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Abstract  

The UK is in the midst of a liver disease epidemic. Deaths are rising, and yet awareness and 

treatment options remain limited. In patients with alcohol related liver disease (ARLD), 

outcomes are particularly poor, and patients are highly susceptible to infection. In this project 

we aimed to understand how the peripheral immune phenotype changes in patients with both 

chronic and acute ARLD, and how this is influenced by crosstalk with a damaged liver. We 

were able to analyse blood samples from patients with different stages of ARLD, and 

investigate changes in peripheral blood cell composition. We saw striking differences in 

neutrophil number and phenotype, which also translated to reduced phagocytic ability – 

particularly in patients with acute alcoholic hepatitis. Utilising progenitor cells from both 

cirrhotic and healthy primary liver tissue, we developed a human 3D organoid model to 

generate cells which we were able to expand and differentiate to both a ductal-like and 

hepatocyte-like state. Differentiated organoids showed expression of key detoxification 

enzymes and liver markers, as well as ability to form lipid droplets. We saw some differences 

between ARLD and donor derived organoids, including altered expression of albumin and 

complement genes. The model showed limited responses to alcohol exposure, however ductal 

organoids induced an increase in NETosis in healthy neutrophils and both ductal and 

hepatocyte-like organoids exhibited strong neutrophil chemotactic properties. We have 

therefore generated a human tissue derived model which can support the study of liver-

neutrophil crosstalk in ARLD, and have evidence which may contribute to explanations of 

reduced neutrophil functionality and increased sepsis risk in these patients.  
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Chapter 1 – Introduction  
 
While mortality rates in the UK have decreased for many major disease groups from cancer to 

diabetes, the number of deaths due to liver disease has increased 400% since 1970(1). With 

the population in the midst of a liver disease epidemic, we still lack mechanistic understanding 

and treatments for many common liver conditions and are now battling with rising incidence 

due to increases in obesity and alcohol consumption(1). There are many contributing factors 

to this high mortality rate, and the umbrella term of “liver disease” covers many different 

conditions affecting several different subgroups of patients. This thesis will focus on Alcohol 

Related Liver Disease (ARLD) and how this presents in both an acute and chronic setting. Here 

I begin by introducing the liver and its functions in both health and disease, and discuss some 

of the challenges faced in both modelling and treating the different presentations of ARLD.  

1.1 Liver architecture and function 

Possibly one of our most underappreciated biological workhorses, the liver performs over 500 

essential functions that span from immune regulation to lipid metabolism(2). As the largest 

internal organ, it is formed of two lobes that receive over a litre of blood per minute via both 

the portal vein (~75%) and hepatic artery (~25%)(3). This high throughput of blood, 

particularly from the portal vein which supplies blood from the gastrointestinal tract, places 

the liver in a unique position where it is constantly exposed to immune and metabolic 

stimuli(4). After entering the portal area, blood moves through the liver microvasculature - 

the hepatic sinusoids - and drains from the hepatic central vein(5). The cellular functional unit 

within the liver (referred to as liver ‘lobules’) consists predominantly of hepatocytes (around 
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60%), alongside biliary epithelial cells (BEC), Kupffer cells, liver sinusoidal endothelial cells 

(LSEC), and hepatic stellate cells (HSCs)(6).  

 

 

 

 

 

 

 

 

 
  Figure 1.1: The structure of the liver lobule. This diagram illustrates the liver lobule, which is the functional unit 

within the liver. It is a hexagonal structure which consists predominantly of hepatocytes, organised around a 
branch of the central vein. Blood enters via the portal vein (from the gastrointestinal tract) and hepatic artery, 
moves through the hepatic sinusoids (lined with hepatic sinusoidal endothelial cells), and drains via the central 
vein. Bile that is produced by the hepatocytes is secreted into the bile canaliculi (lined with biliary epithelial cells) 
and drains into the bile ducts. Image generated in BioRender. 
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As the main parenchymal cells of the liver, hepatocytes are responsible for the majority of its 

functions(7). They contain a plethora of highly efficient enzymes involved in the metabolism 

of xenobiotics, sugars and lipids, alongside producing proteins required for a range of essential 

biological functions(7, 8). These processes respond to systemic signalling to meet the 

nutritional requirements of the body. Within hepatocytes, lipids can be stored, synthesised 

and oxidised to maintain energetic and functional homeostasis. Dysregulation of this process 

can lead to an accumulation of lipids within hepatocytes known as steatosis, which is the 

precursor to several liver diseases(9). Hepatocytes are also involved in regulation of blood 

glucose levels, as sugars that have been released by digestion are transported to the liver and 

converted to glycogen for storage. In response to blood insulin levels, hepatocytes either 

increase these stores or break them down and release them as glucose during fasting(8). 

These cells are also responsible for the production and secretion of bile and albumin. 

Alongside being essential for digestion, bile is the main mechanism for the removal of toxic 

substances, as well as bile salts and bilirubin which are waste products from red blood cell 

breakdown(10). Albumin accounts for 10% of liver protein synthesis, and an impressive 75% 

of plasma protein in humans(11). Albumin also has a number of essential roles - including 

maintaining oncotic pressure, reduction of oxidative damage, and immunomodulation – all of 

which are impaired in liver disease due to reduced synthesis and altered function(12, 13).  

 

Kupffer Cells (KCs) are the liver resident macrophages and patrol the liver sinusoids. They are 

the most abundant tissue resident macrophages in the body and have key roles in both health 

and disease(14, 15). Under homeostatic conditions, Kupffer cells play a vital role in 

immunological tolerance within the liver and can release a number of anti-inflammatory 
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cytokines such as IL-10(16-18). Portal blood carries with it many potential immune stimulants 

from the digestive system, such as antigens from commensal bacteria or food particles. As 

expert phagocytes, Kupffer cells act as a clean-up crew to remove these alongside other 

particles and damaged erythrocytes(14). When activated, KCs can contribute to inflammation 

via a number of mechanisms, including cytokine release and production of reactive oxygen 

species (ROS)(19). These are highly reactive oxygen containing molecules that are essential 

for many biological functions, but can also cause tissue damage and pathogenic 

inflammation(20). Kupffer cells show high phenotypic plasticity in response to the liver 

environment and altered KC phenotype is associated with a number of liver diseases in both 

a pro-inflammatory and anti-inflammatory capacity(21). While KC activation can allow for 

effective wound healing and immune responses, pro-inflammatory behaviour can further 

contribute to liver injury(21).  

 

Liver sinusoidal endothelial cells (LSEC) are the second most common cell type in the liver and 

make up around 50% of the non-parenchymal cell portion(22). These cells line the sinusoids, 

forming the capillary like circulatory system that is woven throughout the liver. As well as 

having characteristic endothelial barrier function, these cells play a very active role in immune 

regulation, and express a number of scavenger receptors that are able to take up and present 

antigens(23). In disease, they promote angiogenesis and vasoconstriction which contributes 

to pathology(24). Closely associated with LSEC, stellate cells account for a small percentage of 

liver cells (5-10%), and their primary function is the storage of retinoids within lipid 

droplets(25). When activated, these cells transition into proliferative myofibroblasts and are 

responsible for huge quantities of extracellular matrix (ECM) production. While this process is 
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advantageous in regards to short term injury repair, dysregulation leads to excess ECM protein 

deposition and the development of fibrosis(26). This is a hallmark of chronic liver injury, and 

similarly to the pro-inflammatory state of Kupffer cells, demonstrates how long-term 

activation of protective processes can evolve into a disease perpetuating environment. The 

crosstalk between these cell types is essential for homeostasis, with LSEC actively maintaining 

stellate cell quiescence in healthy conditions(27).  

 

Cholangiocytes or biliary epithelial cells (BEC) are a heterogeneous, dynamic population of 

cells that line the bile ducts and account for around 5% of liver cells(28). Whilst comparatively 

much lower in number than hepatocytes, they are responsible for bile transport and 

modification, without which we lose many essential functions of the liver(29). A number of 

diseases are related to bile duct dysfunction (known collectively as cholangiopathies), 

however altered bile duct proliferation is seen across the spectrum of liver diseases. There are 

various mechanisms via which cholangiocytes proliferate in response to injury, and this 

increase in biliary cells is commonly referred to as a “Ductular Reaction”(30). This term was 

first used in the 1950s to describe the altered proliferation of cholangiocytes in disease(31, 

32). In 2004, Roskams et al defined this phenomenon as “a reaction of ductular phenotype, 

possibly but not necessarily of ductular origin, in acute and chronic liver disease”(33, Table 1), 

with the word “reaction” referring to the involvement of surrounding cells. Within this 

process, hepatic progenitor cells or even mature hepatocytes can expand into duct-like cells. 

This demonstrates how an already heterogeneous biliary population becomes even more 

complex in the context of liver injury. We are still lacking knowledge on how these cells 

contribute to inflammation and disease. Biliary cells have been shown to regulate immune 
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responses via secretion of cytokines and chemokines, influence the activation of ECM 

depositing cells, and even contribute to the senescent secretome(28).  They are also able to 

directly bind and recognise bacterial products, giving them an essential role in pathogen 

responses within the liver(34).  

 

 

 

 

 

 

1.2 Liver regeneration and the progenitor population 

The remarkable regenerative capacity of the liver after injury has been a concept studied since 

the legends of Prometheus in ancient Greece, and yet is still not fully understood(35). The 

widely used rat hepatectomy model shows that even after surgical removal of 60% of liver 

tissue, the remaining liver is able to regenerate to its full mass within 5-7 days(36). Even in the 

cases of patients who are living liver donors, a study showed that liver mass was largely 

recovered within three months(37). While we refer to this process as regeneration, it is in fact 

better described as hepatocyte hyperplasia, where we see an increase in liver mass from 

replicating hepatocytes rather than true regeneration from a stem cell population(38). While 

hepatocytes are generally quiescent in healthy liver, serial transplantation models have shown 

that these cells have replicative capacity on par with hematopoietic stem cells after injury(39).  

Key points: 
• The liver is an extremely complex organ with a wide range of essential functions  

 
• Most of these are undertaken by hepatocytes, however crosstalk between multiple cell 

types is essential for homeostasis  
 

• Dysregulation of beneficial processes such as inflammation and wound healing can 
contribute to disease pathology  
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However, when injury or disease hinders hepatocyte replication, we see an activation of 

progenitor driven regeneration(40). Historically, nomenclature regarding hepatic stem cell 

function and phenotype has been poorly defined. “True” liver stem cells - sometimes referred 

to in the literature as “Oval cells”(41)- were described based on morphological changes to the 

nucleus in response to injury in rat livers. While these are now accepted as the source of liver 

progenitors in rats, more recent research is moving away from this terminology in 

humans(42). It is generally accepted that there is a population of bi-potential progenitors, 

which have the ability to differentiate into either biliary epithelial cells or hepatocytes, and 

are generally classified by markers such as EpCAM, SOX9 and Cytokeratin 19 (CK19)(43).  

However, there is a crossover between these markers and the normal biliary cell population, 

suggesting that within the heterogeneous collection of cholangiocytes, there exist more 

plastic progenitors that are able to differentiate in to hepatocyte-like cells(44). They are 

believed to originate from within the Canals of Hering, the interface between the hepatic 

canaliculi and biliary tree, and expand rapidly in response to injury(45). To add to this 

challenging topic however, it has even been demonstrated that injured hepatocytes can also 

dedifferentiate and contribute to the bipotential progenitor cell pool(46), or that circulating 

stem cells from blood and bone marrow can also differentiate to hepatocytes within the 

liver(47-49). It is believed that in large part, these progenitor cells give rise to the “ductular 

reactions” seen in disease, although these responses vary depending on the type of liver 

injury(50). Understanding this phenomenon has remained a challenge since animal models do 

not capture the complexity or heterogeneity of the processes seen in humans. While these 

cells clearly have an essential role in regeneration and replacing lost liver mass, they are also 

associated with fibrogenesis, immune cell recruitment and inflammatory cytokine release(50-
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52). The ability to isolate these progenitor cell populations from human liver to use in in vitro 

investigative models is therefore attractive. Their plasticity and influence in disease makes 

them an interesting research tool, and therefore much of the work in my thesis considers the 

isolation and culture of such cells in the context of alcohol-related injury. 

 

 

 

 

 

1.3 The liver as a central immune hub 

In earlier sections, I have highlighted the unique site of antigen exposure within the liver and 

the potential for many hepatic cells to contribute to inflammatory responses. It is next 

important to understand the scale of the influence that the liver has on both local and 

systemic immune function, and how this is altered in ARLD.  

 

1.3.1 Immune cell recruitment 

The liver contains a large and diverse population of resident immune cells, which play a vital 

role in tissue homeostasis and infection control(53). However, the liver is also uniquely 

designed to enable further infiltration of circulating immune cells in response to injury or 

infection. From an architectural perspective, the arrangement of hepatic sinusoids results in 

slow blood flow, which encourages immune cell interaction with LSEC(23). These cells also 

lack a basement membrane and tight junctions, which would usually obstruct migrating cells, 

Key points: 
• Whilst most liver regeneration is due to hepatocyte proliferation, there is a bi-potential 

progenitor population that can differentiate into hepatocytes or cholangiocytes  
 

• “Ductular Reactions” are a phenomenon seen in most liver diseases, which includes 
expansion of these progenitor cells, and are also associated with disease pathogenesis
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and are highly permeable due to specially adapted fenestrations – allowing efficient 

communication between the tissue and circulating blood cells(22, 54). The release of 

chemokines such as CXCL8 (IL-8), CCL2 and CCL20 by both parenchymal and non-parenchymal 

cells of the liver recruits immune cells from the periphery(55), and expression of adhesion 

molecules such as VAP-1 and VCAM-1 encourages immune trafficking(56, 57). Alongside more 

traditional antigen presenting cells like KCs and dendritic cells, LSEC and hepatocytes are also 

able to present antigens to circulating immune cells and induce activation and inflammatory 

responses(58). Collectively, these features make the liver highly effective at capturing and 

retaining immune cells from the peripheral blood, supporting swift and effective responses to 

injury. Unfortunately, dysregulation of these processes result in excessive recruitment of pro-

inflammatory cells that can contribute to local tissue damage, and an increased immune 

presence in the liver is a hallmark of both acute and chronic liver disease(59).   

1.3.2 Immune tolerance 

In order to maintain homeostasis, immune responses within the liver are tightly regulated to 

ensure active immune surveillance and clearance of pathogens, whilst maintaining tolerance 

to self-antigens and stimuli from the gastrointestinal (GI) tract. An example of this is the 

increased tolerance of  liver transplants compared to other organs, demonstrated with 

porcine liver allographs in the 1960s(60). Impressively, both animal model and patient studies 

have shown that liver transplants can induce tolerance in recipients when they receive a 

second organ allograft from the same donor, which also demonstrates the strong influence 

that liver signalling has on systemic immunity(61).The liver has a complex baseline expression 
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of pro (such as interferon gamma) and anti-inflammatory (such as IL-10) cytokines, and these 

carefully moderate the responses of both resident and circulating immune cells(62).  

 

The cells of the liver can induce adaptive tolerance via a number of mechanisms. A 

combination of direct (via antigen presentation and costimulatory molecules) and indirect (via 

release of anti-inflammatory cytokines such as IL-10) interaction with T cells can result in 

changes such as induction of regulatory T cells (Tregs) and removal of activated CD8+ T 

cells(63).  This activity is furthered by hepatic dendritic cells, which have also been shown to 

have an immature phenotype that promotes tolerance(64). As highlighted above, the 

influence of this anti-inflammatory behaviour is not limited to the liver microenvironment. 

Overall, this promotion of tolerance enables the liver to withstand continuous exposure to 

immune stimuli from the GI tract, and protect the body from excessive inflammation. Loss of 

these functions in liver injury can therefore result in a systemic increase in inflammation, 

which can contribute to pathogenesis(62).  

1.3.3 Endotoxin interactions in the liver  

One of the main initiators of immune activation is the recognition of either Pathogen 

Associated or Damage Associated Molecular Patterns (PAMPs and DAMPs respectively), by 

Pattern Recognition Receptors (PRRs)(65). PAMPs (including bacterial products like 

Lipopolysaccharide (LPS)) and DAMPs (stress associated endogenous antigens such as 

extracellular DNA) are conserved patterns which are frequently associated with infection and 

injury. Toll-like receptors (TLRs) are one of the most important and extensively studied 

families of PRRs, and recognise a wide range of both PAMPs and DAMPs(66). Binding of ligand 
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to these receptors initiates a downstream signalling cascade, activating transcription factors 

such as NFkB and inducing production of pro-inflammatory cytokines(66). Varied expression 

of TLRs is found throughout the parenchymal and non-parenchymal cells of the liver, although 

expression at the mRNA level in multiple cell types does not necessarily translate to responses 

in vivo(67). Of particular note, hepatocytes express TLRs 1-10 at a translational level, but 

respond predominantly to stimulation of TLR2 and TLR4 (by lipoproteins(68) and LPS 

respectively(69)). TLR4 is expressed on most hepatic cells, and is of particular interest due to 

both its unusual signalling in the liver compared to other tissues and the increased influence 

of LPS in patients with ARLD(70). Ordinarily, TLR4 signalling would elicit a strong inflammatory 

response, including production of cytokines such as TNFa and IL-8(71). However, in a healthy 

liver, activation of this receptor often has the opposite effect and induces anti-inflammatory 

actions, including downregulation of antigen presentation in LSEC and production of cytokines 

such as IL-10(72). This allows for a level of tolerance to LPS, which the main component of the 

outer membrane of gram negative bacteria and is therefore one of the antigens to which the 

liver is most commonly exposed from commensal gut bacteria(73). This molecule, also known 

as endotoxin, is also found on pathogenic gram-negative bacteria, and it is therefore essential 

that both the liver parenchyma and resident immune cells have a high level of tolerance to 

accommodate gut derived LPS while still being able to mount an effective response to 

infection. Hepatocytes, LSEC and Kupffer cells have all been demonstrated to have a role in 

clearance of LPS from circulation(74-76), possibly via the LDL receptor(77), which contributes 

to local and systemic tolerance.  In ARLD however, we see a sensitisation to LPS in the liver, 

which leads to inflammation and damage within the tissue(78). When combined with the 

alcohol-induced increase in LPS exposure from the gut (as discussed in Section 1.7), this 
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molecule plays a significant role in disease pathogenesis, and is therefore included in the 

experimental models discussed in this thesis. 

1.3.4 Synthesising tools for systemic immune function 

Hepatocytes are responsible for the production of many of the proteins found in our serum. 

Amongst these are several key immune regulators, including components of the “acute phase 

response” (APR). The APR is a systemic, non-specific immune response to injurious stimuli that 

includes fever, changes in the vasculature, and alterations in liver function that result in the 

production of acute phase proteins (APPs) to promote pathogen clearance and 

destruction(79). Of these proteins, some of the most significant include C-reactive protein 

(CRP), Serum Amyloid A (SAA) and components of the complement system, which all 

contribute to systemic alterations in immune function(80). The complement system is 

comprised of over 50 different proteins, of which hepatocytes synthesise 80-90% of the total 

pool(81, 82). In the presence of PAMPs, compliment proteins sequentially activate each other 

during the “complement cascade”, resulting in opsonisation of bacteria, formation of a 

membrane attack complex (lysis of pathogens) and increased inflammation. This occurs via 

one of three pathways depending on the way the proteins are activated; the classical pathway, 

alternative pathway, and mannose binding lectin (MBL) pathway(83). Dysregulation of this 

pathway is associated with a number of liver diseases, and so a delicate balance is essential in 

order to protect against both pathogens and uncontrolled inflammation(82). Furthermore, 

the complement system has been implicated in every stage of ARLD(84). Alongside proteins 

that are produced as part of the APR (positive APPs), there is a compensatory reduction in 

other liver proteins (negative APPs)(79). This shifts the balance within hepatocytes and results 
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in lower production of essential proteins such as albumin, which is a further consequence of 

sustained inflammation(85, 86).  

 

This role in synthesising immune proteins further emphasises how liver health is integral to 

systemic immune function, and therefore how liver disease and injury impacts our 

susceptibility to infection. 

 

 

 

 

1.4 The liver as a “detox” organ 

The liver is probably most recognised for its ability to “detox”. Hepatocytes are the centre for 

the modification and removal of both exogenous and endogenous toxins, and contain an 

arsenal of enzymes capable of metabolising a wide range of molecules(87). Unfortunately, 

many of these processes create highly reactive metabolites, and leave the liver vulnerable to 

damage. As a result, hepatotoxicity is the most common reason for drug recall, and the liver 

is the organ that suffers most dramatically from alcohol misuse(88).  

 

The majority of drugs are modified in the liver by enzymes of the Cytochrome P450 (CYP) 

family, with CYP3A4/5 being responsible for over a third of these interactions(89). CYP 

enzymes catalyse the oxidation of compounds, rendering them more water soluble and easier 

for the body to excrete(90). In doing so however, they can release a number of highly reactive 

Key points: 
• The liver is an immune organ that can regulate both local and systemic immune responses 

 
• In disease and injury, we see loss of regulation and production of essential proteins, whilst 

simultaneously seeing overactivation of pro-inflammatory pathways 
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metabolites which can cause local tissue damage and inflammation(91). To mediate this, the 

liver is also equipped with anti-oxidant molecules such as glutathione which can protect from 

oxidative injury(92). The liver also has the highest expression of alcohol dehydrogenase (ADH) 

in the body which oxidises a range of alcohols, including those produced endogenously by gut 

bacteria, alongside having roles in steroid and bile metabolism(93).   

1.4.1 Metabolism of alcohol 

Beverage alcohol (ethanol) is absorbed into the blood stream within 10 minutes of 

consumption, and peak blood alcohol levels occur between 30 and 90 minutes later(94). 

Despite expression of ADH in the gut, the GI tract is responsible for only a small percentage of 

ethanol metabolism (known as first pass metabolism), and the rest of the responsibility falls 

to the liver(95). Ethanol is predominantly metabolised by ADH1, which converts ethanol to 

acetaldehyde by the oxidisation of NAD+ to NADH(93) (Figure 1.2). Acetaldehyde is highly toxic 

and can form mutagenic protein adducts, so it is rapidly converted to acetate by acetaldehyde 

dehydrogenase(96). ADH1a is by far the most efficient enzyme with regards to ethanol 

breakdown and is responsible for around 75% of this process. However, it is limited by a low 

capacity for alcohol (with a Km of only 1mM) and thus when exposed to high blood alcohol 

levels, ADH1Aa quickly reaches its maximum(93). In this instance, the enzyme Cytochrome 

P450 2E1 (CYP2E1) can contribute to clearance. Under normal circumstances CYP2E1 is only 

responsible for 10-25% of alcohol metabolism, but it has a 10-fold higher capacity for ethanol 

– making this a more relevant mechanism in the context of binge alcohol exposure(93), albeit 

a less efficient one(97). Unfortunately, the metabolism of ethanol by CYP2E1 produces 

increased reactive oxygen species alongside acetaldehyde, which can lead to local tissue 
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damage and inflammation. There is evidence that with repeated and chronic alcohol exposure 

levels of CYP2E1 expression within the liver are increased, resulting in a higher proportion of 

the more damaging mechanisms of ethanol metabolism and increased inflammation(97, 98).  

 

 

 

 

  

Figure 1.2: Modification of ethanol by liver enzymes. In the liver, beverage alcohol (ethanol) is metabolised 
predominantly by alcohol dehydrogenase (ADH) enzymes, which reduce NAD+ to NADH and form the toxic 
intermediate acetaldehyde, which is then metabolised to acetate by acetaldehyde dehydrogenase (ALDH). In 
response to high ethanol concentrations, Cytochrome P450 2E1 (CYP2E1) is also capable of metabolising ethanol, 
however results in a higher production of reactive oxygen species (ROS) which can induce inflammation and 
cause local tissue damage. Image generated in BioRender and adapted from Zakhari et al (99). 
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1.5 Alcohol Related Liver Disease  

In 2020, alcohol was the direct cause of 8,974 deaths in the UK(100). Of these, alcoholic liver 

disease accounted for 77.8% of them(100), and liver disease is now the biggest cause of death 

in people aged 35-49 years old in the UK(101). In this section I will highlight the presentation 

and diagnosis of ARLD, and the multiple stages of disease progression.  

1.5.1 Symptoms and Diagnosis  

The liver’s inherent ability to regenerate and repair presents a challenge with regards to 

diagnosing patients with ARLD. In many cases, disease can go undetected for decades as the 

liver continues to perform its usual functions and patients remain asymptomatic despite 

underlying ongoing injury(102). However, when liver failure does occur, the systemic impact 

leads to a multitude of complications. Patients with early stage disease often present with 

abdominal pain at most(103). However, as injury develops, loss of liver function results in 

jaundice (yellowing of the skin and eyes) from accumulation of bilirubin, gastrointestinal 

bleeding due to reduced production of clotting factors, ascites (fluid retention) due to portal 

hypertension, and hepatic encephalopathy (neurological symptoms) due to loss of blood 

detox functions(103-107).   

 

There is no single test for liver disease, and diagnoses are made based on cumulative results 

from blood tests, physical examinations, patient histories and liver biopsies(108). Blood tests 

measure levels of liver derived molecules such as albumin and bilirubin, alongside the 

presence of liver enzymes such as aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT)(109). These enzymes are usually contained within hepatocytes and 
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are released into the blood stream due to hepatocyte damage; ALT is a more specific predictor 

of this as it is predominantly found in the liver, whereas AST is also found in several other 

tissues(109). Conversely, blood albumin levels reduce due to loss of hepatocyte function and 

protein production. Assessment of alcohol consumption behaviour is a key indicator of ARLD 

as opposed to other liver disease aetiologies, and non-invasive scans to assess degree of liver 

scarring can then be performed in patients who are considered high risk(110). The only way 

to achieve a definitive diagnosis for most stages of ARLD is with a biopsy, however they are 

rarely performed due to the increased risk of invasive procedures in this patient group, and 

the likelihood that it will not affect management of the condition(108). For ARLD patients with 

alcoholic hepatitis in particular, surgery overall is considered to be a considerably higher 

risk(111).  

1.5.2 Stages of ARLD 

There are several stages of ARLD, and levels of severity within each of those stages also. Liver 

injury starts with steatosis, then progresses to steatohepatitis, followed by fibrosis and 

eventually cirrhosis, which is also often the precursor to hepatocellular carcinoma (HCC)(112). 
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Steatosis 

The liver plays an important role in lipid metabolism. Production of NADH during ethanol 

processing inhibits fatty acid breakdown and encourages the storage of triglycerides which 

leads to steatosis – the accumulation of fat within hepatocytes(113). Steatosis is present in 

90% of those who drink heavily, but can be reversed with a period of abstinence(97). Steatosis 

is not exclusive to ALD, and is also associated with obesity and high fat diets (as seen in Non-

Alcoholic Fatty Liver Disease or NAFLD)(114). According to the British Liver Trust, around 63% 

of adults in the UK are considered overweight or obese, and around one third of them are 

predicted to have early stage NAFLD(101). It has been long established that increased weight 

is a risk factor for ARLD(115), and the combined effects of raised BMI and alcohol consumption 

have been shown to notably increase mortality from liver disease(116). At this stage diagnosis 

is unlikely as patients are often completely asymptomatic or only presenting with mild 

abdominal discomfort, and can still have normal liver function tests(103). Progression from 

steatosis often requires a “second hit”, such as an infection or additional metabolic 

challenge(117). 

Figure 1.3: Stages of progression in Alcohol Related Liver Disease (ARLD). Excessive alcohol consumption first 
results in an accumulation of fat within the liver known as steatosis. Chronic exposure causes inflammation and 
development of fibrosis (scarring and deposits of extracellular matrix proteins). Patients can also suffer from 
acute alcoholic hepatitis – a severe inflammatory condition that usually occurs on a background of liver injury. 
Continued damage can result in cirrhosis and development of hepatocellular carcinoma (HCC). Image created in 
BioRender.  
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Alcoholic Hepatitis (AH) 

A portion of ARLD patients (around 10-35%) will develop acute alcoholic hepatitis (AH) – a 

clinical syndrome presenting as severe, acute, highly inflammatory liver failure(118). The term 

AH is often used interchangeably in the literature with alcoholic steatohepatitis (ASH), which 

more accurately describes the histological features in these patients, showing steatosis 

alongside hepatocyte damage and immune infiltration (predominantly by neutrophils)(119). 

This is accompanied by characteristic morphological changes such as hepatocyte ballooning 

(the swelling of damaged cells before death) and the presence of cytokeratin deposits known 

as Mallory-Denk bodies(120). In these patients, diagnosis is usually made based on factors 

such as bilirubin levels higher than 85µm/L, an AST level higher than the ALT level, an increase 

in white blood cell count (particularly neutrophils) and a relevant patient history(121). 

 

According to a 2018 meta-analysis, the average recorded 28 day mortality rate for AH is 

around 30%, and this has not improved since 1971(122). AH can often develop in the context 

of an alcohol binge or after a longer period of particularly heavy drinking, but typically occurs 

on the background of some level of underlying chronic liver injury(123). Symptoms are usually 

severe with rapid onset, and indicators of liver failure (such as jaundice) can also be 

accompanied by features of systemic inflammatory response syndrome (SIRS)(124). Despite 

extensive liver damage and continued heavy drinking, many patients continue on to develop 

fibrosis and cirrhosis without suffering from this acute inflammatory condition.  
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Fibrosis  

Fibrosis is defined as the deposition of extracellular matrix (ECM), which is indicative of a 

chronic wound healing response(125). This is a hallmark of late stage liver disease irrespective 

of the aetiology, although fibrosis patterns do vary with disease types. In ALD fibrosis starts 

with perivenular (around the veins) and/or pericellular (around the cells) matrix deposits(126).  

