired using LSM880 Confocal 
microscope (Zeiss) using a 10x objective. (B): Intensity profile generated in Zen 3.1 (Blue, Zeiss) software 
along the length of the dotted white line indicated in panel A. The peaks enclosed within the white 
boxes indicate regions of co-localisation. (C) Specified area indicated within the white box in panel A at 
a higher magnification; scale bar 50 µm. White circles and orange arrows indicate regions of steatosis. 
White arrows point to LYVE-1 positive Kupffer cells within sinusoidal capillaries.      
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3.4 LSEC isolation from human liver tissue  
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(A) Representative image of FFPE liver tissue sectioned (4µm) and co-stained with anti-CD32B (ab77093) 
and anti-LYVE-1 antibodies followed by donkey anti-goat Alexa Fluor 488 (green) and donkey anti-rabbit 
Alexa Fluor 647 (red) secondary antibodies respectively. DAPI staining was carried out for nuclear 
counterstaining shown in blue. Images were acquired using LSM880 Confocal microscope (Zeiss) using a 
10x objective. (B) Representative image of goat and rabbit IgG negative control. (C) Magnified view of 
region specified in white rectangle in panel A. White arrows indicate CD32B positive staining.  

Figure 3.8: The expression of CD32B and LYVE-1 in cirrhotic liver specimens is severely diminished. 
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The initial histological analysis confirmed that LSEC are still in evidence in cirrhotic tissue 

however they exhibit a de-differentiated phenotype as expected. In order to study these cells 

in vitro the next step was to isolate LSEC from healthy and diseased liver tissue samples. This 

was achieved by the implementation of the CLGR’s standard LSEC isolation procedure (303) 

outlined in section 2.1.5 in Chapter 2 materials and methods, on human tissue sourced from 

normal donor and explanted liver tissue specimens. The basic protocol is outlined in 

Figure 3.9. A slice of liver tissue (40-50 g) was used as the starting material and was 

mechanically digested in preparation for further enzymatic digestion of the tissue carried out 

in the next step. As noted in Figure 3.1 and Figure 3.2, the amount of connective fibres within 

tissue varies between samples. Consequently, the incubation time of the enzymatic digestion 

was adjusted depending on tissue stiffness determined during mechanical digestion as well as 

liver tissue appearance. After a series of wash steps, the resulting tissue digest composed of 

all liver cell populations was aliquoted onto Percoll gradients, to facilitate the separation of 

parenchymal and non-parenchymal cell populations. LSEC, localised to the non-parenchymal 

cell fraction indicated by a white arrow in Figure 3.9 (D) which was collected from all Percoll 

gradients. As good expression of CD31 on LSEC even in cirrhosis was confirmed (Figure 3.3), 

CD31 was used as a positive selection marker. After approximately 7-10 days in culture, LSEC 

exhibit a cobblestone morphology. This methodology enabled successful isolation of LSEC 

from liver tissue of varying aetiologies including healthy donor and ALD specimens (a 

representative image of LSEC in culture is shown in Figure 3.9 panel F).  
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Figure 3.9: Schematic representation of the LSEC isolation procedure from human liver tissue. 

 

 

(A) Representative image of liver tissue starting material followed by mechanically digested liver tissue (B) 
prepared for enzymatic digestion. Next, the liver digest is washed and aliquoted onto Percoll gradients for 
separation of parenchymal and non-parenchymal cell fractions (C). The non-parenchymal cell fraction is 
collected (white arrow in panel D) and subjected to immunomagnetic selection (E) using CD31 coated 
magnetic beads for the positive selection of LSEC (F).    
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3.4.1 Immunocytochemical analysis of LSEC markers in vitro 
 

Following isolation and culture of LSEC, assessment of expression of the scavenger receptor 

LYVE-1 was carried out at the protein level by performing immunocytochemistry on fixed LSEC. 

Representative images of LYVE-1 expression are shown in Figure 3.10 in healthy donor (A) and 

cirrhotic (B) LSEC. These particular isolates of LSEC shown, were stained at passage 3 and 5 for 

healthy donor and cirrhotic (ALD) LSEC respectively. LYVE-1 exhibits a granular distribution 

throughout the cell cytoplasm of normal LSEC and cirrhotic LSEC with more intense foci 

present in the perinuclear region as well as in the cytoplasm. Expression of LYVE-1 confirms 

maintenance of scavenger receptor expression in vitro in CD31 isolated LSEC, which is a key 

phenotypic characteristic. Further scavenger receptor expression including LYVE-1 at the 

mRNA level in passaged LSEC has also been carried out and is presented in Chapter 4.   
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Representative images of LYVE-1 protein expression in healthy donor (A) and cirrhotic (B) LSEC in vitro. LSEC 
were stained with anti-LYVE-1 primary antibody (ab33682) and followed by goat anti-rabbit IgG Alexa Fluor 594 
secondary antibody. Nuclear counterstain is shown in blue. Rabbit IgG was used as a negative control and panel 
C shows a representative image of background staining. Images are representative of n=2 of healthy donor and 
cirrhotic biological replicates. Image acquisition was carried out using LSM 880 Confocal microscope and 
processed in Fiji software. Contrast has been adjusted for illustration of labelling distribution. Scale bar: 10 µm.  

A B C 

Figure 3.10: Expression of LYVE-1 in healthy donor and cirrhotic LSEC in vitro. 
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3.4.2 Confirmation of LSEC phenotype by assessment of scavenging function 
 

Confirmation of the LSEC phenotype in vitro was carried by immunocytochemistry as 

described above which provided evidence that LSEC isolated and passaged from donor and 

cirrhotic livers maintain detectable expression of key markers which are considered essential 

for LSEC function. As LSEC are considered masters of endocytosis, assessment of LSEC 

endocytic capacity in vitro was evaluated next. The general principle is, LSEC should be able to 

endocytose an appropriate ligand rapidly even in low concentrations(317). Consequently, 

formaldehyde treated albumin fused with FITC fluorescent protein (FITC-BSA) was used as a 

ligand of endocytosis and incubated with LSEC isolated from healthy donor and cirrhotic liver 

tissue.  

Representative images of endocytosed FITC-BSA ligand in an uptake assay performed in 

diseased LSEC is shown in Figure 3.11 (A) and the ligand free control is shown in panel B.  

Endocytosed FTC-BSA can be seen as green, fluorescent vesicles distributed in the cell 

cytoplasm. LSECs at high passage were able to rapidly internalise labelled albumin. This was 

localised in the cytoplasm around the nucleus, as well as in proximity to the peripheral actin 

fibres stained with phalloidin as shown in representative images in Figure 3.11 (A). FITC-BSA 

vesicle size and intensity varies between cells as well as within individual cells.   

Quantification of vesicles from n=5 fields of view from each of n=3 isolates of healthy donor 

and cirrhotic LSEC was carried out in Fiji software and the number of vesicles was normalised 

to the number of cells in each field of view.  The average vesicle uptake of healthy donor and 

cirrhotic LSEC isolates is shown in Figure 3.12 (A) and (B) respectively, where each symbol 

represents a separate isolate of LSEC. The quantified vesicles are a measure of the ability of 
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the cells to internalise albumin. Both healthy donor and cirrhotic LSEC exhibit variability in 

endocytic function between biological isolates. Differences between FITC-BSA incubated LSEC 

and ligand free control were not statistically significant. Overall, isolated LSEC maintain the 

ability to endocytose in vitro, even after 3-5 passages, which is an essential functional 

characteristic of the LSEC phenotype.  
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Figure 3.11: Uptake of FITC labelled albumin in human diseased LSEC. 

 

 

 

 

 

 

 

(A) Representative image of the uptake of FITC-BSA ligand at 20 µg/ml in LSEC isolated from ALD liver 
tissue at 30 minutes. Endocytosed vesicles appear as green, fluorescent vesicles in the cytoplasm. 
(B) Representative image of ligand free uptake assay control. (C) Representative image of FITC-BSA 
uptake in healthy donor LSEC and ligand free control (D). F-actin fibres stained with Alexa Fluor™ 633 
Phalloidin shown in red. Images are representative of n=5 fields of view per condition; all images 
were captured on LSM 880 confocal microscope (Zeiss) using a 40x objective. 
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Figure 3.12: Uptake of FITC labelled albumin in healthy donor and cirrhotic LSEC. 
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Quantification of the uptake of FITC-BSA ligand in LSEC isolated from healthy donor 
(A) and ALD (B) liver tissue specimens at 30 minutes compared to ligand free 
control. Images were captured using LSM 880 confocal microscope, endocytosed 
vesicles were quantified using Fiji software and normalised to the number of cells 
per field of view. Data are expressed as mean +/- SEM (bars) and are representative 
of n=5 fields of view from each of n=3 healthy donor and cirrhotic liver specimens. 
Unpaired t-test revealed no significant difference between groups.   
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3.5 Discussion 
 

3.5.1 Analysis of liver tissue specimens  
 

The microscopic morphological differences illustrated between healthy donor and ALD liver 

tissue confirm liver tissue architecture remodelling throughout the course of chronic liver 

disease. Haematoxylin and Eosin stains have been the standard approach for histologic 

examination of human tissues for over a century (315).  Tissue remodelling, more evident in 

the representative images of Van Gieson staining comparing normal donor and ALD live tissue 

in Figure 3.1, as a result of progressive fibrous collagen synthesis and deposition, is 

characteristic of hepatic fibrosis (318). Identification of these structural differences provides a 

better understanding of liver tissue remodelling during chronic liver disease as it is a crucial 

factor implicated in the process of capillarisation of LSECs (319). The protein expression of 

collagen within fibrotic areas has also been assessed and is presented in the next chapter. 

LSEC within the hepatic microenvironment under homeostatic conditions perform filtration 

and endocytosis at a high capacity and this is achieved by the combination of the multiple 

scavenger and adhesion molecules they express, as well as the fenestrations that perforate 

the LSEC membrane. Characteristic expression in healthy LSEC includes the Fc receptor CD32B 

and scavenger receptor LYVE-1 while vWF exhibits very low levels in homeostatic conditions. 

In chronically inflamed livers however, expression of vWF is increased while CD32B expression 

is diminished (68,241,242,309,320,321). The classical endothelium marker CD31 is also 

expressed on LSECs and its expression is altered between homeostatic and chronically 

inflamed livers (322).   
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The analysis of classical and sinusoid specific endothelial markers in healthy donor and ALD 

liver tissue reflects the marked phenotypic capillarisation of LSEC in chronic liver disease. CD31 

is a membrane glycoprotein and a classic endothelial marker expressed in endothelial cell 

intercellular junctions which has been reported to also be expressed in capillarised liver 

sinusoidal endothelium (97,323). Moreover, CD31 has been implicated in the process of trans-

endothelial migration of leukocytes and this constitutes CD31 as an important molecule in the 

maintenance of hepatic homeostasis. In the data presented in this chapter, CD31 expression 

is abundant in healthy donor sinusoidal endothelium as well as in ALD cirrhotic specimens. It 

is noteworthy, that KC are also CD31 positive and as illustrated by the black arrows in Figure 

3.3 (C), they are very frequently present in sinusoidal capillaries. Nevertheless, CD31 

expression has been reported in human liver specimens irrespective of the presence of 

inflammation or cirrhosis, a report which is line with the CD31 expression data presented in 

this chapter (242). There have also been additional reports for the expression of CD31 in 

normal human liver specimens. The consistent expression of CD31 in LSEC beginning from 

peri-portal zone 1 of the liver lobule to the peri-central region (zone 3) (324). In relation to the 

absence of a detectable difference in CD31 expression between healthy donor and ALD liver 

tissue specimens, similar results have been reported in a rat model of acute liver damage 

recapitulated by carbon tetrachloride administration where no marked increase in CD31 

expression was detected. CD31 positive expression assessed by immunohistochemistry was 

detected in rat and human healthy hepatic sinusoids as well as within the central vein lining 

(322). In general, CD31 expression in LSEC has long been matter of debate with contradictory 

results presented from different research groups. Reports from human liver specimens 

include low expression in normal liver tissue and increased expression in chronic liver disease 
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while others have reported expression in both normal and diseased liver tissue (97). In the 

data presented in this chapter, although no significant difference has been detected 

statistically between normal and diseased samples, the quantified immunoreaction exhibits a 

slightly decreasing trend in CD31 expression in ALD samples compared to normal. It is 

important to consider that, KC present in the sinusoids which are CD31 positive as shown in 

figure 3.3 (F), also contribute to the overall quantified expression of CD31 in normal donor 

tissue samples. Overall, LSEC along the portal-central axis of the liver lobule express CD31 in 

normal donor tissue whereas both sinusoidal and scar associated endothelium is CD31 

positive in ALD samples. Vascular endothelium is CD31 positive in both cases.             

 The receptor CD32B or FcγRIIb is an LSEC specific biomarker contributing to the clearance of 

soluble IgG complexes by endocytosis and has been described to be the only Fcγ receptor 

expressed in LSEC (212). Expression of CD32B (SE-1 antigen in rat) has also been positively 

correlated with the presence of fenestrations in rat LSEC (325). The staining distribution 

patterns of CD32B shown in Figure 3.4 show uniform distribution in zones 1-3 of the liver 

lobule. CD32B distribution been represented by Strauss et al. (100) where expression was 

found to be low in LSEC located in zone 1 with increasing expression in LSEC within zone 2 

and 3 of the liver lobule. In chronically inflamed liver tissue, ALD in particular as presented 

here, CD32B expression in significantly reduced and exhibits scattered expression in sinusoids 

within hepatic nodules. Single cell transcriptomics data presented by Su et al. (326) also 

confirm downregulation of CD32B in mouse cirrhotic livers. The importance of CD32B 

expression in LSEC, along with its homeostatic role within the liver has been demonstrated in 

the context of NASH. A negative correlation between serum collagen type IV and hyaluronan 

with CD32B expression. Increased type IV collagen and hyaluronan has been reported in NASH 
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and this suggests a decline in CD32B function. This supports the gradual LSEC dysfunction that 

takes place in chronic liver disease (327).   

LYVE-1 is a transmembrane scavenger receptor, originally thought to only be expressed by 

lymphatic vessels however has also been reported to be expressed by LSEC (310). This is 

illustrated by the LYVE-1 expression data shown in Figure 3.5 (A) and (C) where LYVE-1 is 

abundantly expressed in zones 1-3 of the liver lobule. LYVE-1 expression has been reported in 

specific subsets of LSEC within the liver lobule in liver tissue specimens obtained from patients 

undergoing hepatic resection. Peri-portal LSEC localised in zone 1 of the liver lobule were 

found to express low levels of LYVE-1, with increasing expression exhibited in mid-lobular 

(zone 2), and peri-central (zone 3) LSECs (100). In contrast to this, and in line with previous 

reports stating a decrease in LYVE-1 expression in diseased liver specimens including 

ALD (242), Figure 3.5 (F) illustrates a significant reduction in LYVE-1 expression in LSEC in ALD 

liver tissue specimens. This illustrates that the process of capilarisation of LSEC within 

chronically diseased livers contributes to altered expression levels of LYVE-1. Co-expression of 

CD32B and LYVE-1 in zones 2 and 3 of the liver lobule, illustrated in Figure 3.7 has also been 

shown in by Strauss et al. (100).        

Expression of Von Willebrand Factor has been documented in LSEC in the context of liver 

injury (64) and is associated with platelet adhesion (309). Conflicting conclusions on the 

expression of von Willebrand Factor across human, rat and mouse specimens have been 

reported. It is stored in cytoplasmic vesicles called Weibel Palade bodies and its absence has 

been shown in rat LSEC (328). Although evidence denying nor confirming the presence of 

Weibel Palade bodies in LSEC has not been illustrated, the expression of von Willebrand Factor 



118 

 

has been documented in human LSEC(329). It is mostly expressed in vascular endothelium(330) 

which explains its absence in heathy donor liver sinusoidal endothelium as well as its 

significant upregulation in diseased liver as shown in Figure 3.6 (B), (D) and (F). This is line with 

hepatic sinusoidal endothelium capillarisation during chronic liver disease and the fact that it 

exhibits a more vascular endothelial phenotype. 

 Single cell RNA sequencing of LSEC isolated from normal and diseased human livers has 

revealed several endothelial sub-populations residing throughout the liver lobule. The most 

abundant LSEC population, revealed enriched expression in F8 (Factor VIII), CD31 with low 

expression of CD32B, LYVE-1 and Stabilin-2 and these were proposed to be peri-portal LSEC. 

The second most abundant LSEC population however, exhibited enriched expression of 

CD32B, LYVE-1, Stabilin-2 as well as low expression of von Willebrand factor and was 

suggested to originate from the peri-central zone of the liver lobule (106). In general, biological 

variability between healthy donor as well diseased liver specimens regardless of aetiology, 

massively impacts marker expression results. In the CLGR, healthy donor livers originally 

destined for liver transplantation are regarded as ‘normal’ livers as there is no diagnosed 

pathological condition associated with them. However, patient age should be taken into 

consideration as LSEC do undergo age-related pseudocapilarisation (331,332) which could 

potentially impact marker expression.      
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3.5.2 Experiments on the phenotypic and functional profile of LSEC in vitro   

LSEC isolation protocols vary between research groups and more importantly vary depending 

on the species the LSEC are isolated from. While LSEC isolated from rat liver tissue using CD31 

have been reported to lack fenestrations, visualisation of fenestrations in CD31 isolated 

human LSEC from healthy donor and cirrhotic livers indicates the contrary (data presented in 

chapter 6). In rat, SE-1 (CD32B in human) has been successfully used to isolate a 98% pure 

LSEC yield in an immunoselection based method (333) while rat LSEC isolated using CD31 have 

been reported to have less fenestrae compared to LSEC isolated via elutriation (334). 

Onoe et al. (335) positively selected for mouse LSEC using CD105 marker in combination with 

MACS. This marker, however, is also expressed in hepatic stellate cells and myofibroblasts. 

The use of CD31 as a selection marker in the CLGR’s LSEC isolation protocol (336), results in a 

human hepatic endothelial cell population that phenotypically and functionally matches LSEC 

characteristics as illustrated by immunocytochemistry and uptake assays. The abundance of 

LSEC as an endothelial population within the liver ensures that it is the primary endothelial 

population isolated from liver specimens. Despite the fact that healthy donor livers had no 

diagnosed pathological condition, the vast majority of them are steatotic and this massively 

impacts the resulting yield of isolated LSEC, some of which are eventually unusable as they do 

not proliferate efficiently in vitro in order to reach the cell numbers required to reliably 

perform experiments. CD31 is also expressed by KC which inevitably contaminate LSEC 

preparations. However, in absence of their proliferation, LSEC proliferate and expand, 

eventually leading to the detachment of KC from the flask which can be removed by washing 

the LSEC monolayer with PBS during media changes or prior to harvesting. 
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In response to this, I have tried preliminary testing of CD32B antibody (ab151497) in the 

standard LSEC isolation protocol. Figure 3.13 illustrates CD32B and CD31 expression on CD32B 

isolated LSEC from a diseased liver specimen (PBC) at passage 1. Granular staining of CD32B 

can be noted in the perinuclear area as well as throughout the cytoplasm. CD32B distribution 

is closely associated with CD31 positive regions within the cytoplasm as well as cytoplasmic 

extensions connecting neighbouring LSEC. Thus, in principle CD32B could represent a good 

and more selective strategy for isolating LSEC.  
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(A) Representative image of CD32B isolated LSEC stained with anti-CD32B 
(ab151497) and anti-CD31 (ab187377) primary antibodies followed by goat 
anti-rabbit IgG Alexa Fluor 594 and goat anti-mouse IgG1 Alexa Fluor 488 
secondary antibodies respectively. (B) Representative image of rabbit and 
mouse IgG negative controls. Images were captured using LSM880 confocal 
microscope (Zeiss) with a 40x objective and processed in Zen Blue software 
(Zeiss).  