These patterns are also prognostic, where the level of fibrosis directly relates to disease 

severity(127, 128). Whilst historically fibrosis was seen as irreversible damage, we now know 

that it is a much more dynamic process than previously thought; fibrosis regression has been 

documented in a number of liver diseases, although evidence in ARLD is mixed(129).  The 

mechanisms of fibrosis are largely driven by activated hepatic stellate cells (HSCs). HSCs also 

produce additional leukocyte chemoattractants and contribute to their own continued 

activation, which results in the deposition of large quantities of ECM proteins and causes 

changes in the vasculature, altered liver structure, and loss of function(130).  

 

Cirrhosis and HCC 

Without intervention, continued exposure to injury eventually results in progression to 

cirrhosis. This stage is defined by “marked distortion of hepatic architecture by extensive 

fibrosis, typically in a chicken-wire pattern, formation of regenerating nodules and abnormal 

sinusoidal blood flow”(119, p.169). Incredibly, patients can still be asymptomatic at this stage 

with a condition known as “compensated” cirrhosis, where despite considerable damage the 

liver is still performing its necessary functions. Patients can then “decompensate” and show 

symptoms of liver failure such as ascites, hepatic encephalopathy, and jaundice(131). At this 

stage, patients can also present with acute-on-chronic alcoholic hepatitis, which is 
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accompanied by systemic inflammation and multi-organ failure(132). While reports on 

incidence vary, a small proportion of patients (around 3%) with ALD cirrhosis will progress to 

liver cancer(133-135). Despite this seemingly low relative incidence, 90% of primary liver 

cancers (usually hepatocellular carcinoma (HCC)) occur on a background of chronic liver 

disease and cirrhosis, and a third of these are due to ARLD specifically(136). Cirrhosis itself is 

considered a pre-neoplastic lesion, and CYP2E1 is a key driver in the development of cancer 

largely due to its production of ROS(137).   

1.5.3 Challenges with predicting progression  

Steatosis is present in almost all heavy drinkers, and yet a much lower percentage go on to 

develop severe disease(138). Identifying patients who are more likely to develop severe liver 

disease is challenging, and many factors have been attributed to increased susceptibility 

including age, sex, ethnicity, BMI and even the type of alcohol consumed(119) - this further 

highlights the need for effective models of liver disease that can account for interpatient 

variability and help to find new ways to identify those who are most at risk. An essential point 

to note is that the UK government considers “Higher Risk Drinking” (i.e. likely to already be 

suffering from health damage due to alcohol use) as regularly drinking more than 35 units per 

week for women and 50 units per week for men(139); this equates to roughly 3.5-5 bottles of 

wine per week (at 14% alcohol by volume). The damaging effects of alcohol are easily 

underestimated, and currently around a quarter of the UK adult population are predicted to 

be drinking at an “increased” or “higher” risk level. Furthermore, the stigma regarding alcohol 

dependency can lead to poor reporting from patients and undiagnosed progression to liver 

disease. A recent review discussed the impact of this stigma on healthcare in ARLD, as patients 
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are less likely to come forward to ask for support or may underplay their condition for concern 

of altered treatment(140). Later stage diagnosis creates more challenges in regards to 

treatment and intervention, but this also highlights the need for more systematic 

improvements in healthcare for these patients.  

 

 

 

 

1.6 Treatment and management of ARLD 

As highlighted above, by the time many patients present with symptoms they are already at a 

stage of disease where treatment options are extremely limited. According to the British Liver 

Trust, around three quarters of people in the UK are diagnosed at a point when it is too late 

for lifestyle changes or intervention(101). At all stages of ARLD, the first step is the removal of 

the injurious stimuli with alcohol abstinence(119). In early disease this can lead to almost 

complete reversal of damage, but can also improve liver function considerably even in late 

stages(141, 142). Abstinence can however be challenging in cohorts where patients are 

suffering from alcohol use disorder (AUD), and alcohol withdrawal syndrome can lead to 

dramatic effects including seizures and even death(143). There are pharmacological agents 

which can support patients during this stage, however these are often also associated with 

hepatotoxicity and therefore unsuitable or untested in patients who have already progressed 

to later stage disease(119). In all patients, alcohol abstinence is most effective if 

supplemented with lifestyle changes that include improved nutrition and psychological 

Key points: 
• ARLD progresses from lipid accumulation through to severe scarring and loss of liver 

function – a process which is largely driven by immune cell involvement  
 

• Up to a third of patients also suffer with alcoholic hepatitis - a severe, acute inflammatory 
condition with high mortality 

00 
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support from healthcare professionals(144). A meta-analysis by Heckley et al showed that 

abstinence in chronic drinkers reduced their chances of liver cancer by 6-7% per year, with 

around 23 years needed to reduce the chances to those of a non-drinker (although estimates 

ranged from 14-70 years)(145).  

1.6.1 Treatments in alcoholic hepatitis  

Patients who present with AH are at high risk of infection, acute kidney injury (AKI) and multi-

organ failure, and therefore the primary concerns are often reduced alcohol intake, early 

detection and treatment of infection, and nutritional intervention(146). Currently the only 

accepted pharmaceutical intervention is corticosteroids, however these have a number of 

limitations and their use is controversial as less than half of patients are eligible for treatment 

and outcomes are mixed(147). There have been a number of trials investigating steroid 

treatment in AH, one of the largest of which to date (STOPAH) showed no significant reduction 

in mortality after 28 days in groups treated with the glucocorticoid Prednisolone, but did see 

an expected increase in infections(148). While steroids are able to reduce immediate dangers 

of extreme systemic inflammation they increase the already high risk of infection. It is 

therefore essential to confirm that there is no presence of infection before starting a steroid 

course(144).  The Lille model of treatment has improved outcomes by identifying “null 

responders” to steroids after 7 days of treatment which allows early cessation and avoids 

unnecessary immunocompromise(149). A meta-analysis of five different randomised 

controlled trials by Metharin et al, further showed a significant improvement in 28 day 

mortality with steroid treatment, although this was predominantly in patients who were 

classified as “responders”(150). These conflicting results show that trials on steroid use are 
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still inconclusive overall, and there are few options if they are not effective or for those 

patients who are considered ineligible.  

 

Other anti-inflammatory tools and pathways have been considered as a means to manage 

disease in patients with AH. As the cytokine Tumour Necrosis Factor a (TNFa) is a significant 

contributor to many of the inflammatory processes in AH, there were investigations into the 

use of anti-TNF therapy due to these drugs showing promise in the treatment of sepsis(151, 

152). Successful trials with the TNFa inhibitor Pentoxifylline in AH offered hope that this 

mechanism could improve outcomes for these patients(153). However, the STOPAH trial also 

investigated treatment with Pentoxifylline and showed no improvement in 28-day 

mortality(148). Furthermore, trials of two different anti-TNF therapies (Etanercept and 

Infliximab) resulted in considerably poorer outcomes for treated patients versus controls and 

had to be terminated due to infection risk(154). This emphasises the delicate balance required 

between regulation and activation of the immune response in AH, along with the complexities 

of treating it. Some trials have tried to address these challenges by combining multiple agents 

as dual therapies. Small trials combining N-acetylcysteine (NAC – an antioxidant which reduces 

the presence of ROS) with Prednisolone showed increased survival compared to Prednisolone 

alone(155). Several small trials have also shown promise for the use of G-CSF (Granulocyte – 

Colony Stimulating Factor) in AH, including in patients who have not responded to steroid 

treatment(156, 157). While results do appear to be positive, a 2020 meta-analysis of 7 

different studies highlights that there is still conflicting data on this treatment and so further 

investigation is required(158).  



 37 

1.6.2 Treatments for late-stage ARLD 

While there have been many different treatments trialled for late-stage ALD, so far none have 

been able to significantly alter the end point of disease(159). This likely reflects the complexity 

of the condition and need to manage inflammation, fibrosis and altered regeneration as well 

as any systemic complications of chronic disease. Currently, the most effective treatment is a 

liver transplant(119). Historically, this has been a controversial issue due to the stigma 

surrounding AUD, concerns regarding relapse and shortage of donor livers(160). However, 

over the last few decades we have seen a change in approach to ALD transplants and 

outcomes have been shown to be comparable to other disease aetiologies(161). Generally, a 

6 month period of sobriety is required before patients are able to be placed on the transplant 

waiting list, however recent evidence may suggest that the “6 month rule” is not actually 

associated with better survival or lower relapse, and that early liver transplant in ALD could 

potentially be more beneficial(162, 163). The current NHS estimate is a 3-4 month wait for a 

liver transplant(164), although this can be shorter for those who have more severe disease, 

or who are willing to accept more “high risk” donor livers (depending on factors such as donor 

health, age, and cause of death). Despite this, the issue remains that the demand for organs 

for all types of chronic liver disease still far outweighs the ones that are available. Even with 

recent advances with normothermic perfusion technology, many livers cannot be made viable 

for transplant(165). The annual report on liver transplantation for 2020-21 showed that 6 

months after going on the waiting list, 65% of patients had been transplanted, 28% were still 

waiting, 5% had died and 2% had been removed(166). It is also important to consider those 

who do not meet the strict criteria for being placed on the transplant list; alongside alcohol 

abstinence, UK patients must have a 50% likelihood of survival in 5 years’ time after transplant, 
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which is challenging for many ALD patients where alcohol associated co-morbidities such as 

kidney, GI and heart issues can influence overall health(167).  

 

There is an undeniable unmet medical need for treatments at all stages of liver disease and 

the situation is particularly challenging for those with ARLD. Although liver transplantation has 

a 5-year survival rate of nearly 85%, this is not a sustainable treatment especially with 

increasing levels of ARLD in the UK population(166). This unmet need is the basis for our 

project where we wish to develop primary human cell models to understand the interplay 

between the immune system and hepatotoxicity in ARLD. In the next sections I will therefore 

consider the impact of alcohol on the immune system and also how ARLD can be modelled for 

preclinical research into new treatments and biomarkers. 

 

 

  

 

 

 
  

Key points: 
• Abstinence underpins the treatment for any stage of ARLD  

 
• Pharmacological interventions are available but have limited utility   

 
• Transplant is the only treatment for late stage disease, and while well tolerated, there are 

not enough available livers to meet demand 
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1.7 Immunocompromise and Infection in Alcohol-Related Liver Disease 

Despite the extreme consequences of loss of liver function ranging from bleeding disorders to 

hepatic encephalopathy, the cause of death in up to 50% of patients with cirrhosis is 

infection(168) – an issue that is even more prominent in patients with alcoholic cirrhosis(169). 

Considering the huge increase in both local and systemic immune cell activation during liver 

damage, it seems counterintuitive that these patients would be unable to effectively clear 

infections. However, patients with cirrhosis have an immune deficit that is ideal for 

opportunistic pathogens, and patients frequently suffer from spontaneous bacterial 

peritonitis, urinary tract infections and pneumonia(170). Cirrhosis Associated Immune 

Dysfunction (CAID) is a well-established condition in patients with end stage liver disease, 

independent of aetiology, and is characterised by an increase in inflammation in parallel with 

a decrease in immune function(171). There are added complications to this condition in ARLD 

due to the effects of alcohol on the gut and directly on immune cells, and these patients see 

higher incidences of bacterial, fungal and viral infections than in other chronic liver 

diseases(172).   

 

Endotoxemia (defined as an excess of bacterial products such as LPS in the blood) is a common 

complication of liver disease, and circulating LPS levels are predicative of mortality and poor 

responses to steroid treatment in AH(173). Alcohol causes mucosal damage and leads to 

“leaky gut” syndrome – an increase in gut permeability resulting in the presence of commensal 

bacterial products in the portal blood(174). This is worsened by bacterial overgrowth and 

dysbiosis, and changes in the gut microbiome are an established feature of ARLD(175, 176).  

One study identified a decrease in beneficial commensal bacteria and an increase in more 
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harmful opportunistic pathogens in patients with AUD. The gut microbiota of these patients 

also showed altered functionality, with an increase in genes related to alcohol metabolism, 

which in turn resulted in an increased presence of toxic metabolites such as 

acetaldehyde(177). Interestingly, this study also showed differences between patients with 

AUD with and without liver cirrhosis, suggesting the influence of liver function on the 

microbiome alongside alcohol itself(177). Samuelson et al also showed that mouse models of 

alcoholic gut dysbiosis led to increased susceptibility to Klebsiella pneumoniae infection, 

highlighting the fact that systemic immunological responses are also affected by alcohol, in 

part explaining increased incidence of pulmonary infections in patients with AUD(178). In a 

patient cohort with community acquired pneumonia, those with chronic liver disease were 

around 10 years younger than average, and patients with AUD have been shown to be 10 

times more likely to develop pneumococcal pneumonia(179, 180).  

 

Gram negative bacteria are responsible for around 75% of the infections in ALD patients(181). 

Infections increase mortality four-fold in patients with cirrhosis(182), and can trigger acute-

on-chronic liver failure (ACLF)(183). In a study by Fernandez et al, bacterial infections were 

present in 37% of cases of ACLF at diagnosis and developed in around half of the remaining 

patients within 4 weeks; those with infections had a significantly poorer prognosis(184).  As 

discussed previously, the presence of LPS from the membrane of gram-negative bacteria is 

well tolerated in the liver - however the significant increase in exposure from the damaged 

gut and bacterial infections can elicit a robust response. Immune responses are activated not 

only by the PAMPs from commensal and pathogenic bacteria and fungi, but also from the 

DAMPs arising from gut and liver cellular damage. This leads to a systemic increase in 
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circulating inflammatory cytokines and immune cell activation(185). Despite this, high levels 

of immunosuppressive cytokines are present in ARLD(186). Studies in liver disease have 

suggested that endotoxemia also contributes to altered monocyte function and 

downregulation of HLA-DR (required for antigen presentation)(187), making it particularly 

relevant in ARLD where LPS exposure is high.  

1.8 The role of Neutrophils in ARLD 

In health, invading pathogens are rapidly contained by our innate immune response, and the 

first responders to infectious challenge are usually neutrophils(188). These cells are essential 

to maintain a strong defence against pathogens, and loss of function is associated with severe 

risk of infection(189). Their involvement in ARLD has been known for decades, due to their 

extensive liver infiltration in AH(190). However, their complex role in both infection control 

and repair is becoming increasingly apparent, and they are an essential piece of the puzzle 

regarding our understanding of immunocompromise in liver disease.  

 

Neutrophils are our most abundant white blood cell, making up 50-70% of the circulating 

leukocyte population, and respond swiftly and intensely to immune challenges(188). Not only 

are they phagocytic, they are equipped to perform a range of other antimicrobial functions 

such as NETosis(191) (a process whereby they eject their DNA in order to entrap bacteria), 

production of ROS, and the ability to release a store of azurophilic granules which can both 

modulate the immune response and damage bacteria(192). They are derived from myeloid 

precursors in the bone marrow, and are continually released into the circulation to account 

for their short half-life. While reports on this vary, estimations from labelling experiments 
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suggest a circulation half-life of around 4-8 hours(193). They circulate in the periphery 

performing immune surveillance, and in the instance that they encounter a stimulus, they 

swiftly migrate to sites of injury and contribute to infection control and wound repair(194). 

The bone marrow therefore contains a substantial reservoir of these cells in order to rapidly 

replace cells lost in immune responses, and estimations in mice show a capacity for 10-fold 

increase in circulating granulocytes in response to infection(195).  Alcohol consumption has a 

direct effect on the bone marrow, and patients with chronic alcohol use exhibit bone marrow 

damage which effects granulocyte differentiation, altering neutrophil responses to 

infection(196). Patients admitted with AUD often have granulocytopenia (low circulating 

numbers of granulocytes), and the effects of alcohol on the bone marrow mean that the 

neutrophils that replenish the systemic pool are often at an earlier stage of differentiation and 

not functionally mature(197). Neutrophils also have complex roles once they arrive in the 

liver. High levels of hepatic neutrophil infiltration is a marker of poor prognosis in patients 

with acute liver failure, and blood Neutrophil/Lymphocyte ratio is often used as a prognostic 

tool which correlates strongly with poor outcome(198). Neutrophil recruitment to the liver 

itself is unique, and differs not only from other organs but also shows variation within the 

liver. While the classical recruitment cascade takes place in the post-capillary venules, 

selectin-independent migration occurs in the sinusoids(199). Here, alternative adhesion 

molecules such as VAP-1 and ICAM-1 are constitutively expressed(200, 201), and upregulated 

in response to injury. The attenuation of acute liver damage and reduced hepatic neutrophil 

infiltration in ICAM-1 knockout mice supports the role of infiltrating neutrophils as a 

contributor to liver damage(202). NETS have also been associated with poor outcome in acute 
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liver failure, with markers of NETs found to be 30% higher in patients who died or required 

urgent liver transplant(203). 

 

There is conflicting data about whether neutrophils are over or under stimulated in AH. It 

appears that while patient neutrophils have a higher level of baseline activation they are less 

responsive to infection. Mookerjee et al showed that neutrophil function is altered in acute-

on-chronic alcoholic liver disease, but that this effect was reversible with the removal of 

endotoxin. In these patients, there was a higher baseline of ROS production, but significantly 

lower phagocytic ability compared to healthy controls(204). This pattern of simultaneous over 

and under activation mimics the neutrophil phenotype seen in sepsis, where these cells show 

functional impairment and pro-inflammatory behaviour(205). Acute binge alcohol 

consumption in healthy volunteers has also been shown to reduce NET production in response 

to PMA(206), and in vitro addition of serum from stable cirrhotic patients also induces 

neutrophil dysfunction(207). Alongside downregulation of pro-inflammatory cytokines such 

as TNFa and IL-8, one study investigating in vitro alcohol treatment of neutrophils also showed 

a reduction in the production of hepatocyte growth factor (HGF) which would suggest a role 

in liver regeneration(208). Lu et al showed that in liver injury, injection of activated (but not 

non-activated) neutrophils reduced liver injury in a mouse model(209). Alongside this, they 

also showed in vitro that activated neutrophils polarised macrophages to a more anti-

inflammatory state(209). This influence over macrophage phenotype was also shown to be 

triggered by neutrophil production of ROS(210). Neutrophils also exhibit prolonged survival in 

drug induced liver injury, where they upregulate pro-resolution genes(211). In the context of 

sterile injury, neutrophils have even been shown to contribute to the repair of liver tissue, and 



 44 

then “reverse migrate” back out of the liver(212). This demonstrates the importance of 

understanding neutrophil roles in ARLD, and how to balance their pro-inflammatory and pro-

resolution functions in response to liver signalling.  

1.9 Modelling liver disease 

So far, I have discussed the complexity of the liver, and highlighted how its function is reliant 

on the cross talk between a wide range of different cell types. Both parenchymal and non-

parenchymal cells are essential, alongside the influence of more transient interactions such 

as those from peripheral immune cells that pass through the livers highly developed 

vasculature. I have also considered changes in liver function during injury, and how exposure 

to ethanol may compromise immune functions. Due to the intricate 3D structure of this organ 

and the importance of spatial orientation on cell function, recreating the complexity of these 

interactions in an in vitro model of the liver has proven difficult to date(213). Since the mid 

1900s, there have been increasingly complex models both in vitro and in vivo that have helped 

to answer many questions regarding the liver in health and disease(213), however there are 

still considerable gaps in our knowledge. Recent advances in technology have highlighted 

deficiencies of earlier models and the field is moving forward quickly. However, we are still in 

need of a representative model of the liver that is both functionally accurate and achievable 

in the lab. Recreating the multifaceted interactions within the liver requires consideration of 

temporal and spatial responses, whilst balancing practicality and accuracy. Importantly, 

studies of 3D models demonstrating retained phenotype in culture show that it is also 

necessary to use cells that represent those in a human liver which may have been exposed to 

injury, inflammation, and fibrosis for many years(214). 
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1.9.1 Modelling the liver environment in 2D culture 

As hepatocytes are the predominant cell type in the liver, modelling in vitro is usually centred 

around these cells and primary human hepatocytes remain the “gold standard” of liver 

modelling. The successful perfusion isolation of adult rat hepatocytes in the late 1960s 

provided cells that could be cultured for up to 8 days(215), and drove considerable progress 

in the field. However, it was still over a decade before this technique was effectively translated 

to achieve the isolation of high quantities of viable hepatocytes from human liver(216) and 

issues with functionality became swiftly apparent(217). Alterations in the phenotype of 

cultured rat hepatocytes had been previously noted, alongside suggestions that loss of their 

cell to cell contacts was a potential cause(218). The pursuit of an effective model of the 

complex in vivo environment of the liver began, and new in vitro methods included co-culture 

with rat epithelial cells(219) or increasing contact with the extracellular matrix by employing 

“sandwich” culture(220). When isolated and utilised for studies short term, PHHs retain 

function and phenotype effectively(221). However, the three key limitations of this model are 

de-differentiation, lack of proliferation and difficult to obtain source material from both 

healthy and diseased donors. The de-differentiation process occurs quickly when placed in 2D 

culture. Cell to cell contact has been shown to be important for effective polarisation of PHH 

in culture, which is essential for function(222). Furthering this, the content and configuration 

of the matrix on which these cells are grown greatly effects how this polarisation is 

maintained(223). When plated on collagen I coated plastic tissue culture plates, rat 

hepatocytes showed de-differentiation into fibroblast like cells after 72 hours whereas those 

in sandwich culture maintained cuboidal cell type(224). More recently, global proteomic 

analysis has shown a selective de-differentiation profile when hepatocytes are cultured as a 
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monolayer(225). Expression changes during de-differentiation predicted a decrease in 

metabolic associated factors and transcription regulators such as HNF4a, but activation of 

inflammatory regulators such as NFkB and production of pro-inflammatory cytokines. 

Alongside issues with maintaining phenotype, achieving high numbers of PHH can be 

challenging. Source material is often difficult to access, and sizeable wedges are required for 

effective perfusion. Alongside this, hepatocyte isolation from diseased tissue gives highly 

variable results, with ALD livers resulting in the poorest yields(221). This issue is furthered by 

the difficulties expanding these cells in culture. Mature hepatocytes are inherently quiescent, 

and in vivo studies have shown that the liver needs to be “primed” in order to respond 

effectively to mitogens(226). Despite the livers impressive ability to regenerate in response to 

injury(227), initiating this process in vitro has proven difficult and requires alterations such as 

small molecule intervention or transduction with HPV oncogenes(228). When combined with 

the complex isolation procedure, this can result in limited cell quantity for experiments.  

 

Due to availability, simplicity and ease of culture, immortalised hepatocyte cell lines are 

commonplace in liver research. These cell lines are obtained either by isolating from primary 

human liver cancers, or by “immortalising” primary hepatocytes using techniques such as 

overexpression of viral oncogenes(229).  The mutations acquired by these cells allow them to 

proliferate indefinitely, making them a valuable in vitro tool as they can be expanded quickly 

and simply with a stable and consistent phenotype. Commonly used cell lines such as HepG2 

and Hep3b are derived from human hepatomas(230). These cells retain hepatocyte-like 

morphology and several key functions such as albumin production(230). Despite being derived 

from a hepatoma, HepG2 cells have also been shown to be more representative of in vivo 
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gluconeogenesis and hepatokine expression than an immortalised cell line derived from 

healthy cells(231).  However, these cell lines have been shown to lack a number of important 

functions, particularly those related to toxicity and xenobiotic metabolism. Whilst they have 

been used in toxicology studies for a number of years, they are limited by very low or even a 

total lack of expression of certain drug metabolising enzymes and transporters when 

compared to primary hepatocytes(232). Westerink et al showed that whilst HepG2 have 

physiological levels of phase II enzymes they lack a large proportion of Cytochrome P450 (CYP) 

enzymes – a particular issue when looking at alcohol induced liver injury(233). In order to 

utilise these cell lines to study alcohol metabolism and overcome this deficiency, there is often 

a requirement to use plasmid transfection or retroviral infection in order to cause CYP2E1 or 

ADH overexpression(234).  Other cell lines such as HepaRG have shown levels of CYP induction 

more similar to isolated PHH and show a particularly representative phenotype in the context 

of toxicology studies(235, 236), as well as in modelling effects of ethanol exposure on liver 

steatosis(237). However, despite their promise for studying xenobiotic metabolism, HepaRG 

cells were shown to have similar limitations to HepG2 cells when it came to predicting drug 

hepatotoxicity(238). Alongside this, these cells behave similarly to liver bipotent progenitor 

cells and require stimulation with DMSO to induce differentiation into hepatocyte-like cells. 

In this instance, a heterogeneous population is formed where only around 50% of cells are 

differentiated(239). Cell lines offer a consistent and convenient way of investigating many 

elements of liver disease, however the above features limit the extent to which they truly 

represent patient biology. In recent years, differentiation of human induced pluripotent stem 

cells (hiPSCs) has also provided a new source of hepatocyte-like cells that maintain the genetic 

properties of the patient from which they were derived. While these show many hepatocyte-
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like functions and have been utilised for studies in response to ethanol exposure(240), there 

is evidence that they represent a more foetal than adult hepatocyte phenotype(241) and 

improvements are still needed for them to be considered as effective as isolated PHHs(242). 

1.9.2 Modelling liver disease in vivo: the pros and cons of mouse models 

Murine models of disease are still relied on heavily across the field of biomedical research. 

Genetic conservation between human and mouse is high(243), and there are undoubtable 

advantages of investigating disease in a whole-body system. As discussed previously, the 

liver’s central positioning and input from the gut and peripheral circulation mean that the 

study of hepatocytes alone in vitro captures only a small part of the systemic effects of liver 

injury. However, considerations should be made for obvious differences between human and 

mouse, from size difference to stress induced by housing(244). Historically, there have been 

dramatic examples of drugs such as Fialuridine that have shown no adverse reaction in mice, 

but caused fatal liver failure in humans – highlighting clear limitations of animal models in this 

context(245). However, murine models remain an essential tool for the study of chronic liver 

disease. The ability to modify and “humanise” mice is exemplified by Xu et al who were able 

to demonstrate Fialuridine toxicity in chimeric mice with humanised livers(246).  

 

Regarding their application to alcoholic liver disease, we are yet to develop a mouse model 

that recapitulates all elements of human disease. The classic progression of ALD as discussed 

previously includes development of steatosis, inflammation and progression to fibrosis. In 

current mouse models, development of significant steatosis requires administration of a high 

fat diet alongside alcohol consumption, and representative fibrosis requires addition of 
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secondary liver injuries such as carbon tetrachloride(247). One of the most commonly used 

models has traditionally been the Lieber-Decarli liquid diet(248). However, while this does 

result in steatosis even long term application yields low levels of inflammation and liver 

injury(249). When combined with binge alcohol dosing, this can be improved to show high 

levels of blood alcohol, injury and inflammation(250), which is also advantageous as it is more 

representative of patient behaviour where acute-on-chronic liver damage is often seen. 

However, the minimal extent of fibrosis and functional compromise does not recapitulate that 

seen in human disease, and animal welfare must be considered when developing longer, more 

complex models. Furthering this, the impact of alcohol exposure can differ between male and 

female mice(251), and behaviour regarding alcohol consumption can be another limitation of 

mouse models. Differences have been shown between “alcohol avoiding” and “alcohol 

preferring” strains, as well as a lack of increasing dependency as seen in humans and the 

cessation of ethanol consumption in response to rising blood levels of acetaldehyde(252).  

 

Regarding alcohol metabolism, the main ethanol oxidising enzymes ADH and CYP2E1 are both 

expressed in mice, although there is only one ADH gene in mice (Adh1) compared to three in 

humans (ADH1A, 1B, 1C)(253) and alcohol is metabolised at five times the rate(93). The ability 

to genetically manipulate mice has led to the creation of several transgenic mice strains that 

are particularly helpful for the study of alcohol metabolism such as CYP2E1-/- and Adh1-/- (253). 

Despite other rodent models such as rats showing better development of fibrosis, this feature 

is one of the key reasons that mice are often chosen as the preferred model for liver 

disease(254). However, the inability to develop the full spectrum of disease, the short 
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duration of many models and welfare concerns around using rodents in such severe injury 

models means that many investigators prefer to use human cellular tools. 

1.9.3 The promise of 3D in vitro models 

Limitations of 2D liver culture became apparent very soon after successful hepatocyte 

isolation. The move to “sandwich culture”(220) and understanding the influence of 

surrounding matrix(223) caused swift improvement in hepatocyte viability and function. 

Development of more complex 3D cultures began with the formation of spheroids. It was first 

noted that isolated rat liver cells spontaneously aggregated when plated on non-adherent 

culture flasks(255), and that these spheroids maintained hepatocyte viability and function 

many weeks after initial formation. This was later shown with PHHs(256) and has since been 

demonstrated as an effective in vitro model of a range of liver diseases(257). Spheroids have 

also provided an improved method of culture for immortalised cell lines. HepG2 cells cultured 

as 3D spheroids showed increased hepatocyte like properties when compared to monolayer 

culture(258) although it has been suggested that this is due to length of time in culture as 

opposed to 3D arrangement(259). This has also been shown with HepaRG cells where 3D 

spheroid culture improved CYP enzyme activity and sensitivity to hepatotoxic drugs when 

compared to 2D monolayers(260). It has also provided the opportunity to increase the 

complexity of the liver model by introducing heterogeneity and non-parenchymal cell types - 

PHH spheroid co-culture with Kupffer cells, liver sinusoidal endothelial cells and hepatic 

stellate cells showed improved hepatocyte function when compared with PHH spheroids 

alone(261).  
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1.9.4 Organoids – the next step in in vitro modelling  

Following on from this, one of the most significant developments in the world of 3D modelling 

has been the development of organoid technology. Whilst nomenclature is yet to be 

standardised in this new and fast moving field, the most common definitions describe 

organoids as 3D structures grown from stem cells that are capable of self-organisation and 

self-renewal, as well as being functionally similar to the organ from which they are 

derived(262). These stem cells can be pluripotent stem cells or isolated tissue progenitor cells 

that can self-organise into complex structures when placed within the correct environmental 

cues representative of their stem cell niche(263). Success with this technique has been shown 

across a huge range of tissues, from the brain(264) to snake venom glands(265) and it has also 

shown great promise as a new in vitro model of the liver.  

 

Previous work from Sato et al had shown effective growth of small-intestinal organoids 

utilising the Lgr5+ stem cell population found in the bottom of intestinal crypts(266). This 

group was then able to identify a subset of similar Lgr5+ bi-potential progenitor cells in adult 

mouse livers, which were activated in response to injury(267). Isolation of these cells and 

plating within Matrigel (a commercially available ECM for 3D culture) resulted in 3D organoid 

structures that were representative of bile ducts and expressed low levels of mature 

hepatocyte markers. Changes in media cues enabled differentiation of these structures into 

heterogeneous organoids containing biliary-like and hepatocyte-like cells, which showed 

evidence of mature hepatocyte phenotype including binucleation, albumin production and 

LDL uptake. Later work showed the ability to isolate these progenitor cells from adult human 

liver, enabling growth and differentiation of organoids that were genetically stable for over 
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one year in culture(214). Importantly, these cells can be expanded repeatedly before 

differentiation, offering an increase in patient derived cell yield. Alongside this, when derived 

from patients with the single polymorphism liver disease a1-antitrypsin deficiency, organoids 

retained disease phenotype. This was also shown with structural bile duct defects when 

organoids were isolated from a patient with Alagille syndrome(214). While patient variability 

can add a level of complexity to studies, the imprinted phenotype in progenitor cell derived 

organoids offers a unique means by which to study human disease processes in vitro. Using 

the same isolation protocol, liver organoids have also been isolated from patients with 

cirrhosis in order to investigate the inflammatory effects of ductular reactions(52). Given the 

possibility of such a model to investigate the pathophysiological mechanisms in alcohol 

related disease, and the potential to consider interplay with immune cells, we wished to 

develop the approach here in Birmingham. Therefore, in my thesis I have adapted 

methodology for isolating hepatic organoids from both healthy human liver and diseased 

specimens. I have also analysed the nature of the systemic immune cells, particularly 

neutrophils from patients with AH. I then combined these approaches to investigate the 

influence of organoid conditioned medium on neutrophil activation and began to show how 

this form of 3D culture can be combined with other cell types to build a more complex picture 

of liver injury.  

 

 

  

Key points: 
• Modelling the complexity of the liver is challenging, but promise has been shown with 3D 

models 
 

• A human hepatic organoid model derived from bi-potential progenitor cells has been 
developed, and can be used to recreate disease phenotypes 
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1.10 Aims of this thesis 

This introduction section has described some of the complexities of the liver in health and 

disease, along with the challenges faced with studying them. This project focused on utilising 

the Centre for Liver and Gastrointestinal Research’s privileged access to human tissue and 

blood samples to try and develop an in vitro model of alcohol related liver disease, whilst 

simultaneously improving our understanding of the influence of ARLD on neutrophil 

behaviour.  

 

The aims of this project were as follows:  

1. To describe the phenotype and function of peripheral neutrophils in patients with both 

acute and chronic ARLD 

2. To develop a 3D human organoid model with cells derived from both healthy and 

cirrhotic primary human liver tissue  

3. To expose this model to injurious stimuli such as ethanol and bacterial products in 

order to recreate the diseased liver environment  

4. To investigate the crosstalk between neutrophils and hepatic organoids  
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Chapter 2 – Methodology  

 
All statistical analysis and graphical data presentation was completed using GraphPad Prism 

unless otherwise specified. Table 2.1 provides details on reagents and kits used throughout 

this project. Separate tables are provided for antibodies (Table 2.3), Taqman Gene arrays 

(Table 2.5) and organoid media components (Table 2.6).  
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Item Company Cat. Number 
b mercaptoethanol Sigma-Aldrich M6250-500ML 
Accutase™ Merck Life Science  A6964-100ML 
96 Well Black Flat Bottom TC-Treated 
Microplates Corning  3916 
Advanced DMEM-F12 (ADF) Thermo Fisher Scientific  11540446 
Antigen Unmasking Solution - Citrate-Based Vector Labs H-3300 
Antigen Unmasking Solution - Tris-Based Vector Labs H-3301 
Applied Biosystems™ High-Capacity cDNA 
Reverse Transcription Kit  Thermo Fisher Scientific  4368814 
BD™ CompBead BD Biosciences  552843 
BLOXALL® 2B Scientific SP-6000-100 
Bovine Serum Albumin Fraction V Thermo Fisher Scientific  15260037 
Casein Vector Labs 2C0803 
CellTracker™ Green  Thermo Fisher Scientific  C2925 
Collagenase D Sigma-Aldrich 11088858001 
Corning® Cell Recovery Solution Thermo Fisher Scientific  11543560 
Corning® Matrigel® Membrane Matrix Thermo Fisher Scientific  11573620 
Corning™ Costar™ Flat Bottom Cell Culture 
Plates Thermo Fisher Scientific  10065370 
CytoSelect™  Cell Migration Assay 2B Scientific CBA-104 
Dako Fluorescence Mounting Medium Agilent Technologies  S302380-2 
Dextran Sigma-Aldrich 31392 
DNase 1 Sigma-Aldrich 4716728001 
DPX Mountant Cell-Path SEA-1300-00A 
DRAQ5™ Fluorescent Probe Solution  Thermo Fisher Scientific  62251 
Dulbecco's Modified Eagle Medium (DMEM) Thermo Fisher Scientific  41965-039 
DuoSet® Ancillary Reagent Kit 2 Bio-Techne Ltd DY008 
Earls Balanced Salt Solution (EBSS) Thermo Fisher Scientific  11540616 
Ethanol Thermo Fisher Scientific  20821.33 
Foetal calf serum (FCS) Thermo Fisher Scientific  10500064 
Gibco™ Penicillin-Streptomycin-Glutamine Thermo Fisher Scientific  12090216 
Goat serum Sigma-Aldrich G9023 
Haematoxylin (Mayer’s) PRC PRC/R/42 
HBSS (containing no calcium or magnesium) Thermo Fisher Scientific  14170088 
HBSS containing calcium and magnesium Sigma-Aldrich H6648-500ML 
HCS LipidTOX™ Red neutral lipid stain Invitrogen H34476 
Human IL-8/CXCL8 DuoSet® ELISA  Bio-Techne Ltd DY208-05 
Hybri-Max™ Dimethyl sulfoxide (DMSO)  Merck Life Science  D2650 
ImmPACT® DAB Peroxidase (HRP) Substrate Vector Labs SK-4105 
ImmPRESS® HRP Horse Anti-Mouse IgG 
Polymer Detection Kit 2B Scientific MP-7402-15  
ImmPRESS® HRP Horse Anti-Rabbit IgG 
Polymer Detection Kit 2B Scientific MP-7401-15 
Industrial Denatured Alcohol  pfm medical PRC/R/101 
Lambda DNA Thermo Fisher Scientific  SD0011 
Lipopolysaccharide (LPS) Sigma-Aldrich L4391-1MG 
Lonza ToxiLight Non-Destructive 
Cytotoxicity BioAssay Kit  2B Scientific CBA-104 
nCounter Fibrosis Panel NanoString XT-CSO-HFIB2-12 
Nuclease-free water Promega P119C 
Oleic acid Sigma-Aldrich O1383-1G 
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Palmitic acid  Sigma-Aldrich P5585-10G 
Paraformaldehyde (PFA) Thermo Fisher Scientific  J61899.AK 
Percoll® GE healthcare 17-0891-01 
PHAGOBURST™  Celonic  341058 
PHAGOTEST™ Celonic  341060 
Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P1585 
Phosphate buffered saline (PBS) Thermo Fisher Scientific  BR0014G 
Pierce™ Rapid Gold BCA Protein Assay Kit  Thermo Fisher Scientific  A53225 
Primocin®  invivogen ant-pm-1 
Proteome Profiler™ Human Chemokine 
Array Kit Bio-Techne Ltd ARY017 
Quick Start™ BSA Standard  Bio-Rad 5000206 
Radioimmunoprecipitation assay (RIPA) 
buffer Millipore 20-188 
Red cell lysis buffer  Sigma-Aldrich R7757-100ML 
Ribolock RNase Inhibitor Thermo Fisher Scientific  EO0382 
RNase-Free DNase Set QIAGEN 79254 
RNeasy® Mini Kit QIAGEN 74104 
Roswell Park Memorial Institute (RPMI) 
1640 Medium Thermo Fisher Scientific  31870-025 
SYTOX™ Green Nucleic Acid Stain Thermo Fisher Scientific  S7020 
TaqMan® Array for the Human Complement 
Pathway Thermo Fisher Scientific  10460735 
TaqMan® Universal Master Mix II (no UNG) Thermo Fisher Scientific  4440040 
TaqMan® Universal Master Mix II (with 
UNG)  Thermo Fisher Scientific  4440038 
Tris Buffered Saline Agilent Technologies  K800721-2 
Triton™ X-100 Sigma-Aldrich T8787 
Trypan blue  Sigma-Aldrich T8154 
Tween ®20 Sigma-Aldrich P1379-1L 
Xylene  pfm medical UN 1307 

Table 2.1: Reagent list detailing supplier and catalogue numbers of reagents used throughout this project.  
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2.1 Patient groups and ethical approval  

This study involved the use of both blood and tissue samples from human patients. All patient 

biomaterials were collected with approval of local ethical committees (local research ethics 

committee approval reference 06/Q2702/61 Immune Regulation, 18-WA-0214 Liver 

Inflammation and 19-WA-0129 Liver fibrosis) and written informed patient consent. 

Peripheral blood samples were taken from healthy volunteers, patients admitted to the 

Queen Elizabeth Hospital Birmingham (QEHB) gastrointestinal ward with acute alcoholic 

hepatitis (AH), cirrhotic patients with ALD who were under assessment and abstinent from 

alcohol (ALD-A), and patients with cirrhosis who were still actively drinking (ALD-D). The 

inclusion and exclusion criteria for each patient group was adapted from Thursz et al(148) and 

is described in Table 2.2. Human liver samples were taken from either explanted material from 

patients who had undergone liver transplantation for chronic disease, normal resected liver 

tissue, or from donor organs that were deemed unfit for transplant and donated for research. 

All work involving primary blood or liver samples was completed in a category two biosafety 

cabinet.  

 

 
  



 58 

 

 
 

 

  

Patient Group Inclusion Criteria Exclusion Criteria 
Abstinent ALD 
Cirrhotic (ALD-A) 

• Abstinent from drinking >6 months 
• Known liver cirrhosis, established by 

biopsy, CT or US. 
 

• Evidence of hepatitis B, 
hepatitis C, HCC or biliary 
obstruction 

• Current malignancy 
Actively Drinking ALD 
Cirrhotic (ALD-D) 

• Known liver cirrhosis, established by 
biopsy, CT or US. 

• Not abstinent from alcohol 

• Evidence of hepatitis B, 
hepatitis C, HCC or biliary 
obstruction 

• Current malignancy 
Alcoholic Hepatitis 
(AH) 

• Ongoing alcohol use prior to 
admission (>80g/day in men, 
>50g/day in women) 

• Bilirubin >50mmol/l 
• Any ongoing infection controlled for 

at least 48 hours of antibiotics prior 
to entering the study 

• <4 weeks since admission to hospital 

• >2months abstinence 
• >3months prior jaundice 
• Evidence of hepatitis B, 

hepatitis C, HCC or biliary 
obstruction 

• Current malignancy 
• Serum creatinine >500 
• Untreated sepsis 
• AST>500, ALT>300 

Table 2.2: Inclusion and Exclusion criteria for ARLD patient groups. Patients were selected based on the above 
criteria by clinical colleagues. Patients who were ALD cirrhotic were selected from cancer screening clinics, 
and patients with alcoholic hepatitis were selected from those admitted to the gastrointestinal ward at the 
Queen Elizabeth Hospital Birmingham. Patients were consented and blood samples collected by Dr Reenam 
Khan and processed in the Centre for Liver and Gastrointestinal Research (CLGR). Inclusion and exclusion 
criteria were adapted from those described by Thursz et al(148).  
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2.2 Calculation of clinical scores  

Severity of disease in patients was assessed by calculating values for Model for End-Stage Liver 

Disease (MELD) Score(268), United Kingdom Model for End-Stage Liver Disease (UKELD) 

Score(269), and Glasgow Alcoholic Hepatitis Score (GAHS)(270), using online calculators which 

employ the following equations/parameters:  

 

MELD score:  

9.57 × ln(𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒) + 	3.78 × ln(𝑡𝑜𝑡𝑎𝑙	𝑏𝑖𝑙𝑖𝑟𝑢𝑏𝑖𝑛) + 11.2	 × ln(𝐼𝑁𝑅) + 6.43  

UKELD score:  

[(5.395	 × ln(𝐼𝑁𝑅)) + (1.485	 × ln(𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒)) + (3.130	 × ln(𝑏𝑖𝑙𝑖𝑟𝑢𝑏𝑖𝑛)) −

(81.565	 ×	 ln(𝑠𝑜𝑑𝑖𝑢𝑚))] + 435  

GAHS: 

A score was calculated by assigning values to the values indicated in the table below, for a 

maximum possible score of 12.  

 

 

 

 

 
 
Alcohol intake: 
Alcohol units consumed per week were estimated using the online Unit Calculator from 
Alcohol Change UK(271) using clinical data provided.   
  
  

 Score assigned 
 1 2 3 
Age <50 ⩾50 – 
WBC count (109/L) <15 ⩾15 – 
Urea (mmol/L) <5 ⩾5 – 
INR <1.5 1.5–2.0 >2.0 
Bilirubin (µmol/L) <125 125–250 >250 
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2.3 Analysis of phenotype and function of cells in peripheral blood 
 

2.3.1 Full blood count  

A complete blood count was taken from peripheral whole blood using the Sysmex XN-1000 

haematology analyser. EDTA anticoagulated blood was collected from the patient groups 

described in Table 2.2 and analysed on the Sysmex XN-1000 according to manufacturer’s 

instructions. To ensure the sample was well mixed it was left on a rotator for approximately 5 

minutes at a low speed to minimize activation of the immune cells. The vacutainer was 

inserted into the machine, which extracts 88µl of blood for analysis. A complete blood count 

was then conducted via flow cytometric analysis. Calibration of the instrument was 

maintained by ensuring that a quality control sample (provided by Sysmex) was processed 

before each clinical sample.  

2.3.2 Measurement of phagocytic ability of peripheral blood neutrophils  

The phagocytic ability of peripheral blood neutrophils was measured using the CELONIC 

PHAGOTESTä kit according to manufacturer’s instructions. Briefly, 5ml of whole blood was 

collected in a Heparin containing vacutainer and was left slowly rocking at room temperature 

for a maximum of 30 minutes. From this vacutainer, 100µl of blood was dispensed into each 

of two Falconä round bottomed lidded test tubes and placed on ice. In order to measure 

phagocytosis by fluorescence, 20µl of FITC-labelled E.coli was then added to each tube and 

vortexed for 5 seconds. One tube was then left on ice as a “0°C control”, and the other was 

incubated in a 37°C water bath for 10 minutes. After 10 minutes, the tube was then removed 

from the water bath and immediately placed back on ice where ice-cold quenching solution 
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was added to both tubes in order to inhibit fluorescence of any non-phagocytosed bacteria. 

Both samples were then washed by adding 3ml of pre-cooled wash buffer and centrifuging for 

5 minutes at 250g, 4°C. As this pellet was quite unstable, supernatant was carefully removed 

and discarded using a Pasteur pipette, which was also used to gently resuspend the pellet. 

This step was then repeated. In order to lyse red blood cells and fix the neutrophils, 2ml of 

lysing solution was added to each tube, which were vortexed for 5 seconds and left to incubate 

at room temperature in the dark for 20 minutes. To remove the red blood cell lysate, the tubes 

were then centrifuged for 5 minutes at 250g, 4°C and the supernatant was discarded. The 

fixed cells were washed with 3ml of wash buffer as above, followed by incubation with a DNA 

staining dye on ice for 10 minutes. This allowed the exclusion of any remaining non-

phagocytosed bacteria via cytometry as it is possible to separate these from leukocytes based 

on DNA content. The mean fluorescence intensity (MFI) in the FITC channel of each sample 

was measured using the CyAn™ ADP Analyzer. Approximately 10,000 neutrophils were 

counted per sample and analysed using the gating strategy demonstrated in Figure 2.1.  

2.3.3 Measurement of oxidative burst in human neutrophils  

To assess the ability of peripheral blood neutrophils to produce reactive oxygen species (ROS) 

in response to different stimuli, we measured oxidation of the fluorogenic substrate 

dihydrorhodamine 123 using the CELONIC PHAGOBURSTä Kit. This was completed as per the 

manufacturer’s instructions using heparinised whole blood from the patient groups described 

in Table 2.2. 5ml of whole blood was collected in a heparin containing vacutainer and was left 

slowly rocking at room temperature for a maximum of 30 minutes. From this vacutainer, 100µl 

of blood was dispensed into each of four Falconä round bottomed lidded test tubes and 
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placed on ice. The following reagents were then added on ice to each tube:   

 

Tube 1: 20µl wash buffer for “negative control”  

Tube 2: 20µl pre-cooled E.coli bacteria 

Tube 3: 20µl PMA working solution (1:200 dilution) for “high stimulation control” 

Tube 4: 20µl fMLP working solution (1:200 dilution) for “low stimulation control” 

 

All four tubes were vortexed for 5 seconds and incubated in a 37°C water bath for 10 minutes. 

After this incubation, 20µl of the substrate solution was then added to all tubes, the samples 

were vortexed again and returned to the water bath for another 10 minutes. It should be 

noted that this substrate addition should happen “in situ” without removing the tubes from 

the water bath, however due to additional safety measures introduced after the COVID-19 

pandemic tubes were briefly returned to the biosafety cabinet. To lyse red blood cells and fix 

the neutrophils, 2ml of lysing solution was added to each tube, which were then vortexed for 

5 seconds and left to incubate at room temperature in the dark for 20 minutes. After this, cells 

were centrifuged for 5 minutes at 250g, 4°C and the supernatants were discarded. The fixed 

cells were then washed with 3ml of wash solution and centrifuged again at 4°C, 250g for 5 

minutes. In order to distinguish the neutrophils from any remaining bacteria during flow 

cytometric analysis (based on DNA content), the cells were incubated in a DNA staining 

solution on ice for 10 minutes whilst protected from light. The mean fluorescence intensity 

(MFI) in the FITC channel of each sample was measured using the CyAn™ ADP Analyzer. 

Approximately 10,000 neutrophils were counted per sample and analysed using the gating 

strategy demonstrated in Figure 2.1.  
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Figure 2.1: Gating strategy for PHAGOTEST and PHAGOBURST neutrophil function assays. Heparinised whole 
blood samples were processed as described in sections 2.3.2 and 2.3.3 for PHAGOTEST/PHAGOBURST assays 
respectively. Measurement of FITC fluorescence using a CyAn™ ADP Analyzer was used to assess the amount 
of internalised FITC-labelled E.coli bacteria/production of reactive oxygen species (ROS) with the above gating 
strategy. Neutrophils were selected based on size and granularity assessed by forward scatter and side scatter 
respectively (A), and forward scatter and pulse width were used to select for single cells and exclude cell clumps 
(B). Any contamination by residual E.coli was excluded using PE dye to stain for DNA content, and selecting 
only human cells based on high DNA content/PE expression (C). Negative controls were used to establish a 
baseline of FITC expression (D) and FITC expression due to phagocytosed bacteria/ROS could then be measured 
(E) and mean fluorescence intensity (MFI) calculated for each sample.  
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2.3.4 Production of Neutrophil Extracellular Traps (NETs) by human neutrophils 

As a measure of activation, we quantified the production of NETs by neutrophils that were 

isolated from peripheral blood samples based on the protocol published by Hazeldine et 

al(272). Patient samples were always paired in the same experiment with a healthy donor. 

20ml of blood was collected in EDTA containing vacutainers from each volunteer and then 

transferred to a 50ml falcon tube. In order to minimise red blood cell contamination, 3.3ml of 

Dextran was added (at a 1:6 ratio) and the tube was gently inverted to mix and left to separate 

for 30-40 minutes at room temperature. This results in a leukocyte rich layer (LRL) top of a red 

blood cell layer. Once this incubation was complete, a Percoll gradient was prepared in two 

15ml falcon tubes by first adding 5ml of 56% Percoll, and then gently layering 2.5ml of 80% 

Percoll underneath. Up to 7ml of the LRL was then gently added on top of each Percoll gradient 

using a 3ml Pasteur pipette, and the tubes were centrifuged at 500g for 20 minutes with no 

break or acceleration. After this step, the plasma and lymphocyte layers were discarded, and 

the neutrophil layer was gently collected using a 3ml Pasteur pipette (see Figure 2.2).  
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These cells were then added to a new 15ml falcon containing 5ml of PBS and washed by 

centrifuging for 10 minutes at 250g. The resulting pellet was then resuspended in 10ml of PBS 

and a cell count was performed using haemocytometer. To exclude dead cells and allow 

effective counting of high concentration samples, 10µl of isolated neutrophils was diluted with 

30µl of medium and 10µl of Trypan blue for a final dilution of 1:5. The volume containing 1 

million cells were then added to a separate Eppendorf for each of the following conditions: 

 

Tube 1: Untreated control (RPMI)   

Tube 2: DMSO treated control (DMSO in RPMI) 

Tube 3: PMA treated control (25nM PMA in RPMI) 

Plasma 

PBMCs 

Neutrophils 

80% Percoll 

56% Percoll 

Figure 2.2: Density gradient from centrifuged Leukocyte Rich Layer. After addition of dextran to whole blood to 
create a Leukocyte Rich Layer (LRL), the sample was added to a Percoll density gradient containing 80% and 
56% Percoll. After centrifuging at 500g for 20 minutes without break or acceleration, a visible neutrophil layer 
was formed at the interface of the two Percoll densities. The above layers containing plasma and peripheral 
blood mononuclear cells (PBMCs) was discarded and neutrophils collected using a Pasteur pipette.  
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Tube 4: Untreated organoid media control   

Tube 5: Treated organoid media (Organoid media + 100mM Ethanol + 100ng/ml LPS)  

Tubes 6-10: Organoid supernatants* 

*Organoid supernatants were diluted in matched treated or untreated media. Ductal 

supernatants were diluted 1:3, differentiated supernatants were diluted 1:2.  

 

These Eppendorfs were then centrifuged at 250g for 5 minutes, and the cells were 

resuspended in 1ml of the appropriate media from the conditions above. The cells were then 

plated at least in triplicate in a 96 well tissue culture plate by adding 200µl of each sample per 

well (resulting in 200,000 neutrophils per well). The plate was then incubated for 3 hours at 

37°C. After this incubation, the supernatant was removed from each well and transferred to 

a separate 0.5ml Eppendorf tube, which were then centrifuged in a pre-cooled centrifuge at 

4°C, 2200g for 10 minutes to remove any cell debris. 100µl of cell-free supernatant from each 

tube was then added to a well in a flat bottomed black 96 well plate. In order to stain the 

extracellular DNA, SYTOX™ green dye was diluted 1:500 in RPMI media and 10µl was added 

to each well using a multichannel pipette. To allow quantification of total extracellular DNA, 

an 8-step standard curve of lambda DNA concentration, from 0-1000ng/ml was also included 

on the plate. The samples were then incubated in the dark for 10 minutes, and read 

immediately using a BioTek Synergy™ 2 plate reader at an excitation of 485 nm and emission 

530 nm. Total DNA concentration was calculated using the standard curve for each 

experiment.  
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2.4 Imaging of human liver tissue  

2.4.1 Immunohistochemistry in human liver sections 

Immunohistochemical (IHC) analysis was performed on both Formalin Fixed Paraffin 

Embedded (FFPE) and snap frozen acetone fixed sections of human liver. FFPE sections were 

dewaxed and rehydrated by submerging them for 3x 3 minutes in xylene, 3x 3 minutes in 

industrial denatured alcohol (IDA) and 2x 3 minutes in water. Antigens that had been masked 

during the fixation and embedding process were then retrieved using either Tris-based (pH 9) 

or Citrate based (pH 6) antigen unmasking solution (antigen dependent). Before use, the 

unmasking solution was first diluted 1:100 in 1L of water and preheated in the microwave for 

10 minutes. Dewaxed and rehydrated FFPE sections were then added and microwaved on high 

for 30 minutes, followed by 10 minutes to cool, and around 5 minutes under cold running 

water. Frozen sections were prepared for staining by thawing at room temperature for 10-20 

minutes.   

 

Prepared sections were then encircled using a wax pen and washed three times by submerging 

the slides in either PBS + 0.1% Tween (0.1% PBST) or TBS + 0.1% Tween (0.1% TBST) (primary 

antibody dependent) for 5 minutes on a rocking platform. The slides were then placed in a 

humidified chamber and incubated for 15 minutes with BLOXALL® Endogenous Peroxidase 

and Alkaline Phosphatase Blocking Solution on a rocking platform at room temperature. After 

this, the slides were washed again and incubated for 20 minutes on a rocking platform in a 2x 

casein solution (in dH2O) in order to block non-specific protein binding. To further reduce non-

specific background staining, the slides were incubated while rocking at room temperature 

for 20 minutes with serum from the host species of the secondary antibody (included in the 
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ImmPRESSâ peroxidase (HRP) polymer kits). Primary antibodies were then added at the 

concentrations indicated in figure legends and left rocking at 4°C overnight or for 1 hour at 

room temperature. After this incubation, the slides were washed and then incubated with the 

secondary antibody from the appropriate ImmPRESSâ peroxidase (HRP) polymer kit for 30 

minutes while rocking at room temperature. The sections were then washed twice and stained 

with an ImmPACTâ DAB Peroxidase (HRP) substrate kit as per the manufacturer’s 

instructions. After staining had developed, the slides were washed with water for 5 minutes 

with gentle agitation and nuclei were counterstained with Meyers haematoxylin for 

approximately 30 seconds. After another 5 minute wash in water with gentle agitation, warm 

water was used to develop the haematoxylin staining for approximately 3 minutes. The 

sections were then dehydrated and cleared by reversing the protocol above (2x 3 minutes in 

water, 3x 3 minutes in IDA and 3x 3 minutes in xylene). Sections were then mounted by adding 

one drop of DPX mountant to a 25mm x 40mm coverslip, which was then slowly lowered on 

to the tissue section in order to avoid bubbles. This mountant was left to dry overnight before 

imaging.  

 

In order to collect representative images and quantify staining, stained slides were imaged 

using a ZEISS Axio Scan .Z1 Slide Scanner at a 10x magnification. From these images, five 

random fields of view were selected using on the Zen Black software. To avoid bias, this was 

done by randomly selecting 5 areas across the thumbnail image on the same magnification. 

Images were created from view and converted to a .TIFF (Tagged Image File) format for 

quantification in FIJI image analysis software. This was completed using the thresholding 

function as shown in Figure 2.3. 
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2.4.2 Immunofluorescent staining of human liver sections  

All immunofluorescence staining (IF) was completed on snap frozen acetone fixed liver 

sections. Sections were left to thaw at room temperature for 10-20 minutes and then 

encircled with a wax pen. These were then washed three times by submerging the slides in 

either 0.1% PBST or 0.1% TBST (primary antibody dependent) for 5 minutes on a rocking 

platform. To reduce non-specific staining, the slides were incubated for 20 minutes on a 

rocking platform with a blocking solution consisting of 2 x casein and 10% serum from the host 

species of the secondary antibody. After this incubation, the primary antibody was added at 

the dilutions indicted in Table 2.3 and the slides were incubated while rocking either overnight 

at 4°C or for 1 hour at room temperature. After this the slides were washed three times and 

incubated with the appropriate secondary antibody while rocking at room temperature for 30 

minutes, and protected from direct light from this point onwards. The sections were then 

washed 3 times and nuclei were counterstained with DAPI for three minutes while rocking. 

The slides were then washed a final 3 times and mounted by adding 2 drops of DAKO 

fluorescence mounting media to each section and covering with a 25mm x 40mm coverslip. 