Figure 3.13: CD31 and CD32B expression in CD32B isolated LSEC 
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Following successful isolation and expansion of human LSEC from healthy donor and cirrhotic 

liver tissue, maintenance of their phenotype in vitro was confirmed using 

immunocytochemistry. The expression of LYVE-1 in LSEC in vitro confirmed the maintenance 

of a sinusoidal phenotype of CD31 isolated healthy donor and cirrhotic LSEC. Moreover, 

successful uptake of FITC-BSA ligand by cultured and passaged LSEC affirms their scavenging 

function (337) in vitro which is a crucial functional characteristic(338).  

In conclusion, the data presented in this chapter illustrates differences in liver architecture 

between healthy and diseased liver specimens as well as the differences in distribution and 

expression of the markers CD31, CD32B, LYVE-1 between healthy and diseased liver 

specimens. Human LSEC can be successfully isolated from heathy donor and disease liver using 

CD31 as a selection marker. LSEC maintain phenotypic and functional characteristics in vitro 

as shown by the expression of LYVE-1 and the uptake of FITC-BSA ligand. Consequently, they 

can be used in vitro to further elucidate key differences between normal and chronic liver 

disease derived LSEC.           

 

 

 

 

 

 

 

 



123 

 

4 LSEC capillarisation is recapitulated in vitro 
4.1 Introduction 
 

In this chapter, the effects of culture on the phenotype and genotype of LSECs will be 

considered. Thus, to begin with, this chapter will revisit some notable characteristics of LSECs 

as key players in the maintenance of hepatic homeostasis. Their specialised phenotype 

consists of the expression of scavenging and pattern recognition receptors such as the 

mannose receptor (339) and are involved in leukocyte recruitment (248) as well as regulation 

of hepatic blood flow.   

Stabilin-2 is an endocytic receptor expressed in the hepatic sinusoids, venous sinuses of the 

spleen and medullary sinuses of lymph nodes and is specific for clearance of hyaluronan (HA) 

and chondroitin sulphate from blood in the liver (340). Stabilin-2 mediates the endocytosis of 

HA and chondroitin sulphate through the clathrin-coated pit pathway (341,342). This endocytic 

pathway is also employed by the mannose receptor.  

LSEC participate in clearing denatured collagen from blood circulation via the scavenging 

activity of the mannose receptor (CD206) which is also expressed in Kupffer cells within 

sinusoidal capillaries in the liver (209,343). An additional function of LSEC is clearance of viral 

particles, a process which involves the expression of CLEC4M. CLEC4M is a C-type lectin 

receptor which engages in pathogen recognition and binding to sinusoidal endothelium 

(247,344).  

A key characteristic of LSEC is the fact that their plasma membrane is perforated with 

transmembrane pores called fenestrations organised in groups forming sieves plates. 
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Throughout chronic liver disease and aging the LSEC phenotype undergoes important 

morphological and gene expression changes through the process of capillarisation (345). LSEC 

capillarisation occurs gradually, is characterised by perisinusoidal deposition of collagen and 

is linked to LSEC dysfunction. The capillarisation process includes progressive decline in 

porosity or defenestration of the LSEC membrane and this is associated with decreased ability 

of LSEC to filter chylomicrons and waste macromolecules from blood(346). Defenestration has 

been described to be particularly high in zone 3 of the liver lobule in alcoholic liver disease 

specimens which in fact precedes fibrosis (347,348). Additionally, as capillarisation leads to a 

phenotypic shift of LSEC to a more vascular phenotype, marked changes in scavenger receptor 

expression also take place in a disease setting (349).   

Autophagy is a mechanism that’s been linked to liver injury where its dysregulation can lead 

to oxidative stress as well as contribute to pathogenic lipid accumulation (350). Caveolin-1 

(CAV1) is a structural protein and subcellular organelle localised to the plasma membrane, 

involved in LDL transcytosis in endothelial cells and has been proposed as a regulator of 

autophagy (351). Further highlighting it role as a homeostatic signalling molecule, Caveolin-1 

also interacts with the endothelial isoform of nitric oxide synthase while acting as an 

endogenous inhibitor for the enzyme (352,353) thereby regulating its activity. eNOS is a key 

enzyme involved in the regulation of LSEC phenotype by fine-tuning the release of NO, a 

crucial molecule for the maintenance of fenestrations in LSEC (354,355).  The expression of 

Caveolin-1 will therefore also be assessed in this chapter.   

It is suggested that LSEC begin to capillarise soon after they are placed in monoculture which 

typically involves altered or loss of expression of LSEC-specific markers and defenestration of 
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the plasma membrane (356–358) and therefore it is vital to assess gene expression changes in 

LSEC in order to evaluate the degree to which the effects of capillarisation observed in chronic 

liver disease, are recapitulated in vitro and the mechanisms linked to these changes.    

This chapter aims to describe capillarisation and pseudo-capillarisation of human LSEC, how 

this process impacts LSEC phenotype and the implications of this in chronic liver disease. For 

the data presented in this chapter, standard immunohistochemistry protocols and 

quantitative PCR were used to analyse and compare the expression of Stabilin-2, the mannose 

receptor, CLEC4M, Caveolin-1 and Collagen I in healthy donor and cirrhotic human liver tissue 

specimens. The extent of capillarisation in vitro was analysed by quantitative PCR in cultured 

LSECs of early (2-3) and late (4-5) passage as well as freshly isolated LSECs to assess the 

expression of LSEC-specific and endothelial markers.  
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4.2 Results 
4.2.1 Immunohistochemical analysis of healthy donor and cirrhotic liver tissue specimens  
 

Immunohistochemical analysis to characterise the nature of endothelial populations in the 

human liver in health and disease was performed. It was of particular interest to report the 

differences in scavenger and structural protein markers that are characteristic of LSEC in 

normal and cirrhotic tissue specimens.  

Figure 4.1 illustrates the expression of Stabilin-2 in representative healthy donor and ALD 

cirrhotic human liver tissue sections. The image shows that Stabilin-2 expression is 

concentrated on discrete cells within the sinusoids observed intermittently throughout the 

entire liver lobule (Figure 4.1 A-D) in both healthy donor and cirrhotic livers. In addition to 

occasional Stabilin-2 positive sinusoidal border staining in keeping with LSEC, cells with the 

appearance of Kupffer cells were also periodically labelled throughout the liver lobule (panel 

B black arrow). Isotype control staining was negative (Figure 4.1 E). Quantification of staining 

in multiple fields of view in 5 individual cases per condition (Figure 4.1 F) shows that although 

a relatively small percentage of the tissue is stained, there was a tendency for increased 

expression in cirrhotic tissue. 

 



127 

 

 

Figure 4.1: Stabilin-2 expression in healthy donor and chronic liver disease specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-stabilin-2 receptor antibody (PA5-55447) 
at 0.2 ug/ml. Representative images of stabilin-2 stained liver sections from a healthy donor (A & B) 
and alcoholic liver disease (ALD) (C & d) are shown. Rabbit IgG (ab34417) was used as a negative 
control at 0.2 µg/ml and panel E shows a representative image of background staining. Scale bar: 100 
µm and 50 µm, F: Microscopic quantification of percentage area stained, quantified from 5 random 
fields of view per section in n=5 cases per condition. Images were acquired using Axio Scan.Z1 slide 
scanner (Zeiss) and quantified using ImageJ software. Data are expressed as mean +/- SEM percentage 
area (bars) and symbols indicate mean values per individual patient in the group. Unpaired t-test 
confirmed no significant difference in protein expression between groups.    
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Figure 4.2 shows representative images of mannose receptor expression in healthy donor and 

ALD liver tissue sections. In contrast to the Stabilin-2 staining, this antigen was expressed in a 

pattern more characteristic of sinusoidal endothelial cells, with discrete localisation along the 

walls of the sinusoids. In healthy donor tissue, it was abundantly expressed across the entire 

liver lobule and localised to both LSEC and Kupffer cells within sinusoidal capillaries. The 

intensity of expression appears similar across sinusoidal capillaries of the liver lobule. The 

percentage of tissue staining positively for mannose receptor was much higher than that 

observed for Stabilin-2. However again there was no significant difference in the area stained 

when quantitative assessment in healthy donor and ALD liver tissue was performed (Figure 

4.2H).  In ALD tissue on the other hand, there was dispersed positive expression of mannose 

receptor on LSEC within nodules and it also localised to vessels within fibrotic septa.  
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Figure 4.2: Mannose receptor expression in healthy donor and cirrhotic liver tissue specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-mannose receptor antibody 
(ab64693) at 2 ug/ml. Representative images of mannose receptor stained liver sections from 
donor (A & B) and alcoholic liver disease (ALD) (C & D) are shown. Panels E and F show 
representative images of mannose expression in fibrotic septa of ALD specimens. Rabbit IgG 
(ab34417) was used as a negative control at 2 µg/ml and panel G shows a representative image 
of background staining. Scale bar: 100 µm and 50 µm, H: Microscopic quantification of percentage 
area stained, quantified from 5 random fields of view per section in n=5 cases per condition. 
Images were acquired using Axio Scan.Z1 slide scanner (Zeiss) and quantified using ImageJ 
software. Data are expressed as mean +/- SEM percentage area (bars) and symbols indicate mean 
values per individual patient in the group. Unpaired t-test confirmed no significant difference in 
protein expression between groups.  
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Next, assessment of CLEC4M expression was carried out and this receptor had a distinct 

expression pattern compared to the two previous proteins (Figure 4.3). In both healthy donor 

(panels A and B) and chronic liver disease liver tissue specimens (panels C and D), expression 

was again localised to cells on the sinusoidal walls but varied across the lobule. In healthy 

donor tissue specimens, CLEC4M expression was most intense in cells within sinusoidal 

capillaries in zone 2 with faint intermittent labelling in zone 3. Positive expression was absent 

in portal areas. This pattern was also seen in cirrhotic tissue but CLEC4M expression intensity 

was diminished in ALD tissue. Staining quantitation from multiple fields of view from a set of 

different cases of healthy donor and cirrhotic liver specimens revealed a significant reduction 

in CLEC4M positively stained cells in cirrhotic liver specimens (Figure 4.3F).     

 

 

 

 

 

 

 

 

 

 



131 

 

 

 

 

 

Figure 4.3: CLEC4M expression is significantly reduced in chronic liver disease specimens compared to healthy donor 
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FFPE liver tissue was sectioned (4µm) and stained with anti-CLEC4M antibody (HPA042661) at 1 ug/ml. 
Representative images of CLEC4M stained liver sections from healthy donor (A & B) and alcoholic liver disease (ALD) 
(C & D) are shown. Rabbit IgG (ab34417) was used as a negative control at 1 µg/ml and panel E shows a representative 
image of background staining. F: Microscopic quantification of percentage area stained, quantified from 5 random 
fields of view per section in n=5 cases per condition. Images were acquired using Axio Scan.Z1 slide scanner (Zeiss) 
and quantified using ImageJ software. Data are expressed as mean +/- SEM percentage area (bars) and symbols 
indicate mean values per individual patient in the group. Unpaired t-test confirmed a significant difference between 
groups with ****p-value <0.0001.  
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Figures 4.4 and 4.5 show representative images of Caveolin-1 expression in healthy donor and 

ALD liver tissue sections respectively. In healthy donor tissue, Caveolin-1 is abundantly 

expressed throughout the entire liver lobule and localises to both LSEC and Kupffer cells within 

sinusoidal capillaries as well as vascular and arterial vessels in portal areas as shown in 

Figure 4.4 B. The intensity of expression appears similar across sinusoidal capillaries and portal 

vessels. Caveolin-1 expression was also localised to endothelial cells in ALD specimens but 

there appeared to be less intense staining when compared to healthy donor as illustrated by 

Figure 4.5 panel A. Vessels within fibrotic septae in cirrhotic specimens were also positive. As 

seen previously with other proteins such as the mannose receptor however, altered 

expression was not statistically significant when staining quantitation was carried out from 

multiple donors (Figure 4.5 F).    
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Figure 4.4: Caveolin-1 expression in healthy donor liver specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-Caveolin-1 antibody (ab192869) at 
3 ug/ml. Representative images of Caveolin-1 stained liver sections from healthy donor liver 
specimens are shown. Scale bar: 200 µm and 50 µm. B: Caveolin-1 expression in portal tract 
area; black arrow: bile duct; green arrow: portal artery; PV: portal vein C: CV: central vein.  
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Figure 4.5: Caveolin-1 expression in chronic liver disease specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-Caveolin-1 antibody (ab192869) at 3 
ug/ml. Representative images of Caveolin-1 stained liver sections from alcoholic liver disease 
(ALD) liver tissue specimens are shown (A-C). Scale bar: 200 µm, 50 µm and 100 µm. Rabbit IgG 
(ab34417) was used as a negative control at 3 µg/ml and panel D shows a representative image 
of background staining. Scale bar: 200 µm, 50 µm and 100 µm, F: Microscopic quantification of 
percentage area stained, quantified from 5 random fields of view per section in n=5 cases per 
condition. Images were acquired using Axio Scan.Z1 slide scanner (Zeiss) and quantified using 
ImageJ software. Data are expressed as mean +/- SEM percentage area (bars) and symbols 
indicate mean values per individual patient in the group. Unpaired t-test confirmed no significant 
difference in protein expression between groups.  
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The basal lamina below LSEC is modest, and this expands over time during the progression of 

fibrosis. To illustrate this, Figures 4.6 and 4.7 show the expression of Collagen I in healthy 

donor and ALD tissue specimens respectively. In healthy donor, the labelling intensity 

increases across the liver lobule zones 1 to 3. Collagen I was present in sinusoidal walls 

throughout the entire liver lobule as well as on vascular and arterial vessels in portal areas. 

The intensity of expression was most intense in venous walls in the central and periportal 

areas. In ALD specimens, expression of collagen was much more abundant and was 

particularly pronounced in fibrotic septa (Figure 4.7 panel B). Interestingly, there appeared to 

be less subendothelial Collagen I present within regenerative nodules seen in ALD liver 

specimens compared to the uniform expression seen in healthy donor liver tissue. Overall, 

Collagen I expression was significantly increased in ALD specimens.   
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Figure 4.6: Collagen I expression in healthy donor liver tissue specimens 
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FFPE liver tissue was sectioned (4µm) and stained with anti-Collagen I antibody (ab34710) at 5 
ug/ml. Representative images of Collagen I stained liver sections from healthy donor are shown. 
Rabbit IgG (ab34417) was used as a negative control at 5 µg/ml and panel C shows a 
representative image of background staining. Scale bar: 200, 100 and 50 µm.  
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FFPE liver tissue was sectioned (4µm) and stained with anti-Collagen I antibody (ab34710) at 5 
ug/ml. Representative images of Collagen I stained liver sections from ALD (alcoholic liver 
disease) are shown. Scale bar: 200 µm and 50 µm.  D: Microscopic quantification of percentage 
area stained, quantified from 5 random fields of view per section in n=5 cases per condition. 
Images were acquired using Axio Scan.Z1 slide scanner (Zeiss) and quantified using ImageJ 
software. Data are expressed as mean +/- SEM percentage area (bars) and symbols indicate 
mean values per individual patient in the group. Unpaired t-test confirmed a significant 
difference between groups with *p-value <0.05. 
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Figure 4.7: Collagen I expression in chronic liver disease tissue specimens 
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4.2.2 Gene expression analysis using quantitative PCR for sinusoidal endothelial markers in 
human whole liver tissue.  

 

In addition to immunohistochemical analysis, mRNA expression was analysed using 

quantitative PCR of whole tissue RNA extracted from healthy donor, ALD, and NASH 

specimens. Analysed genes were chosen based on endothelial relevance, but expression of 

collagen was also confirmed using this method.  

Figure 4.8 illustrates relative mRNA expression of CAV1 (Caveolin-1), KDR (VEGF receptor-2), 

FLT1 (VEGF receptor-1) and NOS3 (eNOS) normalised to the housekeeping gene SRSF4 in 

normal donor, ALD, and NASH cirrhotic samples. CAV1 mRNA expression (Figure 2.8 panel A) 

illustrated a clear trend whereby expression increased in ALD and NASH compared to healthy 

donor. However, in line with staining findings (Figure 4.4 and Figure 4.5) this increase was not 

statistically significant. It is notable that there was slightly greater variation in expression 

within the NASH group of specimens. KDR relative expression is shown in panel B. KDR 

encodes VEGFR2, and its expression remained relatively unchanged between healthy donor, 

ALD, and NASH specimens. Despite this, mRNA expression of KDR showed inter individual 

variation between biological replicates in healthy donor and NASH, while mRNA levels 

remined comparable for biological replicates of ALD. Similarly, Panel C illustrates the relative 

expression of FLT1 encoding for VEGFR1, which appears slightly elevated in diseased tissue 

specimens but again was variable between individuals with no significant differences in the 

mean for groups. mRNA expression for NOS3 which is the gene encoding for the endothelial 

isoform of the nitric oxide synthase enzyme (eNOS) is shown panel D. Expression levels for 

this gene were quite low for all three groups of specimens compared to expression levels of 

other genes presented here, with no statistically significant change in expression in disease.  
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Figure 4.8: CAV1 mRNA expression is increased in diseased livers compared to normal while NOS3, 
FLT1 and KDR gene expression is not altered 
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Data represent changes in relative gene expression for CAV1, KDR, FLT1 and NOS3 determined by 
quantitative PCR. Gene expression levels are shown relative to SRSF4 housekeeping gene and data 
are expressed as mean +/- SEM change in expression (bars) for n=3 separate cases of normal, ALD and 
NASH liver tissue. Symbols indicate data from individual samples. Ordinary one-way ANOVA test 
showed no significant difference in gene expression when normal liver was compared to either ALD 
or NASH tissue.  
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Figure 4.9 shows the relative expression of scavenger receptor genes namely FCGR2B (CD32B/ 

FcγRIIb), MRC1 (mannose receptor), CD36, CLEC4M, LYVE-1 and STAB2 (stabilin-2) normalised 

to the housekeeping gene SRSF4 in healthy donor, ALD, and NASH cirrhotic samples. For this 

set of genes some clear differences were noted in cirrhotic specimens but again interindividual 

variation and small sample sizes meant that values did not become statistically significant. 