The sections were left to dry overnight at room temperature and then stored at 4°C until 

imaging. All IF slides were imaged using a ZEISS LSM780 or LSM880 confocal microscope, and 

image analysis was completed using ZEISS ZEN Blue or ZEN Black software. 
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Antibody Species/isotype Supplier Clone Cat No. Dilution 

Albumin Goat/IgG 
Bethyl 

Laboratories Polyclonal A80-229A 1:100 
CD45 Rabbit/IgG Abcam Polyclonal ab10558 1:400 

Cytokeratin 19 Rabbit/IgG Abcam EP1580Y ab52625 1:200 
EpCAM Mouse/IgG1 Progen HEA125 61004 1:50 
HNF4α Rabbit/IgG Cell Signalling C11F12 3113S 1:5000 

Neutrophil Elastase Rabbit/IgG Abcam EPR7479 ab219585 1:2000 
SOX9 Rabbit/IgG Abcam EPR14335-78 ab185966 1:250 
TLR4 Mouse/IgG2b Abcam 76B357.1 ab22048 1:200 

Isotype controls 
Isotype control Mouse/IgG2bk eBioscience™ eBMG2 15227377 AD 
Isotype control Rabbit/IgG Abcam EPR25A ab172730 AD 
Isotype control Rabbit/IgG Abcam Polyclonal ab37415 AD 
Isotype control Mouse/IgG1k Thermo Fisher P3.6.8.1 14-4714-85 AD 

Secondary Antibodies 
Goat anti-Mouse 
Alexa Fluor™ 647 Goat/IgG1 Invitrogen Polyclonal A21240 1:500 
Donkey anti-Goat 
Alexa Fluor™ 488 Donkey/IgG Invitrogen Polyclonal A11055 1:500 
Goat anti-Mouse 
Alexa Fluor™ 488 Goat/IgG1 Invitrogen Polyclonal A21121 1:500 
Goat anti-rabbit 

Alexa Fluor™ 594 Goat/IgG Invitrogen Polyclonal A11037 1:500 

DAPI - Invitrogen - D1306 1:50,000 
 
  Table 2.3: Table of antibodies detailing antibody target, host species and isotype, supplier, clone and catalogue 
number. Dilution of isotype control antibodies was assay dependent (AD). 
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Figure 2.3: Quantifying immunohistochemical staining using FIJI software. Example image analysis process 
from an ALD liver section stained for Cytokeratin 19. Representative images selected randomly using ZEN 
Blue software are uploaded to FIJI as a .TIFF file (A). The image is then split into separate red, green and blue 
colour channels, with the blue channel being used for the next stages of analysis and show in panel(B). Using 
the threshold function, it is then possible to isolate areas of staining whilst selecting out areas of non-specific 
background staining, which is done manually to select a suitable threshold for the stain (area of selection 
shown in red) (C). This threshold can then be applied, and a measurement taken of the total percentage area 
of staining as shown in panel (D) where measured area is shown in black and %Area measurement is shown 
below the image. Using a macro plug in for the software, this can be batch processed to reduce bias when 
thresholding. 
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2.5 Analysing gene expression in whole tissue  

2.5.1 RNA extraction  

Whole tissue data in this project was predominantly generated using banked RNA extracted 

from human liver samples by Dr Emma Shepherd. RNA extraction was performed using a 

Qiagen RNeasy Plus Mini Kit as per the manufacturer’s instructions. Prior to using the kit, 

working solutions of the kit components were prepared as follows: four volumes of absolute 

ethanol were added to buffer RPE, and 10µl/ml of b-Mercaptoethanol was added to the RLT 

buffer in order to improve the stability of the RNA (this solution was replaced once a month). 

30mg of snap-frozen tissue was lysed in 600µl of RLT buffer using a gentleMACSä Tissue 

Dissociator. 600µl of ethanol was then added to the sample, which was mixed and transferred 

to a RNeasy spin column. This was centrifuged for 30 seconds at 10,000rpm, and the flow-

through was discarded from this and every subsequent step until the elution in RNase free 

water. On-column DNase digestion was then performed by adding 350µl of Buffer RW1 to the 

column and centrifuging for 30 seconds at 10,000rpm, followed by addition of 80µl of DNase 

(diluted 1:8 with buffer RDD) and incubating for 15 minutes at room temperature. A further 

350µl of Buffer RW1 was then added to the column, which was centrifuged again for 30 

seconds at 10,000rpm. The column was then washed twice with 500µl of Buffer RPE; first by 

centrifuging for 30 seconds at 10,000rpm then for 2 minutes at 10,000rpm. In order to further 

dry the membrane and ensure no carry over of ethanol, the column was then removed and 

added to a new 2ml collection tube which was centrifuged at full speed for 1 minute. The 

column was then placed in a 1.5ml collection tube and 30µl of RNase-free water was added 

directly onto the membrane. This was centrifuged for 1 minute at 10,000rpm in order to elute 
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the RNA and the concentration of RNA (ng/µl) was measured using an Implen™ 

NanoPhotometer™. This concentration was noted for cDNA synthesis.   

2.5.2 cDNA synthesis  

All cDNA was synthesised using Applied Biosystems™ High-Capacity cDNA Reverse 

Transcription Kit according to manufacturers’ instructions. Each 20µl reaction contained 6.8µl 

of cDNA Master Mix and up to 13.2µl of RNA. Where RNA yields were high enough, 2µg of 

RNA was added to each 20µl reaction alongside nuclease free water to bring the total volume 

up to 13.2µl. However, in many instances this was not achievable from low yield organoid 

samples. In these cases, the maximum concentration possible was added within the limitation 

of the 13.2µl total volume. This was combined with 6.8µl of cDNA Master Mix (Table 2.4A) to 

give a final volume of 20µl, and cDNA was synthesised using a SensoQuest labcycler under the 

conditions as shown in Table 2.4B. Each time cDNA was synthesised, a No Enzyme Control 

(NEC) and No Template Control (NTC) were also made using the same protocol as for cDNA 

synthesis, except for using nuclease free water to replace the Reverse Transcriptase and 

RNase Inhibitor (NEC) or RNA (NTC). Synthesised cDNA was stored at -20°C. 
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cDNA Master Mix 
Component Volume (µl) 
10x RT Buffer 2 
25x dNTP Mix (100mM) 0.8 
10x RT Random Primers 2 
MultiScribe™ Reverse Transcriptase 1 
RNase Inhibitor 1 

cDNA Synthesis 
Step Cycles  Time (Mins) 
1 25 10 
2 37 120 
3 85 5 
4 4 Hold 

Table 2.4: Conditions for cDNA synthesis from isolated RNA. For each 20µl cDNA synthesis reaction, 6.8µl of 
cDNA Master Mix was added using the component volumes listed in (A). cDNA was then synthesised using a 
SensoQuest Labcycler using the protocol conditions listed in (B).  
 

A B 
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2.5.3 Analysis of gene expression using quantitative PCR (qPCR) 

mRNA expression was investigated in both whole liver and organoid samples using qPCR. 

Experiments were completed in a 384 well plate format with a total reaction volume of 

10µl/well. This reaction contained 5µl of TaqMan® Universal Master Mix II (no UNG), 0.5µl of 

the desired Taqman assay (Table 2.6) and 4.5µl of cDNA in nuclease free water. Where 

possible 25ng of cDNA was added per well (with the volume of nuclease free water adjusted 

accordingly to give a total volume of 4.5µl) although this was limited by the concentration of 

cDNA made. The PCR was performed using a Roche LightCyclerÒ 480 II machine under the 

conditions shown in Table 2.5 and analysis was completed using the LightCyclerÒ 480 

software.  Relative expression to housekeeping genes (assay dependent) was calculated with 

samples with a Ct value lower than 35 cycles. Relative expression to housekeeping genes (in 

triplicates of each sample) was calculated by device software using the following equations:  

 

∆𝑪𝑻 = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐶𝑡	𝑓𝑜𝑟	𝐺𝑒𝑛𝑒	𝑜𝑓	𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡) − (𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐶𝑡	𝑓𝑜𝑟	𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔	𝐺𝑒𝑛𝑒)	

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆	𝑬𝒙𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏	𝒐𝒇	𝑮𝒆𝒏𝒆	𝒐𝒇	𝑰𝒏𝒕𝒆𝒓𝒆𝒔𝒕 = 2g∆hi  

 

 

 

 

qPCR conditions   
Step Cycles Time (mm:ss) Temperature (°C) 

Polymerase activation 1 10:00 95 
Denature 40 00:15 95 
Anneal/extend 1:00 60 

Table 2.5: Conditions for qPCR reaction in a Roche LightCyclerÒ 480 II.  
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Target Assay ID 
ABCB11 (BSEP) Hs00994811 
Albumin Hs006090411_m1 
b-Actin Hs01060665_g1 
CYP2C19              Hs00426380 
CYP2E1 Hs00559367_m1 
CYP3A4                Hs00604506 
EPCAM HS00901885_m1 
GAPDH Hs99999905_m1 
HNF4A Hs00230853_m1  
Human complement C3 Hs00163811_m1 
Human complement C5 Hs00156197_m1 
Human complement C8A Hs00175098_m1 
Human complement MBL2 Hs00175093_m1 
KRT19 Hs00761767_s1 
KRT7 Hs00559840_m1 
SRSF4 Hs00194538_m1 
TLR4 Hs00152939_m1 
CDKN2A (P16)             Hs00923894 
CDKN1A (P21) Hs00355782 

Table 2.6: Table of TaqMan Assay IDs utilised for qPCR analysis in whole liver tissue and 3D organoids. 
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2.6 Human Liver Organoid Culture 

Organoid protocols were developed and adapted from protocols described by Huch et al(214) 

and Fernando et al(273), alongside in-house protocols from the Centre for Liver and 

Gastrointestinal Research (University of Birmingham) and Dr Simon Hirota (University of 

Calgary).  

2.6.1 Isolation of progenitor cells from fresh human liver tissue for 3D organoid culture 

Organoid cultures were established from approximately 2cm3 human liver tissue using an 

adapted version of the protocol published by Huch et al (214) and Fernando et al(273) (Figure 

2.4). Cubes of liver were cut (avoiding the liver capsule) from a slice of either explanted ALD 

liver, normal resected tissue or donor liver. Cubes were then stored in Dulbecco’s Modified 

Eagle Medium (DMEM) at 4°C until isolation. Ideally isolations took place within 48 hours of 

the organ being explanted, but organoid cultures were also grown successfully when isolated 

within 72 hours. All of the reagents were kept on ice throughout the isolation protocol, apart 

from those used for enzyme digestion. When isolating from tissue samples, the following 

items were prepared in advance:  

• A 48 well tissue culture plate was pre-warmed to 37°C at least two hours before plating 

the isolated cells, ideally the night before. This allows the Matrigel to set instantly on 

contact with the plate and help maintain the domed structure.  

• A 100µl aliquot of Matrigel was thawed on ice, in the fridge at 4°C for at least two 

hours before plating isolated cells, ideally the night before. As Matrigel begins to 

solidify at room temperature it is essential to keep this on ice at all times, and thawing 

time cannot be reduced by incubating at higher temperatures.  
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• Wash buffer (DMEM containing 1% FBS) was prepared and precooled on ice. 

• Digestion buffer (Earls Balanced Salt Solution (EBSS) containing 2.5mg/ml collagenase 

D and 0.1mg/ml DNase 1) was prewarmed to 37°C. 

• An aliquot of Accutase enzymatic digestion solution was prewarmed to 37°C. 

Importantly, before any contact with cells throughout this protocol, pipette tips were pre-

coated in ice cold PBS containing 2% FBS (PBS2) in order to prevent sample loss due to cells 

adhering inside the pipette tip. This step also allowed precooling of pipette tips before 

handling Matrigel. 

 

The cube of tissue (Figure 2.4A) was removed from the DMEM and minced in a sterile petri 

dish until pieces were approximately 1-3mm3 (Figure 2.4B). Once minced the sample was 

transferred to a 50ml tube, 20ml of wash buffer was added and sample was washed twice by 

centrifuging at 4°C, 300g for 5 minutes (Figure 2.4C). After this, the supernatant was discarded 

and pelleted tissue was incubated in pre-warmed digestion buffer for 30 minutes at 37°C, with 

occasional agitation by hand. 20ml of ice-cold wash buffer was added to stop digestion, and 

the sample was filtered through a 70µm nylon cell strainer into a clean 50ml falcon tube 

(Figure 2.4D). After centrifugation at 4°C, 300g for 5 minutes, the cell pellet was resuspended 

in 10ml of fresh wash buffer and left on ice (Fraction A). During this time, any tissue that 

remained in the 70µm nylon cell strainer was digested for a second time using Accutase. The 

strainer was placed in a well of 6 well plate with the lip of the filter resting on the edge of the 

well. 7.5-10ml of Accutase was added and tissue was incubated at 37°C for 10 minutes (Figure 

2.4E). At the end of this incubation the tissue was washed through using 5ml of ice-cold wash 

buffer. This cell suspension (Fraction B) was then collected from the well with a Pasteur 
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pipette, centrifuged and resuspended as with Fraction A. The two fractions were then 

combined and filtered through a new 70µm nylon cell strainer. After a final wash the resulting 

pellet was resuspended in 10ml of Advanced DMEM-F12 (ADF). This cell suspension was 

centrifuged again at 4°C, 300g for 5 minutes. The supernatant was then removed and the 

pellet was resuspended in 35ml ADF + 13.5ml Percoll (density 1.130g/ml) + 1.5ml 10x PBS in 

order to remove unwanted cells and debris. This suspension was centrifuged at 4°C, 100g for 

10 minutes and then washed three times in 10ml of ADF by centrifuging at 4°C, 300g for 5 

minutes.  

 

To prepare cells for resuspension in Matrigel, the resulting pellet was resuspended in 1ml of 

ADF, transferred to a 1.5ml Eppendorf tube, and centrifuged at 4°C, 300g for 5 minutes. This 

was done twice - once with the hinge of the Eppendorf facing downwards, and then again with 

the hinge of the Eppendorf facing upwards. The supernatant was then removed, leaving 

around 25µl on the pellet, which was then pipetted up and down 3-5 times. This facilitated 

partial resuspension of the cells to minimise bubble formation after addition of Matrigel. The 

cells were then resuspended in 75µl Matrigel. 25µl of Matrigel-cell suspension was added to 

the centres of 3-4 wells in a pre-warmed 48-well tissue culture plate using pre-cooled pipette 

tips. The plate was inverted and the Matrigel was left to solidify at 37°C for 30 minutes (Figure 

2.4F-G). Once the Matrigel had solidified, cells were fed with 250µl per well of “Expansion 

Medium” as described by Huch et al(214), the components of which are listed in Table 2.6. 

This media was supplemented with 100ng/ml Noggin, 100ng/ml Wnt, and 10µM Y27632 for 

the first three days post-isolation. These cultures were not passaged until two weeks post-

isolation. 
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Figure 2.4 Isolation of progenitor cells from whole human liver. Cubes of liver (A) are minced (B), washed and 
incubated with a collagenase D/DNase enzyme digest solution (C). The cell suspension is then filtered through 
a cell strainer (D) and the remaining tissue is digested a second time with Accutase (E). After further washing 
and clean up steps, the cell pellet is resuspended in Matrigel and plated in a pre-warmed 48 well plate. This 
plate is then inverted (F) and incubated at 37°C to set the Matrigel dome. Once the domes have solidified 
(G) 250μl of supplemented Expansion Media was added per well, as described in Table 2.6. 
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2.6.2 Isolating hepatic organoids from cryopreserved tissue  

Pieces of fresh liver tissue approximately 10mm x 3mm x 3mm were cut and added to a 2ml 

cryovial, with 1-2ml of “Freezing Medium” consisting of ADF + 10% FBS + 5% DMSO. These 

vials were then frozen slowly in an alcohol-free freezing container for 24 hours, and stored 

long term in liquid nitrogen. To isolate cells from these samples, they were removed from 

liquid nitrogen and thawed rapidly at 37°C. Tissue pieces were allowed to settle to the bottom 

of the vial, and freezing medium was carefully aspirated. The tissue was then washed with 1ml 

of “Recovery Media” described by Tsai et al(274) as detailed in Table 2.6. The contents of the 

cryovial were then transferred to a 1.5ml Eppendorf using a widened pipette tip. The tissue 

pieces were allowed to settle and as much liquid was removed as possible, followed by the 

addition of 500µl of fresh recovery media. To dissociate the tissue pieces, the sample was 

minced using fine nosed dissecting scissors within the Eppendorf. A PBS2 coated widened 

pipette tip was then used to transfer the contents to a 50ml Falcon tube, with any leftover 

cells being washed from the Eppendorf with an additional 1ml of recovery media and added 

to the Falcon tube. The tissue was again left to settle, the supernatant was removed and the 

tissue pieces were incubated for 30 minutes in digestion buffer as listed in 2.6.1. From this 

point onwards, the protocol followed the same steps as when isolating from fresh whole tissue 

(Section 2.6.1). 

 

When the Matrigel-cell suspension was plated and solidified, 250µl of recovery media was 

supplemented with 10µM of Y27632 and added to the wells. This media was replaced with 

recovery media alone for a further 48 hours, and then finally replaced with standard Expansion 

Media. These cultures were not passaged until two weeks post-isolation. 
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Reagent Concentration Company Cat. number 
A-83-01 5 µM Merck Life Science  SML0788 
B27 1X Thermo Fisher 17504044 
EGF 50 ng/nl Peprotech AF-100-15 
FGF10 100 ng/ml Peprotech 100-26 
Forskolin 10 µM STEMCELL Technologies  72112 
Gastrin 10 nM Merck Life Science  G9020 
HEPES pH7 10 mM Sigma-Aldrich H0887 
HGF 25 ng/ml Peprotech 100-39H 
N-Acetylcysteine (NAC) 1.25 mM Sigma  A9165-5G 
N2 1X Thermo Fisher 11520536 
Nicotinamide 10 mM Sigma 72345-50G 
R-Spondin 1 500 ng/ml Peprotech 120-38 
    

Additional supplements post-isolation:  
Noggin 100 ng/ml Peprotech  120-10C 
Wnt 100 ng/ml Bio-Techne Ltd 5036-WN-010 
Y27632 10 µM Peprotech  1293823 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reagent Concentration Company Cat. number 
A-83-01 500 nM Merck Life Science SML0788 
B27 1X Thermo Fisher 17504044 
BMP7 25ng/ml Peprotech 120-03P 
DAPT 10 µM Abcam ab120633 
Dexamethasone 30 µM Sigma-Aldrich D2915 
EGF 50 ng/ml Peprotech AF-100-15 
FGF19 100 ng/ml Peprotech 100-32 
Gastrin 10 nM Merck Life Science  G9020 
HEPES pH7 10 mM Sigma-Aldrich H0887 
HGF 25 ng/ml Peprotech 100-39H 
N2 1X Thermo Fisher 11520536 

Reagent Concentration Company Cat. number 
Thiazovivin 2.5µM Peprotech 1227180 
SB431542 100nM Peprotech 3014193 
CHIR99021 4µM Peprotech 2520691 
Y27632 10µM Peprotech  1293823 

Table 2.7: Organoid media composition. All organoid media was made from Advanced DMEM F-12 (ADF) 
supplemented with 5mM Penicillin, Streptomycin and Glutamine (PSG) alongside additional components as 
listed for Expansion, Differentiation(214) and Recovery Media(274). Media was prepared in small batches and 
stored at 4°C for no more than 2 weeks. Aliquots of media were warmed as needed to feed organoid cultures, 
and Primocin antimicrobial reagent (100μg/ml) was added to prevent growth of contaminants(273).  
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2.6.3 Maintenance culture of hepatic organoids (expansion period) 

Culture protocols were adapted from Huch et al(214) and Fernando et al(273). Organoid 

media was changed every 2-3 days by aspirating the media from each well and replacing it 

with 250µl of fresh, prewarmed Expansion Media. After the initial 2-week period post 

isolation, organoid cultures were passaged approximately once every 7 days at a split ratio of 

1:2 – 1:12. Confluence was assessed based on organoid crowding, including the number and 

size of 3D structures within the Matrigel droplet as demonstrated in Figure 4.5 (Chapter 4). 

This protocol required the sample and all reagents to be kept on ice and all tips to be coated 

with PBS2. Media was aspirated and replaced with 1ml of ice-cold ADF. Matrigel domes and 

organoid structures were then mechanically dissociated via pipetting up and down with a 

P1000 pipette tip, and the contents of the plate were transferred to a 50ml falcon tube. The 

cells were centrifuged twice at 4°C, 300g, for 5 minutes, then the supernatant was removed 

and the cells were resuspended in 1ml of ADF. This cell suspension was then pipetted up and 

down 30 times in order to further dissociate organoid structures and transferred into a 1.5ml 

Eppendorf, which was centrifuged at 4°C, 300g for 5 minutes. This was done twice - once with 

the hinge of the Eppendorf facing downwards, and then again with the hinge of the Eppendorf 

facing upwards. After removing the supernatant, the pellet was resuspended in the 

appropriate volume of Matrigel for the desired number of wells (25µl/well); e.g. to split 2 wells 

at a 1:6 ratio, the pellet would be resuspended in 300µl of Matrigel for plating in 12 wells. 

Organoids where then plated as described in 2.6.1 and 250µl of Expansion Media was added 

per well. This media was supplemented with 10µM Y27632 for the first three days post 

passage, then changed every 2-3 days thereafter. 
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2.6.4 Cryopreservation and subsequent re-establishment of organoid cultures  

To cryopreserve cultured organoids for storage, organoid structures were dissociated and 

removed from the Matrigel by following the steps in Section 2.6.3. After washing twice (4°C, 

300g for 5 minutes), supernatant was removed and replaced with 1ml of “freezing medium” 

consisting of ADF + 10% FBS + 5% DMSO. The equivalent of 2-3 confluent wells were stored 

per cryovial and topped up with freezing medium to a total volume of 1ml per vial. For 

example, freezing 10 confluent wells would give 5 cryovials each containing 200µl of cell 

suspension, followed by the addition of 800µl of freezing medium. The cryovials were then 

frozen slowly in an alcohol-free freezing container for 24 hours and stored long term in liquid 

nitrogen.  

 

In order to culture these cells, samples were removed from liquid nitrogen and thawed rapidly 

with the addition of 1ml of prewarmed “thawing media” (at 37°C) consisting of ADF + 1% 

Bovine Serum Albumin (BSA) + 15mM HEPES buffer, as adapted from protocols published by 

STEMCELL Technologies(275). This cell suspension was then transferred using a PBS2 coated 

pipette into a 15ml falcon tube containing 2ml of room temperature thawing media. The 

cryovial was then washed out with an additional 1ml of thawing media and added to the 15ml 

falcon tube. This tube was centrifuged at 4°C, 300g for 5 minutes, and the resulting pellet was 

resuspended in 1ml of ice cold ADF and transferred to a 1.5ml Eppendorf. Cells were washed 

twice and plated in Matrigel as described in section 2.6.1.  Once the Matrigel had solidified, 

250µl of Expansion Media supplemented with Y27632 (10mM) was added to each well.   
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2.6.5 Differentiation into hepatocyte-like organoids 

The protocols above generate progenitor-derived ductal-like organoids. These were further 

differentiated into hepatocyte-like organoids as described by Huch et al(214). In order to 

encourage differentiation into mature hepatocytes, cultures were passaged and then 

“primed” with the addition 25ng/ml of BMP7 for 7-10 days. After this period, the organoid 

cultures were passaged again and plated for the final time. Since differentiated organoids do 

not proliferate, this passage step was used to set up the final experimental plates. The cultures 

were supplemented with BMP7 for a further 2-4 days, and then the media was replaced with 

“Differentiation Media” as described in Huch et al(214). The components and concentrations 

of this media are shown in Table 2.6. 

 

 

 
 
 
 
 
 
 

Figure 2.5: Timeline for isolation, expansion and differentiation of 3D organoids. Hepatic progenitor cells were 
isolated from human liver tissue as described in 2.6.1 and plated in Matrigel. After 2 weeks these were 
passaged for the first time as described in 2.6.3, and then continually passaged approximately every 7 days. To 
differentiate, cultures were passaged and BMP7 was added for 7 days. Organoids were then passaged again, 
left in Expansion Media plus BMP7 for 2-4 days and then Expansion Media was replaced with differentiation 
media. Organoids were harvested either 8 or 12 days after switch to differentiation media. Figure created in 
BioRender. 
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2.7 Investigating phenotype and function of primary human liver derived organoids 

2.7.1 Analysis of hepatic progenitor cell phenotype using flow cytometry  

To confirm the presence of EpCAM+ progenitor cells in our tissue isolates, the final pellets 

from one ALD and one donor sample isolated as described in 2.6.1 were fixed in 4% PFA at 

room temperature for 1 hour. These were then washed three times in 10ml of PBS by 

centrifuging at 250g for 3 minutes, resuspended in FACS buffer (PBS + 2% FBS), and distributed 

evenly between round bottom tubes. Samples were centrifuged at 420g for 5 minutes and 

supernatant was gently poured out leaving approximately 100µl in the tube. Anti-EpCAM 

antibody was added to one tube, leaving the other as an unstained control, and incubated at 

room temperature for 30 minutes. The sample was then washed in FACS buffer at 420g for 5 

minutes, and incubated with a fluorescent secondary antibody for 30 minutes. Sample was 

then washed in 1ml of buffer twice, and then resuspended in 300µl. This was then filtered 

through a cell strainer, and analysed using a Fortessa Flow Cytometer using the gating strategy 

indicated in Figure 2.6. Compensation beads were used to optimise fluorescence 

compensation.  
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2.7.2 Removal of organoids from Matrigel for downstream applications  

The Matrigel dome surrounding organoids needed to be depolymerised and removed in order 

to complete phenotypical and functional analysis of the cells. Culture media was gently 

aspirated and was replaced with 200µl of Corningâ Cell Recovery Solution, which was used 

as per the manufacturer’s instructions. The cultures were gently pipetted up and down to 

break up the Matrigel with a P1000 pipette tip (for RNA or protein extraction) or a sterile 

Pasteur pipette (for whole organoid imaging). The plate was then left rocking at 4°C for 

approximately 20-30 minutes. After this, the contents of the plate were transferred to a 15ml 

Figure 2.6: Analysis of hepatic progenitor cell phenotype using flow cytometry. Fixed cells from whole liver 
isolations as described in 2.6.1 were stained for EpCAM+ progenitor cells compared to an unstained control. 
Single cells were selected using Forward Scatter Height vs Forward Scatter Area (FSC-H vs FSC-A), removing 
cell clumps. EpCAM+ cells were then selected based on high expression of APC fluorescence.   
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falcon tube and centrifuged at 4°C for 3 minutes at 250g (for RNA and protein), or 100g (for 

imaging) in order to separate the depolymerised Matrigel. This supernatant was removed with 

a P1000 pipette tip and replaced with 3ml of ice-cold PBS to wash off residual Matrigel and 

cell recovery solution. The cell pellet was gently resuspended with a P1000 pipette tip or 

Pasteur pipette and centrifuged at 250g or 100g again as above. This wash step was then 

repeated 1-2 times depending on the stability of the pellet, as Matrigel carry over results in a 

less defined pellet at the bottom of the tube and therefore requires an extra wash step for 

removal. The final pellet was then resuspended as appropriate for the desired downstream 

application.  

2.7.3 Monitoring organoid growth over time 

To compare growth rates of donor liver and cirrhotic liver-derived organoids, the increase in 

total protein concentration was monitored over the course of 10 days. Two wells of organoids 

were taken every 2-3 days post passage (including immediately after plating on day 0). The 

organoids were removed from Matrigel as described in Section 2.7.2 and lysed in 250µl of 1x 

RIPA (Radioimmunoprecipitation assay) buffer. Samples were snap frozen in liquid nitrogen 

and then stored at -80°C for batch analysis. To perform this analysis, lysates were thawed on 

ice and then sonicated at a frequency of 20 kHz for two 10 second periods with the samples 

remaining on ice throughout the protocol. Total protein was then immediately quantified 

using a Pierce™ Rapid Gold BCA Protein Assay Kit as per the manufacturer’s instructions. 

Briefly, a BSA standard (2mg/ml) was diluted in RIPA buffer to give concentrations of 2,000, 

1,500, 1,000, 750, 500, 250, 125, 25, and 0µg/ml. The standards, alongside RIPA buffer (as a 

background control) and the protein lysates were added in duplicate to a low adhesion 96 well 
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plate with 20µl per well. The appropriate amount of Pierce™ Rapid Gold Working Reaction 

was then prepared for the number of samples at a ratio of 50:1 for kit reagents A:B. The 

working reaction was mixed thoroughly, rapidly added to the plate and incubated at room 

temperature for 5 minutes. Absorbance at 480nm was read using a BioTek Synergy™ HT plate 

reader. Average absorbance values for replicate wells from each condition were calculated 

and background was subtracted from all values. Total protein concentrations were then 

calculated using the known values from the standard curve.  Growth rate was assessed by the 

percentage increase in total protein between each sample at day 0, 2, 4, 7, and 9.   

2.7.4 Acute stimulation of organoids with ethanol and LPS 

In order to recreate the hepatocellular toxic response to ethanol in patients with ARLD, we 

exposed organoids to a range of alcohol concentrations in the presence or absence of LPS. 

Responses were explored in both ductal-like and hepatocyte-like organoids derived from both 

healthy and cirrhotic tissue. Stocks of 1M Ethanol were diluted in organoid media in order to 

give final in-well concentrations between 1-200mM, and the cultures were incubated for 24 

hours at 37°C alongside untreated controls. Ductal organoids were treated at high-confluency 

(approximately 6 days post-passage) and hepatocyte-like organoids were treated on either 

the 8th or 11th day of culture (assay dependent) in differentiation media. For dual injury with 

LPS, a stock LPS concentration of 1mg/ml was diluted in the appropriate organoid culture 

medium to give a final in-well concentration of 100ng/ml LPS. After 24 hours, supernatants 

from each condition were collected, snap frozen in liquid nitrogen and stored at -80°C. 

Organoids were collected for RNA isolation (Section 2.7.6) or immunofluorescent staining 

(Section 2.7.9).  
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2.7.5 Treatment with fatty acids to assess formation of lipid droplets 

To assess whether differentiated organoids were able to form lipid droplets under lipogenic 

conditions, cultures of hepatocyte-like donor-derived organoids were fed with media 

supplemented with 0.4mM Oleic acid, and 0.2mM Palmitic acid for 24 hours. Wells were then 

washed twice with 1ml PBS and fixed in PFA for 1hr 20 minutes. Organoids were then washed 

three times in PBS by centrifuging for 3 minutes at 100g, and resuspended in LipidTOX™ non-

specific lipid dye. Organoids were transferred to a chamber slide and imaged on a ZEISS 

LSM880 confocal microscope with Airyscan by Pantelitsa Papakyriacou.  

2.7.6 Analysing organoid gene expression via qPCR 

To isolate RNA, organoids first needed to be removed from the Matrigel as described in 2.7.2. 

Once washed in PBS, the final pellet was resuspended in 350µl of RLT lysis buffer (which was 

increased to 600µl if the lysed sample was highly viscous), snap frozen in liquid nitrogen and 

stored at -80°C. Stored samples were thawed on ice and lysed further by passing the sample 

through a needle 10 times. One unit of 70% ethanol (either 350µl or 600µl depending on the 

volume of RLT buffer used for initial lysis) was added to the sample before proceeding with 

RNA isolation, cDNA synthesis and qPCR as described in Sections 2.5.1-2.5.3. 

2.7.7 qPCR arrays to investigate expression of multiple pathway components  

In order to check if (and which) complement proteins were expressed by liver organoids, we 

used the TaqMan® Array for the Human Complement Pathway. This array contains lyophilised 

TaqMan assays for 28 complement pathway associated genes and 4 endogenous control 

genes in a 96 well plate format. The plate design allows for a single sample plated in triplicate, 
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however we used this opportunity to investigate three different samples plated singly. A total 

of 12.5ng of cDNA (in nuclease free water) was added to each well along with 5µl of TaqMan® 

Universal Master Mix II (with UNG) to give a total reaction volume of 10µl. The samples were 

added to the plate using a multichannel pipette, mixed several times by pipetting to allow for 

reconstitution of the lyophilised TaqMan assays, and then transferred to a white Roche 

LightCyclerÒ compatible 96 well plate. The PCR was completed using Roche LightCyclerÒ 480 

II machine under the conditions shown in Table 2.4, with an additional UNG activation step at 

the start for two minutes at 50°C. I assessed the variability of the endogenous housekeeping 

genes across the three samples and chose TBP as the gene against which to calculate relative 

expression. 

2.7.8 Analysis of fibrosis associated gene changes with NanoString technology  

RNA was isolated from organoid cultures as described in 2.7.6 and purity was confirmed via 

TapeStation. Samples were loaded onto an nCounter Fibrosis Panel by Ellie Northall, and the 

NanoString panel was run by Birmingham Tissue Analytics.  Data was analysed in nCounter 

software by Dr Emma Shepherd and displayed as a heatmap of differential gene change in 

response to treatment, with minimum cut-off of 2-fold gene change.  

2.7.9 Immunofluorescent staining of whole organoids 

Throughout this protocol (adapted from protocols provided by Dr Simon Hirota), organoids 

were handled using a 3ml Pasteur pipette to avoid the collapse of 3D structures. To prepare 

the organoids for staining, they were first removed from their Matrigel dome as described in 

section 2.7.2 and then fixed in a 15ml falcon tube in 1ml of 4% Paraformaldehyde (PFA) for at 



 92 

least 30 minutes at room temperature. Organoids were then washed three times in 10ml of 

PBS by centrifuging at 100g for 3 minutes, removing supernatant and gently resuspending the 

structures in fresh PBS with a Pasteur pipette. After the last wash, cells were permeabilised 

with 0.2% Triton-X for 10 minutes whilst rocking at room temperature. The tube was then 

centrifuged at 100g for 1 minute to collect the organoids at the bottom of the tube and the 

supernatant was removed. The structures were washed 3 times in PBS + 0.2% Tween (0.2% 

PBST) by adding 5ml of PBST, rocking at room temperature for 3 minutes and then centrifuging 

for 1 minute at 100g. In order to reduce non-specific staining, the organoids were blocked in 

a solution containing 2x casein and 10% serum from the secondary antibody host species for 

20 minutes. Primary antibodies were then added at the dilutions indicated in Table 2.3 and 

samples were incubated on a rocking platform for 1 hour at room temperature or overnight 

at 4°C. The structures were then washed 3 times in 0.2% PBST and incubated with the 

appropriate secondary antibodies for 30 minutes at room temperature, whilst rocking and 

protected from light. After this incubation the organoids were washed another three times 

and the nuclei were counterstained with DAPI for 5 minutes while rocking at room 

temperature. After a final 3 washes, organoids were mounted in an ibidi 8-well µ-slide using 

DAKO fluorescence mounting medium and imaged using a ZEISS LSM780 or LSM880 confocal 

microscope. Image analysis was completed using ZEISS ZEN Blue or ZEN Black software.  

2.7.10 IL-8 ELISA 

IL-8 concentrations in organoid supernatants were measured using a Human IL-8/CXCL8 

DuoSet® ELISA and ancillary reaction kit as per the manufacturer’s instructions. Briefly, a high-

binding plate was coated with 100µl of IL-8 capture antibody overnight at room temperature. 
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The next day the content of each well was aspirated and washed three times with 400µl of 

wash buffer. At the end of the wash step the plate was blotted firmly against absorbent tissue 

to prevent any carry over of liquid between steps. Non-specific binding was then blocked with 

300µl of block buffer for 1 hour at room temperature, followed by another three washes. 

Standards were prepared using a 1:2 serial dilution (from 2000pg/mL to 31.3pg/mL) of a 

reconstituted IL-8 protein standard. 100µl per well of these standards were added to the plate 

in duplicate along with diluent and media only controls in order to subtract background 

binding. 100µl per well of organoid supernatant was then added in triplicate either neat or at 

a 1:10 dilution, the plate was covered with an adhesive strip and then incubated for 2 hours 

at room temperature. After this incubation, the plate was washed three times and 100µl per 

well of detection antibody was added for a further 2 hours at room temperature. After 

another three washes, 100µl of Streptavidin-HRP was added to each well and incubated for 

20 minutes at room temperature. From this point, the plate was protected from direct light. 

The plate was then washed as above one final time, and 100µl of substrate solution (provided) 

was added to each well for 20 minutes. This reaction was stopped by adding 5µl of stop 

solution and gently tapping to encourage mixing. The plate was read immediately at 450nm 

and 540nm using a BioTek Synergy™ HT plate reader, and the values for the second reading 

were subtracted. The averaged values for the standard curve were interpolated using a 

Sigmoidal, 4PL, X is concentration analysis in GraphPad Prism, and used to calculate the 

concentration of IL-8 in each condition.  
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2.7.11 Quantification of multiple analytes in organoid supernatant using Proteome Profilers 

In order to investigate the range of chemokines and cytokines produced by treated and 

untreated organoids, we analysed supernatants using Human Proteome Profilerä Arrays as 

per the manufacturer’s instructions.  One membrane (containing the capture antibodies) was 

added to each well of the assay dish provided, with the identification number facing upwards. 

2ml of array buffer 4 was added to block non-specific binding, and the dish was incubated 

while rocking for 1 hour at room temperature. During this incubation, samples were prepared 

by adding array buffer 4 to give a total volume of 1.5ml alongside 15µl of the provided 

antibody detection cocktail, and left to incubate at room temperature for 1 hour. Array buffer 

4 was then aspirated from each well and replaced with the prepared sample mixtures. This 

was left to incubate on the membranes overnight at 4°C while rocking. The next day, 

membranes were removed using tweezers and placed in separate 50ml falcon tubes 

containing 20ml of wash buffer. Each membrane was washed three times while rocking for 10 

minutes, and the dish was washed and dried thoroughly with deionised water. After the third 

wash, the membranes were returned to the dish and incubated with 2ml of streptavidin-HRP 

at room temperature while rocking for 30 minutes. Each membrane was washed an additional 

three times. In order to image the blots, excess buffer was removed from each membrane 

with absorbent paper. The membranes were placed on a flat piece of clingfilm where 1ml of 

Chemi reagent mix was added to each membrane. After 1 minute, excess reagent was 

removed with absorbent paper and the blots were placed between two halves of a plastic 

sheet protector. This was then smoothed over to ensure no air bubbles remained and the 

blots were imaged using a Bio-Rad ChemiDocä MP Imaging System. Images of the blots were 

quantified using Fiji image analysis software to calculate the mean pixel intensity (MPI) of each 
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dot, and values were normalised to the positive control values from the corner of each blot. 

To calculate the MPI, images were converted to 8-bit TIFFs and inverted to a negative image 

(in order to more clearly select the areas of interest). Using a circular selection tool, each dot 

was selected and the MPI within that area was measured. The negative control blot was also 

measured to give a background reading, which was subtracted from all other values.  

2.7.12 Assessing chemotactic potential of organoid media via neutrophil migration  

The chemotactic properties of organoid supernatant were analysed using a CytoSelectä Cell 

Migration Assay as per the manufacturer’s instructions. Briefly, 30ml of healthy donor blood 

was collected in EDTA containing vacutainers, and neutrophils were isolated as described in 

section 2.3.4. The resulting pellet was then gently washed in HBSS (containing no calcium or 

magnesium) by centrifuging for 10 minutes at 250g. Cells were then resuspended in 10ml of 

HBSS and counted using a haemocytometer, after which they were centrifuged again at 250g 

for 10 minutes and resuspended at 3x106 cells per ml in HBSS containing calcium and 

magnesium.  

 
The Cell Migration assay plate was prepared during the above incubation periods. The plate 

was removed from the fridge and warmed up at room temperature for 10 minutes. Under 

sterile conditions, the 3µm membrane chamber was removed from the plate and 150µl of 

either organoid supernatant or controls were added to the wells of the “feeder tray”. The 

membrane chamber was then carefully replaced (ensuring no bubbles were trapped 

underneath) and 100µl of neutrophil cell suspension was added on top of the membrane in 

each well. The plate was then incubated at 37°C for 2 hours to allow neutrophils to migrate 

towards the chemoattractant in the feeder tray. At the end of the incubation, the media was 
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aspirated from the top half of the membranes and the chamber was moved from the feeder 

tray to a “cell harvesting” tray containing 150µl per well of pre-warmed Cell Detachment 

Solution and incubated at 37°C for 30 minutes. The chamber was then gently tilted from side 

to side to detach any cells that may remain on the underside of the membrane, and removed. 

From each well, 75µl of sample from both the feeder tray and the harvesting tray were then 

combined in a clean 96 well plate and 50µl of pre-prepared Lysis Buffer/CyQuantÒ solution 

was added and the plate was incubated at room temperature for 20 minutes. To quantify 

migration, 150µl from each well was then transferred to a 96 well black bottomed imaging 

plate and fluorescence was read at 480nm/520nm using a BioTek Synergy™ 2 fluorescence 

plate reader. 

2.7.13 Investigating Organoid-neutrophil co-culture  

A pilot experiment was performed to assess neutrophil-organoid co-cultures. Primary 

neutrophils were isolated by Dr Marco Rink, and stained with CellTracker™ Green (1:1000 

dilution) for 40 minutes at 37°C. Simultaneously, organoids in culture were stained with 

DRAQ5™ Fluorescent Probe Solution (1:2000 dilution). Stained neutrophils were washed once 

in 10ml of HBSS and resuspended in organoid media at a concentration of 2 million/ml. 

Organoid media was removed from organoid wells and replaced with 250µl of neutrophil 

suspension, and co-cultures were incubated at 37°C for 1.5 hours. Co-cultures were then 

imaged using a ZEISS LSM880 confocal microscope by Dr Marco Rink, and images were 

rendered to give a 3D visualisation of neutrophil migration using Imaris software by Dr Scott 

Davies.  



 97 

2.8 In Silico analysis of sequencing data 

2.8.1 Differential gene analysis 

Differential gene analysis of single cell RNA sequencing data was performed by Dr Paul Horn, 

utilising publicly available data published by Ramachandran et al(276). In order to compare 

gene changes between healthy donor liver (n=5) and ALD cirrhotic liver (n=2), a raw cell count 

matrix was first obtained from gene omnibus (GEO accession GEO136103). All subsequent 

analyses steps were performed in R using a workflow based on Amezquita et al(277). Quality 

control was then performed and droplets not containing a cell were filtered out from the 

dataset. Cells with gene counts below 300 and with more than 30 % mitochondrial RNA were 

then removed. Genes expressed in fewer than 3 cells were removed for computational 

efficiency. Logarithmic normalisation of counts was performed using cluster-wise sum factors 

(quickCluster and computeSumFactors functions in scran) and the 

logNormCounts function in the scater package.  

 

After performing principal component analysis on top variable genes, shared nearest 

neighbour graph-based clustering and UMAP visualisation enabled the removal of all clusters 

derived from circulating blood cells which had contaminated the sample. Feature selection, 

principal component analysis and graph-based clustering was then re-done using only liver 

resident cells to remove bias. Stability of the clustering was verified by bootstrap analysis, 

followed by cell type annotation-based reference annotation from the human primary cell 

atlas implemented in the package SingleR. We then selected the cluster designated 

Epithelial Cells and repeated normalisation, clustering and UMAP visualisation. Populations of 

cholangiocytes and hepatocytes were identified based on the presence of the markers 
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EpCAM/KRT19 and Albumin/TTP respectively. Genes that were present in both healthy and 

diseased samples were then compared, and those with a positive or negative 2-fold change in 

disease were analysed further.  

2.8.2 Clustering of differential gene analysis data 

To assess how differential gene expression in disease could be an indication of altered 

function, differential gene analysis data was clustered using Cytoscape software. C2 curated 

gene sets including CP canonical pathways (version 7.2) from the Human Molecular Signatures 

Database (MSigDB)(278, 279) were used for enrichment analysis. Based on differentially 

expressed genes with a minimum 2-fold change, gene set overrepresentation analysis was 

performed using ClusterProfiler to identify pathways associated with gene expression 

changes. The returned pathways were then clustered according to the gene overlap to 

indicate overarching patterns. These were utilised to create an enrichment map to show 

altered gene sets. Appropriate node cut off was set (P-value 0.05) and Edge cut off (percentage 

overlap) was adjusted to achieve visually distinct sub-clusters of gene sets. This network was 

then clustered using MCL cluster in ClusterMaker function of Cytoscape. Clusters were named 

with AutoAnnotate and names adjusted where appropriate. Singleton clusters were not 

displayed.  
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Chapter 3 – What are we trying to model? 

3.1 Introduction  

In 2020 there was a 20% increase in alcohol specific deaths, and liver disease is now the largest 

cause of death in people aged 35-49 years old in the UK - a majority of which is due to 

alcohol(280, 281). Around 90% of those who drink heavily have steatosis(97), and this can 

progress to alcoholic steatohepatitis, fibrosis and eventually cirrhosis – severe loss of liver 

function and structure where symptoms persist even if patients cease to consume 

alcohol(112). Throughout these stages, patients can also develop alcoholic hepatitis (AH), 

which is a severe, highly inflammatory acute liver failure associated with multi-organ failure 

and high mortality. AH patients present with high serum bilirubin (and therefore jaundice) and 

liver enzymes in their blood, alongside high white blood cell counts(282). Unless patients are 

presenting with AH or being treated for an unrelated condition, cirrhosis can remain 

asymptomatic and undiagnosed. Furthermore, late-stage disease diagnosis is up to 12 times 

higher in patients with ARLD compared to other aetiologies(283). At this point, often the only 

treatment available for these patients is a liver transplant, however they must often be 

abstinent for 6 months before they are able to join the transplant list in most UK centres. 

Patients who are diagnosed with cirrhosis are also regularly monitored for liver cancer, as 

incidence is high in these groups(119). With regards to our study, we were able to collect 

peripheral blood samples from patients who had been admitted to the hospital with AH, 

alongside cirrhotic patients from the cancer screening clinic who were both abstinent (ALD-A) 

and continuing to drink (ALD-D). Our ALD-A cohort also contains samples from patients who 
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were attending a pre-transplant clinic, and are often decompensated – meaning disease is 

symptomatic and the liver is no longer able to effectively perform its functions(284).  

 

Across the spectrum of ARLD, we consistently see an immunocompromised phenotype where 

patients are at a higher risk of infection - whether in acute or chronic disease(285). Cirrhosis 

itself is known to cause immune deficits, and the added complications of alcohol toxicity lead 

to increased exposure to bacterial products and immune cell dysfunction(286). The immune 

role of the liver is well established, but many gaps remain in our knowledge of how to manage 

this immune-liver crosstalk in patients. Unexpected complications of immune-modulating 

treatments have highlighted the delicate balance that must be struck in order to support 

patients with alcohol related liver failure, and also emphasises the unmet medical need 

regarding treatment options for these groups(148, 154). In particular, changes in neutrophil 

number, phenotype and function are one of the most significant contributors to systemic 

inflammation and immunocompromise in these patients(287). In this project, we used our 

patient samples to further investigate how circulating cell parameters differed between 

cohorts. In order to improve our experimental models of liver injury, we also need to 

understand the architectural and immune differences in the local liver environment at each 

stage of disease. For this thesis in particular, this also informs how this tissue may perform as 

a source material for a primary human liver organoid model. In particular, the presence of bi-

potential progenitor cells as described by Huch et al would allow us to pursue published 

protocols for 3D primary cell organoids culture(214).  
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Therefore, the specific aims of this chapter were to:  

• Characterise the peripheral immune cell populations at different stages of ARLD 

• Compare neutrophil phenotype and function in health and disease 

• Understand the histopathological consequences of ARLD 

• Identify populations of progenitor cells in donor and ALD livers that could provide 

source material for a 3D organoid liver model 
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3.2 Results 

3.2.1 Analysis of peripheral blood from ARLD patient cohorts  

Before using cells in our mechanistic models it was necessary to understand the nature of the 

injury I was trying to recreate. For this purpose, I was able to access peripheral blood samples 

from patients across the ARLD spectrum to compare to healthy donors. The demographic 

information for our samples is summarized in Table 3.1. Here it is clear that there is a wide 

range in ages across all cohorts, and that our healthy donors were younger on average than 

all patient groups, but particularly those with cirrhosis. We also noted that patients who were 

admitted with the more severe injury of acute alcoholic hepatitis were on average younger 

than both the abstinent and drinking cirrhotic patients by around 10 years. While we were not 

able to collect full biochemical data from our healthy volunteers, the values from our patient 

groups can be compared to the QEHB pathology lab reference values shown in Table 3.1. As 

expected, there were marked increases in serum liver injury markers such as ALT, AST, ALP, 

CRP and bilirubin in our alcoholic hepatitis cohort. These were notably higher than in our 

cirrhotic patient groups, and while we still see many values outside of the normal ranges 

indicating persistent injury even in abstinent patients, the averages from this cohort were 

within the recommended range for many of these markers. Reflecting the inflammatory 

nature of the condition, we see a striking increase in CRP in AH patients compared to other 

disease groups which indicates the production of immune mediators by the liver. This is also 

reflected by reduced production of albumin, which is most notable in AH but also seen in 

cirrhotic patients and is indicative of impaired protein synthesis. This was also reflected in the 

INR values, with all patient groups above the normal reference range with the most significant 

increase again seen in the AH patients, suggesting impaired coagulation and increased bleed 
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risk. There are several established scoring systems that take these biochemical values into 

account to assess disease severity and prognosis. For patients with AH, the Glasgow Alcoholic 

hepatitis Score (GAHS) averaged at 8.1 which suggests high disease severity in our cohort 

overall, as significant risk of mortality is seen with a score of 9 and above. Similar systems are 

used to assess severity in cirrhotic patients. As expected our abstinent cirrhotic patients had 

the highest MELD (Model for End stage Liver Disease) score, likely because many of these 

patients were attending the transplant clinic for ALD (and were therefore at advanced stage 

disease). Comparatively, cirrhotic patients who were still drinking and not listed for transplant 

had a predictably lower score, as they were likely to have less advanced disease on average. 

Interestingly the UKELD (UK model for End stage Liver Disease) score was very similar for both 

cirrhotic cohorts (Table 3.1). 

 

Neutrophil/Lymphocyte (N/L) and Lymphocyte/Monocyte (L/M) ratios were also notably 

different between healthy control samples and patient cohorts, which is suggestive of poor 

prognosis and susceptibility to infection respectively(288). These differences were again most 

marked in our AH patients, and higher in drinking compared to abstinent patients. In both 

patient groups who were not abstinent we recorded a weekly estimated alcohol consumption 

above the recommended intake for an adult in the UK(139), but this was strikingly high in 

patients with acute alcoholic injury (Table 3.1).  
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 Data presented as mean (range) 
 Healthy 

Volunteers 
(HC) 

Alcoholic 
Hepatitis 

(AH) 

Cirrhotic 
Abstinent 
(ALD-A) 

Cirrhotic 
Drinking 
(ALD-D) 

Demographic data 
Sample number 
Age  
Sex (M/F) 

 
28 
37 (27) 
10/18 

 
29  
48 (45) 
18/11 

 
35 
58 (41) 
19/16 

 
11 
61 (30) 
7/4 

Clinical data  
ALT(U/L) 
AST (U/L) 
ALP (U/L) 
Urea (mM/L) 
Albumin (g/L) 
CRP (mg/L) 
Bilirubin (µm/L) 
Sodium (mM/L) 
Creatinine (µm/L) 

 
0-55 
5-34 
30-130 
2.5-7.8 
35-50 
0-5 
<21 
133-146 
64-104 

 
58.5 (189) 
142.6 (252) 
191.4 (470) 
5.7 (35.4) 
24.76 (33) 
44.07 (135) 
247.5 (520) 
133.9 (22) 
65.14 (220) 

 
22.9 (51) 
27.8 (43) 
107.5 (261) 
6.3 (18.7) 
37.74 (24) 
4.72 (36) 
32.3 (200) 
138.6 (19) 
72.89 (115) 

 
27.18 (27) 
41.7 (67) 
135.9 (163) 
5.7 (15.1) 
38 (22) 
7.125 (17) 
18.27 (29) 
136.9 (12) 
73.18 (60) 

Clinical scores  
INR 
MELD 
UKELD 
GAHS 
N/L ratio 
L/M ratio 

 
1 
- 
- 
- 
2.2 (2.9) 
4.5 (5.7) 

 
1.7 (1.7) 
- 
- 
8.1 (6) 
7.2 (33.2) 
1.3 (3.5) 

 
1.2 (0.9) 
10.4 (20) 
49.7 (18) 
- 
3.5 (20.5) 
3.4 (8.1) 

 
1.2 (0.5) 
9.1 (7) 
49.6 (9) 
- 
5.1 (10.1) 
1.8 (1.82) 

Mean estimated alcohol 
consumption (units/week) 

 
14 

 
176.5 (385) 

 
----- 

 
50.9 (131.3) 

 

 

 

 

 

 

  

Table 3.1: Summary of clinical and demographic data for blood sample donors. Peripheral blood samples were 
collected from healthy control donors (HC), patients with alcoholic hepatitis (AH), abstinent cirrhotic patients 
(ALD-A), and patients with cirrhosis who are still actively drinking (ALD-D). Anonymised demographic and 
clinical data was sourced from electronic patient records or calculated from complete blood counts. Age is 
rounded to nearest whole year. Data is listed as mean (range), where values in red are above the 
reference/HC range, and values in blue are below the reference/HC range. For clinical values that were not 
collected from healthy volunteers, reference ranges from the QEHB pathology labs are listed in bold italics. 
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Next, I looked specifically at the cellular components in patient blood using the Sysmex 

analyser. Anaemia and altered red cell count is a common feature of liver disease, and in 

particular elevated red cell size and an increase in immature red blood cells (RBCs) is often 

found in patients with AH and ARLD(289). Figure 3.1 confirms this pattern in our acute patient 

group, with significant elevations in Mean Corpuscular Volume (MCV - red blood cell size) and 

numbers of reticulocytes in AH compared to healthy controls and abstinent cirrhotic patients. 

This was accompanied by reduced haematocrit (proportion of RBCs in blood) although red cell 

parameters in our cirrhotic patients were not significantly different from healthy controls. 

Similarly Figure 3.2 confirms a trend towards a reduced total red blood cell count in all disease 

groups, with AH counts being significantly lower compared to both healthy and cirrhotic 

samples. Platelet counts also appeared lower in all disease groups, and were significantly 

different in both AH and abstinent cirrhotic patients when compared to healthy controls.  

 

 

 
  

Figure 3.1: Alcoholic hepatitis is associated with a reduction in hematocrit and altered red blood cell phenotypes. 
Peripheral blood samples were taken from healthy control donors (HC), patients with alcoholic hepatitis (AH), 
abstinent cirrhotic patients (ALD-A), and patients with cirrhosis who are still actively drinking (ALD-D). ALD-A 
patients from pre-transplant clinic and cancer screening clinic are represented by an unfilled and filled triangle 
respectively. Analysis of Mean Corpuscular Volume (red blood cell (RBC) size), reticulocyte (immature RBC) 
count, and Hematocrit (RBC proportion) was performed by Laura Harford, Dr Reenam Khan or Dr Lozan Sheriff 
using an automated Sysmex XN-1000 analyzer.  Column data represent mean +/- SD values for group and black 
symbols indicate individual data points. Data are from n=11-35 samples per group. Statistical comparison was 
performed using one-way ANOVA or Kruskal-Wallace test with multiple comparisons depending on normality 
of the data, where P values are P≤0.05 (*), P≤0.01 (**), P≤0.001 (***), P≤0.0001 (****).  
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We also noted a significant elevation in total white blood cell (WBC) count in AH which was 

not present in the cirrhotic samples (Figure 3.2). Interestingly, despite an overall increase in 

circulating WBCs we saw a significant decrease in peripheral lymphocyte number in AH and 

cirrhotic patients who were still drinking. As shown in Figure 3.3A, this high WBC number is 

accounted for predominantly by a significant increase in neutrophils. While we also saw 

increases in monocytes and other granulocytes such as basophils and eosinophils, the relative 

proportion of these cells is considerably smaller. These changes are most significant in AH, 

although ALD-D patients also showed significant changes in lymphocyte and monocyte 

number compared to healthy controls. Of particular note, AH patient blood had a high 

increase in immature granulocytes (Figure 3.3). Furthermore, patients with AH had a higher 

Neutrophil Reactivity Index suggesting increased neutrophil activation, but this was not 

Figure 3.2: Comparison of peripheral blood cellular composition in healthy donors and patients across the ARLD 
spectrum. Peripheral blood samples were taken from healthy control donors (HC), patients with alcoholic 
hepatitis (AH), abstinent cirrhotic patients (ALD-A), and patients with cirrhosis who are still actively drinking 
(ALD-D). ALD-A patients from pre-transplant clinic and cancer screening clinic are represented by an unfilled and 
filled triangle respectively. Absolute counts for platelets, red blood cells and white blood cells were performed 
by Laura Harford, Dr Reenam Khan or Dr Lozan Sheriff using an automated Sysmex XN-1000 analyzer. Column 
data represent mean +/- SD values for group and black symbols indicate individual data points. Data are from 
n=11-35 samples per group. Statistical comparison was performed using one-way ANOVA or Kruskal-Wallace 
test with multiple comparisons depending on normality of the data, where P values are P≤0.05 (*), P≤0.01 (**), 
P≤0.001 (***), P≤0.0001 (****). 
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mirrored in measurements of neutrophil granularity which was only notably different in 

abstinent cirrhotic patients (Figure 3.4). This increased immune activity is also seen with a 

higher count of Reactive Lymphocytes in AH patients which was not present in healthy 

controls or cirrhotic groups. 
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Figure 3.3: Comparison of white blood cell number in healthy donors and patients across the ARLD spectrum. 
Peripheral blood samples were taken from healthy control donors (HC), patients with alcoholic hepatitis (AH), 
abstinent cirrhotic patients (ALD-A), and patients with cirrhosis who are still actively drinking (ALD-D). ALD-
A patients from pre-transplant clinic and cancer screening clinic are represented by an unfilled and filled 
triangle respectively. Absolute counts of lymphocytes, eosinophils, basophils, monocytes, neutrophils and 
immature granulocytes were performed by Laura Harford, Dr Reenam Khan or Dr Lozan Sheriff using an 
automated Sysmex XN-1000 analyzer. The average count (A) and absolute counts (B) are displayed. Column 
data represent mean +/- SD values for group and black symbols indicate individual data points. Data are from 
n=11-35 samples per group. Statistical comparison was performed using one-way ANOVA or Kruskal-Wallace 
test with multiple comparisons depending on normality of the data, where P values are P≤0.05 (*), P≤0.01 
(**), P≤0.001 (***), P≤0.0001 (****). 
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Figure 3.4: Markers of leukocyte activation status and immune response are elevated in alcoholic hepatitis. 
Peripheral blood samples were taken from healthy control donors (HC), patients with alcoholic hepatitis (AH), 
abstinent cirrhotic patients (ALD-A), and patients with cirrhosis who are still actively drinking (ALD-D). ALD-A 
patients from pre-transplant clinic and cancer screening clinic are represented by an unfilled and filled triangle 
respectively. Analysis of Neutrophil Reactivity Index, Neutrophil Granularity Index, and Reactive Lymphocytes 
was performed by Laura Harford, Dr Reenam Khan or Dr Lozan Sheriff using an automated Sysmex XN-1000 
analyzer. Column data represent mean +/- SD values for group and black symbols indicate individual data points. 
Note that y axes are clipped at indicated values to permit clear visualization of individual sample symbols. Data 
are from n=11-35 samples per group. Statistical comparison was performed using one-way ANOVA or Kruskal-
Wallace test with multiple comparisons depending on normality of the data, where P values are P≤0.05 (*), 
P≤0.01 (**), P≤0.001 (***), P≤0.0001 (****). 
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An important finding as shown in Figure 3.5 was that the immature granulocyte count in AH 

correlated with several markers of prognosis and severity, including GAHS, bilirubin and NLR. 

Whilst I was unable to statistically confirm this association within the available timeframe, the 

patients within our AH cohort with the highest IG count also appeared to be those with some 

of the more severe co-morbidities. As indicated in Figure 3.5, the 5 mortalities that occurred 

during this study were patients with some of the highest IG counts. Interestingly, if I 

considered IG percentage as opposed to total count, values were only significant when 

compared to bilirubin (P=0.012) and NLR (P=0.0099) (data not shown).  
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Figure 3.5: Correlations between immature granulocytes and clinical indicators of alcoholic hepatitis. Peripheral 
blood samples were taken from patients with alcoholic hepatitis (AH) and correlated with clinical 
measurements. Absolute counts for immature granulocytes alongside neutrophils, monocytes and lymphocytes 
were performed by Laura Harford, Dr Reenam Khan or Dr Lozan Sheriff using an automated Sysmex XN-1000 
analyzer, and used to calculate neutrophil/lymphocyte ratio (NLR) and lymphocyte/monocyte ratio (LMR). 
Peripheral blood levels of bilirubin, creatinine and alanine aminotransferase (ALT) were obtained from patient 
clinical records. Glasgow Alcoholic Hepatitis Score (GAHS) was calculated based on patient clinical records. 
Correlation was calculated using Spearman’s rank correlation coefficient. Column data represent mean +/- SD 
values for group and symbols indicate individual data points. Red squares indicate patient mortality within 28 
days of admission, yellow triangles indicate patient mortality more than 28 days after admission. n=29 samples 
where P values are P≤0.05 (*), P≤0.01 (**), P≤0.001 (***), P≤0.0001 (****). 
  