Panel A illustrates mRNA expression of FCGR2B, which encodes for the FcγRIIb. Levels of 

expression are comparable between normal donor, ALD and NASH whole live tissue specimens 

which remain relatively unchanged; thus, no significant difference was detected by the 

ordinary one-way ANOVA test performed. This contradicts the outcome of 

immunohistochemical analysis presented in chapter 3 Figure 3.4 where protein expression of 

FcγRIIb (CD32B) was significantly reduced in ALD tissue specimens. The MRC1 gene codes for 

the mannose receptor, a prominent scavenger receptor expressed by LSEC and Kupffer cells 

within the liver. MRC1 mRNA expression is decreased in ALD liver tissue specimens compared 

to normal donor a shown in panel B. Although not statistically significant, mRNA expression of 

MRC1 appeared slightly increased in NASH specimens compared to ALD. Interindividual 

variation within each group renders MRC1 mRNA expression levels relatively unchanged. 

mRNA level of MRC1 in healthy donor and cirrhotic specimens showed a similar trend as 

protein expression levels shown in Figure 4.2. CD36 mRNA expression, illustrated in panel C is 

comparable across normal donor, ALD, and NASH while mRNA expression for CLEC4M shown 

in panel D follows a similar pattern with the exclusion of higher expression in one of the 

specimens within the healthy donor group. LYVE1 mRNA expression appears slightly increased 

in NASH compared to ALD however this difference was not statistically significant. mRNA 

expression levels for LYVE-1 in healthy donor tissue specimens exhibited interindividual 
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variation with levels comparable to cirrhotic specimens. In contrast to this, protein expression 

levels of LYVE-1 (Figure 3.5) analysed by immunohistochemistry revealed a significant 

decrease in expression in cirrhotic specimens compared to healthy donor. STAB2 (stabilin-2) 

is another scavenger receptor gene shown in panel F. Its mRNA expression remained relative 

consistent between healthy donor, ALD, and NASH specimen groups with the exemption of 

one specimen within the healthy donor group. This is comparable to protein expression levels 

of Stabilin-2 shown in Figure 4.1. Overall, no statistical difference was detected between 

normal donor and the disease specimen groups in any of the genes presented in Figure 4.9.  
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Figure 4.9: Scavenger receptor expression in healthy donor, ALD, and NASH tissue specimens 

 Data represent changes in relative gene expression for FCGR2B, MRC1, CD36, CLEC4M, LYVE1 and 
STAB2 determined by quantitative PCR. Gene expression levels are shown relative to SRSF4 
housekeeping gene and data are expressed as mean +/- SEM change in expression (bars) for n=3 
separate cases of normal, ALD and NASH liver tissue. Symbols indicate data from individual samples. 
Ordinary one way ANOVA test showed no significant difference in gene expression when normal liver 
was compared to either ALD or NASH tissue.  
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The mRNA expression for GATA4, a transcription factor described to play a role in the 

acquisition of LSEC-specific phenotype, was also quantified (32). Figure 4.10 panel A shows 

that relative expression of GATA4 is at relatively similar levels between healthy donor, ALD 

and NASH whole liver specimens. In comparison, panel B illustrates the relative expression of 

PECAM1 (CD31) which is significantly increased in ALD and NASH specimen groups compared 

to normal donor. Finally, to confirm the presence of fibrogenesis in cirrhotic sample, the 

relative expression for COL1A1 was screened, which is shown in panel C. The COL1A1 gene 

encodes for collagen I which is one of the main types of collagens expressed within the liver. 

Reassuringly, COL1A1 was overexpressed in ALD and NASH specimens compared to healthy 

donor.      
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Figure 4.10: PECAM1 and COL1A1 mRNA expression is increased in diseased livers compared to normal while 
GATA4 gene expression is altered 
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Data represent changes in relative gene expression for GATA4, PECAM1 and COL1A1 determined 
by quantitative PCR. Gene expression levels are shown relative to SRSF4 housekeeping gene and 
data are expressed as mean +/- SEM change in expression (bars) for n=3 separate cases of normal, 
ALD and NASH liver tissue. Symbols indicate data from individual samples. Ordinary one-way 
ANOVA test showed significant difference in gene expression when normal liver was compared 
to either ALD or NASH tissue where indicated by * p-value < 0.05.  
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4.3 Gene expression analysis using quantitative PCR of sinusoidal endothelium 
markers in passaged LSEC.              
                    

Following the analysis of conventional and LSEC specific markers by quantitative PCR in whole 

liver specimens it was crucial to also obtain the levels of expression of these markers in the 

specific cell type in question. Thus, primary LSECs were utilised to obtain levels of mRNA 

expression. Low passage LSEC were used at passage 2 and 3 while high passage LSEC were 

propagated in culture to passage 4 and 5 for the purpose of tracking gene expression across 

lifespan of donor and cirrhotic LSEC in culture.         

Figure 4.11 illustrates mRNA expression of CAV1, KDR, FLT1 and NOS3 in passaged LSEC. Gene 

expression was normalised to the housekeeping gene, SRSF4. The first thing of note was that 

relative expression was much higher in purified LSEC cultures than seen in whole tissue mRNA 

for all genes. Panel A illustrates mRNA expression of CAV1 in early and late passage LSEC 

isolated from healthy donor and cirrhotic samples. Again, this was found to be one of the 

highest expressed genes in this set although quite variable amongst individual samples in each 

group.  Notably, both normal and cirrhotic cells at low and high passage had similar expression 

of this gene. KDR mRNA expression also was relatively consistent, and more abundant in LSEC 

than whole tissue albeit at lower levels compared to CAV1 expression (panel B). This was also 

similar for FLT1 shown in Figure 4.11C. The most interesting outlier in this group of genes, 

NOS3 is presented in panel D. For this gene, mRNA expression was shown to significantly 

increase with passage of both healthy donor and diseased liver derived LSEC. Interestingly 

though, starting levels were similar in both cirrhotic and healthy donor LSEC.              
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Data represent changes in relative gene expression for CAV1, KDR, FLT1 and NOS3 determined by 
quantitative PCR. Gene expression levels are shown relative to SRSF4 housekeeping gene and data 
are expressed as mean +/- SEM change in expression (bars) for n≥3 separate cases of donor and CLD 
LSEC samples. Symbols indicate data from individual samples. Early passage groups include LSEC at 
passage 2 and 3 while late passage include LSEC at passage 4 and 5. Ordinary one way ANOVA test 
showed significant difference in gene expression when Donor early passage was compared to either 
donor late passage or CLD early passage groups where indicated by * p-value < 0.05.  
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Figure 4.11: NOS3 mRNA expression is increased in high passage LSEC compared to low passage 
while CAV1, KDR and FLT1 gene expression is altered 
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In Figure 4.12, the mRNA expression of scavenger receptor genes in cultured LSEC is shown in 

panels A-E. mRNA expression for STAB2 was similar in both donor and cirrhotic early and late 

passage LSEC (Figure 4.12A). In contrast, CLEC4M mRNA expression (panel B), appeared more 

abundant in healthy donor LSEC compared to STAB2. Expression was reduced in cirrhotic LSEC 

and there appeared to be no impact of passage in either group. CD36 was expressed to a high 

level in isolated LSEC from normal and disease tissue, with highest expression seen in passaged 

cells from cirrhotic donors (panel C). LYVE1 mRNA expression is illustrated in panel D and was 

again more abundant in isolated LSEC than in whole tissue. Expression was comparable 

between healthy donor and cirrhotic early and late passage groups, with the apparent 

reduction in cirrhotic cells not statistically significant. Again, mRNA expression for MRC1 was 

the most different in this gene set as observed in whole tissue. In LSEC, relative gene 

expression was increased further when cirrhotic cells were passaged with significantly 

increased expression in high passage cirrhotic LSEC compared to low passage cells and high 

passage donor LSEC. 
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Figure 4.12: MRC1 mRNA expression is increased in high passage LSEC compared to low passage, 
while STAB2, CLEC4M CD36 and LYVE1 gene expression is altered 

 

 

 

 

 

Data represent changes in relative gene expression for STAB2, CLEC4M, CD36, LYVE1 and MRC1 
determined by quantitative PCR. Gene expression levels are shown relative to SRSF4 housekeeping 
gene and data are expressed as mean +/- SEM change in expression (bars) for n≥3 separate cases of 
donor and CLD LSEC samples. Symbols indicate data from individual samples. Early passage groups 
include LSEC at passage 2 and 3 while late passage include LSEC at passage 4 and 5. Ordinary one way 
ANOVA test showed no significant difference in gene expression between groups unless otherwise 
indicated by *** p-value < 0.001.  
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Figure 4.13 shows the mRNA expression for the characteristic LSEC and endothelial cell 

markers GATA4 and PECAM1. GATA4 mRNA expression (panel A) was present at a relatively 

low level in LSEC compared to other genes such as PECAM1. There was a decrease in 

expression in healthy donor late passage cells buts levels were comparable between CLD early 

and late passage groups. Unexpectedly for the sets of samples utilised herein, expression of 

PECAM1 mRNA (panel B) appeared to be downregulated in late passage donor LSEC compared 

to early passage cells. The cirrhotic cells appeared to have the lowest relative expression 

regardless of passage. Again, there was considerable variation between donors however so 

none of the changes between groups were significant. 
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Figure 4.13: GATA4 and PECAM1 mRNA expression is decreased in high passage LSEC compared to 
low passage 
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Data represent changes in relative gene expression for GATA4 and PECAM1 determined by 
quantitative PCR. Gene expression levels are shown relative to SRSF4 housekeeping gene and data 
are expressed as mean +/- SEM change in expression (bars) for n≥3 separate cases of donor and CLD 
LSEC samples. Symbols indicate data from individual samples. Early passage groups include LSEC at 
passage 2 and 3 while late passage include LSEC at passage 4 and 5. Ordinary one way ANOVA test 
showed no significant difference in gene expression in comparisons between all groups.  
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4.4 Discussion 
 

The process of LSEC capilarisation as well as dysregulation of function is complex and 

therefore assessing the expression levels of key LSEC markers can point to molecular 

interactions and mechanisms involved in the progression of liver disease. As LSEC are involved 

in multiple processes and play a key role in maintaining hepatic homeostasis, the first step 

was to assess the expression of key molecules enabling LSEC to perform critical functions such 

as scavenging and pathogen recognition. 

Expression of the scavenger receptor Stabilin-2 at protein level was the lowest amongst the 

markers analysed by immunohistochemistry in terms of the area of positively stained cells in 

tissue specimens, however Stabilin-2 positive, flat cells lining the sinusoids were identified. A 

similar expression pattern for Stabilin-2 was reported in rat and human liver tissue 

sections (265,359). In contrast, a different report of Stabilin-2 expression in rat liver sections 

assessed by immunofluorescence, suggested uniform expression of this receptor across the 

liver lobule (132). While staining quantification appeared to be slightly increased in cirrhotic 

specimens, mRNA expression of STAB2 quantified using quantitative PCR was unchanged 

between healthy donor and cirrhotic whole tissue specimens. In cultured healthy donor and 

cirrhotic, early, and late passage LSEC however, mRNA expression for STAB2 was the lowest 

amongst the receptors analysed which are characteristic of the LSEC-specific phenotype. A 

factor contributing to differences in mRNA expression levels between whole tissue RNA and 

isolated LSEC is the fact that although the same amount of liver tissue was used as starting 

material (determined by weight), the proportion of each hepatic cell type present within each 

sample is unknown and cannot be controlled for. It is also possible to decipher cell-specific 
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expression from bulk mRNA. Stabilin-2 was proposed to play a role in lymphocyte adhesion to 

LSEC under physiological shear stress through its interaction with aMb2 integrin. This suggests 

mechanistic involvement of Stabilin-2 in the context of lymphocyte trafficking during liver 

injury as the downregulation of Stabilin-2 was shown to result in defective lymphocyte 

binding (265). This also indicates that stabilin-2 expression could be modulated by the hepatic 

immune microenvironment as well as shear stress. As LSEC culture was carried out in static 

conditions, this could be a potential explanation for the low mRNA levels of STAB2 in healthy 

donor and cirrhotic LSEC at both early and late passage. On the other hand, maintenance of 

low levels of expression of Stabilin-2 could be a strategic move to protect the liver in disease 

as in the context of hepatocellular carcinoma, loss of this receptor in peri-tumorous live tissue 

correlated with increased survival (222). Hyaluronan and collagen pro-peptides are ligands 

cleared by the Stabilin-2 receptor, and collagen deposition is a major contributor to the 

process of fibrosis in chronic liver disease. Additionally, hyaluronan serum levels are elevated 

in liver cirrhosis (360) and in relation to this, high expression of Stabilin-2 has been reported 

in lymph nodes which account for a minimum of 80% of the elimination of hyaluronan from 

circulation(361). Despite this fact, accumulation of extracellular matrix components such as 

hyaluronan and collagen persists in liver fibrosis, which highlights impaired clearance. It can 

therefore be proposed that an increase in expression of Stabilin-2 would be useful in cirrhotic 

liver specimens in order for LSEC to keep up with the increasing demand for clearance of 

hyaluronan and other matrix proteins.      

Another major contributor to LSEC’s high scavenging activity is the mannose receptor which 

is responsible for the clearance of denatured collagen(343) as well as bacterial and yeast 

pathogens(362–364). Protein expression of the mannose receptor assessed by 
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immunohistochemical analysis in healthy donor and cirrhotic liver tissue specimens showed 

the expression of this receptor in both conditions as well as the presence of the mannose 

receptor within fibrotic areas which highlights its important clearance function. Quantitation 

of MRC1 mRNA expression in whole tissue specimens showed similar results. Whole tissue 

specimens included Kupffer cells which also express the mannose receptor (365) and this they 

will contribute to the signal from while tissue. However, the transcriptome as well as 

proteome of this receptor was found to be more enriched in LSEC compared to Kupffer 

cells (132). In cultured LSEC, passaging of cirrhotic LSEC lead to significantly increased MRC1 

expression, while it was also higher in cirrhotic late passage LSEC compared to donor late 

passage LSEC. The expression of the mannose receptor has also been reported by 

immunocytochemistry in cultured rat LSEC (132). Interestingly, a soluble form of the mannose 

receptor in humans has been reported whereby the median plasma level of this receptor was 

significantly increased in patients with ALD compared to healthy controls (366). This 

demonstrates altered processing of mannose receptor protein in disease and is in keeping 

with our description of elevated expression in cirrhotic cells. A future experiment to elucidate 

this in cultured healthy donor and diseased LSEC is the quantification of soluble mannose 

receptor by ELISA.       

Immunohistochemical analysis of LYVE-1 in healthy donor and cirrhotic tissue sections showed 

a significant reduction in LYVE-1 expression in cirrhotic specimens (Figure 3.5). These findings 

agree with previous reports of LYVE1 protein expression by immunohistochemistry stating the 

reduced expression of LYVE1 in chronically inflamed liver tissue specimens (242). LYVE-1 

exhibits 43% homology with CD44 which can bind collagen (367). As LYVE-1 is significantly 

downregulated in ALD liver specimens, it could be postulated that the downregulation of 
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LYVE-1 plays a role in the progression of collagen deposition within the sinusoids due to lack 

of sufficient clearance. Even if scavenger receptors are not significantly downregulated, LSEC 

dysfunction would affect the rate at which LSEC can clear collagen and glucosaminoglycans 

which would be produced in excess by activated HSCs. The mRNA expression of LYVE1 in whole 

tissue specimens however, showed no difference between healthy donor and cirrhotic 

specimens. Despite this, close comparison of mRNA levels of LYVE1 in diseased specimens 

showed an increasing trend in relative expression of LYVE1 in NASH specimens compared to 

ALD. In cultured LSEC again, mRNA expression of LYVE1 remained relatively unchanged in early 

and late passage healthy donor and cirrhotic LSEC. In rat LSEC however, LYVE1 was rapidly 

downregulated following a culture period of 42-72 hours (368). LYVE-1 has been linked to 

regeneration of LSEC in the process of restoring sinusoidal capillary integrity after 

monocrotaline-induced liver injury in mice whereby LYVE-1 expressing LSEC were reported to 

expand and replace injured LSEC in the peri-central area of injured livers. LYVE-1 expressing 

LSEC were absent from the peri-central area of uninjured livers. Expression of LYVE1 mRNA 

was increased in monocrotaline treated mice at 72 hrs and 96 hrs after injury (369).    This 

illustrates that there are many factors contributing to the regulation of gene expression such 

as the state the liver is in. In an isolated cell culture model, which lacks paracrine signalling 

and important crosstalk with neighbouring cell types such as in the case of LSEC, it is difficult 

to interpret mRNA levels in relation to their phenotype in the context of liver disease.             

CLEC4M, a receptor involved in the clearance of bacterial and viral pathogens and VWF by 

LSEC (244,247) was significantly decreased in cirrhotic liver specimens (Figure 4.3F) analysed 

by immunohistochemistry. These findings are consistent with previous reports using 

immunohistochemistry as well as single cell sequencing(370). In our whole liver tissue 
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specimens, CLEC4M mRNA levels remained relatively consistent between healthy donor and 

cirrhotic specimens. In cultured LSEC, there is interindividual variability of CLEC4M mRNA 

expression in healthy donor and cirrhotic early and late passage cells. Therefore, specific 

changes in CLEC4M expression in LSEC in culture are difficult to deduce as each LSEC isolate 

originated from an entirely different hepatic micro-environment.   

The scavenger receptor repertoire of LSEC also includes CD36 which plays a role in lipoprotein 

metabolism(371). In whole tissue specimens of healthy donor and cirrhotic livers, CD36 mRNA 

expression remained relatively consistent between conditions. In cultured LSEC however, the 

majority of cirrhotic LSEC isolates at late passage exhibited increased relative mRNA 

expression for CD36 compared to cirrhotic LSEC at early passage (even though not statistically 

significant). In relation to this, a study of CD36 expression in human liver samples from young 

and aged individuals, showed that there was a significant increase in CD36 protein expression 

in the liver tissue biopsy samples from young individuals compared to aged individuals and 

the documented increase in CD36 expression was directly correlated with age. In addition to 

this, CD36 gene expression was significantly increased in aged mice fed a high-fat diet 

compared the young mice counterparts, accompanied by pronounced hepatic steatosis in 

aged mice(372). Therefore, the expression and function of CD36 needs to be elucidated 

further in terms of lipid metabolic changes within the liver related to steatohepatitis as well 

as aging.               

The expression of Collagen I, as expected, was significantly increased in cirrhotic specimens 

analysed by immunohistochemistry (Figure 4.7) as also shown by immunofluorescence(370) 

and this is characteristic of liver fibrosis and cirrhosis seen in chronic liver diseases(373). While 
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no significant change was detected in whole tissue mRNA expression of COL1A1 between 

healthy donor and cirrhotic specimens, there was a tendency for increased expression in 

cirrhotic specimens as would be expected. Collagen I is a key ECM component in the 

progression of fibrosis(374) but the net concentration present within a liver is a result of the 

balance between new synthesis, stable deposition within the matrix and enzyme-mediated 

turnover and clearance. Importantly, there is a significant variation across the lobule and in 

the context of cirrhotic nodule formation so two samples from even the same liver would give 

different values for net expression. The amount of liver tissue used for the extraction of RNA 

and downstream quantitative PCR analysis thereafter is only a small fraction of the entire liver. 

In a proteomics study of fibrotic liver samples, it was interestingly shown that abundance of 

ECM proteins varies between different stages of fibrosis. Abundancy of fibrillar collagens I and 

III was increased between fibrotic stages F1 and F2, and F2 and F3 but was decreased in 

cirrhotic samples at F4(375). This illustrates the extent of ECM remodelling through the 

different stages of fibrosis which vary from patient to patient and across liver disease 

aetiologies. As our livers were from patients receiving a transplant, they were all at least stage 

F3 but it would be interesting to correlate results from my analysis with specific disease scores 

if I had been able to study a greater number of samples.      

Adhesion molecules play an important part in the leukocyte trafficking function of LSEC as well 

as in cell-cell contact(376). In this regard, expression of CD31 in healthy donor and cirrhotic 

liver specimens was shown in Figure 3.3. Consistent expression between healthy donor and 

cirrhotic specimens was noted as shown previously in human and mouse liver tissue (322,377). 

In whole tissue specimens however, PECAM1 mRNA expression was significantly increased in 

cirrhotic specimens compared to donor. This finding is line with previous reports of PECAM1 
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upregulation in liver disease, whereby in situ hybridisation was carried out for the detection 

of PECAM1 mRNA in normal and cirrhotic human liver. Although PECAM1 was not detectable 

in normal liver tissues, its detection was increased in cirrhotic specimens. The co-expression 

of PECAM1, laminin and a6 integrin, suggested a role for CD31 in the capilarisation of 

sinusoids(378). Cytoplasmic localisation of CD31 in rat LSEC was shown using confocal imaging 

on day 1 of culture along with 0-1% expression of CD31 on cell-cell junctions. The expression 

of CD31 after 3 days of culture in rat LSEC, was localised to cell-cell junctions in 20% of cells. 

Colloidal gold labelling of CD31 in rat LSEC cultures for 1 day showed lack of its expression, in 

contrast to the cell surface expression of CD31 in rat LSEC after being in culture for 3 days 

(visualised using immunogold-SEM in both instances) and this was linked to capilarisation of 

LSEC in vitro (355). In line with this, Figure 3.13 demonstrated the cytoplasmic localisation of 

CD31 in early passage cirrhotic LSEC visualised by confocal microscopy.          

In a study where paired-cell sequencing of hepatocytes and attached LSECs was conducted, 

fluorescence-activated cell sorting based on CD31 expression was carried out in order to 

enrich for hepatocyte-LSEC pairs (25). Choosing a marker such as CD32B or LYVE-1 to isolate 

LSEC from human liver tissue would inevitably introduce selection bias (379) in the isolated 

LSEC population due to very different expression levels and distribution of these markers seen 

in healthy donor and cirrhotic liver specimens. The consistent expression of CD31 between 

healthy donor and cirrhotic live tissue further illustrates its suitability as selection marker for 

LSEC from both healthy donor and cirrhotic liver specimens. Flow cytometry analysis of rat 

liver non-parenchymal cells revealed that 97.4% of CD32B positive cells were also positive for 

CD31 (132).    
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In terms of what may regulate the expression of such scavenger and adhesion receptors on 

LSEC, transcription factors such as GATA4 are of relevance. GATA4 has been demonstrated to 

play a key role in the acquisition of the LSEC specific phenotype (32). Quantitative PCR analysis 

of GATA4 mRNA levels in whole tissue specimens showed consistent expression across healthy 

donor and cirrhotic specimens. A similar pattern was observed in cultured donor and cirrhotic 

early and late passage LSEC. The fact that GATA4 mRNA expression was detectable in cultured 

LSEC illustrates that the culture and media conditions contribute to the maintenance of 

expression of this transcription factor. In GATA4 deficient mice, perisinusoidal liver fibrosis 

was documented, accompanied by increased deposition of collagen I confirmed by 

immunohistochemical staining. Additionally, downregulation of LYVE-1 and Stabilin-2 was 

noted as well as collagen deposition in the space of Disse, visualised by TEM (380). This 

highlights the importance of GATA4 as a regulator of the healthy phenotype of LSEC. This has 

been demonstrated further by data showing that lack of GATA4 contributed to HSC activation 

in adult mice (381). In the context of lipid accumulation as part of steatohepatitis observed in 

cases of ALD and NASH(382), GATA4 was also shown to play a role in the transcriptional 

regulation of hepatic lipid homeostasis (383), and therefore maintenance of its expression in 

diseased specimens is crucial.     

Caveolin-1 is a structural membrane protein involved in hepatic lipid accumulation, glucose 

metabolism as well as hepatocyte proliferation (384). Immunohistochemical analysis of 

Caveolin-1 showed its consistent expression in healthy donor and cirrhotic liver tissue. In 

whole liver tissue analysed by quantitative PCR, CAV1 mRNA expression, although not 

statistically significant, showed an increasing trend in cirrhotic specimens compared to healthy 

donor. In a study of CAV1 mRNA expression in biopsy samples from alcoholic hepatitis 
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patients, expression levels were elevated(385) as well as in patients with liver cirrhosis(386). 

A leading regulator of lipogenesis, peroxisome proliferator-activated receptor g1, was shown 

to increase Caveolin-1 expression in mice, and this was in direct correlation with steatosis 

(387). The absence of a detectable significant difference in the whole tissue samples analysed 

here, could have been impacted by the degree of steatosis in each specimen which is donor 

specific. In cultured LSEC isolated from healthy donor and cirrhotic livers, mRNA expression of 

CAV1 in early and late passage LSEC was fairly consistent (Figure 4.11 A) in accordance with 

the presence of caveolin-1 positivity throughout the liver lobule of healthy donor (Figure 4.4) 

and LSEC within regenerative nodules in cirrhotic specimens (Figure 4.5).        

The enzyme eNOS, plays a crucial regulatory role in the maintenance of hepatic homeostasis 

by modulating LSEC phenotype and porosity (354). In whole tissue specimens, NOS3 mRNA 

expression was relatively consistent between healthy donor and cirrhotic specimens (Figure 

4.8D), similar to a previous report comparing the mRNA expression of CAV1 in liver tissue 

biopsies from normal livers and cirrhotic livers without inflammation. In the same study 

however, a significant increase was reported in liver specimens of inflammatory alcoholic 

hepatitis with cirrhosis (385). In addition, significantly elevated NOS3 mRNA expression was 

reported in patients with liver cirrhosis (386). These findings indicate that the inflammatory 

state as well as stage of cirrhosis could play a role in NOS3 mRNA expression. In cultured LSEC, 

there was a significant increase in NOS3 mRNA expression in both healthy donor and cirrhotic 

LSEC with increasing passage (Figure 4.11D), which recapitulates the increased mRNA 

expression levels of this enzyme reported in cirrhotic livers, specifically in LSEC. Further 

elucidation of eNOS’s enzymatic activity is healthy and diseased liver samples is required as 

this enzyme is regulated by post-translational modifications such as S-nitrosylation which is 
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closely related to the subcellular localisation of the enzyme(388). In addition, eNOS is 

associated indirectly with the actin cytoskeleton, through its interactions with proteins such 

as caveolin which has been reported to anchor to actin cytoskeletal proteins (389). LSEC 

fenestrations are associated with the cytoskeleton through fenestration associated 

cytoskeletal rings (390). Data in relation to the association of the cytoskeleton with 

fenestrations in human LSEC is shown in Chapter 6.         

The VEGF receptors VEGFR1 (FLT1) and VEGFR2 (KDR) mediate signal transduction in response 

to VEGF signalling within the liver. In whole tissue specimens, the mRNA expression of KDR 

(Figure 4.8B) and FLT1 (Figure 4.8C) were relatively consistent between healthy donor and 

cirrhotic specimens, although KDR mRNA expression was more abundant compared to FLT1. 

A similar trend was evident in cultured LSEC but again mRNA expression of KDR (Figure 4.11B) 

and FLT1 (Figure 4.11C) were relatively consistent between healthy donor and cirrhotic LSEC 

at early and late passage. In contrast to this, in a study where the mRNA expression of both 

VEGF receptors was quantitated using real time PCR in isolated rat LSEC, FLT1 mRNA 

expression was about 1.6-fold higher compared to KDR however this difference was not 

statistically significant(391). Increased expression of both VEGF receptors was observed 

following hepatectomy and therefore while the liver is actively regenerating(392). It must be 

taken into consideration that, LSEC culture conditions prior to downstream quantitative PCR 

analysis were static and VEGF was provided in regular media changes, however this does not 

fully recapitulate VEGF paracrine signalling as it would be derived from adjacent hepatocytes 

within the liver physiological environment. Despite this, VEGF signalling was maintained as 

illustrated by the expression of both VEGF receptors in LSEC in vitro.  
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Overall, the mRNA expression of scavenger receptors as well as key molecules involved in LSEC 

phenotype and function was detectable by quantitative PCR of whole tissue and isolated cells. 

This confirms that our chosen EC population isolated using a generic EC marker CD31, does 

recreate features expected of LSEC. However, CD32B, a key receptor mediating the clearance 

of immune complexes was not detectable in cultured LSEC but only in whole tissue specimens. 

This suggests that there is a phenotypic de-differentiation as cells are placed in monoculture. 

The impact of such culture on fenestrations will be explored in subsequent chapters.       
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5 Can the LSEC differentiated phenotype be restored in vitro? 
 

5.1 Introduction 
  

Liver sinusoidal endothelial cell dysfunction precedes fibrosis and is a major driver of 

dysregulation of hepatic homeostasis (76). LSEC have an emerging role in contributing to the 

progression of fibrosis and there is evidence supporting their role in NASH 

pathophysiology  (393,394). Pharmacological agents such as sildenafil citrate have been shown 

to have the capacity to re-fenestrate the LSEC plasma membrane (202) which is a key 

functional characteristic gradually lost as a consequence of chronic liver disease or pseudo-

capillarisation occurring in vascular aging, thereby contributing to LSEC dysfunction (331,395). 

Therapeutic interventions targeting improvement of LSEC dysfunction in liver disease are 

currently lacking. Sildenafil citrate, originally developed to treat cardiovascular disorders, is 

commonly used for treatment of pulmonary hypertension and erectile dysfunction (203,396).  

It is a phosphodiesterase inhibitor which exerts its vasodilatory effect by preventing the 

breakdown of cyclic guanosine monophosphate (cGMP).  It selectively inhibits 

phosphodiesterase-5 which is responsible for the degradation of cGMP thereby indirectly 

increasing the bioavailability of nitric oxide, a key modulatory molecule in LSEC porosity (397). 

It has been shown previously that sildenafil citrate has the potential to restore endothelial 

dysfunction as well as improve hypertension (398). However, its effect on human LSECs 

particularly in the context of liver disease remains unexplored.    

VEGF is a vigorous regulator of angiogenesis and is also crucial to the maintenance of the LSEC 

phenotype including the presence of fenestrations in vivo (399). Its regulatory role in cell 

porosity and capacity to re-fenestrate the LSEC membrane has been well characterised in 
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rodent LSEC so far (180). It has also been demonstrated that VEGF prolongs the LSEC 

fenestrated phenotype in vitro (354). Both sildenafil citrate and VEGF treatments result in an 

increase in the bioavailability of nitric oxide (NO) which is an effective vasodilatory and anti-

inflammatory molecule (400). NO is a very important signalling molecule whose downstream 

effects contribute to the maintenance of homeostasis such as modulating vascular tone and 

maintaining hepatic stellate cell quiescence(162). Thus, after establishing the baseline mRNA 

expression levels of scavenger receptors and key regulatory molecules of the LSEC phenotype 

in culture as shown in chapter 4, the next step was to assess the dosage effects of sildenafil 

citrate and VEGF on the LSEC genotype in vitro.         

In this chapter, the hypothesis is that the pseudo-capillarised phenotype of LSEC acquired in 

culture that may also potentially resemble the LSEC phenotype under pathological conditions 

could be partially reversed by treatments with sildenafil citrate and VEGF.  Consequently, the 

capacity of sildenafil citrate and VEGF to restore the differentiated LSEC phenotype at the 

mRNA level in vitro is shown in the data presented in this chapter. In order to assess the effect 

of sildenafil citrate and VEGF on the LSEC genotype in vitro, gene expression of classical 

endothelial and LSEC specific genes was analysed in healthy donor and cirrhotic LSEC treated 

with sildenafil citrate and VEGF using quantitative PCR.  
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5.2 Results 
 

VEGF and sildenafil citrate were applied at the concentrations indicated on n=3 separate 

samples of healthy donor and cirrhotic LSEC. However due to a low RNA yield from some 

donors only n=1-2 samples were analysed by quantitative PCR for specific genes as shown in 

figures to follow. 

5.2.1 The effect of VEGF on the LSEC gene expression in vitro 
 

In order to determine the effects of VEGF on LSECs in culture, cells were serum starved in basal 

media only (no VEGF included) for 2 hours and then treated with VEGF at concentrations 

ranging from 50-400 ng/ml for 4 hours before RNA extraction. Cells treated with vehicle alone 

were used as baseline data. Figure 5.1 illustrates the mRNA expression of STAB2 and MRC1 in 

healthy donor and in cirrhotic LSECs. STAB2 was significantly downregulated with increased 

dosage of VEGF (Fig 5.1A-B) both in healthy donor and cirrhotic liver derived LSEC treated with 

VEGF for 4 hours compared to treatment control. In contrast, there was no significant impact 

of VEGF treatment on MRC1 mRNA expression in either healthy donor or cirrhotic LSEC (Fig 

5.1C and D). Although mRNA expression levels for MRC1 exhibited inter-individual variation, 

mRNA expression levels were relatively consistent with increasing VEGF dosage.    
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Figure 5.1: Scavenger receptor expression in healthy donor and cirrhotic LSEC treated with VEGF 

 

 

 

 

 

Data represent changes in gene expression compared to treatment control for STAB2 (panels A 
and B) and MRC1 (panels C and D) determined by quantitative PCR. Gene expression levels were 
normalised to SRSF4 housekeeping gene and are shown as fold change to vehicle control. Data are 
expressed as mean +/- SEM change in expression (bars) for n=2-3 separate cases of normal and 
cirrhotic LSEC. Symbols indicate data from individual samples. Ordinary one way ANOVA test 
showed a significant difference where indicated by *p-value < 0.05.   
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A similar pattern emerged in the quantitation of CAV1 and NOS3 mRNA expression. Figure 5.2 

demonstrates the mRNA expression of CAV1 (panels A and B) and NOS3 (panels C and D) in 

healthy donor and cirrhotic LSEC treated with VEGF. CAV1 mRNA expression fluctuated around 

the mean of control cells with slightly different expression patterns between donors, but no 

significant difference was detected in LSEC treated with VEGF in either of the healthy donor 

or cirrhotic LSEC groups. Panels C and D illustrate the mRNA expression of NOS3 in healthy 

donor and cirrhotic LSEC respectively treated with VEGF. Again, no significant differences were 

detected between expression in treated cells from either healthy or diseased livers. Specimen 

specific variation is evident within each treatment group where the highest level of variation 

is observed in healthy donor LSEC treated with 400 ng/ml of VEGF.  
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Healthy Donor LSEC Cirrhotic LSEC 
A 

D C 

B 

Healthy donor and cirrhotic LSEC were treated with VEGF at a range of 50-400 ng/ml or vehicle control 
(0.1% BSA in PBS) for 4 hours. Data represent changes in gene expression compared to treatment control 
for CAV1 (panels A and B) and NOS3 (panels C and D) determined by quantitative PCR. Gene expression 
levels were normalised to SRSF4 housekeeping gene and are shown as fold change to vehicle control. Data 
are expressed as mean +/- SEM change in expression (bars) for n=2-3 separate cases of normal and cirrhotic 
LSEC. Symbols indicate data from individual samples. Ordinary one-way ANOVA test performed showed no 
significant difference in gene expression between treatment and control groups.  

Figure 5.2: CAV1 and NOS3 expression fluctuates in healthy donor and cirrhotic LSEC treated with VEGF 
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When considering the impact of VEGF treatment on VEGF receptor mRNA expression some 

interesting patterns emerged. In healthy donor LSEC FLT1 expression was upregulated by all 

concentrations of VEGF compared to control (Fig 5.3 A).  However, although there was a clear 

trend for overexpression, no significant difference could be detected statistically due to n=1 

in biological replicates available. FLT1 mRNA expression in cirrhotic LSEC treated with VEGF 

showed a slightly different pattern (Fig 5.3B) where FLT1 was upregulated in a dose dependent 

manner up to the dosage of 200 ng/ml. In contrast mRNA expression for KDR in healthy donor 

and cirrhotic LSEC behaved differently after exposure to VEGF. In contrast to FLT1, there was 

an inverse effect on KDR mRNA expression with increasing concentrations of VEGF treatment. 

KDR (VEGFR2) was significantly downregulated by VEGF treatment of healthy donor and 

cirrhotic LSEC.  

 

 

 

 

 

 

 

 

 

 



169 

 

 

Figure 5.3: VEGF receptor expression in healthy donor and cirrhotic LSEC treated with VEGF 

 

 

 

 

 

 

A 

D C 

B 
Healthy Donor LSEC Cirrhotic LSEC 

Healthy donor and cirrhotic LSEC were treated with VEGF at a range of 50-400 ng/ml or vehicle control 
(0.1% BSA in PBS) for 4 hours. Data represent changes in gene expression compared to treatment 
control for FLT1 (panels A and B) and KDR (panels C and D) determined by quantitative PCR. Gene 
expression levels were normalised to SRSF4 housekeeping gene and are shown as fold change to 
vehicle control. Data are expressed as mean +/- SEM change in expression (bars) for n=2-3 separate 
cases of normal and cirrhotic LSEC. Symbols indicate data from individual samples. Ordinary one way 
ANOVA test showed a significant difference where indicated by *p-value < 0.05.   
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The mRNA expression of the transcription factor GATA4 in LSEC in vitro, treated with VEGF is 

shown in Figure 5.4. Panel A illustrates changes in GATA4 gene expression with increasing 

concentrations of VEGF treatment, compared to treatment control in healthy donor LSEC. 

GATA4 expression appears to be downregulated by increasing dose of VEGF. In cirrhotic LSEC 

on the other hand, GATA4 mRNA expression shown in panel B appears to remain relatively 

stable with increasing dose of VEGF treatment. No statistical analysis could be performed in 

this group as only a maximum of n=2 samples were analysed with qPCR due to a low RNA 

yield.              
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A B 

Healthy Donor LSEC Cirrhotic LSEC 

Healthy donor and cirrhotic LSEC were treated with VEGF at a range of 50-400 ng/ml or vehicle control 
(0.1% BSA in PBS) for 4 hours. Data represent changes in gene expression compared to treatment control 
for GATA4 determined by quantitative PCR. Gene expression levels were normalised to SRSF4 
housekeeping gene and are shown as fold change to vehicle control. Data are expressed as mean +/- SEM 
change in expression (bars) for n=1-3 separate cases of normal and cirrhotic LSEC. Symbols indicate data 
from individual samples. Ordinary one way ANOVA test performed showed no significant difference 
between treatment and control groups.  

Figure 5.4: GATA4 expression is altered in healthy donor and cirrhotic LSEC 
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5.2.2  Sildenafil citrate mediated alterations to the LSEC genotype in vitro 
 

Figure 5.5 illustrates changes in gene expression for CAV1 and NOS3 in healthy and cirrhotic 

LSEC treated with sildenafil citrate at doses ranging from 2.5 to 25 µg/ml for 4 hours.  