 

 = <28 day mortality 

 = >28 day mortality 
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3.2.2 Neutrophil function in AH and cirrhosis 

In order to investigate neutrophil function in ARLD, we isolated primary neutrophils from 

patients with AH and abstinent cirrhotic patients, alongside healthy controls. We were then 

able to assess their responses to different immune stimuli.  Despite Sysmex data suggesting 

higher neutrophil reactivity in AH (Figure 3.4), we observed reduced effectiveness when 

responding to microbial challenges both in this group and to a lesser extent in cirrhotic 

patients (Figure 3.6).  The production of reactive oxygen species (ROS) in response to fMLP, E. 

coli and PMA was not significantly affected in patients with acute or chronic injury, however 

there is a slight trend towards lower production in disease (Figure 3.6A). Conversely, there 

was a notable reduction in phagocytosis of opsonised E.coli in abstinent ALD patients, with a 

trend for further impairment in patients with AH (Figure 3.6B). To further investigate 

antimicrobial responses in patients with AH specifically, we measured the production of 

Neutrophil Extracellular Traps (NETs) by isolated neutrophils in response to incubation with 

PMA. Both AH and healthy donor neutrophils showed similar NET production in response to 

PMA, which could be measured by total fluorescence of stained NETs and by confocal 

microscopy (3.6C-E). Despite Sysmex data suggesting that AH neutrophils showed a higher 

level of activation, we saw no difference in baseline production of NETs in unstimulated cells. 

Overall, we saw changes in neutrophil number and function in all assessed disease groups, but 

this was considerably more prominent in AH than chronic ALD cohorts.   
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Figure 3.6: Neutrophil phagocytosis is impaired in AH. Peripheral blood samples were taken from healthy 
control donors (HC), patients with alcoholic hepatitis (AH), and abstinent stable cirrhotic patients (ALD-A) 
awaiting transplant in heparin containing vacutainers. Production of ROS (Reactive Oxygen Species) (A) and 
phagocytosis (B) were measured using PHAGOBURST/PHAGOTEST respectively and analyzed using flow 
cytometry. For PHAGOBURST, 100µl of whole blood was incubated with 20µl of wash buffer (control), fMLP, 
E. coli or PMA for 10 minutes at 37°C, followed by a further 10 minute incubation with dihydrorhodamine-
123. For PHAGOTEST, 100µl of whole blood was incubated with 20µl of fluorescently labelled opsonized E. 
coli for 10 minutes at 37°C. Samples were fixed and fluorescence intensity was measured within 1 hour.  
NETosis was measured in isolated neutrophils from healthy donors or patients with AH. These were 
incubated for 3 hours with either vehicle (DMSO) or PMA, and production of extracellular DNA was 
measured by fluorescence (C). Experiment conditions were duplicated on coverslips for fluorescent images, 
and cells treated with vehicle (D) or PMA (E) were stained with SYTOX™ Green and imaged by confocal 
microscopy. Column data represent mean +/- SD values for group and symbols indicate individual data 
points. Staining completed by Dr Reenam Khan and Laura Harford. Statistical comparison was performed 
using unpaired t-test where P values are P≤0.05 (*), P≤0.001 (***), P≤0.0001 (****). 
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3.2.3 Characterising the local tissue environment in healthy and diseased livers 

Before isolating organoids from tissue, we assessed expression and localisation of key markers 

in both healthy donor tissue and explanted ALD livers using microscopy and qPCR. When 

analysing chromogenic staining, explanted ALD livers demonstrated presence of fibrosis and 

immune cell aggregates, which were not seen in donor livers (Figure 3.7). As the ALD explants 

were from end stage cirrhotic livers, we also saw notable changes in liver architecture, with 

areas of regeneration encapsulated by bridging fibrosis. Immune cell aggregates also suggest 

leukocyte infiltration due to inflammatory cues from the damaged liver. 
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Figure 3.7: Histochemical staining of human liver specimens.  Representative images showing chromogenic 
staining of formalin fixed paraffin embedded human liver sections. 5µm sections of liver tissue from either 
donor or ALD livers were stained with Haematoxylin and Eosin (H&E) or Van Gieson stain using in house 
protocols. Representative fields of view were captured using a ZEISS Axio Scan .Z1 microscope slide scanner, 
and scale bars are as indicated on individual panels. Blue arrows indicate immune cell aggregates and yellow 
arrows indicate areas of bridging fibrosis. 
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Next, we used immunohistochemistry to investigate the presence of established progenitor 

cell markers in healthy and diseased tissue. In donor livers, we observed EpCAM+ staining on 

bile ducts dispersed across the tissue and predominantly in portal areas (Figure 3.8). This 

pattern of staining changes strikingly in ALD liver tissue, with a high proportion of EpCAM+ 

cells within regenerative nodules, as well as on a notably higher number of bile ducts. 

Quantification of this staining confirmed a significant increase in disease. Cytokeratin 19 

(CK19) staining also increases significantly in ALD tissue. In donor livers, we saw an expression 

pattern of CK19 on biliary cells that was similar to EpCAM and suggests an expected dual 

positive population of cholangiocytes. However, in ALD tissue CK19 positive cells were 

predominantly seen within the fibrotic septa rather than within regenerating nodules. Finally, 

the significantly increased presence of the stem cell marker SOX9 in ALD livers also localised 

in similar patterns to both EpCAM and CK19 positive cells, suggesting the presence of high 

numbers of bi-potential progenitor cells within these tissues. Whilst we did see these patterns 

of progenitor cells in all investigated ALD samples, Figure 3.9 highlights that the extent of this 

regeneration and therefore EpCAM positive cell number is highly variable both between 

patients and within distinct areas of individual samples. 

 

  

  



 116 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.8: Increased ductular reactivity in ALD livers indicated by staining with progenitor cell markers. 
Representative images of immunochemical staining for EpCAM, CK19 and SOX9 in 5µm human liver sections 
from donor and alcoholic liver disease (ALD) samples. Percentage area of staining is shown adjacent to the 
corresponding images and was quantified for n=5 livers for each condition using FIJI software. Data are 
mean ±SD values from 5 fields of view per sample. Each data point indicates an individual liver. Statistical 
comparison of staining in healthy vs ALD liver was performed using unpaired t test where P values are P≤0.05 
(*), P≤0.01 (**). Scale bar is 500um.  
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We also saw protein expression of the PRR TLR4 on these ductal cells, and while this increased 

with the increased ductal cell number in disease, it was not significantly higher at the mRNA 

level (Figure 3.10) in whole tissue samples. However increased expression of progenitor cell 

markers in ALD tissue was further confirmed at the mRNA level using qPCR, alongside 

hepatocyte markers HNF4a and albumin (Figure 3.11). Markers of hepatocytes were not 

altered in disease, and despite high expression of several progenitor markers associated with 

regeneration, we also saw significantly increased expression of the senescence marker P16 

(but not P21) in ALD tissue.  

  

Figure 3.9: Patterns of regeneration are not consistent across explanted ALD livers. Representative images of 
immunohistochemical staining of EpCAM in 5µm sections from two different human explanted ALD livers. 
Regenerative nodules are indicated with black arrows. Scale bar represents 500µm.  
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Figure 3.10: Hepatic TLR4 is not altered at the mRNA level in alcohol-related cirrhosis. Representative images 
of immunohistochemical staining for TLR4 in 5µm human tissue sections from donor and ALD livers. 
Expression of TLR4 in donor and ALD explant human liver tissue was also assessed by qPCR. Values were 
generated from n=5 livers for both donor and ALD and represent mean relative expression ±SD compared to 
SRSF4 housekeeping gene. Each data point represents an individual. Unpaired t-test suggested no significant 
alteration in mRNA expression in diseased compared to donor livers.  
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We noted a strong presence of CD45+ leukocytes in both donor and ALD tissue, with no 

significant difference in percentage staining across representative fields of view. However, the 

localisation of these cells changed notably in disease, where they became associated with 

areas of fibrosis (Figure 3.12). Despite these high numbers of CD45+ leukocytes in the tissue, 

our staining suggests that this was not due to neutrophil infiltration. Hepatic neutrophil 

infiltration is a hallmark of AH, and chromogenic staining shows high numbers of 

polymorphonuclear cells within the parenchyma of a liver biopsy sample from an AH patient 

(Figure 3.13A) alongside other classic pathologies such as ballooning hepatocytes and Mallory-

Denk Bodies. In contrast to this, neutrophil elastase staining in donor and ALD tissue showed 

almost no specific positive staining in any fields of view (where antibody functionality could 

be confirmed on small areas of infiltration – inset image) (Figure 3.13B). 

Figure 3.11: Changes in gene expression in ALD livers. Expression of indicated genes in donor and ALD explant 
human liver tissue were assessed by qPCR. Values were generated from n=4-5 livers for both donor and ALD 
and represent mean relative expression ±SD compared to SRSF4 housekeeping gene. Each data point represents 
an individual liver. Unpaired t-test suggested significant alteration in mRNA expression in diseased compared 
to donor livers where P values are P≤0.01 (**), P≤0.001 (***), P≤0.0001 (****). 
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Figure 3.12:  CD45+ immune cells localise to areas of fibrosis in ALD cirrhotic livers. Representative images of 
immunochemical staining for CD45+ cells (leukocytes) in 5µm human liver sections from donor and alcoholic 
liver disease samples. Percentage area of staining was quantified for n=5 livers for each condition using FIJI 
software. Data are mean ±SD values from 5 fields of view per sample. Each data point indicates an individual 
liver. Statistical comparison of staining in healthy vs ALD liver with unpaired t-test showed no significant 
difference. Scale bars are as indicated in individual images.  
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Figure 3.13: Neutrophils are found in the parenchyma during acute alcoholic hepatitis. Representative images 
showing chromogenic or immunohistochemical staining of 5µm sections of formalin fixed paraffin 
embedded human liver tissue. Sections of liver tissue from alcoholic hepatitis biopsy samples (A) were 
stained with Haematoxylin and Eosin using in house protocols. Yellow, blue and black arrows indicate 
examples of Mallory-Denk Bodies, ballooning hepatocytes, and infiltrating multinucleated cells (neutrophils) 
respectively. Sections from donor or ALD explanted livers were stained using an anti-human neutrophil 
elastase antibody using immunohistochemistry (B). Representative fields of view were captured using light 
microscopy and magnification is shown by scale bars on individual panels. Inset image in (B) shows positive 
neutrophil staining for comparison (indicated by black arrows).  Images in (A) courtesy of Dr. Rachel Brown, 
Pathology department, QEHB.  
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Further phenotyping of both hepatocytes and cholangiocytes from donor and ALD livers was 

conducted using publicly available single cell RNA sequencing data(276). Analysis was 

performed by Dr Paul Horn (Centre for Liver and Gastrointestinal Research - CLGR) who 

compared gene expression data between 5 donor and 2 ALD livers, specifically within 

cholangiocyte and hepatocyte clusters (Figure 3.14). Cluster analysis was then performed on 

genes where differential expression was 2-fold or higher indicating which pathways were 

likely to be altered in diseased hepatocytes (Figure 3.15) and cholangiocytes (3.16). Of 

particular note, we saw changes in TLR4/inflammatory signalling, myeloid cell differentiation, 

mitochondrial activation and cell adhesion/spreading in hepatocytes from the ALD samples.  

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Selection of parenchymal cell types from whole liver single cell sequencing to identify differentially 
expressed genes in ALD. Whole liver single cell sequencing datasets published by Ramachandran et al(276) were 
reanalysed by Dr Paul Horn. Raw data was stratified based on disease type, and then cell type by the markers 
indicated. Hepatocytes were identified by expression of Albumin (ALB) and transthyretin (TTR), and 
cholangiocytes by EpCAM (EPCAM) and Cytokeratin 19 (KRT19). n=2 ALD, 5 donor livers. A raw cell count matrix 
was first obtained from gene omnibus (GEO accession GEO136103). All subsequent analyses steps were 
performed in R using a workflow based on Amezquita et al(277). 
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Figure 3.15: Cluster analysis of data from whole liver single cell sequencing to identify differentially expressed 
genes in ALD hepatocytes. Differential gene expression was assessed between donor and ALD derived 
hepatocytes based on published single cell sequencing data(276). Where differential gene expression between 
donor and disease was 2-fold or higher, cluster analysis was performed to identify pathways that were altered 
in disease. Node size indicates the number of gene clusters associated with the indicated pathways.  Connected 
nodes share minimum of 35% gene similarity, but relative distance between nodes holds no value. n=2 ALD, 5 
donor livers. Singleton nodes are not displayed.  
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Figure 3.16: Cluster analysis of data from whole liver single cell sequencing to identify differentially expressed 
genes in ALD cholangiocytes. Differential gene expression was assessed between donor and ALD derived 
hepatocytes based on published single cell sequencing data(276). Where differential gene expression between 
donor and disease was 2-fold or higher, cluster analysis was performed to identify pathways that were altered 
in disease. Node size indicates the number of gene clusters associated with the indicated pathways. Connected 
nodes share minimum of 37.5% gene similarity, but relative distance between nodes holds no value. n=2 ALD, 5 
donor livers. Singleton nodes are not displayed. 
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Overall these findings highlight some of the key changes in peripheral blood leukocytes and 

red cells in patients with ARLD. We see altered immune cell interactions within the liver, the 

presence of fibrosis, and altered neutrophil infiltration in the liver in acute injury. The 

increased presence of hepatic progenitor cells and “ductular reactions” in ALD explanted livers 

support our aim to isolate and culture these cells in a 3D organoid system, even when working 

with more challenging cirrhotic samples. Differential gene analysis between donor and ALD 

derived hepatocytes further highlighted our target pathways of interest, and support our 

intention to model the liver-immune crosstalk in vitro.   
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3.3 Discussion  

3.3.1 Considerations in our patient cohort (blood) 

By assessing changes in the peripheral blood count of our patients, we were able to 

understand the differences in baseline immune cell number in health and disease. While the 

healthy controls were age matched where possible in functional experiments, a limitation of 

this group is that cases were significantly younger, especially when comparing to cirrhotic 

patient groups. It is well established that there are immune changes with age(290) which 

should be considered when drawing conclusions between our healthy donors and older 

cirrhotic cohorts. However, the most significant immune cell changes were in AH patients 

where ages were notably closer matched, so in this instance the age difference with healthy 

controls is likely less influential. We had double the number of female vs male patients in our 

patient groups, which was matched in our healthy controls. This fits with the literature 

regarding the impact of alcohol injury, which is more significant in female patients(291). This 

is even the case in animal models, where a more significant alcohol injury is seen in female 

mice in the context of ethanol binge(251). Interestingly, this does not translate to number of 

deaths proportionally, since alcohol related deaths in the UK are twice as high in males as 

females(292). It should be noted that data on other factors known to impact susceptibility to 

ARLD (such as such has ethnicity) (119, 293) was not collected from our cohorts.  

 

Patients in both ALD-A and ALD-D cohorts were in late stage liver disease with established 

cirrhosis. It should be noted that in the ALD-A group, there was a combination of patients who 

are awaiting transplant with more severe disease, and those who had more stable 

compensated cirrhosis. In the Birmingham transplant centre, patients who are pre-transplant 
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have been abstinent for at least 6 months, and often present with symptoms due to 

decompensation. When grouped as our abstinent ALD cohort we see considerable crossover 

in most read outs, but it should be noted that there is an argument for investigating these as 

two different control groups. As our numbers are relatively small in the context of patient 

cohort studies, we may well be overlooking more significant differences between our two 

ALD-A clinics. For the purpose of this study, they offer an abstinent cirrhotic control that allows 

us to assess the additive effects of alcohol.  

 

While we had a number of strict requirements regarding eligibility for our study (Section 2.1), 

there was a very wide range in disease severity. One requirement in our AH patients was a 

blood bilirubin concentration of at least 50µm/L, but our results ranged from 51-571µm/L. 

Alongside this and possibly most importantly to note, due to both our inclusion criteria and 

the challenges and ethical implications of consenting decompensated patients, we did not 

receive samples from the patients with the most severe AH and therefore do not capture the 

full spectrum of disease. Due to factors such as the neurological effects of hepatic 

encephalopathy or intubation in patients who have progressed to SIRS and organ failure, many 

patients are unable to give informed consent. Despite this, the significant differences we 

measure even when excluding these cases emphasises the impact of acute hepatitis on 

peripheral immune cell constituents.  

 

In our AH cohort, diagnosis was based on the biochemical analysis described in Table 3.1 and 

patient history. Although biopsy is the only definitive diagnosis for AH, this was performed 

very rarely in our patients. As supported by high INR scores in Table 3.1 these patients have a 
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high risk of bleeding events, and therefore it is standard practice to diagnose AH without 

biopsy as this procedure increases risk without altering treatment options. Another element 

that should be considered especially in the case of AH patients in our cohorts is the approach 

to antibiotic treatment operational within QEHB. As spontaneous bacterial peritonitis (SBP) 

and pneumonia are common and patients often present with potential infection, antibiotics 

are often prescribed. It should therefore be noted that we don’t see a rate of infection as high 

as might be expected in an AH patient cohort elsewhere, but it is likely that this, alongside 

inability to collect samples from the most severe cases, probably contributes to reduced 

incidence of infection in our cohort. We noted that our AH patients reported a weekly alcohol 

consumption around 170 units per week with a maximum of more than 350 units per week. 

This equates to above 100g of alcohol a day which is in keeping with that reported for patients 

with AH in many centres(294). When assessing weekly alcohol intake, we relied on self-

reporting across all cohorts. This causes an issue with standardisation as reports are often 

given as a non-specific description such as “glass of wine” rather than in units or absolute 

volumes. The units consumed per week were then calculated based on assumed conversions 

such as a “glass” of spirit to be a standard double (50ml), but there is likely a wide range of 

error in these estimations. Alongside this, conversations regarding alcohol consumption can 

be challenging(295) and not always an accurate representation of alcohol intake. Blood 

alcohol levels are only taken as confirmation in pre-transplant patients or if reports are not 

representative of drinking behaviours which may have caused decompensation. It should be 

noted that AH can actually occur after several weeks of abstinence(123) but this was not the 

case in any patients included in this study. Our values for consumption are therefore in 

keeping with the severity of disease noted in our biochemical assessments. 
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3.3.2 Cellular and biochemical components of peripheral blood  

The output from the Sysmex analyser offers many detailed insights into the peripheral blood 

makeup of our ARLD cohorts. Many of the patterns we see support published data for patients 

with AUD and cirrhosis(108), and help us to build a picture of the immunological differences 

with and without alcohol as an additional factor. Readouts such as Low HCT (red blood cell 

proportion) and high MCV (red blood cell size) are not diagnostic but are characteristic of AH. 

Significant reduction of HCT is most commonly caused by folic acid deficiency, however as this 

deficiency is present in up to 80% of people with AUD, reduced HCT can be indicative of the 

condition(296). This is easily treated with administration of folic acid, and its association with 

alcohol consumption is reflected by the notably higher values in abstinent patients compared 

to AH. Interestingly our control group of cirrhotic patients who are still drinking did not fit with 

this trend, although it is possible that this would be seen when comparing it to the abstinent 

group if the cohort sizes were similar. Malnutrition and poor intestinal absorption alongside a 

weak anti-folate mechanism of ethanol all contribute to this deficiency and therefore 

reduction in HCT(297).  Whilst not used as a clinical diagnostic marker, MCV has also been 

shown to be elevated in patients with AUD in a number of studies(298) and is again elevated 

in AH patients when compared to healthy controls and cirrhotic patients.  

 

Our findings are also suggestive of known effects of alcohol on haematopoiesis, and the 

significant elevation in total white blood cell (WBC) count in AH which was not present in the 

cirrhotic samples is expected due to the inflammatory element of the acute injury. The bone 

marrow toxicity of alcohol leads to altered production of immune cells, and often an increase 

in the number of immature blood cells(196). We see this reflected in our results in the high 
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numbers of reticulocytes (immature red blood cells), and immature granulocytes (IGs) in 

patients with AH. This is one of the key findings in this patient cohort, as IGs have been 

previously identified as a predictor of progression to sepsis in burn-injured patients(299). 

Furthermore, a clinical study of patients with SIRS showed that an IG% of <2% had over 90% 

specificity at excluding sepsis(300). This has a number of exciting applications in the context 

of our patient cohort. While our patient numbers are relatively low, correlation of IG# and % 

with several prognostic markers of AH is promising for its ability to predict severity (although 

correlation with IG# may be skewed by overall increases in neutrophil number). Furthermore, 

one of the greatest challenges in AH is the poor response to and high risk of current 

treatments. As highlighted in Chapter 1, patients must be carefully selected for steroid 

treatment since these drugs can lead to severe complications in the presence of infection. IG% 

could therefore potentially offer a quicker indication of infection in AH compared to blood 

cultures, or as a biomarker for those who may be more prone to sepsis and would respond 

poorly to steroid treatment. This readout is easy to collect rapidly, and could also potentially 

identify patients who may benefit from prophylactic antibiotic treatment. Additionally, 

Piotrowski et al(288) showed that lymphocyte/monocyte ratio (LMR) was particularly useful 

when predicting onset of infection in patients with cirrhosis. While we did not see enough 

infections in our cohort to validate this, the addition of IG to these estimates may have clinical 

benefits.  

 

One of the rationales behind our patient group selection was to assess the additive effect of 

active drinking in patients with cirrhosis. This allowed us to assess the effect of alcohol on 

systemic immune function, especially in the case of the ALD-A vs ALD-D group. While numbers 
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are lower in our ALD-D cohort, we appear to see injury patterns and readouts that are 

intermediate between ALD-A and AH. Although our numbers are not significant, the values in 

the ALD-D cohort seem to demonstrate an additive effect of alcohol on top of cirrhosis, but 

also that cirrhosis alone is enough to cause systemic change even in abstinence.  

 

A reduction in circulating platelets is also common in patients with liver disease, and 

contributes to their increased risk of bleeding incidents. It is well established that ethanol 

supresses thrombopoiesis(301) and that chronic liver disease is associated with 

thrombocytopaenia and sequestration of platelets in the spleen(302). Altered platelet 

behaviour is also seen with platelet trafficking to the liver during injury, where they can 

regulate leukocyte recruitment and activation(303). This is in keeping with the increased INR 

values we saw in the clinical data (Table 3.1). Interestingly, we also saw a significant increase 

in basophils in AH. While little evidence is reported on basophils in human liver disease, there 

is an interesting link demonstrated in data from mouse models showing that in response to 

Listeria monocytogenes infection, basophils are recruited to the liver and mediate Kupffer cell 

proliferation and liver repair(304). A similar behaviour has also been demonstrated by 

neutrophils during liver injury where they could induce macrophages to switch to a more 

reparative phenotype(210). This could suggest a more general role for granulocytes in 

resolution of liver inflammation. Basophils are often overlooked due to the fact that they 

make up such a small fraction of the granulocyte population, but they may be influential in 

vivo in liver injury. It should also be acknowledged that when referring to isolated neutrophils 

during our functional assays, there is likely to be some basophil contamination.  Therefore, 

while we know our isolated neutrophil purity is high (which has been tested after isolations 
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using the Sysmex analyser) we can’t exclude the potential for an impact of other granulocytes. 

The high numbers of immature granulocytes that we see in AH and ALD-A could also 

potentially contribute to the reduced neutrophil function that we see in Figure 3.6, as 

immature neutrophils have been shown to perform these antibacterial functions less 

effectively than mature neutrophils in patients with sepsis and SIRS(305). However, immature 

granulocytes only account for a small percentage even in AH patients, and so understanding 

what signalling is changing neutrophil behaviour overall is important.  

 

Considering the significant increase in total white blood cell count, the decrease in 

lymphocytes in patient groups who were consuming alcohol is an interesting finding in 

keeping with what has been previously reported(306).  This study also reports that there was 

only an increase in the CD4+/CD8+ ratio in patients with advanced fibrosis. This finding, along 

with the increased activity we see in reactive lymphocytes in AH could suggest interesting 

changes in lymphocyte subsets in these patients, and activation of both innate and adaptive 

responses to alcohol injury. Alongside this, Neutrophil/Lymphocyte ratio has been shown to 

be predictive of sepsis progression in patients who receive living donor liver transplants(307), 

and highlighted as a possible mechanism to identify patients who may respond better to 

steroid treatment(198). This data collectively shows many potential applications and benefits 

of utilising the outputs from the Sysmex analyser as additional markers in ARLD patients who 

may be at risk of infection.  



 133 

3.3.3 Changes in neutrophil number and function 

In Chapter 1, I discussed the influence of neutrophil activity in liver disease and infection. Our 

Sysmex data demonstrates the dramatic increase in neutrophil number in acute injury, and 

our findings are suggestive of some neutrophil dysfunction in AH.  We have demonstrated 

altered neutrophil responses in acute and chronic liver disease, with our most significant 

findings being in AH. While the reduction in phagocytosis is in keeping with other publications, 

our results do not recreate published findings of increased ROS production at baseline(204) 

(although do suggest that there may be a slight deficiency in ROS production with stimulation). 

Mookerjee et al also showed a more prominent response to fMLP (which we did not replicate) 

which they attributed to neutrophil priming(204). While not significant, we see patterns of 

lower ROS production particularly in response to E. coli, and combined with the significant 

reduction in phagocytosis this does suggest less effective antimicrobial responses.   

 

The more intricate changes in ROS production, especially at baseline or in response to weak 

stimuli such as fMLP may be easier to quantify with different techniques. The PHAGOBURST 

protocol was limited in the way we collected the data, as this was a measure of total 

conversion of a substrate by ROS at a single end point, and may have missed important 

variation over time. We had hoped to investigate the production of these molecules and 

general oxidative metabolism in more detail using Seahorse technology. Traditionally used to 

assess metabolic activity, measures of oxygen consumption rate can be utilised to study 

neutrophil ROS production with this platform(308). These studies would allow not only a 

temporal but also a dose dependent measure of neutrophil responses in donor and AH 

samples. I did perform some initial pilot studies with healthy blood, but the logistical 
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challenges of selecting and consenting patients, collecting samples and then transferring 

isolated neutrophils (which are already prone to activation) to a Seahorse facility was not 

something we were able to overcome within the time constraints of the project. Moving 

forward, this technique may offer valuable insight into the more intricate production of ROS 

in ARLD, and therefore not only the mechanisms of inflammation but also more effective 

treatment protocols for pharmaceutical interventions such as NAC. There are varied results 

from trials that add this anti-oxidant therapy alongside steroid treatment, but overall there 

appears to be no notable improvement(309). However, understanding patterns of ROS 

production by neutrophils in patients with ARLD may highlight alternative strategies for this 

type of treatment.   

 

Unfortunately, both the PHAGOBURST and PHAGOTEST reagents were discontinued before 

our intended sample number of AH patients could be reached. However, the significant 

decrease in measured phagocytosis even at low numbers strongly suggests that these 

differences are substantial. It should be noted however that the quantity of E.coli was not 

normalised to neutrophil cell number, which considering the significantly higher numbers of 

neutrophils in AH could influence the outcome if not at saturating levels. As neutrophil 

numbers in ALD patients were similar to healthy controls and we also saw a significant 

reduction in phagocytosis in these patients, this could suggest that what we see in AH is a 

legitimate loss of function. This would support an explanation for sepsis risk in severe injury. 

As these protocols were designed to be completed in whole blood, it is difficult to normalise 

for neutrophil cell number. Repeating these studies with isolated neutrophils could help to 

confirm the functional changes we see.  
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Unlike the other antimicrobial effects we studied, we found no significant difference in NET 

production at baseline or in response to stimuli in AH vs control. Bukong et al(206) 

demonstrated that alcohol treatment on neutrophils ex vivo induced spontaneous NETosis, 

but impaired responses to PMA. In this case, we might expect to see a higher baseline level of 

NETosis in our AH samples which was not recreated. It should be noted that there are technical 

limitations to this set of experiments that were confirmed after completion. While there is an 

increase in NET production with PMA treatment, the fold change is much lower than would 

be expected. We believe now that this was due to an under-seeding of cells within the wells 

of the plate due to insufficient centrifugation, but experiments could not be repeated within 

the time constraints of the project.  

 

Overall what we see in peripheral blood samples is altered systemic immune composition 

across all versions of ARLD we assessed. Notably, changes in AH are more significant and here 

we demonstrated altered neutrophil phenotype and function. It is possible that this is due to 

alcohol induced changes in hemopoiesis, resulting in fewer mature and fully functional cells. 

Significantly increased number but lower phagocytic ability in our patients fits with the highly 

inflammatory but poorly responsive phenotype in AH.  

3.3.4 Characterising whole liver tissue 

When introducing this work, I described the challenges with modelling the liver. This chapter 

provided an opportunity to evaluate the primary human liver tissue which we are privileged 

to access in order to understand the environment that we hope to recreate, and assess 

whether we would be able to isolate the progenitor cell population needed to develop our 
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organoid model(214). We demonstrate expected structural differences between healthy and 

cirrhotic liver tissue, showing increased immune infiltration, fibrosis and regenerative nodules 

as well as huge variation between samples. The histological findings supported the 

biochemical characterisation of our cirrhotic samples, but the interpatient variation is an 

important consideration for our model, and discussed in more detail in Chapter 4.  