Expression of CAV1 in healthy donor LSEC treated with sildenafil citrate appears to remain 

relatively unchanged with treatment as shown in panel A. in contrast to this, CAV1 expression 

was significantly downregulated in cirrhotic LSEC treated with sildenafil citrate. This effect was 

more apparent at higher doses of sildenafil. Panel C and D displays expression changes in NOS3 

in response to sildenafil citrate treatment in healthy donor and cirrhotic LSEC respectively. A 

similar trend was exhibited with fluctuations in NOS3 expression, particularly at higher doses 

even though there was no statistically detectable difference between treatment groups and 

treatment control in both healthy donor and cirrhotic LSEC. 
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Figure 5.5: CAV1 mRNA expression is significantly reduced in cirrhotic LSEC treated with sildenafil 
citrate 

 

 

 

A 

D C 

B 

Healthy Donor LSEC Cirrhotic LSEC 

Data represent changes in gene expression compared to treatment control for CAV1 (panels A and 
B) and NOS3 (panels C and D) determined by quantitative PCR. Gene expression levels were 
normalised to SRSF4 housekeeping gene and are shown as fold change to DMSO control. Data are 
expressed as mean +/- SEM change in expression (bars) for n=2-3 separate cases of normal and 
cirrhotic LSEC. Symbols indicate data from individual samples. Ordinary one way ANOVA test 
performed showed a significant difference where indicated. ****p-value < 0.0001.  
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Figure 5.6 demonstrates changes in FLT1 and KDR mRNA expression in healthy donor and 

cirrhotic LSEC treated with sildenafil citrate. In cirrhotic LSEC, FLT1 expression appeared to be 

reduced by treatment and this is significant for 20 µg/ml sildenafil citrate as shown in Fig5.6B. 

Healthy cells showed minimal response to treatment. Similarly, KDR mRNA expression 

appeared minimally altered in healthy donor and cirrhotic LSEC treated with sildenafil citrate 

as shown in panels C and D respectively. Ordinary one-way ANOVA test performed did not 

detect a significant difference between treatment and control groups.   
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Figure 5.6: FLT1 mRNA expression is significantly downregulated in cirrhotic LSEC treated with 
sildenafil citrate 
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D C 

B 

Healthy Donor LSEC Cirrhotic LSEC 

Data represent changes in gene expression compared to treatment control for FLT1 (panels A and B) 
and KDR (panels C and D) determined by quantitative PCR. Gene expression levels were normalised 
to SRSF4 housekeeping gene and are shown as fold change to DMSO control. Data are expressed as 
mean +/- SEM change in expression (bars) for n=2-3 separate cases of normal and cirrhotic LSEC. 
Symbols indicate data from individual samples. Ordinary one-way ANOVA test performed showed a 
significant difference where indicated. *p value < 0.05.  
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Figure 5.7 demonstrates mRNA expression of PECAM1 and MRC1 in healthy donor and 

cirrhotic LSEC treated with sildenafil citrate. In healthy LSEC (panel A) PECAM1 mRNA 

expression in sildenafil citrate treated groups remains comparable to treatment control 

however variability is exhibited whereby PECAM1 expression in one of the biological replicates 

(designated by triangle symbol) appears downregulated compared to treatment control. 

Despite this, no statistically significant difference was detected. In cirrhotic LSEC, no 

statistically significant differences were detected between treatment groups and treatment 

control.  Panel C and D represent the mRNA expression of MRC1 in healthy and cirrhotic LSEC 

respectively which remains relatively stable with increasing dose of sildenafil citrate excluding 

an outlier which displayed upregulated expression when sildenafil citrate was applied 

at 10 µg/ml.     
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Figure 5.7: PECAM1 and MRC1 mRNA expression fluctuates in healthy donor and cirrhotic LSEC 
treated with sildenafil citrate 

 

 

 

 

Healthy Donor LSEC Cirrhotic LSEC 

A 

D C 

B 

Data represent changes in gene expression compared to treatment control for PECAM1 (panels A and 
B) and MRC1 (panels C and D) determined by quantitative PCR. Gene expression levels were 
normalised to SRSF4 housekeeping gene and are shown as fold change to DMSO control. Data are 
expressed as mean +/- SEM change in expression (bars) for n=2-3 separate cases of normal and 
cirrhotic LSEC. Symbols indicate data from individual samples. Ordinary one way ANOVA test 
performed showed no significant difference. 
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Figure 5.8 represents the mRNA expression of the transcription factor GATA4 in healthy donor 

and cirrhotic LSEC in response to sildenafil citrate treatment. GATA4 expression remains 

relatively stable in healthy door LSEC as shown in panel A, with a declining trend with 

treatments at 20 and 25 µg/ml although no statistically significant changes were detected. 

Panel B exhibits altered GATA4 expression in cirrhotic LSEC and although there was variability 

within each treatment group, any fluctuations in expression were not detected as statistically 

significant compared to control.         

             

  

   

 

 

 

 

 

 

 

 

 

 

A B 

Healthy Donor LSEC Cirrhotic LSEC 

Data represent changes in gene expression compared to treatment control for GATA4 determined by 
quantitative PCR. Gene expression levels were normalised to SRSF4 housekeeping gene and are shown as 
fold change to DMSO control. Data are expressed as mean +/- SEM change in expression (bars) for n=2-3 
separate cases of normal and cirrhotic LSEC. Symbols indicate data from individual samples. Ordinary one-
way ANOVA test performed showed no significant difference between treatment and control groups.  

Figure 5.8: GATA4 mRNA expression in healthy donor and cirrhotic LSEC treated with sildenafil 
citrate 
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5.3 Discussion  
 

VEGF has been reported to be a regulator of LSEC porosity as well as being a growth 

stimulatory factor. It is standard practise for VEGF (10 ng/ml) to be included in the LSEC 

complete media we use for maintenance of LSEC culture and expansion. Therefore, with every 

media change we are potentially inducing LSEC proliferation as well as maintaining the LSEC 

phenotype in vitro. However, this only works to a limited extent as LSEC gradually de-

differentiate in culture. VEGF is known to be involved in the maintenance of the LSEC 

phenotype and specifically fenestrations in vivo. This has been demonstrated in rat liver 

endothelium (354) as well as in glomerular endothelial cells which also possess fenestrae to 

support their filtration capacity (401). To this extent, the aim of this chapter is to document 

its modulatory effect on gene expression of key markers such as STAB2, which are good 

indicators of differentiated cell function in liver sinusoidal endothelium. Here, VEGF treatment 

would be expected to activate the VEGF signalling pathway whereby nitric oxide synthase 

expressed by LSEC is activated and mediating the release of NO, a molecule with vasodilatory 

properties. NO synthesis is a crucial part of maintaining hepatic homeostasis as although it is 

produced in small amounts, its release is constant across the liver lobule. Release of NO is 

involved in maintenance of hepatic stellate cell (402,403) and Kupffer cell quiescence (404), 

vascular tone as well as the maintenance of the characteristic fenestrated phenotype of LSEC 

(161,405). This mechanism also explains the necessity to understand the impact of sildenafil 

citrate on LSEC. Sildenafil selectively inhibits phosphodiesterase-5 which is responsible for the 

degradation of cGMP thereby indirectly enhancing signalling downstream of nitric oxide, a key 

modulatory molecule in LSEC porosity (397). Sildenafil therefore indirectly enhances cyclic 

guanosine monophosphate signalling which is the second messenger in the NO signalling 
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cascade. NO production is a delicately regulated process as it is crucial to maintaining 

homeostasis. This is illustrated by the detrimental effects it has in cases it is overproduced. 

Sildenafil citrate essentially acts by preventing the breakdown of NO thereby increasing its 

bioavailability. NO activates soluble guanylate cyclase by increasing cGMP levels in the 

cytoplasm. A reduction in hepatic NO content and eNOS phosphorylation was observed in 

mice fed a high-fat diet compared with low fat-fed controls. NO signalling was then examined 

in an eNOS knock-out mouse model fed a high fat diet in order to induce liver inflammation 

and insulin resistance (406).  Following sildenafil citrate administration (30 mg/kg/day), liver 

inflammation was shown to be improved in mice receiving a high-fat diet compared to their 

low-fat diet fed counterparts (404). These data illustrate the anti-inflammatory role of LSEC 

NO-signalling. The current clinical use of sildenafil citrate includes oral treatment of 

pulmonary hypertension and erectile dysfunction at 20 mg (3 times a day) and 50 mg 

respectively (407). Therefore, the range applied here (2.5-25 µg/ml) is well within the 

physiological range.             
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5.3.1 The impact of enhanced nitric oxide signalling on the LSEC phenotype 
 

STAB2 encodes for the cell surface hyaluronan receptor, Stabilin-2 which has been shown to 

cycle between the plasma membrane and lysosomes (408). It is a scavenger receptor 

mediating the endocytosis of ligands such as low-density lipoprotein and advanced glycation 

end products (409). Stabilin-2 has been shown to mediate the adhesion of peripheral blood 

lymphocytes to LSEC thereby playing a role in shaping the immune cell microenvironment at 

the site of inflammation within the liver (410). STAB2 mRNA expression (Figure 5.1A and B) 

was significantly downregulated in healthy donor and cirrhotic LSEC in response to higher 

doses of VEGF. Stabilin-2 activation upon hyaluronan (40-400kDa) binding, induces the NF-kB 

pathway (411), which has been linked to the progression of liver disease by regulating critical 

aspects such as hepatocyte survival, inflammation and activation in HSCs. The NF-kB pathway 

has a dual effect, the propagation of anti-apoptotic and proinflammatory responses which 

promote hepatocyte protection as well as a negative impact of increased inflammation or 

insufficient protection from cell apoptosis (412). This indicates that fine tuning of the NF-kB 

pathway is required for hepatic homeostasis and Stabilin-2 could participate in this process. 

To this regard, the downregulation of STAB2 could be linked to LSEC’s role in regulating hepatic 

inflammation. As initially it was hypothesised that LSEC capillarise in culture thereby 

mimicking liver disease phenotypic changes, downregulation of STAB2 in relation to NF-kB 

pathway following the enhancement of NO signalling potentially indicates restoration of LSEC 

differentiated phenotype.  

Although LSEC still maintain expression of scavenger receptors such as stabilin-2 and mannose 

in vitro, static monoculture conditions are far from physiological. Therefore, the fact that 
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expression of scavenger receptors is maintained at all illustrates the importance of these 

receptors in LSEC functionality. It is plausible that the downregulation of STAB2 shown here 

could be linked to altered LSEC homeostasis in vitro as the LSEC used in VEGF treatment 

experiments here were at passage 3-5.    

MRC1 mRNA expression remains relatively consistent in vitro and was resistant to regulation 

by VEGF and sildenafil treatment overall, in both healthy donor and cirrhotic LSEC (Figure 5.2 

A and B, Figure 5.7 C and D respectively). MRC1, encodes for the mannose receptor which is 

involved in pathogen recognition and waste clearance. Its multi- ligand binding properties 

mean it is constantly recycled and present on the LSEC plasma membrane and this indicates 

an important housekeeping role and maintenance of homeostasis. Experiments in mannose 

deficient mice have illustrated that the recruitment of lysosomal enzymes to maintain normal 

degradation capacity in LSEC is mannose receptor dependent (413). Hence widespread 

expression by LSEC throughout the liver lobule has been confirmed by IHC on healthy donor 

and cirrhotic liver tissue specimens (Figure 4.2) and this is in line with previous reports where 

uniform expression of the mannose receptor has been shown in both human and mouse 

tissue (55,56,205). In addition, in a study where a 30 gene fingerprint was established in 

mouse LSEC using genes corresponding to human orthologs, MRC1 was identified in the top 

three LSEC specific markers(211) with expression in human liver validated at the protein level. 

This agrees with evidence presented for constitutive expression on human LSEC in vitro 

(Figure 4.12E). The importance of the mannose receptor in maintaining hepatic homeostasis 

is also highlighted by its involvement in resolving an inflammatory response by clearance of 

lysosomal enzymes and myeloperoxidases released under inflammatory conditions (414). 

Mannose receptor has the capacity to recognise and bind viral, bacterial, and fungal molecules 
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through its C-type lectin domains. The aforementioned functions make the mannose receptor 

an important pattern recognition receptor (PRR) participating in host defence (415). 

Consequently, scavenger receptors such as the mannose receptor contribute significantly to 

the function of the liver as an immune surveillance organ. Expression levels of the mannose 

receptor have been shown to be differentially regulated by LPS, and cytokines such as IL-

10 (416,417). Therefore, the activation status of the LSEC would play a role in modulating 

MRC1 expression levels.     

The mRNA expression levels of the adhesion molecule CD31, encoded by PECAM1 remain 

relatively consistent with increasing dosage of sildenafil citrate treatment in healthy donor 

and cirrhotic LSEC although exhibiting inter-individual variation in each condition (Figure 5.7 

A and B). It has been proposed that CD31 in involved in the activation of eNOS by participating 

in signal transduction downstream of mechanical stimulation of endothelial cells by shear 

stress. Increased association of CD31 with eNOS was reported at 5 to 60 minutes following the 

application of shear stress, determined by co-immunoprecipitation experiments (418). 

Although in the experiments conducted here, the mRNA expression of PECAM1 is not 

impacted by sildenafil citrate, NO signalling enhancement as a result of treatment could 

contribute to the maintenance of mRNA expression of PECAM1 thereby allowing for 

downstream protein-protein interactions such as with eNOS, to take place. This is further 

supported by a cavernous nerve crush injury rat model whereby sildenafil administration 

improved erectile dysfunction in a time and dose dependent manner. This was accompanied 

by preservation of eNOS and CD31 expression demonstrated by immunohistochemistry, in 

addition to eNOS phosphorylation (419). In this case, sildenafil-induced vasodilation would 



184 

 

also lead to changes in shear stress which in the above report (418) has been shown to 

increase association of eNOS and CD31.  

CAV1 mRNA expression fluctuates in healthy donor and cirrhotic LSEC treated with increasing 

dose of VEGF (Figure 5.2 A and B) and a similar trend was observed in healthy donor LSEC 

treated with sildenafil citrate (Figure 5.5A). It can be deduced that CAV1 is resistant to 

regulation by VEGF at the mRNA level although a longer treatment (in these experiments LSEC 

were treated for 4hrs) could be necessary for VEGF to exert an effect. In contrast, CAV1 mRNA 

expression is significantly downregulated in cirrhotic LSEC treated with sildenafil at increased 

dosage (Figure 5.5B). Caveolin-1 is marker shown to increase in cirrhosis (385,386) and despite 

the absence of statistical significance, there was an increasing trend in CAV1 mRNA expression 

in whole tissue of cirrhotic specimens compared to healthy donor (Figure 4.8A). Caveolin-1 

was increased in a dose dependent manner in the serum of ethanol-fed mice while expression 

of caveolin-1 in the liver was increased at 12 hours after ethanol feeding and this increase was 

mainly observed in hepatocytes (420). This could therefore account for differences in 

expression of CAV1 between whole liver tissue specimens and isolated LSEC. In addition, the 

ethanol-mediated caveolin-1 increase was shown to have a protective effect on hepatocytes 

through the inhibition of iNOS activity. iNOS activity results in excessive amounts of NO 

production leading to the accumulation of reactive nitrogen species which drive inflammation 

(420). Consequently, the upregulation of caveolin-1 has a protective role in the pathogenesis 

of ALD. In addition, in a rat alcohol model, reduction in eNOS activity was associated with 

elevated caveolin-1 expression in the liver (421). To this extent, the downregulation of CAV1 

in sildenafil treated cirrhotic LSEC could indicate the restoration of eNOS activity and 

improvement of LSEC function.    
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Endothelial nitric oxide synthase is a vital enzyme involved in the maintenance of the 

differentiated LSEC phenotype. NOS3 mRNA expression remains relatively stable and 

comparable to treatment control despite minimal fluctuations in expression both in healthy 

donor as well as cirrhotic LSEC treated with VEGF (Figure 5.2 C and D) and sildenafil citrate 

(Figure 5.5 C and D). NOS3 mRNA stability plays a role in regulating eNOS levels. Cell 

confluency affects NOS3 mRNA levels whereby levels can be four-six fold higher in 

proliferating cells compared to quiescent cells (422). All VEGF and sildenafil treatment 

experiments were performed on confluent/ growth arrested cells in order to ensure a good 

RNA yield would be obtained for downstream analysis experiments and therefore cell 

confluency may have contributed to the NOS3 mRNA levels obtained. In addition, eNOS is 

regulated post-translationally and in response to stimuli such as VEGF leading to eNOS 

phosphorylation at S1177 on the C-terminal reductase domain by protein kinase Akt and this 

has been demonstrated to play a role in eNOS activation following stimulation by VEGF as well 

as shear stress (423). Further to this, actin has been shown to bind to eNOS 3’ UTR during 

varying stages of cell growth illustrating the interaction between eNOS and cytoskeletal 

proteins (424).  It has also been proposed that post-translational regulation of eNOS drives its 

subcellular localisation which can also affect NO production in response to stimuli such as 

VEGF (425). Hence the observation that NOS3 mRNA remains relatively stable after treatment 

does not necessarily mean that a functional change in cellular response by virtue of post-

translational signals is not being induced.    

NO binds to the heme compartment of eNOS thereby forming a stable complex and inhibiting 

eNOS activity (426,427). Consequently, endogenous NO may act as a negative feedback system 

of eNOS activity in homeostatic conditions. Under pathological conditions such as ALD and 
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NAFLD, the inducible isoform of NOS (iNOS) has been shown to be upregulated as its 

expression can be induced in Kupffer cells, hepatocytes, and HSCs as well as LSEC. iNOS is 

known to produce great amounts of NO which may also contribute to the negative feedback 

system promoting eNOS inhibition, as well as being an important source of reactive nitrogen 

species (428,429). The generation of reactive nitrogen species can be detrimental to key 

biological processes as peroxynitrite can damage protein nitration which would thereafter 

alter the structure and function of downstream target proteins. This is in contrast to the vaso-

protective effect achieved by eNOS derived NO leading to endothelial survival and 

maintenance of vascular tone (430).      

FLT1 mRNA expression appears to be more abundant compared to KDR in response to VEGF 

treatment even though only an n=1 biological replicate was analysed for FLT1 due to low RNA 

yield obtained from the remaining biological replicates. VEGFR1 (FLT1) has been shown to bind 

VEGF-A (same type of VEGF secreted by hepatocytes and also used in these experiments) at a 

higher affinity compared to VEGFR2 (KDR), thereby acting as a VEGF-A trap. In addition, 

VEGFR1 is considered to negatively regulate VEGFR2, leading to suppression of its pro-

angiogenetic effects (431). This would explain potential upregulation of FLT1 in the presence 

of increased VEGF, alongside KDR downregulation. In relation to this, KDR mRNA expression 

was significantly downregulated at high doses of VEGF in healthy donor LSEC (Figure 5.3C) and 

cirrhotic LSEC (Figure 5.3D) KDR encodes for VEGFR2, a tyrosine-kinase receptor protein acting 

downstream of VEGF, involved in mediating endothelial proliferation and survival. Its 

downregulation could be associated with the fact that the LSEC were treated with VEGF at a 

confluent density and therefore were in cell cycle arrest. Although VEGFR1 binds VEGF-A at a 

higher affinity, most downstream effects of VEGF-A are mediated through VEGFR2 which then 
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activates downstream signalling events. Firstly, following ligand binding, dimerization of 

VEGFR2 takes place along with cross-phosphorylation of tyrosine residues on its intracellular 

domain (432). Tyrosine residue phosphorylation triggers intracellular signalling pathways that 

are crucial for endothelial cell biology such as activation of the PI3K/AKT/mTOR pathway 

through the phosphorylation of tyrosine 1175. Induction of this pathway is crucial for 

endothelial responses such as survival, proliferation, and migration (433). Although VEGFR1 

has a higher affinity for VEGFA, phosphorylation of this receptor is weakly induced (434). It 

has been shown in mouse embryos that FLT1 knockdown is lethal at embryonic day 8.5-9 due 

to excess proliferation of endothelial cells and disorganisation of vasculature. This was due to 

increased VEGFR2 signalling as a result increased availability of VEGFA and binding to 

VEGFR2 (435). This demonstrates a regulatory role for VEGFR1 in VEGFR2 signalling for the 

control of angiogenesis. Although mRNA expression of KDR remained fairly consistent in 

healthy donor and cirrhotic LSEC treated with sildenafil (Figure 5.6 C and D), FLT1 mRNA 

expression was significantly downregulated in cirrhotic LSEC at increased dosage of sildenafil 

(Figure 5.6B). This can be attributed to the fact that in the absence of VEGF, FLT1 expression 

was induced less.           

GATA4 encodes for the transcription factor involved in LSEC specification and function and has 

been identified as a master regulator driving differentiation within the liver micro-

environment as well regulating LSEC fate throughout embryonic development (32,436). This 

is highlighted by the fact that GATA4 as well as GATA6 are integral during embryonic 

development of the liver by regulating the expansion of the liver bud (32,437). It has been 

proposed that GATA4 modulated LSEC differentiation in synergy with other transcription 

factors such as MEIS2 and C-MAF in order to maintain expression of essential markers 
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expressed by LSEC such as mannose (211).  The regulatory role of GATA4 in the maintenance 

of LSEC specific phenotype was demonstrated in Gata4LSEC-KO mice whereby LSEC specific 

markers such as Stabilin-2 and LYVE-1 were downregulated (380). In this regard, the 

expression of GATA4 in both healthy and cirrhotic LSEC confirm that the cells isolated are 

indeed LSEC. Despite the fact that no significant changes in expression were detected in 

GATA4 expression in normal and cirrhotic LSEC treated with increasing concentrations of VEGF 

(Figure 5.4), there is a trend towards downregulation of GATA4 which is more evident in 

healthy donor LSEC treated with VEGF compared to cirrhotic LSEC however levels remain 

relatively unchanged. Similar trends in GATA4 expression were shown in healthy donor and 

cirrhotic LSEC treated with sildenafil (Figure 5.8). Despite this, it has been shown that NO 

which is expected to be produced following VEGF treatment, leads to downregulation of 

GATA4 expression (438). Negative regulation of GATA4 by nitric oxide has been reported in 

the heart, which is dependent on protein kinase G (439). As nitric oxide is the signalling 

molecule produced downstream of eNOS activation, this accounts for potential 

downregulation of GATA4 in LSEC treated with VEGF. Expression of GATA4 mRNA was also 

relatively unchanged in sildenafil treated healthy donor and cirrhotic LSEC (Figure 5.8).  

Overall, the preliminary data presented in this chapter indicate a potential regulatory role of 

the enhancement of NO signalling in LSEC phenotype in liver disease and this is illustrated 

further in the next chapter, specifically with regards to LSEC porosity. However, regarding the 

effect of VEGF and sildenafil on the expression of genes presented in this chapter, duration of 

treatment could play a role as further enhancement of the downstream effects of NO 

signalling could be taking place with longer exposure of LSEC to VEGF or sildenafil citrate. As 

LSEC were kept in the absence of VEGF in basal media for only two hours prior to treatment 
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with increased dosage of VEGF or sildenafil, the effects of NO while LSEC were in normal 

culture conditions could be impacting gene expression levels. In addition, lack of significant 

gene expression changes does not reflect on protein activity which is the case of eNOS is 

largely dependent on post-translational modifications and protein-protein interactions. 

Additional biological repeats would be required in order to have greater statistical power and 

be able to detect clear effects on expression changes. Future work to further elucidate the 

role of nitric oxide synthases and NO signalling on modulating the LSEC phenotype would 

entail quantitation of the basal expression of iNOS in LSEC at low and high passage as 

homeostasis of LSEC could be altered in vitro which would be compatible with their de-

differentiation in culture. Mechanisms of eNOS activation include phosphorylation at serine 

1177 via the PI3K/Akt pathway. As phosphorylation is a post-translational modification, 

detection of eNOS protein levels by western blotting would be required as well as the co-

immunoprecipitation of eNOS with proteins regulating its activity such as caveolin-1 and CD31 

(405,440). NO quantitation in healthy donor and diseased tissues as well as in LSEC under 

normal culture conditions and following VEGF and sildenafil treatment can also be carried out, 

using electron spin resonance spectroscopy (441,442).    
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6 Super-resolving the hepatic molecular sieve 
 

6.1 Introduction 
 

The presence of fenestrations is considered the gold standard for confirming the identity of 

LSEC in vitro and is recognised as characteristic of a healthy LSEC phenotype (443). As 

defenestration is a progressive consequence of chronic liver disease irrespective of aetiology, 

it is important to be able to visualise and quantify the differences in fenestrae frequency and 

diameter between healthy and diseased specimens, as the reduction of fenestrae contributes 

to the dysregulation function of liver function. For example, loss of fenestrations has also been 

associated with alcohol-induced hyperlipoproteinemia (85).  

Precise mechanisms regulating the formation, size and dynamic organisation of fenestrations 

have been proposed as summarised in chapter 1 (section 1.5.5), with the involvement of the 

actin cytoskeleton in modulating an increase in fenestration diameter and frequency as well 

as calcium/calmodulin regulation of the contraction and relaxation of the actomyosin 

cytoskeleton. FACR have been visualised by SEM and TEM in preparations of LSEC in which the 

membrane was removed by detergent extraction. This exposed a network of filaments closely 

associated with sieve plates of fenestrations which were surrounded by thicker 

filaments (444). FACR were demonstrated further by AFM and dSTORM while the formation 

of open fenestrations within FACR was shown to require a complete actin ring (192,445). 

Together these data demonstrate the close association of fenestrations and the actin 

cytoskeleton. 

Electron microscopy has contributed immensely to visualising fenestrations and their 

organisation on the LSEC membrane in both tissue and cultured LSEC samples originating from 
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human as well as animal specimens. Despite this, most of EM data originate from LSEC isolated 

from animal models, such as baboons, which recapitulate the effects of alcoholism on 

fenestrations (84) as well as in rat models recapitulating cirrhosis (446) and endotoxin-induced 

defenestration (447). Human specimens have provided information about the nature of 

fenestrations within a healthy hepatic environment (448–450). However, EM data on 

fenestrations from human cirrhotic specimens is less frequent. Reports have illustrated loss of 

fenestrae in cases of patients with chronic hepatitis C (451) as well as alcohol induced 

defenestration whereby a significant loss in fenestrations was observed in zone 2 of the liver 

lobule (452). As well as a lack of robust EM data from diseased human livers, the process of 

preparation of EM presents challenges.  While EM techniques enable visualisation of 

nanosized structures such as fenestrations, samples must undergo a series of dehydration 

steps throughout the preparation process for EM (452). When dealing with a sample as 

delicate as the LSEC membrane, heavy chemical processing and dehydration can impact the 

output measurements deduced from acquired images (453).  

The development of super-resolution techniques has revolutionised far-field light microscopy 

due to their capability to overcome the limitation posed by the diffraction of light. This 

limitation is defined as the inability of optical microscope lenses to discern details that are 

closer together than half of the wavelength of light (454–456). This signifies the fact that 

biological samples can be imaged with a light source using wet fixation instead of dry fixation 

approaches applied for EM sample preparation. dSTORM falls under the category of single 

molecule localisation microscopy techniques which collect the sub-diffraction positions of 

individual fluorophore molecules for the nanoscale reconstruction of the overall structure in 

question (457).  
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Super-resolution approaches such as STED (458), SIM (184,459), atomic force 

microscopy (445,453,460,461) and dSTORM (296) have already been utilised for imaging 

fenestrations in rodent LSEC. Atomic force microscopy has been utilised for tracking fenestrae-

forming centres in live murine LSEC (460) while dSTORM has been implemented in order to 

capture the effect of sildenafil citrate on the actin cytoskeleton in LSEC from young mice and 

revealed that changes in the actin cytoskeleton were associated with increased fenestration 

frequency and porosity (202). Furthermore, two-colour dSTORM has been applied to deduce 

the relationship of fenestrae with the actin cytoskeleton in mouse LSEC (192). In terms of 

super-resolution imaging of human LSEC on the other hand, data is less abundant. Only SIM 

has been applied so far, in specimens originating from patients undergoing hepatectomy for 

liver metastasis from colorectal cancer (298).              

While there are many super-resolution techniques to choose from, the choice of super-

resolution technique is influenced largely by the combination of the imaging target and the 

limitations of each approach. Phototoxicity and bleaching for example, are two drawbacks of 

STED imaging. We therefore chose dSTORM as our imaging approach for visualising human 

liver fenestrae as it offers superior resolution by pin-pointing the position of single 

fluorophores (with a precision of approximately 10-20 nm). There are several microscope 

systems available that can be used for dSTORM such as the N-STORM by Nikon as well as the 

ONI Nanoimager has been utilised for dSTORM image acquisition in this project.  

Sample thickness is a factor to be considered for successful dSTORM imaging. The LSEC 

membrane is an ideal candidate for dSTORM as the cells lack lack a basement membrane and 

are therefore considerably thin (462). Fenestrations have been visualised using dSTORM in rat 
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LSEC using Cell Mask Deep Red Plasma membrane dye (CMDR) as no fenestration-specific 

marker has been identified so far (296). The approach employed by using CMDR for imaging 

fenestrations involves relying on the absence of signal within fenestrations which can be 

identified as dark regions on the plasma membrane.  

Although there is a plethora of super-resolution imaging data available from rodent LSEC, 

human LSEC data is lacking. The purpose of this chapter was to capture fenestrations in human 

LSEC in vitro in an effort to enrich the knowledge gap in differences between donor and 

cirrhotic LSEC using dSTORM. Consequently, dSTORM images of fenestrations in human LSEC 

in vitro, isolated from normal donor, ALD, PBC and NASH specimens are presented. Alterations 

in LSEC porosity following treatment with sildenafil have also been captured using dSTORM, 

in normal and cirrhotic LSEC. Lastly, two-colour dSTORM was implemented in order to identify 

the relationship between the actin cytoskeleton and fenestrations in human LSEC.        
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6.2 Results      
 

6.2.1 Optimisation and development of dSTORM imaging parameters 
 

The key aims of this chapter were to develop an optimized protocol to enable us to visualise 

fenestrae in healthy and cirrhotic human LSEC in vitro. We wanted to assess both the number 

and physical features of the sieve in healthy and diseased states, as well as determine the 

effect of sildenafil citrate treatment on fenestrae frequency and diameter. In order to do this, 

I tested a series of different parameters to allow optimisation of a protocol and set of imaging 

conditions allowing the visualisation of fenestrations using CMDR using dSTORM microscopy. 

As the seeding density is key for super-resolution microscopy, it was important to have a 

confluency of about 40-50% in order to be able to have single cells in a field of view. A final 

seeding density of 30 000 LSEC per ibidi channel was therefore used. This was challenging as 

human LSEC grow best in a monolayer with very close proximity to each other and low 

confluency can lead to morphological changes. Moreover, challenges of cell attachment to the 

hydrophobic glass coverslip bottom (1.5H) were met by washing the glass bottom ibidi µ-

channels with potassium hydroxide (1 M), followed by overnight coating of the glass bottom 

with 10x more concentrated RTC compared RTC used to coat tissue culture treated flasks 

where LSEC were routinely grown and expanded. As sample preparation began with fixation, 

a key factor was fixative quality and for this reason the 4% PFA used for each experiment was 

prepared fresh, 1-2 hours prior to use.   

In order to perform dSTORM, the imaging parameters summarised in Figure 6.1, needed to be 

implemented. To begin with, all fluorophores need to be reduced back to their dark state so 

that stochastic photo-switching of individual fluorophores can follow. In this case, this was 
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achieved by the addition of mercaptoethylamine (MEA) to the imaging buffer at an initial 

concentration of 100 mM. However, to due to the high density of staining of CMDR, the 

concentration of MEA in the final imaging buffer was increased to 150 mM in order to facilitate 

more efficient reduction of CMDR fluorophores to the dark state. Another important criterion 

for successful dSTORM imaging is the exclusion of oxygen from the sample during acquisition 

so as to avoid photobleaching as much as possible. The imaging parameters included the 

acquisition of 20 000 frames which resulted in image acquisition time of 10 minutes per cell 

imaged. An oxygen scavenger system was included in the imaging buffer which consisted of 

the enzymes glucose oxidase, catalase, and glucose. In order to improve the efficiency of the 

oxygen scavenging system, the MEA stock solution used for buffer preparation was increased 

to double the initial concentration in order to allow for more glucose in the final buffer.    

 

Figure 6.1: Stochastic fluorophore photo-switching during dSTORM imaging 

 

 

The combination of optimal chemical and excitation parameters achieves the 
transition of fluorophores to the dark state in a stochastic manner. This is 
followed by random blinking of fluorophores over a series of frames. The system 
works best when oxygen is excluded from the sample in order to avoid 
photobleaching.     
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6.2.2 dSTORM imaging of healthy and cirrhotic LSEC in vitro              
  

Following the optimisation of imaging parameters, I next wanted to measure and quantify 

fenestrations in normal and cirrhotic LSEC. Consequently, LSEC cultured O/N in complete 

media on glass bottom ibidi chambers to attach and spread, were fixed in freshly made 4% PFA 

and stored under PBS until imaged using dSTORM on the ONI Nanoimager. Figure 6.2 presents 

a representative image of an untreated donor LSEC acquired using dSTORM. The membrane 

region illustrated in panel A, shows fenestrations organised in a sieve plate on the edge of the 

plasma membrane and fenestrations are designated by dark regions in the plasma membrane. 

This region is expanded further at a higher magnification in panel B which clearly shows the 

variation is fenestration diameter as well as shape. The smallest fenestration diameter within 

the sieve plate is 112.9 nm while the largest measures 524.6 nm. There was also variation in 

circularity of fenestrations ranging from a circle-like shape to an elliptical one. Additionally, 

there was variation in the membrane boundary of fenestrae, with fenestrations surrounded 

by a uniform membranous boundary with occasional membrane accumulation indicated by 

brighter areas depicted by red arrows in panel B, contradictory to fenestrae with poorly 

formed membrane boundary. Importantly this culture of donor LSEC was imaged at passage 

5 and the presence of the sieve plate indicates that even passaged LSEC still have the capacity 

to maintain fenestrations in vitro. 
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Figure 6.2: Use of dSTORM to visualise fenestrations in human LSEC isolated from healthy donor liver tissue 

 

 

 

(A) Representative image of an LSEC derived from healthy donor liver tissue acquired using dSTORM. 
LSEC were stained with Cell Mask Deep Red plasma membrane dye at 5 µg/ml and this image was 
reconstructed using the ThunderSTORM plugin in Fiji software using 20 000 frames. Drift correction 
was applied using cross-correlation. The Normalised Gaussian method was applied for image 
rendering with lateral uncertainty of 20 nm. The highlighted area indicating fenestrations organised 
in a sieve plate is shown in (B) at a higher magnification. Fenestrations can be seen as dark regions 
within the plasma membrane and bright membrane areas on the periphery of fenestrations are 
illustrated by red arrows. Pixel size: 10 nm. Scale bar: 2 µm.  
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This was true even in cirrhotic LSEC although there were marked differences between healthy 

and diseased cells. Figure 6.3 (A) shows a representative dSTORM image of fenestrations in 

part of the membrane of an untreated cirrhotic LSEC isolated from PBC liver tissue.  

Fenestrations can be seen scattered throughout the plasma membrane region (captured in 

the expanded field of view magnified in panel B). These fenestrations are more dispersed than 

those in the normal LSEC and the fenestration diameter range is between 112.9 nm and 

518.4 nm in this image. However, we did note occasional clusters of fenestrations (see 

example in Fig 6.6). Although less pronounced in comparison with the donor LSEC in figure 

6.2, there are still regions of brighter membranous staining accumulation surrounding 

individual fenestrae in the PBC LSEC (Fig 6.3 (B) red arrows). Importantly not only was this cell 

isolated from a diseased liver, but the cells were also imaged at passage 4. Thus, fenestrations 

are still present in cirrhotic LSEC even after some time in culture in our media conditions.    
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Figure 6.3: Use of dSTORM to visualise fenestrations in LSEC isolated from cirrhotic (PBC) liver tissue 

 

 

 

(A) Representative image of an LSEC derived from a PBC liver acquired using dSTORM is shown in 
panel A. LSEC were stained with Cell Mask Deep Red plasma membrane dye at 5 µg/ml and this image 
was reconstructed using the ThunderSTORM plugin in Fiji software using 20 000 frames and were 
drift corrected using cross correlation. The Normalised Gaussian method was applied for image 
rendering with lateral uncertainty of 20 nm. The highlighted area indicating fenestrations scattered 
within the plasma membrane is shown in (B) at a higher magnification and fenestrations can be seen 
as dark regions within the plasma membrane. Bright membrane areas on the periphery of 
fenestrations are illustrated by red arrows.  Pixel size:10 nm. Scale bar: 2 µm. 
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An important detail evident within the sieve plate from our healthy liver (Figure 6.2) and 

cirrhotic specimen fenestrations (Figure 6.3) is that there are differences in the density of the 

cytoskeleton and membrane boundary surrounding each fenestration with denser areas 

indicated by red arrows. It has been suggested that fenestration boundaries may contain a 

network of actin filaments which are linked to control of fenestration diameter. Therefore, we 

confirmed whether the bright regions of the membrane observed using CMDR were 

associated with actin by implementing two-colour dSTORM where CMDR and phalloidin 

staining were imaged sequentially in the same field of view in order to determine their 

colocalization at fenestrations. Two-colour dSTORM was carried out on LSEC derived from a 

NASH liver and a representative image of CMDR and phalloidin dSTORM image is shown in 

figures 6.4 and 6.5. Figure 6.4 (A) and (B) represent the same field of view of two adjacent 

LSEC, stained with CMDR and phalloidin respectively while panel C illustrates the images in 

panels A and B which have been aligned and merged in Fiji software. Panel B, illustrating the 

distribution of actin within the part of the cell visualised with actin filaments clearly seen as 

bright curved lines across the cell. A cluster of fenestrations labelled with phalloidin is shown 

in a magnified view in Figure 6.5. Emphasising the presence of actin within the periphery of 

fenestrations, actin-containing membrane regions can be seen as dense and brightly labelled 

areas are indicated by white arrows in Figure 6.5 (B). Although, the phalloidin staining is less 

evident in the merged image shown in Figure 6.4 (C), Figure 6.6 (B) shows a magnified view of 

a cluster of fenestrations where there are regions of colocalization between CMDR and 

phalloidin, seen as less pronounced yellow regions in the periphery of fenestrations (white 

arrows).               
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Figure 6.4: Localisation of fenestrae-associated actin using dSTORM in NASH LSEC 

 LSEC were stained with Cell Mask Deep red plasma membrane dye (5 µg/ml) and ATTO 488 Phalloidin. 
Tetraspeck microspheres (0.1 µm diameter) were also applied to the sample to allow for drift 
correction. CMDR and phalloidin images were acquired sequentially and 20 000 frames were collected 
for each channel. Images were reconstructed using the ThunderSTORM plugin in Fiji software and were 
drift corrected using the cross-correlation approach. The Normalised Gaussian method was applied for 
image rendering with lateral uncertainty of 20 nm. Pixel size: 10 nm. Scale bar: 2µm.        
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Figure 6.5: Localisation of fenestrae-associated actin using dSTORM in NASH LSEC 

 (A) Representative dSTORM image of LSEC isolated from a NASH liver. LSEC were 
stained with ATTO 488 Phalloidin and tetraspeck microspheres (0.1 µm diameter) were 
applied to the sample to allow for drift correction. Images were reconstructed using 
the ThunderSTORM plugin in Fiji software using 20 000 frames and were drift corrected 
using the cross-correlation approach. The Normalised Gaussian method was applied 
for image rendering with lateral uncertainty of 20 nm. A cluster of fenestrations is 
shown in panel B with white arrows indicate areas of aggregated actin in the periphery 
of fenestrations. Pixel size: 10 nm. Scale bar: 1 µm.        
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Figure 6.6: Co-localisation of actin and CMDR within fenestrae periphery using dSTORM in NASH LSEC 

 

 

 

(A) Representative image of LSEC isolated from  a NASH liver. LSEC were stained with Cell Mask Deep 
red plasma membrane dye  (5 µg/ml) and ATTO 488 Phalloidin. Tetraspeck microspheres (0.1 µm 
diameter) were applied to the sample in order to allow for drift correction. CMDR and phalloidin 
images were acquired sequentially and 20 000 frames were collected for each channel. Images were 
reconstructed using the ThunderSTORM plugin in Fiji software and were drift corrected using the 
cross-correlation approach. The Normalised Gaussian method was applied for image rendering with 
a lateral uncertainty of 20 nm. Pixel size: 10 nm. Scale bar: 2µm. (B) A magnified view of a cluster of 
fenestrations marked in panel A. Areas of colocalization between CMDR and phalloidin are indicated 
by the white arrows. Pixel size: 10 nm. Scale bar: 1 µm        
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Next it was important to assess the size and shape of the fenestrations evident in our cells. 