 

The significant increase in EpCAM, CK19 and SOX9 at a protein level indicates an increased 

pool of hepatic progenitor cells(43) in our explanted diseased samples. The staining patterns 

of EpCAM in particular within the regenerative nodules may suggest a level of hepatocyte 

regeneration from this pool, as is often seen in disease when high hepatocyte replication is no 

longer sufficient to replace lost liver mass(310). As evidenced by Figure 3.9 however, this is 

not universal across all samples and may impact the pool of cells from which we are isolating. 

Notably we observed high numbers of ductular reactions in cirrhotic livers even in the absence 

of alcohol (as transplant patients will have been abstinent for at least 6 months). The balance 

of these signs of regeneration in contrast to the expression of senescence markers (such as 

cell cycle inhibitor P16) is interesting, but also in keeping with the induction of senescence 

associated with liver disease(311).  

 

We also noted an overall change in the immune landscape in our ALD liver samples. We 

observed clear immune infiltration (which was not due to neutrophils as demonstrated in 

Figure 3.13), shifts in leukocyte localisation and changes in TLR4 staining patterns. There is 

evidence that ductular reaction expansion is mediated by the LPS – TLR pathway(312) which 

would explain the increase we appear to see on ductal cells, and also why this would be 
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activated in patients with late stage ARLD where altered exposure to LPS is likely. There are 

several studies implicating TLR4 in alcohol injury, and therefore understanding its location in 

whole liver tissue is important for our model(313). TLR4 was expressed at low level by 

hepatocytes, but also by cholangiocytes and immune cells. This may explain why we see no 

significant relative difference in mRNA expression in whole liver tissue samples, but it is clear 

from differential gene expression between donor and ALD liver single cell sequencing that 

there are alterations in this pathway in disease (Figure 3.15). Genes relating to TLR4 and 

inflammatory signalling were the most commonly altered when performing cluster analysis 

on hepatocyte data, and emphasises the importance of this pathway in ARLD.   

 

The localisation of immune cells within areas of fibrosis in disease is well established, and can 

contribute to the inflammatory liver environment(314).  We saw clear changes in leukocyte 

localisation in ALD livers, with cells becoming much more scar associated. While CD45 is a non-

specific leukocyte marker it is likely that a majority of these cells are lymphocytes, which 

account for most of the infiltrating cells in chronic alcoholic cirrhosis(315), and may also 

account for the reduction seen in peripheral blood samples. The difference between this 

chronic inflammation and the dramatic acute inflammatory response in AH is demonstrated 

by the images of neutrophil infiltration gifted to us by Dr Rachel Brown. These images show 

distinctive features of the acute injury response, including high numbers of 

polymorphonuclear cells localising around dying hepatocytes (known as satelitosis(316)). As 

highlighted in Chapter 1, the liver is well adapted to encourage leukocyte infiltration, both in 

its architecture and capacity for cell signalling. Patients with AH have shown increased hepatic 

expression of CXC family chemokines such as IL-8 (CXCL8), Groa (CXCL1) and CXCL5, which 
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correlated with neutrophil infiltration and poor prognosis(317). There is also an upregulation 

of adhesion molecules such as vascular cell adhesion molecule 1 (VCAM-1) on hepatic 

endothelium in response to inflammation, further encouraging recruitment and infiltration of 

lymphocytes which already have increased contact due to slow blood flow in liver 

sinusoids(318). Patterns of hepatic chemokine expression have been shown to change in 

chronic vs acute ARLD in line with the altered immune infiltrate(319). Interestingly, neutrophil 

sequestration in the liver sinusoids is associated with endotoxemia, which is common in AH, 

as a result of interactions with hyaluronan as opposed to “classic” adhesion molecules(320). 

Furthermore, this sequestration could be induced by activation of endothelial TLR4(321)– 

further emphasising the links between the TLR4 signalling pathway and neutrophil behaviour 

in the liver.  

 

This again highlights important liver-immune crosstalk for us to capture in our 3D model, 

particularly in the case of trying to recreate acute injury. It is important to note that the images 

of AH are from rare biopsy samples, and the tissue we receive in sufficient volumes for analysis 

primarily comes from cirrhotic patients.  This is an important consideration for our source 

material, as the ALD livers are likely to be from patients with much later stage disease and 

without the acute effects of ethanol. This has a number of implications including the type of 

fibrosis and level of regeneration(322) and may impact the phenotype of cultured cells. 

However, AH very often occurs on a background of chronic injury, and so comparing donor 

and diseased tissue in this model has clinical relevance. The level of liver progenitor markers 

has also been shown to correlate with mortality in patients with AH(323), so understanding 

how they change in ALD tissue is important if isolating them to model acute injury.  
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Alongside TLR4 inflammatory pathways, the differential gene analysis performed by Dr Paul 

Horn reinforces our interest in many other key pathways (Figures 3.14 – 3.16).  In hepatocytes, 

there was indication of changes in pathways involved in the acute phase response, myeloid 

differentiation, antimicrobial peptides and reactive oxygen species amongst many others. This 

is in keeping with what we would predict in an ALD cirrhotic environment; increases in acute 

phase proteins such as those in the complement cascade are strongly associated with 

ARLD(84) and the notable changes in the TLR/inflammatory signalling pathways are in keeping 

with our TLR4 staining in cirrhotic ALD tissue (Figure 3.10), although our staining was largely 

localised to ductal cells. The original publication grouped several liver diseases in their 

analysis, therefore when stratifying for ALD livers the comparisons were made between 5 

donor and only 2 ALD livers. The purpose of this analysis was simply to investigate available 

whole liver tissue data and see if this corroborated our aims to study the liver-immune 

crosstalk with a focus on neutrophils. These gene clusters support the hypothesis that altered 

liver function in ALD is causing systemic changes in the immune system, which are reflected 

in the results seen in our patient blood samples.  It also highlights the importance of capturing 

these interactions in our model. 

3.3.5 Summary 

This chapter shows an expected alteration in immune cell phenotype and function in both the 

peripheral blood and the liver from patients with ARLD. It highlights the inability of peripheral 

neutrophils to respond effectively to bacterial stimuli in ARLD, and also their change in 

localisation and recruitment into the liver parenchyma in response to acute alcohol injury. We 

have also identified our bi-potential progenitor cells of interest both in cirrhotic and ALD livers, 
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and noted changes in number and localisation which are important to consider when 

analysing how they respond in culture. As we developed our liver model, it was important to 

have identified key features of ARLD that need to be captured by our system. Understanding 

the differences in neutrophil behaviour is also important in this context, as being able to see 

the systemic differences associated with altered liver tissue environment in acute and chronic 

disease is key to understanding what we are trying to replicate in the next chapter.   
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Chapter 4 – Developing an Organoid Model 

4.1 Introduction 

As I have discussed in previous chapters, the complexity of the human liver makes it 

notoriously difficult to model. Its unique architecture, blood supply and location within the 

body all contribute to its ability to perform over 500 functions – from lipid metabolism to 

generation of proteins for blood clotting(2). Traditional 2D culture methods lose hepatocyte 

function, and animal models fail to recreate the diversity of human disease (217, 249). Both 

in vitro and in vivo models of ARLD are particularly challenging, and this contributes to our 

lack of understanding of mechanisms and hence treatment options for this disease.  

 

This chapter describes my efforts to utilise recent advances in 3D culture technology to 

develop an in vitro organoid model from primary human liver tissue. Organoids are stem cell 

derived 3D structures that resemble the tissue from which they originate in phenotype and 

function(262). Following on from work with Lgr5+ stem cells(267), Huch et al developed a liver 

organoid protocol utilising the bi-progenitor stem cell population found within the liver(214). 

These cells can differentiate into cholangiocytes or hepatocytes depending on the cues they 

receive in vivo, and this characteristic can be utilised to culture ductal-like and hepatocyte-like 

organoids in vitro. Huch et al demonstrated a phenotypic and functional shift from ductal-like 

organoids (expressing common stem cell and cholangiocyte markers) to hepatocyte-like 

organoids (becoming quiescent and exhibiting hepatocyte functions such as albumin 

production) when supplied with appropriate differentiation cues.   
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One of my key questions for this project is whether this technique can be adapted to model 

alcohol related liver disease. Utilising our unique partnership with the QEHB Liver Unit, we 

aimed to isolate and culture organoids from both donor and ALD cirrhotic tissue. This would 

not only allow us to investigate inherent differences in tissue function, but to later assess 

whether donor and cirrhotic derived organoids reacted differently to injurious stimuli such as 

ethanol exposure. Importantly, although hepatocytes account for a majority of liver cells and 

are key to alcohol metabolism, the influence of the ductular reactive cells in disease is 

significant, particularly in the context of alcoholic hepatitis(52). I therefore considered it 

important to study both the ductal progenitor cells and differentiated hepatocyte cells in my 

models. 

 

In this chapter I aimed to:  

• Grow and culture organoids from both healthy and cirrhotic primary human liver tissue  

• Differentiate these organoids into hepatocyte-like cells 

• Confirm the phenotype and function of these organoids to understand how they might 

respond to alcohol injury  
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4.2. Results  

4.2.1 Adapting protocols for organoid isolation from normal and cirrhotic liver specimens 

The first step in the development of our ARLD organoid model was to adapt published 

protocols to generate organoids from our donor and cirrhotic tissue specimens. At the time 

of initial development, publications on human liver organoids were limited. Therefore, 

protocols published by Fernando et al(273) and Huch et al(214) were adapted for the isolation, 

culture, and differentiation of hepatic progenitor cells into hepatocyte-like 3D structures as 

indicated in Figure 4.1.  

 

 

 

 

 

Figure 4.1: Schematic illustrating the organoid generation process and experimental outputs. Primary liver 
progenitor cells were isolated from ALD or donor liver tissue. These were seeded in Matrigel and passaged 
after two weeks. Experiments utilizing ductal-like organoids were completed from passage 2 onwards. For 
hepatocyte-like organoids, samples were differentiated at the time points indicated and samples were 
collected either 8 or 12 days post final passage. Collected samples included total protein, whole fixed 
organoids, supernatants and RNA. These were used for downstream outputs including ELISAs, imaging, and 
qPCR. Image created with BioRender. 
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While the original protocol from Huch et al (214)sorted for EpCAM+ cells which were seeded 

in the Matrigel, it also stated that organoids could be grown from crude isolations (without 

selection) at a frequency that matched the expected proportion of EpCAM+ cells. I chose to 

pursue this method of crude isolation, but also wanted to confirm that this process did indeed 

generate the EpCAM+ cells of interest. Flow cytometric analysis was performed on the final 

cell pellet from representative donor and ALD liver isolations as shown in Figure 4.2. This 

demonstrates that in isolations from both healthy and cirrhotic tissue (Figure 4.2A and B 

respectively) we see EpCAM+ positive cell populations that are indicative of our progenitor 

cells of interest, and that there were more in the ALD sample. Once seeded in Matrigel, we 

were able to successfully grow 3D structures from our isolates that were visible within 2-3 

days (Figure 4.2C). While we did see a low percentage of progenitor cells in the total harvested 

cell populations in our flow cytometry analysis, it is clear from Figure 4.2C and D that organoid 

structures can be rapidly expanded from the progenitors with passage. Within a few days of 

isolation, we saw 3D structures approximately 100 microns across. After only two passages, 

we generated many structures over 10 times the size as indicated by the representative 

images in Figure 4.2C and D. Panel C also shows a considerable amount of background debris 

which is largely attributed to red blood cell contamination. While these are quickly removed 

with passage, their presence added an additional variable and challenges with imaging. 

Therefore, I also tested the protocol with an additional red blood cell lysis step. However, this 

caused poorer organoid growth and this step was omitted thereafter (data not shown).  
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Figure 4.2: Hepatic progenitor cell isolation gives rise to 3D organoid cultures. Cells isolated from whole liver 
tissue were investigated for bi-potential progenitor marker EpCAM using flow cytometry. The final cell pellet 
retained from the liver progenitor cell isolation protocol described by Huch et al(214) was stained with an anti-
EpCAM antibody followed by an APC-conjugated fluorescent secondary antibody. Fluorescence was measured 
using a Fortessa Flow Cytometer, and plots were generated showing EpCAM positive cells present in the isolation 
pellet from an exemplar donor (A) and ALD (B) liver. Post-isolation, cells are seeded within 2-4 25µl droplets of 
Matrigel in a 48 well plate. Cells were cultured in Expansion Medium (EM) as described by Huch et al, 
supplemented with 100ng/ml Noggin, 100ng/ml Wnt, and 10µM Y27632 for the first three days post-isolation, 
and standard EM thereafter. Cultures were passaged every 7-10 days. A representative image of an early-stage 
organoid structure in culture 3 days post-isolation is shown in (C) (indicated with a yellow arrow). A 
representative image of organoid structures from the same sample is shown in (D) after 2 passages.  Images 
captured by phase contrast microscopy and scale bar is as indicated. 

A. B. 

D. C. 

Day 3 post-isolation Passage 2 

EpCAM EpCAM 

FS
C 

Donor Liver Isolate ALD Liver Isolate 
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As part of their published protocol, Huch et al(214) stated that it is possible to cryopreserve 

established organoids, which can then be thawed and produce viable cultures at a later date. 

Cultures have also been previously established from cryopreserved whole gut tissue(274), and 

I wanted to investigate whether this was also possible with our human liver tissue samples. I 

collected small samples of fresh liver tissue which were then slowly frozen for 24 hours at -

80°C and stored long term in liquid nitrogen. These were then rapidly thawed, and the 

isolation protocol was completed with added steps adapted from the gut organoid protocol 

established by Tsai et al(274), and detailed in Chapter 2. As shown in Figure 4.3, it was possible 

to grow and culture organoids from frozen liver tissue samples. Although I did not extensively 

compare the use of fresh vs frozen tissue, it appeared that the yield of organoids may have 

been slightly reduced when isolating from frozen samples, although further repeats would be 

necessary to ensure this is not simply due to inter-donor variability or tissue quantity.  

  

Figure 4.3: Cryopreserved human liver tissue can be used as a source of hepatic progenitor cells. Small pieces of 
liver approximately 5-10mm were cryopreserved in freezing medium containing 5% DMSO and 10% FBS, by slow-
freezing at -80°C and then stored in liquid nitrogen. To isolate progenitor cells, samples were rapidly thawed 
using the recovery medium described by Tsai et al (274) and an adapted organoid isolation protocol described 
by Huch et al(214), as described in Chapter 2. Representative images show 3D organoid structures 14 days post-
isolation from tissue without passage, and again after 3 passages. 
 

Day 14 post-isolation Passage 3 
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Once I had confirmed that my protocol allowed me to generate organoids from both donor 

and cirrhotic liver, I began to compare the nature of the cells from each. First, I measured total 

organoid protein over time to assess whether there was any difference in the growth rate of 

donor derived vs ALD derived ductal-like organoids. Figure 4.4 shows that although there was 

considerable variation between individual samples (as indicated by the error bars on panels A 

and B) growth rates were similar between tissue types. Growth was also investigated by 

simple image analysis. Here time lapse microscopy was used to film organoid size over time 

(Figure 4.4C). This too showed the increase in organoid size over time in agreement with our 

total protein measurements.  
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Figure 4.4: Organoids derived from donor and ALD livers grow at similar rates. Measurement of total protein 
(A) in organoid wells shows no notable difference between donor derived and ALD derived organoids, when 
comparing percentage increase over time (B). Each time point was plated in duplicate, and results were 
collected by removing organoid structures from Matrigel using Corning® Cell Recovery Solution. Samples were 
collected and measured on Day 0 (immediately after plating), 2, 4, 7 and 9. Total protein in the wells was 
assessed using a Pierce™ Rapid Gold BCA Protein Assay kit as per manufacturer’s instructions and measured 
using a BioTek Synergy™ HT plate reader for n=2-3 livers per condition, where scale bars represent ±SD. 
Representative images (C) show increase in size of a single ductal-like organoid (isolated from normal liver 
tissue) over 60 hours in culture in a Cell-IQ live cell imaging system (at 37°C, in Expansion Medium). 
Approximate time incubated is indicated in the top left of each panel, with each image taken approximately 
12 hours apart. The comparative size of the imaged organoid at 0 hours is indicated with a yellow circle at each 
time point.  
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Organoid culture confluency after plating was dictated by the crowding of organoids within 

the Matrigel. After observing multiple isolates, I noted that this was highly variable between 

individuals, but did not seem to be dependent on the nature of the starting tissue. Figure 4.5 

shows representative images of organoid crowding in samples that were plated at three 

different split ratios from the same starting sample. In this instance, the 1:12 split shows an 

ideal level of confluency before passage. In other samples that looked similar to the cells in 

panel A and B, I observed rapid discolouration of media, and loss of Matrigel droplet integrity 

due to overcrowding. Choosing split ratios became easier with practice, and could be 

estimated based on the speed at which samples reached the level of confluency shown in 

panel C. This allowed me to adjust cell management accordingly depending on intended 

output for the experiment.   

 

 

 

 

Figure 4.5: Passaging of organoid cultures requires varied split ratios to avoid overcrowding. Representative 
images showing confluent organoid cultures (isolated from normal liver tissue) that were passaged 1:4, 1:8 
or 1:12 and imaged by brightfield microscopy on day 7 post-passage. Organoids were cultured in “Expansion 
Medium” detailed in Chapter 2, and samples for all split ratios were seeded from the same original culture. 
Scale bar is 200µm.  

1:4 Split 1:8 Split 1:12 Split 

A B C 
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Although the organoids from both donor and cirrhotic tissue were growing well using these 

approaches, the media used for culture was complex and expensive to make. At the start of 

this project, there was no commercially available media for the culture of human hepatic 

organoids. I therefore undertook some preliminary testing to see if it was possible to adapt a 

commercially available medium for murine hepatic organoid culture (HepatiCult™ Organoid 

Growth Medium - STEMCELL Technologies) for human samples by adding 5μM of A-83-01 and 

10μM of Forskolin as described by Huch et al(214).  While it was possible to grow and culture 

organoids with this supplemented medium, the results were considerably poorer than when 

using the published “Expansion Medium” (Figure 4.6). I found that the yield of organoids was 

reduced and that the structures were smaller and did not survive well in long term culture. I 

therefore decided to continue with the published Expansion Medium recipe (Table 2.7). 
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Figure 4.6: Commercially available murine hepatic organoid culture medium cannot be adapted for human 
hepatic organoid culture. Freshly passaged ductal-like organoids were grown in the presence of either 
HepatiCult™ Organoid Growth Medium (Mouse) supplemented with 5μM of A-83-01 and 10μM of Forskolin, 
or standard organoid Expansion Medium as described by Huch et al(214). Media was changed every 2-3 
days and images were taken 7 days post passage using brightfield microscopy. Representative images show 
organoids in each condition at different magnifications as indicated by the scale bar.  
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4.2.2 Confirmation of ductal-like phenotype in culture 

After proving that organoids could be cultured from both donor and ALD tissue, I next used 

different approaches to confirm the ductal-like phenotype of cultured organoids. In 

agreement with my initial FACS analysis (Figure 4.2) the presence of the key ductal marker 

EpCAM, alongside Cytokeratin 19 (CK19), was maintained in culture. Figure 4.7A shows 

representative images of EpCAM and CK19 staining in cirrhotic ALD liver tissue, indicating a 

dual positive population of progenitor cells. This is reflected when staining for the same 

markers in ductal organoids derived from an ALD liver, where most cells within the organoid 

were dual positive for EpCAM and CK19 (Figure 4.7B). To further confirm the bi-potential 

nature of these cells, I also stained for the presence of hepatocyte transcription factor HNF4a, 

which was present in the nuclei of ductal-like organoid cells (Figure 4.8).  
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Figure 4.7: Organoids show expression of progenitor cell markers in culture. (A) Immunofluorescent images 
from a representative human ALD liver stained with Cytokeratin 19 (yellow) and EpCAM (magenta) 
antibodies and DAPI as a nuclear counterstain (cyan). (B) Representative images of immunofluorescent 
staining of paraformaldehyde fixed cultured ductal organoids, from an ALD liver stained with the same 
antibodies. All samples were imaged using a ZEISS LSM780 confocal microscope. Scalebars are as indicated. 
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Figure 4.8: The presence of hepatocyte marker HNF4𝝰 suggests bipotential progenitor phenotype. (A) 
Immunofluorescent images from a representative human ALD liver stained with HNF4a (yellow) and DAPI as 
a nuclear counterstain (cyan). Dual positive cells are green. (B) Representative images of immunofluorescent 
staining of paraformaldehyde fixed cultured differentiated organoids, where the top three panels are staining 
with the same antibodies as in (A), and the bottom three show HNF4a (yellow) alongside co-staining for the 
ductal marker EpCAM (magenta). All samples were imaged using a ZEISS LSM780 confocal microscope. 
Scalebars are as indicated. 

ALD tissue 

Ductal organoid 

HNF4a DAPI Dual 

HNF4a DAPI Dual 

HNF4a EpCAM Dual 

A. 

B. 



 155 

4.2.3 Differentiation into hepatocyte-like organoids 

After confirming the ductal-like phenotype and presence of bi-potential progenitor markers, I 

next needed to validate whether it was possible to differentiate the organoids to become 

more hepatocyte-like. This process involved priming with BMP7 (known to induce hepatocyte 

differentiation in vivo(324)) and culture in differentiation media for either 8 or 12 days. After 

this differentiation period, I observed changes in the morphology of both the individual cells 

and whole organoid structures (Figure 4.9). The organoids became smaller and denser, and 

individual cells became more rounded. The ductal-like and hepatocyte-like cells adopted a 

similar shape when compared to 2D cultures of primary biliary epithelial cells (BEC) and 

hepatocytes respectively.  
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Figure 4.9: Differentiation medium causes structural changes in ductal-like organoids resulting in a more 
hepatocyte-like morphology. (A) shows representative brightfield microscope images of whole organoids in a 
ductal-like phase when cultured in Expansion Medium (scale bar 200μm), and then in a hepatocyte-like phase 
after 7 days of culture in differentiation medium (scale bar 100μm). (B) shows immunofluorescent images of 
paraformaldehyde fixed organoids again in ductal-like and hepatocyte-like states at higher magnification (scale 
bar 50μm), where organoids have been stained with an EpCAM antibody (magenta). (C) shows brightfield images 
of isolated human biliary epithelial cells (BEC) and hepatocytes and in 2D culture, courtesy of Dr Emma Shepherd. 
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Alongside structural changes, we saw an increase in the expression of a number of key 

hepatocyte markers such as Cytochrome C P450 enzymes at an mRNA level in fully 

differentiated organoids, with a trend towards slightly higher expression in donor derived 

organoids compared to ALD (Figure 4.10). This was also true for BSEP and MRP2. I also 

attempted to compare expression of key hepato-specific markers between organoids and 

samples from 2D and 3D ‘spheroid’ cultures of the HepG2-C3A hepatocyte cell line donated 

by Dr Nicholas Coltman(325) (Figure 4.11). This was to assess whether expression levels in our 

organoid model were comparable to other common 2D and 3D models used for liver toxicity 

studies. Expression of CYP3A4, 2C19 and BSEP was much higher in organoids than the HepG2 

cells in 2D or 3D, whereas MRP2 was notably higher in HepG2 cells. CYP2D6 was highest in 3D 

spheroid culture of HepG2 cells, and CYP2E1 levels were similar when comparing donor 

derived organoids and 3D spheroid models, or ALD derived to 2D spheroid models (Figure 

4.11).  

 

Next, I wished to confirm hepatocyte functionality in differentiated organoids. Storage of fats 

within hepatocytes is relevant not only in homeostasis but also in alcohol injury, where 

development of steatosis is a characteristic early feature(112). Incubation of organoids with a 

combination of palmitic and oleic acid(326, 327) confirmed accumulation of lipid droplets 

within the hepatocyte cytoplasm (Figure 4.12) when organoids were stained with a lipophilic 

dye. Alongside this, qPCR (Figure 4.13A-B) confirmed increase in albumin gene expression by 

both donor derived and ALD derived organoids with differentiation, although this was notably 

smaller in ALD derived organoids. Here, relative albumin mRNA expression and fold change 

compared to ductal-like organoids were lower when the cells were derived from ALD liver. I 
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attempted to confirm these observations at protein level by quantifying albumin secretion 

into organoid supernatants using ELISAs, however due to issues with assay sensitivity I also 

looked at albumin protein production by immunofluorescent staining (Figure 4.13C). While 

technical limitations with both imaging and supernatant analysis mean that production of 

albumin protein requires further investigation and confirmation, changes in gene expression 

suggest that these cells are becoming more hepatocyte-like with differentiation. 
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Figure 4.10: Changes in expression of hepatocyte markers show differentiation from a ductal-like to a 
hepatocyte-like phenotype. Gene expression of key hepatocyte markers in ductal-like, primed (+BMP7) and 
differentiated samples was measured via qPCR relative to SRSF4 housekeeping gene from donor (blue) and 
ALD (red) derived organoids. Data points represent organoids derived from individual samples for n=2-4 per 
group where error bars are ±SD. Statistical comparison of relative expression between ductal and 
differentiated organoids was performed using Mann – Whitney test where P values are P≤0.05 (*). 
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Figure 4.11: Expression of hepatocyte markers in organoids compared to 2D and 3D cell line cultures. Gene 
expression of key hepatocyte markers in differentiated donor and ALD derived organoids. Data points 
represent organoids derived from individual samples for n=2-4 per group, or single values for 2D and 3D 
cultures of a HepG2/C3A hepatocyte cell line where error bars are ±SD. Statistical comparison of relative 
expression between donor and ALD organoids was performed using Mann – Whitney test and showed no 
significance.  
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Figure 4.12: Differentiated organoids exhibit hepatocyte functions such as lipid storage. Differentiated donor 
derived organoids were incubated for 24 hours with an oleic acid and palmitic acid lipid mix and stained with 
HCS LipidTOX™ neutral lipid stain (red). Nuclei are counterstained with DAPI (blue). Confocal imaging shows 
arrangement of lipids in droplets within the cell cytoplasm (as indicated with yellow arrows) in treated 
organoids compared to untreated controls. Images taken using ZEISS LSM880 with Airyscan Fast by 
Pantelitsa Papakyriacou and show both central (top images) and surface (bottom images) planes of the 
organoid structures. 

24hr lipid treatment Untreated 
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Figure 4.13: Albumin expression differs with differentiation state and tissue origin. Albumin gene expression 
relative to a SRSF4 housekeeping gene was assessed via qPCR in ductal, primed (+BMP7) and differentiated 
organoids derived from donor (blue) and ALD (red) livers, where n=2-4 per condition and each data point 
represents an individual sample (A). Data is also presented as fold change from ductal expression to 
differentiated in donor and ALD derived livers where n=2 per condition (B). Error bars are ±SD. Albumin 
protein expression in a representative donor derived differentiated organoid is visible with 
immunofluorescent staining of human albumin (green). Image taken using ZEISS LSM780 confocal 
microscope, scale bar is 100µm (C).  
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Overall, the data in this chapter confirm I was able to effectively grow, culture and 

differentiate hepatic organoids from both donor and ALD human livers. While growth patterns 

and many features of differentiation appear to be the same, ALD derived organoids seemed 

to trend towards lower levels of expression of some proteins – particularly in the context of 

albumin production. These findings allow us to progress with adapting this model for alcohol 

injury.  
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4.3 Discussion  

In this chapter I have demonstrated how our model developed at a time when protocols and 

resources were limited. It was key to understand not only whether we could replicate the liver 

organoid phenotype in recently published works, but whether this was possible with both our 

donor and cirrhotic source material – particularly with regards to ALD livers which have 

historically proven challenging to isolate from(221). Furthermore, could we grow organoids 

that showed phenotype and functions which would make them a feasible model for alcohol 

injury.   

4.3.1 Understanding organoid phenotype 

Overall, our findings seemed to fit with those published by Huch et al. The patterns of growth 

and gene expression were in keeping with the literature, where the combined expression of 

ductal markers (EpCAM/CK19) and HNF4a suggest a progenitor cell phenotype, as HNF4a is 

not expressed in normal adult BEC, but is expressed at all stages of development (328). Limaye 

et al also showed that HNF4a expression could be found in BEC in severe liver injury, and 

noted the association in these cases with the appearance of ductular reactions and an 

intermediate hepatocyte phenotype(328). HNF4a is essential for hepatocyte 

differentiation(329), and our change in morphology and expression of hepatocyte associated 

genes with differentiation cues suggests that we were successfully pushing these cells towards 

a hepatocyte-like phenotype.  

 

We saw increased expression of a number of genes which are characteristic of mature 

hepatocytes, and associated with key functions. MRP2 and BSEP are transporters found on 



 165 

the apical side of differentiated hepatocytes, and key for the functional transport of toxic bile 

salts out of hepatocytes into the bile canaliculi(330). Cytochrome P450 enzymes and albumin 

are considered classic markers of mature hepatocytes, and commonly used to assess 

hepatocyte differentiation in in vitro models(331), so the increases we see in our hepatocyte-

like cells is supportive of a change in phenotype. Interestingly, the increased pattern of 

expression seen with CYP enzymes CYP3A4, CYP2D6 and CYP2C19 was not seen with CYP2E1 

- a key enzyme for ethanol metabolism. It should be noted that changes in expression in 

response to ethanol are due to post-translational stabilisation of protein rather than increases 

in mRNA expression, which may influence this result(332). Interestingly, when compared to a 

HepG2-C3A immortalised cell line, we see higher expression of some but not all of these 

enzymes (although it is important to note that this comparison was made to a single sample). 