The sieve plate captured in a normal donor LSEC as illustrated in Figure 6.2 (B) is shown in 

Figure 6.7, with a focus on a single fenestration in a magnified view shown in Figure 6.7 (B). 

Fenestration diameter is approximately 300 nm as indicated by the blue line on the intensity 

profile plot in panel C. The panel shows labelling intensity (y-axis) across the region indicated 

by the white line on panel B which spans the borders of the fenestral pore and the pore itself.  

There is a gray value of 2.35 on the boundary of the fenestration starting at the bottom left of 

the white line while gradually decreasing as the intensity profile shifts towards the inner 

region of the nanopore. Pixel intensity is reduced dramatically within the fenestration due to 

the absence of signal with the exception of single pixels which give rise to the intensity peaks 

pointed out by the green arrows. Intensity gradually increases again as the line profile reaches 

the opposite side of the fenestration. This allows assessment of the intensity in the membrane 

boundary of the fenestration as this can influence the shape as well as segmentation of the 

image for further analysis. The intensity profile demonstrates the absence of signal as a result 

of lack of labelling within the fenestration, expected as there is no membrane that can be 

stained within it. Also, it provides the approximate diameter of the fenestration is by obtaining 

the intensity of pixels along the length of distance where the absence of signal indicates that 

membrane gap identified as a fenestration.      
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Figure 6.7: dSTORM image of an LSEC isolated from healthy donor liver tissue 

 

 

(A) A representative image of a sieve plate in an LSEC derived from healthy donor liver 
tissue acquired using dSTORM. LSEC were stained with Cell Mask Deep Red plasma 
membrane dye at 5 µg/ml and this image was reconstructed using the ThunderSTORM 
plugin in Fiji software using 20 000 frames. The highlighted area shown in (B) indicates a 
single fenestration within a sieve plate. The intensity profile plot shown in panel C was 
generated in Fiji software and includes the fenestration (depicted in panel B) and 
immediate membrane boundary as shown by the white line in panel B. The blue line 
represents the diameter of the fenestration. Scale bar: 2 µm 
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Figure 6.8 shows a representative region of fenestrations from cirrhotic LSEC shown in 

Figure 6.3. A magnified view of the region shown in Figure 6.3 (B) is presented in Figure 6.8 

(A) where on the left had side there are two adjoining fenestrae. An important structural 

feature in this specific region is the poorly formed membrane compartment separating them 

seen on the image as sparsely labelled. The intensity line profile shown in panel B is 

representative of the fenestration marked with a white line in panel A and shows the intensity 

of localisations across the region depicted by the white line from top to bottom. This 

fenestration is approximately 200 nm in diameter which is indicated by the length of distance 

on the x-axis where the pixel intensity has decreased to near 0.    
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Figure 6.8: Measurement of fenestration diameter in dSTORM images of cirrhotic LSEC 

        

 

(A) Representative cluster of fenestrations in an LSEC derived from cirrhotic liver tissue 
acquired using dSTORM. LSEC were stained with Cell Mask Deep Red plasma membrane dye 
at 5 µg/ml and this image was reconstructed using the ThunderSTORM plugin in Fiji software 
using 20 000 frames. (B) The intensity profile plot was generated in Fiji software includes the 
fenestration (depicted in panel A) and immediate membrane boundary as shown by the white 
line in panel A. The blue line represents the diameter of the fenestration. Scale bar: 1 µm.  
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By using the macro detailed in chapter 2 (section 2.5.4) for the automatic batch measurement 

of fenestrations in all images, I was able to determine the diameter of fenestrae in healthy 

and diseased LSEC. A total number of 1979 and 2370 fenestrations were quantified in normal 

and cirrhotic LSEC, respectively, and their diameters are indicated by the symbols in Figure 6.9. 

There is a 17% difference in the mean fenestration diameter between healthy and cirrhotic 

LSEC, whereby the mean diameter in healthy LSEC is 243.4 nm, and for cirrhotic LSEC it is 205 

nm. Statistical analysis by a Mann-Whitney test revealed a significant difference in 

fenestration frequency between donor and cirrhotic LSEC.       
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Figure 6.9: Quantification of fenestration diameter in normal donor and cirrhotic LSEC 

  

 

 

The data presented in each scatter (with bars indicating the mean +/- SEM) are 
representative of fenestration diameter in all fenestrations quantified from n = 3 
dSTORM images acquired from each of n = 3 biological replicates of LSEC isolated from 
normal donor and cirrhotic liver tissue. **** p-value < 0.0001. Mann-Whitney test.    
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Next, I calculated the frequency distribution of the fenestration diameter in both normal and 

cirrhotic LSEC as shown in Figure 6.10. Here, frequency is expressed as a percentage of the 

total number of fenestrations detected. The frequency is representative of fenestrations 

detected in n = 3 LSEC imaged from each of n = 3 biological replicates of normal donor and 

cirrhotic LSEC. In donor LSEC, 22.8% of fenestrations are within a size range of 112.5 nm and 

137.5 nm in diameter with a median value of 205 nm whereas 28.5% of fenestrations in 

cirrhotic LSEC are within the same diameter size range with a median value of 167 nm. Even 

though there is a higher total number of fenestrations in cirrhotic LSEC, the frequency of larger 

fenestrations decreases with increasing bin width. In contrast to this, there is a higher 

proportion of fenestrations in the 287.5 nm and 312.5 nm diameter range (4.3%) in donor 

LSEC compared to 3.7% in cirrhotic LSEC. In conclusion, a higher number of fenestrations was 

detected in cirrhotic LSEC with approximately 70% of them having a diameter below 250 nm 

while more fenestrations in healthy LSEC had diameters above 250 nm (≈37%).  
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Figure 6.10: Frequency distribution of fenestration diameter in untreated normal donor and cirrhotic 
LSEC 

 
 

 
 

 

 

 

 

 

 

 

 

 

The data presented in the frequency distribution histograms are representative of the following: 
fenestration diameter was calculated from n = 3 dSTORM images which were acquired for each 
of n = 3 biological replicates of LSEC isolated from normal donor (A) and cirrhotic liver tissue (B). 
Bin width was set at 25 nm and relative frequency of fenestrations in each bin is shown as a 
percentage of the total number of fenestrations detected within the range of 100nm and 525 nm. 
Red arrows indicate the median fenestration diameter for donor and cirrhotic LSEC.    
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6.2.3 Does sildenafil alter fenestration frequency and distribution in human LSEC? 
            

Since I had successfully demonstrated the presence of fenestrations in human LSEC using 

dSTORM, I next applied this approach to determine whether the porosity of human LSEC can 

be manipulated in vitro using sildenafil citrate. Again, I was interested in the comparison of 

sildenafil citrate treatment impact on both healthy and diseased cells. Figure 6.11 presents 

representative images of normal donor and cirrhotic (ALD) LSEC treated with vehicle control 

(DMSO) (A and C) or sildenafil citrate at 10 µg/ml (B and D) respectively. In these isolates of 

LSEC, I again noted the presence of fenestrations in both healthy and diseased cells which 

were more abundant in healthy cells and tended to localise to specific regions of the 

membrane surface. Fenestrations were widely and abundantly distributed across the surface 

of the membrane of the normal donor LSEC treated with sildenafil citrate shown in panel B, 

from the perinuclear area of the cell towards the outer region of the cytoplasm. In contrast to 

this, fenestration localisation on the cirrhotic LSEC shown in panel D is mainly on the outer 

edge of the plasma membrane. In the representative healthy and cirrhotic LSEC shown in 

panels B and D respectively, a total of 196 fenestrations were measured in healthy cells while 

only 140 fenestrations were measured in cirrhotic samples.  
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Figure 6.11: dSTORM imaging of normal and cirrhotic LSEC treated with sildenafil citrate 

 

 

 

 

 

Representative images of normal donor (A and B) and cirrhotic (C and D) LSEC were treated with 
vehicle control and sildenafil citrate at 10µg/ml respectively. The green box in panel C illustrates 
fenestrations in the vehicle control of cirrhotic LSEC. The images were reconstructed using the 
ThunderSTORM plugin in Fiji software using 20 000 frames and were drift corrected using cross 
correlation. The Normalised Gaussian method was applied for image rendering with a lateral 
uncertainty of 20 nm. Feature within the blue circle indicates a fiducial. Pixel size: 10 nm. Scale bar: 
2 µm.     
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Quantification of fenestrae and their respective diameters in healthy LSEC treated with vehicle 

control and sildenafil citrate is shown in Figure 6.12. The total number of fenestrations 

quantified in the control and sildenafil citrate treated LSEC isolated from normal liver tissue 

(panel A) was 2287 and 2755 respectively as shown by the symbols. The mean values for 

fenestration diameter were 195.5 nm in control LSEC and 218 nm in sildenafil citrate treated 

indicating that sildenafil citrate treatment resulted in an increase in fenestration diameter 

compared to control LSEC. The quantification of fenestrae in cirrhotic LSEC treated with 

sildenafil citrate is shown in Figure 6.12 (B), whereby a total of 1900 fenestrations were 

measured in LSEC treated with vehicle control and a total of 2489 fenestrations in sildenafil 

citrate treated cirrhotic LSEC. Again, there is an increasing shift in fenestration diameter 

following sildenafil citrate treatment as the mean diameter of control LSEC is 200 nm and 

235 nm in sildenafil citrate treated LSEC.  Statistical analysis by a Mann-Whitney test revealed 

a significant increase in fenestration frequency between control and sildenafil citrate treated 

LSEC for both donor and cirrhotic liver specimens.        
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Figure 6.12: Quantification of fenestration diameter in normal donor and cirrhotic LSEC treated with 
sildenafil citrate 

                   

 

 

The scatter plots represent the total number of fenestrations measured in healthy (A) and cirrhotic 
(B) LSEC treated with vehicle control and sildenafil citrate. The data presented in each scatter dot 
plot (with bars indicating the mean +/- SEM) are representative of fenestration diameter in all 
fenestrations quantified from n = 3 dSTORM images acquired from each of n = 3 biological replicates 
of LSEC isolated from normal donor and cirrhotic liver tissue. **** p-value < 0.0001. Mann-
Whitney test.    
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The frequency distribution of the diameter of all fenestrations detected in donor and cirrhotic 

LSEC treated with vehicle control (A and C) and sildenafil citrate (B and D) respectively is shown 

in Figure 6.13. In donor LSEC treated with vehicle control shown in panel A, a total of 2287 

fenestrations were detected, with a median fenestration diameter of 155.6 nm and 34.6% of 

fenestrations within a size range of 112.5 nm and 137.5 nm in diameter. The frequency 

distribution of the diameter of normal donor LSEC treated with sildenafil citrate at 10 µg/ml 

is displayed in panel B. In sildenafil citrate treated donor LSEC, a total of 2755 fenestrations 

were detected, with a median fenestration diameter of 178.5 nm. The majority of 

fenestrations detected, comprising 26.5% of the total count were in the diameter size range 

of 112.5 nm and 137.5 nm and fenestration frequency decreases with increasing bin width.   

Figure 6.13 (C) displays the frequency distribution of fenestration diameter in cirrhotic LSEC 

treated with vehicle control. In the total of 1900 fenestrations detected, the median 

fenestration diameter is 160 nm in LSEC treated with vehicle control. A shift in the distribution 

towards larger fenestration diameter is observed in sildenafil treated cirrhotic LSEC as in 

control LSEC 31% of fenestrations are in the diameter size range of 112.5 nm and 137.5 nm 

whereas in sildenafil treated cirrhotic LSEC 23% of the total fenestration count are in this 

diameter range (panel D). In contrast to this, 3% of control LSEC are within the diameter range 

of 287.5 nm and 312.5 nm while 4.7% of sildenafil treated cirrhotic LSEC are within this 

diameter range. Additionally, a total of 2489 fenestrations were detected in cirrhotic LSEC 

treated with sildenafil which is a significantly higher frequency compared with vehicle control, 

with the median fenestration diameter increased to 192.2 nm. Overall, the median 
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fenestration diameter of cirrhotic LSEC treated with sildenafil citrate was increased by 14% 

compared to the median diameter of untreated cirrhotic LSEC.     

 

Figure 6.13: The porosity of human LSEC in vitro is altered with sildenafil citrate treatment 

 

 

 

 

 

 

 

 

 

The data presented in the frequency distribution histograms are representative of the following: 
fenestration diameter was calculated from n = 3 dSTORM images which were acquired for each 
of n = 3 biological replicates of LSEC isolated from normal donor (A and B) and cirrhotic liver 
tissue (C and D), treated with vehicle control and sildenafil citrate respectively. Bin width was set 
at 25 nm and relative frequency of fenestrations in each bin is shown as a percentage of the total 
number of fenestrations detected within the range of 100nm and 525 nm. Red arrows indicate 
the median fenestration diameter for vehicle control and sildenafil citrate treatment groups for 
donor and cirrhotic LSEC.    
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6.3 Discussion 
 

Fenestrations, constitute a morphological feature used to describe a healthy LSEC phenotype 

and are often used as the key evidence of the sinusoidal identity of liver sinusoidal endothelial 

cells. Their visualisation is a challenging task however the development of super-resolution 

microscopy techniques has revolutionised the visualisation of biological features beyond the 

limits of light diffraction. Several super-resolution techniques have been utilised so far to 

visualise fenestrae; however, most of these data come from animal models.  

It is therefore necessary to bridge the existing knowledge gap concerning human LSEC data 

and fenestrations and in diseased samples, as a detrimental effect of chronic liver disease is a 

capillarised LSEC phenotype which, is accompanied by a reduction in fenestration frequency 

and diameter. Overall reduced LSEC porosity contributes to LSEC dysfunction which impacts 

liver function leading to metabolic dysfunction such as hyperlipidaemia (59).  

This chapter presents the visualisation of fenestrations in human LSEC using the SMLM 

technique dSTORM. The data is representative of distinct biological replicates as in total, the 

LSEC samples imaged by dSTORM were isolated from 12 different liver tissue specimens 

(including healthy and diseased cells). Fenestrations were visualised in LSEC isolated from 

healthy donor, ALD, PBC and NASH liver specimens. The optimised protocol of imaging 

parameters has allowed the confirmation of the presence of fenestrations on the LSEC 

membrane which is the gold standard for confirming the LSEC phenotype in vitro. This 

confirms that our media and growth conditions for LSEC isolated from healthy and cirrhotic 

liver tissue enables the maintenance of fenestrations, and more importantly confirms that the 

initial cell isolation procedure does indeed select for LSEC from both healthy and diseased 
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tissue. Organised sieve plates were observed in a healthy LSEC (Figure 6.2) and fenestrations 

were maintained even in cirrhotic LSEC in vitro. The mean fenestration diameter of cirrhotic 

LSEC was smaller than the mean diameter of normal donor LSEC which is consistent with the 

effect of cirrhosis on the LSEC phenotype.  

Changes in LSEC porosity in chronic liver disease have been linked to situations such as 

alcoholism where altered lipid traffic and hyperlipidaemia is a consequence (85). Similarly, 

reductions in transit of drugs such as paracetamol can alter clearance and metabolism 

(463,464). Thus, strategies to redress the changes in LSEC associated with capillarisation are 

of interest. Sildenafil citrate has been implemented previously for the manipulation of mouse 

LSEC in vitro and its application resulted in an overall increase in LSEC porosity (202,465). It acts 

by inhibiting PDE5 which mediates the breakdown of cGMP. In the NO/cGMP pathway cGMP 

is the second messenger in the NO signal transduction cascade leading to smooth muscle 

relaxation and vasodilation (466). Mechanisms implicated in regulating the state of cell 

contraction include the reduction of contractile tone by the decrease in intracellular calcium 

and a downstream effect of cGMP is the efflux of intracellular calcium into endoplasmic 

reticulum. Elevated intracellular calcium levels and formation of calcium/calmodulin complex 

lead to activation of myosin light-chain kinase (MLCK) via binding to calcium/calmodulin (467). 

The presence of lower calcium levels, results in smooth muscle relaxation as MLCK and 

myosin-light-chain (MLC) are less active(468).The state of contraction of smooth muscle is 

influenced by the phosphorylation status and activity of MLC which is involved in the 

regulation of cytoskeletal tension. An additional mode of action of cGMP that has been 

proposed for microvascular endothelium, is through PKG which modulates myosin light chain 

phosphatase (MLCP). In a phosphorylated state, MLC mediates contraction via its interaction 
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with actin and this can be reversed by the dephosphorylation action of MLCP leading to 

reduced actomyosin contractility and relaxation of the actin cytoskeleton (469). Although the 

precise mode of action of NO in regulation LSEC fenestrae has not been fully elucidated yet, 

supporting evidence has been presented suggesting a role for the cGMP and calcium pathway 

for VEGF mediated NO signal transduction (354,470). It has also been proposed that actin 

relaxation could lead to an increase in fenestration diameter and/or frequency (471).         

In our human LSEC we demonstrate an increase in fenestration diameter in both healthy and 

diseased LSEC treated with sildenafil citrate. Median fenestration diameters were 178 nm and 

192 nm in treated healthy and cirrhotic LSEC respectively as shown in Figure 6.13, which 

correspond to a 13.7% and 18.5% increase in diameter of fenestrations in treated donor and 

cirrhotic LSEC respectively, compared to treatment controls. Thus as has been observed in 

rodent cells, this signifies an overall increase in LSEC porosity, with a larger increase observed 

in cirrhotic LSEC indicating that diseased LSEC exhibited a higher response to sildenafil citrate 

treatment. This is particularly important in the context of the implications of reduced LSEC 

porosity in chronic liver disease where some of the changes associated with capillarisation 

would maybe corrected after treatment. The increased LSEC porosity provides supporting 

evidence for the usefulness of sildenafil citrate as an approach to improve LSEC 

defenestration, leading to restoration of the LSEC phenotype and improved filtration function. 

The impact of sildenafil citrate on endothelial cell dysfunction has been demonstrated in 

patients as well as models of cardiovascular disease and atherosclerosis. In an 

apolipoprotein E knock-out mouse model with spontaneous hypercholesterolemia, chronic 

sildenafil treatment had a beneficial effect on endothelial dysfunction and morphological 

analysis revealed 40% reduction in the deposition of plaque in the aorta. Data indicated that 
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sildenafil citrate was acting by fortifying the NO signalling pathway and also resulted in 

decreased oxidative stress (472).  The effects oral administrated sildenafil to patients with 

coronary artery disease have also been tested, whereby vasodilatory effects and improvement 

of endothelial dysfunction were observed (473). Additionally, the long-term effects of 

sildenafil in hypertensive rats were investigated. Here, endothelial dysfunction was reversed, 

accompanied by a reduction in renal macrophage accumulation and oxidative stress leading 

to amelioration of severe hypertension (398).  Thus, the data presented in this chapter, 

suggest that sildenafil treatment may benefit in correcting endothelial function in chronic liver 

disease and maybe particularly relevant in NAFLD where dyslipidaemia is also a risk factor.          

Fluorescent labelling of the plasma membrane is a well-known approach, which has proved 

particularly useful here as it allowed for the identification of fenestrations based on the lack 

of signal within the nanopores. CMDR is a plasma membrane dye that can be used in either 

live or fixed cells. For our experimental conditions, CMDR was applied on fixed cells followed 

by a quick wash step with PBS 0.1% Tween-20 which was suggested to reduce background 

staining (296). There is a degree of internalisation of CMDR as fixation and Tween-20 partially 

permeabilises the cell membrane. A future variation of the staining procedure followed here, 

could be to apply CMDR staining to live LSEC immediately after treatment followed by fixation. 

This could be achievable as CMDR survives fixation and comparison of staining before and 

after fixation could be very informative in terms distribution of the dye within the plasma 

membrane and how this impacts the visualisation and ultimately the measurement of 

fenestrae. The application of live cell dSTORM has been reported (474) and would be an 

interesting option to retrieve real-time dynamic data on the formation of fenestrations, i.e, 

fenestrae forming centres as well as changes to the actin cytoskeleton throughout this 
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process. However, the components within the chemical buffer used for fluorophore 

photoswitching in dSTORM could compromise cell integrity (475).   

A prerequisite for enhanced photo-switching of fluorophores during dSTORM image 

acquisition is the use of high laser power for the adjustment of the fluorophore blinking rate 

per frame(476). In the case of imaging CMDR in our samples, fluorophore blinking was 

gradually reduced as individual fluorophores were also bleached towards the end of 

acquisition of 20 000 frames. However, the labelling and imaging parameters resulted in 

satisfactory dense labelling of the membrane which was necessary as the approach relied on 

absence of signal for imaging of fenestrations with a well reconstructed plasma membrane 

required in order to be able to discern such delicate structures like fenestrae. There was, 

however, variation in labelling density which resulted in adjustments in thresholding and 

segmentation of the images prior to fenestration measurements.   

Good consistency was noted between fenestration parameters in our groups of cirrhotic and 

healthy donor LSEC which reassures that the approach implemented was suitable. It is 

important to note that the distribution of fenestration diameter and frequency exhibited 

variation between cells from the same biological donor. An example of this is shown in 

Figure 6.14 which shows the quantification of fenestrations captured in individual LSEC 

isolated from the same donor or cirrhotic liver. It is clear that the total fenestration count in 

cell 2 in considerably lower compared to the other two cells imaged using dSTORM. This could 

be attributed to varying degrees of capillarisation in culture or biological variation in 

accordance with previous studies illustrating the heterogeneity of fenestration frequency and 

overall porosity in LSEC across the liver lobule(448). It is also important to acknowledge that 
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fenestrations were imaged in only a small part of the cell membrane of each cell and there 

may be variation across the whole plasma membrane. 

 

 

 

Figure 6.14: Quantification of fenestrations in healthy and cirrhotic LSEC 

 

 

 

 

Dot plot of fenestrations measured for each of n=3 healthy donor LSEC images acquired with 
dSTORM from a single biological isolate (A). Dot plot of fenestrations measured for each of n=3 
cirrhotic LSEC images acquired with dSTORM from a single biological isolate ((B); PBC liver 
specimen). Symbols indicate individual fenestrae.    
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Our fenestration parameters are in keeping with those reported in other studies. However, 

fenestration measurements vary between data acquired using different imaging modalities. 

Correlative imaging approaches have revealed a 38% increase in fenestration diameter due to 

dehydrating fixation and cell body shrinkage in samples prepared and imaged using SEM 

compared to wet-fixed samples (either glutaraldehyde or formaldehyde was used) for AFM, 

SIM, and STED imaging approaches (453).  Glyoxal is an alternative fixative to PFA which has 

been tested by several labs on different types of cells such as primary hippocampal neurons 

and has been found to better preserve cellular morphology (477). PFA is a slow-acting fixative 

and 4% PFA in particular has very high osmolarity and dramatic osmotic changes could lead 

alterations in cell morphology again by causing shrinkage of the cell body (478). Glyoxal 

therefore constitutes in additional fixative option, especially concerning fenestration areas 

with incomplete membrane boundaries.     

Despite the differences in fenestration measurements due to dry fixation employed in SEM, 

fusion of fenestrae has been observed in SEM preparations of LSEC and it is thought to be a 

result of fixation leading to arrest in fenestrae fusion. This resulted in the formation of large 

gaps as a result of perfusion fixation which could be a result of the fusion two individual 

fenestrations or multiple fenestrae within a sieve plate. Thinner cytoplasmic bridges between 

fenestrae were also observed  (172) which relates to the poorly formed membrane boundaries 

observed in between adjoining fenestrae shown in Figure 6.15 (B). The lack of complete 

membrane boundaries could also indicate fusion of fenestrae. Differences in the three-

dimensional arrangement of fenestrae visualised in vitro must also be considered. Labyrinth-

like fenestrae in a multi-folded configuration were detected in the perinuclear area of LSEC 

and have been visualised using TEM and AFM (461). Additionally, the fact that there are no 
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clear-cut membrane boundaries surrounding some fenestrae as shown in Figure 6.15 (B) could 

indicate the presence of additional cytoskeletal components that were not sufficiently 

labelled by CMDR.  
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Figure 6.15: dSTORM imaging of healthy LSEC treated with sildenafil citrate 

 

 

 

(A) Representative dSTORM image of healthy LSEC treated with sildenafil citrate at 10µg/ml. The 
green box illustrates a cluster of fenestrations in a magnified view (B). The images were 
reconstructed using the ThunderSTORM plugin in Fiji software using 20 000 frames and were drift 
corrected using cross correlation. The Normalised Gaussian method was applied for image rendering 
with a lateral uncertainty of 20 nm. Pixel size: 10 nm. Scale bar: 2 µm.     



227 

 

The presence of cytoskeletal proteins within fenestration boundaries such as spectrin has 

been demonstrated (192). We have identified the presence of aggregated actin regions within 

the immediate fenestration boundary as illustrated in Figure 6.5. Actin forms a major part of 

the membranous boundary enclosing fenestrations, thereby contributing to the formation of 

fenestrae associated cytoskeleton rings. In addition, the actin labelling appears as an 

intermittent ring enclosing fenestrae which points to the fact that additional cytoskeletal 

proteins take part in forming the cytoskeleton mesh holding fenestrae in place.      

In general, the diameter of fenestrations quantified in our human LSEC ranges between 

112.9 nm and approximately 530 nm. This range is larger than the typical fenestration 

diameter reported for rodent LSEC which is typically between 50 nm and 300 nm (479). This 

may be attributed to biological scaling and species-specific differences (78), emphasised by 

the fact that the human liver and therefore LSEC are significantly larger than rodent LSEC. In 

addition, fenestrae have been reported to expand their diameter up to 300% of the starting 

diameter in murine LSEC, also influenced by rearrangements in the cell’s actin 

cytoskeleton (390). Further to this, live atomic force microscopy imaging of the response of 

fenestrae in murine LSEC to treatment with antimycin-A, illustrated their dynamic size range.  

Fenestrations appear in a dilated state at time 0, exhibiting diameters close to 500 nm as 

shown in Figure 6.16 thus not too dissimilar to the human findings presented in this chapter. 

Antimycin-A treatment over 60 minutes resulted in contraction and reduction of fenestrae 

frequency in that specific cell surface area (445). Tracking the lifespan of fenestrae over a 12h 

window, revealed that 75% of fenestrations remained dilated (or in an open state) for less 

than 20 minutes while only 5% remained open for longer than 1 h. Atomic force microscopy 
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also demonstrated the migratory properties of fenestrations whereby their position can be 

altered independent of sieve plates (192).      

 

Figure 6.16: Imaging of fenestrae in live LSEC using AFM 

 

 

 

 

 

 

 

Imaging topography of live LSEC treated with 1 µg/ml antimycin-A. 
Images were acquired at time points 0 (A), 8 (B), 22 (C) and 60 (D) 
minutes after administration of antimycin-A. White arrowhead points 
to a fenestration with a diameter smaller than 80 nm, prior to 
membrane fusion. Figure adapted from Zapotoczny et al. (445).    
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Despite the fact that our quantified fenestration frequency is representative of only a fraction 

of the cells’ surface, the measurement approach enabled the identification of differences in 

fenestration frequency between normally cultured LSEC and LSEC treated with sildenafil 

citrate. Measurements of fenestrations vary considerably between tissue and cultured LSEC. 

It has been demonstrated that sample fixation for SEM and TEM led to shrinking of fenestrae 

diameters (480,481). Additionally, there is variation of up to 30% between the mean diameters 

of fixed and live LSEC with a decreasing trend in measurements from live, wet-fixed and fixed-

dried LSEC whereby the reported fenestrae diameters are 180±41 nm, 143!"#$%&  nm and 

130±41 nm respectively (176,200,444,460). Consequently, an absolute range for fenestrae 

diameter is a debatable concept.   

Quantification of fenestrae frequency and diameter is a heavily computational process. While 

standardisation of thresholding was carried out for subsequent segmentation of 

fenestrations, differences in labelling densities on different LSEC could introduce inaccuracies 

in the measurements. Moreover, the combination of variability between super-resolution 

imaging platforms and the image analysis approach including pixel size, can introduce a 

potential 10-20 nm margin of error (479). A particular challenge in image analysis is 

thresholding and the detection of the fenestration edges in fluorescent label dependent 

approaches such as dSTORM. In our data, fenestrations with a diameter below 100 nm have 

been excluded from measurements due to the pixel size and the localisation precision. In 

combination the aforementioned factors could lead to under sampling (453).   

In conclusion, the optimisation of a dSTORM imaging protocol has enabled the visualisation of 

fenestrations in LSEC isolated from both healthy donor and cirrhotic liver specimens in our 



230 

 

culture conditions. Imaging of donor and cirrhotic LSEC following treatment with NO-signalling 

modulator sildenafil citrate has revealed significant increases in fenestration frequency and 

diameter in favour of sildenafil treatment. 
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7 Conclusions and future work 
 

7.1 Summary of key findings 
 

The rising global incidence of liver disease emphasises the need for methods to study the 

structural, phenotypic, and functional changes taking place throughout the course of liver 

disease. In order to achieve this, resolving cell specific changes can assist in predicting altered 

cell cross talk within the liver as well the impact on regulatory signalling pathways in relation 

to disease progression. As LSEC play a leading role in liver disease pathophysiology it is crucial 

to identify key changes in disease which could be therapeutically targeted, in order to improve 

the effects of capillarisation on the LSEC phenotype (319,482).  

The differences in LSEC receptor expression identified between healthy donor and cirrhotic 

liver tissue specimens have important implications in the course of liver disease. The 

downregulation of receptors such as LYVE-1, CD32B and CLEC4M in cirrhotic liver tissue 

specimens indicate LSEC dysfunction. The downregulation of CD32B has been reported to 

have clinical implications in NAFLD patients where one of the receptors ligands, fibrinogen-

like protein 2, was present in increased levels (483). This further illustrates how key receptor 

downregulation can compromise homeostatic functions of the liver. The co-expression of 

CD32B and LYVE-1 in zones 2 and 3 of the liver lobule, illustrated in Figure 3.7, highlight that 

liver lobule zonation influences LSEC scavenger receptor expression, in line with previous 

reports (23,100).  

 The isolation of LSEC from healthy donor and cirrhotic liver tissue permitted the study of the 

LSEC phenotype in vitro. This culture model exhibited maintenance of LSEC-specific scavenger 

receptors such as LYVE-1 both at protein and mRNA expression. Additionally, mRNA 
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expression of receptors such as stabilin-2, the mannose receptor and CLEC4M were all 

maintained in vitro as well as the expression of the transcription factor GATA4 which is critical 

for the maintenance of the LSEC phenotype (32,211). These findings indicate that the culture 

model for LSEC maintains key phenotypic and functional characteristics such as the endocytic 

capacity of LSEC which was demonstrated by the uptake of FITC-BSA. An interesting 

observation was the significant upregulation of NOS3 with increasing passage in both healthy 

donor and cirrhotic LSEC. This could be the result of the LSEC routinely being provided with 

VEGF in vitro throughout regular media changes. This agrees with the fact that VEGF maintains 

the LSEC phenotype (354) which is also reflected in the visualisation of fenestrations in 

normally cultured (untreated) LSEC, even at passage 5 (Figure 6.2).   

Based on the hypothesis that capillarisation of LSEC in culture recapitulates phenotypic 

changes observed in liver disease, this model was used for further studies such as the 

application of pharmaceutical agents to test the restoration of a differentiated phenotype in 

LSEC. Although no significant upregulation was detected in the mRNA expression of most 

scavenger receptors analysed following VEGF and sildenafil treatment, LSEC still maintained 

the expression of key receptors in culture as well as GATA4 transcription factor. STAB2 mRNA 

expression levels on the other hand, were significantly downregulated with increasing dosage 

of VEGF. Stabilin-2 receptor activation has been linked to the progression of liver disease and 

activation in HSCs (411) and its downregulation in response to VEGF could indicate 

improvement in the LSEC capillarised phenotype.   

The in vitro environment lacks key features that maintain the LSEC phenotype in vivo such as 

shear stress and crosstalk with other hepatic cell populations such as hepatocytes and HSCs. 
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This would also have had an impact on mRNA expression levels detected in LSEC in culture as 

well as impact the effect of VEGF and sildenafil citrate treatment.         

The development of robust imaging protocols enabling the visualisation of fenestrations on 

the LSEC membrane is crucial. The development of an optimised dSTORM protocol enabled 

the visualisation of fenestrations in human LSEC isolated from both normal donor and cirrhotic 

liver specimens. Their successful visualisation confirmed the LSEC identity in vitro as well as 

confirming the suitability of the CLGR’s LSEC isolation protocol. There have been reports that 

rat LSEC isolated using CD31 which is also used a selection marker in LSEC isolation here, lack 

fenestrations (334). The data presented in chapter 6 illustrate the contrary.         

Consequently, this was followed by visualising and quantitating the impact of sildenafil citrate 

on fenestrations in healthy and cirrhotic LSEC. This revealed an increase in fenestration 

diameter which was more pronounced in cirrhotic LSEC whereby an 18.5% increase in cirrhotic 

LSEC diameter treated with sildenafil compared to treatment control. Additionally, there was 

a marked increase in fenestration number in both healthy donor and cirrhotic LSEC after 

sildenafil treatment. The acquired data illustrates the potential of sildenafil in modulating the 

fenestrated phenotype of human LSEC which has also demonstrated in rodent LSEC (202,465). 

Although there are currently several proposed hypotheses regarding the regulation of 

fenestrations as summarised in section 1.5.5, the exact mechanism of action remains to be 

elucidated by future research. The dSTORM imaging protocol developed can be applied on 

LSEC to further elucidate the association of fenestrations with the actin cytoskeleton after 

sildenafil treatment as well as other agents such as VEGF. Moreover, additional experimental 
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conditions could be explored such as comparing LSEC in static culture with LSEC cultured under 

varying shear stress conditions.                

Sildenafil citrate constitutes a promising candidate for the improvement of NO signalling 

thereby enabling the re-fenestration of the LSEC membrane as well as potentially improving 

additional complications of liver cirrhosis. Portal hypertension is a life-threatening 

consequence of liver cirrhosis whereby its occurrence contributes to the transition of cirrhosis 

from a pre-clinical to a clinical phase (484). The hallmark of portal hypertension is increased 

intrahepatic vascular resistance (IHVR) which develops as a consequence of tissue remodelling 

in liver cirrhosis which accounts for approximately 70% of the increase in IHVR (485). 

Functional dysregulation of LSEC leads the initiation of the tissue remodelling process by 

compromising NO signalling. As NO is crucial for maintaining fenestrations as well as HSC 

quiescence, its deficiency leads to HSC activation which are responsible for excess ECM 

production (129) and gradual decrease in fenestrations. The contraction of activated HSC, 

modulated by vasoconstrictor peptides such as endothelin-1, also contributes approximately 

30% of the increase in IHVR (486). To this extent, pharmaceutical agents such as sildenafil 

citrate, which is a potent vasodilator, could potentially counteract the vasoconstrictive effects 

if peptides such as endothelin-1 and angiotensin II which are upregulated in liver cirrhosis. 

Although different research groups have presented conflicting results, in a study where 

sildenafil (50 mg, oral) was tested in cirrhotic patients, NO production was significantly 

increased along with a significant decrease in hepatic sinusoidal resistance (487).        
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7.2 Future work 
 

Future work concerning the implementation of imaging protocols for the imaging of 

fenestrations could encompass correlative imaging techniques (488) which are already being 

explored. There are also approaches such as MINFLUX or MINSTED which could be tested for 

their suitability to image fenestrae (489). Dual colour dSTORM of actin and myosin could prove 

very informative with regards to the cytoskeletal protein content within fenestration 

boundaries.  Additionally, 3D dSTORM to reconstruct fenestrae across the LSEC membrane in 

the Z dimension would provide further detail in terms of the spatial arrangement of fenestrae 

across the LSEC plasma membrane. The ultimate goal is to be able to quantify fenestrations 

as differences detected between healthy and diseased cells could guide the targeting of 

specific mechanisms for therapeutic intervention. This could be fortified even more, by 

imaging greater numbers of cells as well as by comparing fenestration number and structural 

organisation between specific disease types. Furthermore, pharmaceutical agents such as 

sildenafil could be tested in live human liver tissue from healthy and disease specific 

specimens in perfusion systems (490). The tissue can be biopsied at different time points of 

perfusion to check for morphological changes and changes in expression of relevant markers 

at the protein and mRNA level. Microfluidic approaches (liver-on-a-chip) can also be 

implemented, in order to create a more physiological environment as well as recreate 

pathological changes to capture the effect on the LSEC phenotype in vitro (491).         
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