While higher levels of several hepatocyte enzymes in our model might suggest better 

representation of liver cells, the expression of albumin at the mRNA level was hundreds of 

times higher in the single sample from the 3D spheroid (data not shown). This HCC cell line 

derivative was specifically selected for due to increased albumin production amongst other 

factors, particularly in 3D culture, and high expression of MRP2 has been demonstrated(333, 

334) which could contribute to the differences we see compared to our organoids. It is 

important to highlight that here lies a key gap in our data, which is the confirmation that mRNA 

expression is representative of functional protein expression in our model. As we were unable 

to quantify actual albumin protein production it is difficult to conclude if this disparity is due 

to underproduction by organoids or overproduction by the 3D spheroid model, and if these 

levels have any physiological relevance. We were not able to overcome challenges of 

measuring low level soluble albumin within the timeframe of this project, and while 
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immunofluorescent staining of albumin in differentiated organoids suggests that mRNA 

expression does translate to protein production, technical issues when imaging resulted in a 

loss of nuclear counterstain in these images – making it difficult to draw conclusions as to the 

specificity of the stain. These experiments should be repeated as a priority in future work. 

Furthermore, mRNA expression of drug metabolising enzymes and transporters is promising, 

but confirming function is a key step – particularly in the case of CYP2E1 and understanding 

whether alcohol metabolism is taking place in our model. Addition of known substrates and 

measurement of metabolites would be confirmatory. For example, conversion of para-

nitrophenol to para-nitrocatechol has been shown to be an effective method of assessing 

CYP2E1 activity(335). Similarly, assays have been developed to assess transport of fluorescent 

substrates by MRP2(333, 336). While there is considerable work to be completed to establish 

the range of activity that these organoids are capable of, the increase in gene expression and 

ability of differentiated organoids to metabolise lipid into droplets is supportive of hepatocyte 

function. The next step here would be to understand whether we can replicate steatosis due 

to ethanol exposure.  

 

Alongside improved understanding of functional responses, this model would benefit from a 

wider and deeper investigation of gene expression. This is highlighted at multiple times 

throughout this project and discussed in more detail in Chapter 7, but the genes we have 

studied are only giving a small snapshot. As mentioned above, the markers we chose were 

selected due to their established use when investigating hepatocyte function in vitro. However 

these are limited, and another publication from Huch et al even questions the suitability of 

liver stem cell markers such as EpCAM(337) due to liver cell plasticity. Their 2015 publication 
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also shows a perhaps surprising increase in Cytokeratin 19 with liver organoid differentiation 

(a marker associated with ductular reactions, and a finding which we replicated)(214). The 

whole liver single cell sequencing data(276) analysed in Chapter 3 showed clear changes in 

functional pathways between ALD and donor cholangiocytes and hepatocytes. Single cell 

sequencing has been used for a number of organoid models(338), and investigating organoid 

gene expression in a similar way would allow us to understand differences between donor 

and ALD derived samples, and the extent of phenotypic change with differentiation.  

  

An interesting finding was that, on average, the hepatocyte genes were expressed to a greater 

extent in donor derived organoids than cirrhotic, despite similar growth rates. This may be 

indicative of stem cell exhaustion, or representative of the loss of hepatocyte function seen in 

chronic liver injury. There is some evidence in mice that with a glucocorticoid induced stress 

model, liver progenitor “stemness” is lost due to Galectin-3 activity– a molecule which is 

increased in patients with alcoholic liver cirrhosis(339). This molecule had previously been 

associated with regenerative nodules, and while absent in normal liver, hepatocyte expression 

is induced in cirrhosis(340). The loss of “stemness” could perhaps induce some loss of 

phenotypic plasticity, and therefore make cells more “resistant” to differentiation. Galectin-3 

has been proposed as a biomarker for a number of diseases including liver fibrosis(341), and 

its links to inflammation and liver progenitor cells would make expression in donor vs ALD 

derived organoids an interesting avenue of exploration. The disparity in expression of 

hepatocyte genes was most notable in the differences in albumin production, but was 

challenging to quantify particularly in the instance of fold change as albumin levels were often 

too low in ductal-like organoids to give a quantifiable signal by qPCR. RNA yield was low in 
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differentiated organoids, and an increase in the input of material would be needed to account 

for low ductal expression and calculate this fold increase. Furthermore, RNA quality was often 

lower when hepatocyte-like cell yields were particularly low, which would be improved with 

increased material input and reduce the risk of false results. As shown in Chapter 3, patients 

with late stage ARLD have reduced albumin production. An “imprinted phenotype” has been 

demonstrated in a number of organoid models(342), and these findings may suggest that 

organoids derived from cirrhotic liver have retained some characteristics of the diseased liver 

although further investigation is needed to confirm this. These findings are supported by 

Bhogal et al (221), who showed that when isolating primary human hepatocytes from donor 

and explanted livers, cells from ALD livers produced significantly lower albumin in culture than 

those from other cirrhotic tissues. Investigating albumin production by organoids derived 

from other liver diseases would provide interesting insight into this finding.  

4.3.2 Overcoming culture challenges 

While this project was adapted from published protocols, this was the first time an organoid 

model has been established within our group. I was fortunate to receive training in murine 

gut organoids thanks to Dr Simon Hirota at the University of Calgary, however this was not 

directly translatable for our human liver samples. Understanding how to handle these samples 

in culture and optimising elements such as split ratios, Matrigel droplet size and passage 

frequency was a key element of developing this model. Overcrowding in organoid wells 

caused unnecessary passages and stress, alongside repetitions of a time consuming and 

expensive passage process. Splitting too harshly resulted in difficulty recovering a confluent 

culture. On average, a 1:6 split ratio for both donor and ALD derived organoids was suitable 
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for passages every 7 days, however this was incredibly donor dependent and varied from 1:2 

to 1:12. If organoid overcrowding occurred, we would see yellowing of culture medium due 

to increased pH and eventually collapse of the Matrigel droplet – resulting in detachment from 

the tissue culture dish and loss of sample. Interestingly, we also observed sensitivity to 

changes in plastic wear, where the stability of Matrigel droplets was dependent on culture 

plate supplier. This is a factor that should be considered if further optimisation of this protocol 

occurs, or when planning experiments during periods where consumables supply is less 

reliable. Similarly, stability of the Matrigel droplet could be compromised by vibrations within 

Category 2 biosafety cabinets, which could be circumvented with dampened tissue paper 

underneath the plate to absorb vibrations. There are also more general limitations of Matrigel 

to be noted, such as batch variation and a wide range of potential growth factor 

concentrations(343). Alongside alternative products such as growth factor reduced Matrigel, 

there has been significant advances in the options available for extracellular matrix (ECM) gels 

which is discussed further in Chapter 6, and should be considered for future work on this 

project.  

 

At the start of this work there was no commercially available medium for human hepatic 

organoids and attempts to adapt available mouse medium were not successful. Huch et al 

discussed in their work that their previously established mouse liver organoid medium was 

not directly translatable to human liver tissue, and cultures degenerated rapidly. They 

discovered high levels of TGFb signalling, and noted that addition of the TGFb pathway 

inhibitor A-83-01 improved survival. Furthering this, addition of the cAMP agonist Forskolin 

(which has been shown to induce ductal cells in vivo(214, 344)) increased the stem cell marker 
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LGR5+ and ductal marker Cytokeratin 19, and lead to long term stable culture of human 

organoids. As the HepatiCult™ Organoid Growth Medium (Mouse) was developed in 

collaboration with Huch et al, I had hoped to “humanise” it with the addition of A-83-01 and 

Forskolin, allowing use of a commercially available organoid medium. However, as shown in 

Figure 4.3 it resulted in poorer organoid yield and therefore the published Expansion Medium 

recipe was used. It is unclear if there are additional factors added to the HepatiCult™ which 

reduced the effectiveness with human samples, although it should be noted that this 

experiment was not repeated after initial testing. The protocol for making the published 

Expansion Medium is a limitation of this work, as it creates multiple opportunities for the 

introduction of both human and pipetting error. The standard Expansion Medium alone 

requires the addition of 14 different components, each of which are individually reconstituted, 

aliquoted and added to every batch (at a minimum every 2 weeks). Long term storage in 

freezers over periods of lab inaccessibility and changes in supplier due to product 

unavailability also introduce variation into a model where this is already a challenge. Human 

hepatocyte organoid media is now commercially available, and moving forward would 

improve the reliability of this organoid culture. Similarly, STEMCELL Technologies now provide 

a range of resources regarding the culture, cryopreservation and experimental handling of 

organoids. This is discussed further in Chapter 6, but highlights the exciting possibilities of this 

model going forward; the time dedicated to overcoming challenges in the day to day use of 

this model limited the ways in which we could apply it, as well as concerns regarding 

normalisation and reproducibility. The existence of commercially available protocols and 

reagents for human liver organoids means that there is much more scope to investigate how 
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this model responds to alcohol injury, and to understand differences between cirrhotic and 

donor derived samples with fewer confounding variables from the culture process.  

 

A surprisingly complex aspect of this project was determining total cell count in order to 

measure growth rates. Despite many different optimisations to the protocol, I found that cells 

either could not be reduced to a single cell suspension or resulted in reduced growth after 

harsher enzymatic digestion. Eventually, this issue was circumvented to some degree by 

measuring the change in total protein over time. This allowed me to plot a growth curve based 

on total protein, that showed a similar pattern in doubling time to Huch et al(214). This value 

was not impacted by any ECM protein carryover, as control Matrigel-only droplets showed 

undetectable levels of protein when measured. This method was then carried forward as a 

crude way of normalising samples such as supernatants, but the inability to perform an exact 

cell count remains one of the most significant limitations of this project. This issue became 

more pronounced in later experiments, particularly when trying to understand differences 

between ALD and donor derived organoid responses to injury. Conversely, total protein 

normalisation may have some advantage due to the significant heterogeneity in organoid 

growth between samples. Due to notable donor variability, seeding cells in equal number may 

not result in equal cultures at an experiment endpoint. Therefore, total protein may offer 

value with regards to understanding differences in treatment response between samples. 

Generating sufficient material from differentiated organoids for downstream analysis was also 

challenging. Ductal-like organoids grew rapidly and were easily lysed, often yielding several 

hundred nanograms per microliter of RNA. However, yields were considerably lower for 

hepatocyte-like organoids, where not only do we actively halt proliferation with 
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differentiation but also see a reduction in size and increase in density. An initial concern was 

whether I was achieving sufficient cell lysis, however this was challenging to improve without 

loss of sample. If this type of model were ever to be scaled, for example in the context of drug 

discovery, it is important that this limitation is circumvented and protocols optimised with 

additional steps such as phenol-chloroform RNA extraction(345). Another element of the 

culture protocol that required optimisation (but is not displayed in the figures above) included 

understanding the impact of Matrigel droplet size and time in differentiation medium. In the 

early stages of this project we noticed that when differentiating organoids, a monolayer of 

cells appeared in the bottom of the well outside the Matrigel droplet after approximately one 

week in culture. These appeared to originate from organoids that had “collapsed”, but it was 

not possible to investigate these cells separately from the organoid cultures. As we were 

concerned that these cells could be contaminating our results due to having a different and 

unknown phenotype, we tried to reduce their impact by reducing the time that organoids 

differentiated in culture from 12 days to 8, and plating smaller Matrigel droplets to limit 

organoid size and avoid collapse. As these mitigations did not improve the presence of the 

monolayer of cells (which did appear to remain within the culture well after removal of the 

organoids) we continued with the original protocol. However, it cannot be overlooked that 

they may have influenced qPCR and proteome results, and investigation into these cells would 

be beneficial if seen in future cultures.  

4.3.3 Adapting published protocols 

It should be noted that adaptions were made to the published protocols in order to suit our 

source material and resources. We chose to plate isolated progenitor cells from a crude liver 
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preparation rather than by sorting for EpCAM+ cells, as the original publication by Huch et 

al(214) showed that this yielded proportionally similar numbers of organoids and removal of 

the sorting step would minimise potential for contamination of the cultures. The methods 

published by Huch et al also described a Percoll-based clean up step as part of a hepatocyte 

isolation, which we chose to include as it removed a large amount of debris whilst also giving 

a good organoid yield that matched the expected phenotype. The flow cytometry analysis of 

representative isolation pellets (Figure 4.2) confirmed that our adapted method of isolation 

did result in EpCAM+ cells, and the increased percentage seen in the ALD isolation is in keeping 

with our immunohistochemical staining (Chapter 3). However, it appears that there may be 

more than one EpCAM+ population. In this analysis we considered the cells with the strongest 

signal (EpCAMhi ) to be our positive population,  but we are unable to differentiate between 

cells from ductular reactions, biliary epithelial cells and even mature hepatocytes that have 

developed from progenitors and are EpCAM+ (346). While our results suggest that we have 

indeed been producing organoids from our expected population, further investigation into 

whether different EpCAM+ cell populations alters organoid phenotype (especially in cirrhotic 

liver where ductular reactions result in heterogeneous populations(33)) is essential to 

understand the outcomes of this model. 

 

To investigate these populations more clearly, it would be beneficial to compare the results 

to organoids grown from EpCAM+ cells alone. During our in-house protocol for the isolation of 

hepatic sinusoidal endothelial cells from whole liver tissue, we include a step to remove 

EpCAM+ cells using immunomagnetic selection(57). This method could potentially offer an 

efficient way to optimise our isolation protocol going forward, by selecting for EpCAM+ cells 
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without requiring a cell-sorter. Surprisingly, no additional steps were required to get an 

effective isolation from highly scarred cirrhotic tissue. While the initial manual tissue 

dissociation could be more challenging, it is possible that any reduced ability to 

dissociate/digest the tissue was compensated for by the increased numbers of ductal 

progenitor cells seen in cirrhotic tissue (as indicated in Figure 3.8). Interestingly, the addition 

of a red blood cell (RBC) lysis step to the isolation protocol resulted in poorer cell yield when 

performed in parallel without a lysis step. This may be due to the RBCs having a positive effect 

and releasing factors supportive of growth (as they have been shown to be reservoirs for a 

range of different cytokines and growth factors such as VEGF and HGF(347)), or lysis buffer 

negatively impacting the progenitor cells(348). This question was not pursued as RBC 

contamination was quickly lost with passage, but could possibly offer another potential 

advantage of pursuing EpCAM+ sorting or further investigation the influence of RBCs in co-

culture.   

 

One of the most significant adaptions to this protocol was the successful growth of organoids 

from cryopreserved tissue. Tsai et al demonstrated this technique with human gut biopsies, 

and highlighted the potential for utilising biopsy samples that may otherwise go unused due 

to the time and labour required to generate organoid cultures(274). This has also been 

demonstrated in cryopreserved biobanked endometrial biopsies, where results were 

comparable to fresh tissue(349). While not pursued for this project, this offers an exciting new 

avenue for organoid research in institutions that lack access to primary tissue. Culturing from 

cryopreserved tissue also offers a solution to issues with standardisation in source material, 
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where samples could be frozen within a much smaller time window from arrival and isolated 

in parallel. 

4.3.4 Limitations of source material  

An important limitation of this project and all studies using material from human donors, is 

that the tissue samples that we received were highly variable; an issue that is furthered by the 

low sample numbers in this study. While all ALD livers are from end stage alcohol related 

cirrhosis, the condition of the tissue was not consistent (which is exemplified in the IHC 

imaging shown in Figure 3.9). There was variation in levels of scarring and altered architecture, 

as well as the number of cells with progenitor markers. Clinical trials investigating sampling 

variability in NASH biopsies have highlighted that there is such range even within the cirrhotic 

liver that some biopsies can lead to a missed diagnosis, despite secondary biopsies confirming 

key features of NASH(350). Our tissue pieces were intentionally considerably larger than 

biopsies to account for this, however it emphasises the range of potential samples. Liver ECM 

has also been shown to be highly immunomodulatory(351), and it is well established in vitro 

that ECM stiffness alters liver cell function(352); this suggests that variable levels of scarring 

and ECM deposits as seen in Figure 3.7 could mean that we are isolating cells from quite 

different liver environments. Alongside this, there was variation in cold storage time of tissue 

samples before isolation. This is possibly most significant in the case of donor material, where 

there are additional delays between collection from the donor, to decision not to use for 

transplantation, and allocation to the CLGR(221). An additional consideration regarding donor 

livers is reason for rejection; unsuitability for transplant could be due to a number of factors 

(such as donor age or donation after cardiac death)(353) which makes the donor pool highly 
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variable. In particular, rejected donors with high levels of steatosis can result in poorer cell 

isolations (which is acknowledged both in our in-house protocols and in the literature(221, 

354)), and for this reason I did not attempt to isolate from samples with visibly high fat 

accumulation. Both donors and ALD patients may also have a range of co-morbidities that we 

are not always informed of. Furthermore, HCC is common in patients with cirrhosis, and while 

every effort was made not to include samples where tumours were present elsewhere in the 

liver in donor-ALD comparisons, pre-neoplastic changes throughout the cirrhotic ALD liver 

may contribute to changes in organoid phenotype (355, 356). The low sample numbers in this 

study mean that it is hard to account for any effects that this variability may have, and in cases 

such as organoid growth patterns where ranges were particularly high, we may be missing 

differences between ALD and donor tissue. Organoid culture was successfully completed on 

samples from an ALD/HCC liver explant and on healthy resected tissue from patients with liver 

cancer, however they were not included in comparisons due to unknown impacts of disease 

or treatments. This could be investigated at a later date, as tumour organoids are a well-

established and informative tool. Being able to utilise the samples that weren’t included in 

this study to grow organoids from tumours and surrounding tissue in parallel could offer a 

unique insight into the development of HCC in ALD cirrhosis. 

4.3.5 Summary  

In this chapter, we have demonstrated our ability to grow and differentiate organoids from 

donor and cirrhotic livers. Our findings suggest that we are successfully isolating a progenitor-

like cell, and we see indicators of hepatocyte function with differentiation such as expression 

of albumin and lipid droplet formation. This, alongside the presence of detox enzymes, 
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support the potential use of this model to replicate alcohol injury from donor and cirrhotic 

samples. The differences in gene expression between both tissue types suggest that samples 

may be retaining characteristics from the diseased liver, which is advantageous for studying 

AH which most commonly occurs on a background of chronic liver damage. While there is still 

characterisation to be done on organoid phenotype and function, these findings supported 

progression to the investigation of injury responses.  
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Chapter 5 – Modelling injury in 3D cultures 
 

5.1 Introduction 

After establishing the function and phenotype of our cultured organoids, the next step was to 

attempt to recreate the injury we have seen in our patient groups – thus permitting 

understanding of not only the inherent differences between donor and ALD derived 

organoids, but also how they respond depending on the state of maturity (ductal or 

hepatocyte-like). Alongside response to alcohol, we also considered the additional stimulation 

from exposure to bacterial products as is frequently seen in all ARLD patients(174, 177). One 

particularly damaging effect of this is the increase in circulating LPS – a molecule found on the 

outer capsule of gram negative bacteria such as E.coli(73). In homeostasis, the liver would 

usually contribute to clearance of these molecules from commensal bacteria(74), however 

loss of hepatocyte function and increased concentrations of circulating LPS in ARLD can lead 

to endotoxemia and systemic immune activation. For this reason, we consider it an important 

additional stimulus in our model alongside alcohol.  

 

As discussed in the introduction to this thesis, the liver also has a number of key immune 

functions, and the production of inflammatory cytokines and proteins required for the acute 

phase response influence systemic immune behaviour(62, 82). In this chapter we investigate 

whether we are capturing those functions in our organoid model, and whether we can 

recapitulate in vivo responses to injury. Furthermore, based on our findings regarding 

neutrophil behaviour in both AH and ALD, the next question was to assess the effect of 

organoid conditioned media on neutrophil function in order for us to begin to dissect the 
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mechanisms underpinning neutrophil response to liver injury in vivo. As shown in Chapter 3, 

there is significant increase in neutrophil number and infiltration into the liver in AH, but an 

overall decrease in function. Here we hope to investigate the impact of both injured and 

uninjured organoids on primary isolated neutrophils to see if damage signalling alters their 

phenotype.  

 

In this chapter, I aimed to do the following:  

• Measure organoid responses to alcohol and bacterial products  

• Investigate different outputs and pathways to better understand how this 

model might be utilised to study liver-neutrophil crosstalk 

• Gather pilot data describing the effect of injured and uninjured organoid 

supernatants on neutrophil function 
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5.2 Results 

5.2.1 Selecting appropriate injurious stimuli 

Now that we understood more about the difference in phenotype between ALD and donor 

derived organoids, as well as how this changed with differentiation, the next step was to 

assess how they would respond to injurious stimuli designed to recreate the hepatic 

environment in alcoholic hepatitis. The first step in this process was a titration of ethanol into 

the media of ductal and differentiated organoids (Figure 5.1). I selected a concentration range 

between 1 and 100mM to reflect the exposure range in vivo(357). When I measured gene 

expression for ADH1 and CYP2E1 in ductal and differentiated cells from an ALD liver there was 

a differential response (Figure 5.1). Whilst there was a dose dependent variation in expression 

of both genes in ductal cells with a peak at 5mM this was not replicated in matched 

differentiated samples, however this was only performed on cells from a single donor. To 

ensure that ethanol evaporation over the culture period was not impacting on response, I 

trialled a different dose regime using two separate higher doses of 200mM ethanol over 24 

hours on differentiated organoids (Figure 5.2A). This led to a more dramatic decrease in 

expression of ADH1A, CYP2E1 and also albumin gene expression. We therefore questioned 

whether we were observing a toxic effect of ethanol or possibly a de-differentiation of our 

hepatocytes. The alcohol titration was therefore repeated on two new donor and two ALD-

derived sets of differentiated organoids. Figure 5.2B shows that there was no significant 

change in either EpCAM or CYP2E1 with increasing concentrations of ethanol for these patient 

samples. Importantly I compared the Ct values for four common housekeeping genes in 

response to injurious stimuli. These were stable across treatments, and subsequent qPCR 

experiments were completed relative to SRSF4 only. This was chosen due to published data 
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showing it to be the most stable housekeeping in ALD samples(358) alongside it having similar 

Ct values to our genes of interest (Figure 5.3).  

 

We chose to continue with a treatment of 100mM ethanol plus LPS at 100ng/ml for 24 hours. 

This caused no obvious changes in appearance or morphology after treatment in ductal or 

differentiated organoids (Figure 5.4A-D). Adenylate kinase activity in cell supernatant was 

measured to assess levels of injury. Overall, while some samples showed slight increases in 

this marker of cell damage, levels were inconsistent with no reliable injury in response to 

treatment with ethanol and LPS (Figure 5.4E) overall. Only samples from undifferentiated 

donor derived organoids appeared to show credible levels of cell damage, however repeats 

are necessary to confirm this pattern.  
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Figure 5.1: Ductal and hepatocyte-like organoids express alcohol metabolizing enzymes, which may be altered 
in the presence of ethanol. Ductal and hepatocyte-like organoids derived from an ALD liver were treated with 
increasing concentrations of ethanol (EtOH) for 24 hours. Expression of genes related to ethanol metabolism 
were assessed via qPCR relative to b-Actin housekeeping gene and displayed as relative expression. Error bars 
show ±relative expression error for 3 technical repeats within each condition for n=1. 
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Figure 5.2: Single dose of ethanol does not alter expression of CYP2E1 or EpCAM in differentiated organoids. 
Hepatocyte-like organoids were either given two doses of 200mM ethanol (EtOH) over the course of 24 hours 
(A) or treated with increasing concentrations of EtOH for 24 hours (B). Samples in (A) were isolated from ALD 
livers, and samples in (B) from donor (blue) or ALD (red) livers as indicated. Expression of genes related to 
ethanol metabolism were assessed via qPCR relative to either b-Actin (A) or SRSF4 (B) housekeeping genes and 
displayed as relative expression or fold change in relative expression as indicated. Error bars show ±SD for n=2 
biological repeats. 
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Figure 5.3: Common housekeeping gene Cycle threshold (Ct) values are not altered with treatment or 
differentiation state. Differentiated organoids derived from an ALD liver were treated with either 100mM 
ethanol (EtOH) or 100ng/ml LPS, alongside untreated undifferentiated (ductal) organoids. The Cycle 
threshold (Ct) values of the four different housekeeping genes indicated when measured using qPCR were 
compared between treatment conditions. Data is presented as average Ct for n=1 biological repeat 
completed in triplicate.  
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Figure 5.4: Exposure to ethanol and LPS does not alter organoid morphology or size, but may induce some 
release of cell damage marker adenylate kinase. Ductal (A and C) and hepatocyte-like (B and D) organoids were 
treated with 100mM ethanol (EtOH) and 100ng/ml LPS for 24 hours and imaged using a ZEISS brightfield 
microscope. Release of adenylate kinase (AK) as a marker of cell damage was measured via luminescence (E) 
in ductal-like and hepatocyte-like organoids derived from both donor and ALD livers, with and without 24 hour 
treatment with 100mM EtOH and 100ng/ml LPS. n=3 per condition with square symbols represented treated 
matched samples. Data points represent average luminescence reading for 3 technical replicates. 
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5.2.2 Understanding organoid response to injury 

A key element of the immune-liver crosstalk is the production of cytokines and chemokines 

by hepatic cells, which recruit and retain inflammatory cells(62). As we have previously 

highlighted the importance of infiltrating neutrophils in liver injury in AH, I investigated 

organoid chemokine production using a proteome profiler kit on supernatants from organoid 

cultures (Figures 5.5 and 5.6). Ductal organoids from both cirrhotic and donor livers produced 

multiple chemokines, many of which are associated with neutrophil activation and migration. 

These included CXCL8 (IL-8), CXCL5 (ENA-78 – Epithelial derived Neutrophil Activating Peptide-

78), CXCL7 (NAP-2 - Neutrophil Activating Peptide - 2), CXCL1 (Groa), MidKine, and CCL20. Of 

particular note, the most highly produced chemokine in all samples was IL-8, a key neutrophil 

chemoattractant(359). Based on normalised Mean Pixel Density, the levels of chemokine 

produced were similar in both ALD and donor derived ductal organoids, and overall did not 

change markedly after ethanol and LPS treatment. There was a small increase in IL-8 and 

CXCL7 production by donor ductal organoids (Figure 5.5C) after stimulation, alongside a 

reduction in CXCL16 and Midkine.  Whilst ALD organoids produced a similar level of the same 

chemokine proteins in general, there seemed to be a lower effect of treatment.  

 

A similar pattern appears when differentiated organoid supernatant was assessed using the 

same methodology (Figure 5.6). We see the same proteins present in the samples, with a slight 

trend towards lower production in those derived from cirrhotic liver (Figure 5.6B). Once 

stimulated with ethanol and LPS there also appeared to be fewer changes compared to 

treated ductal organoids. There were slight increases in MidKine and CXCL7 by both donor 

and ALD organoids, and a notable increase in CCL20 production by ALD derived cells.  
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Figure 5.5: Chemokine production by Ductal-like organoids in response to treatment with ethanol and LPS. 
Ductal-like organoids were treated with 100mM ethanol (EtOH) and 100ng/ml LPS for 24 hours. Supernatants 
were collected and chemokine production was assessed using a Proteome Profilerä Human Chemokine Array. 
Blots were measured using a ChemiDocä MP Imaging System (A). Positive results for chemokines are labelled 
and control dots are indicated with a blue rectangle. Mean Pixel Intensity (MPI) was calculated relative to the 
average of control dots using FIJI image analysis software (B). Results were then displayed as fold change from 
untreated to treated MPI for positive results (C). n=1 for each condition, dotted line indicates no fold change. 
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Figure 5.6: Chemokine production by hepatocyte-like organoids in response to treatment with ethanol and 
LPS. Hepatocyte-like organoids were treated with 100mM ethanol (EtOH) and 100ng/ml LPS for 24 hours. 
Supernatants were collected and chemokine production was assessed using a Proteome Profilerä Human 
Chemokine Array. Blots were measured using a ChemiDocä MP Imaging System (A). Positive results for 
chemokines are labelled and control dots are indicated with a blue rectangle. Mean Pixel Intensity (MPI) was 
calculated relative to the average of control dots using FIJI image analysis software (B). Results were then 
displayed as fold change from untreated to treated MPI for positive results (C). n=1 for each condition, dotted 
line indicates no fold change. 
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As the proteome profiler assays are only semi-quantitative, I next wanted to assess the levels 

of IL-8 production in more detail (Figure 5.7). An IL-8 ELISA performed on organoid 

supernatants from multiple donors showed production of this chemokine in the range of 

nanograms per ml, which is similar to the levels seen in the plasma of patients with septic 

shock(360). In agreement with the proteome profiler data (Figure 5.5 and 5.6) production 

levels were similar between ALD and donor derived organoids, as well as between ductal and 

differentiated samples from the same patients. However, it was clear that interpatient 

variability was high.  

 
 
 
 
 
 
 
 
 
 
 

 
  

Figure 5.7: Both ductal and hepatocyte-like organoids produce IL-8 under basal and stimulated conditions. 
Ductal and hepatocyte-like organoids derived from both ALD and donor livers were treated for 24 hours with 
100mM ethanol and 100ng/ml LPS. Supernatants were then collected and IL-8 concentration was measured 
using a Human IL-8/CXCL8 DuoSet® ELISA, and quantified using an IL-8 standard curve of known concentration. 
n=2-3 samples per condition with square symbols indicating matched treated samples. 
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I next wanted to assess whether the combination of ethanol and LPS was impacting expression 

of our phenotypic marker genes. Our initial investigations looked at ethanol only titrations 

and EpCAM expression in differentiated samples (Figure 5.2). I therefore compared expression 

of ductal markers such as EpCAM and Cytokeratin 19 alongside hepatocyte markers such as 

HNF4a and Albumin in organoids treated with both ethanol and LPS (Figure 5.8). There were 

no notable changes in expression after treatment of ductal or differentiated samples, 

alongside no changes in expression of CYP2E1 which supports our previous findings from 

separate patient cases in Figure 5.2. I also wanted to investigate whether the addition of 

ethanol and LPS was regulating TLR4 at the mRNA level. Whilst there was no change in 

response to treatment, relative expression was approximately 10-fold higher in hepatocyte-

like organoids compared to ductal-like samples, indicating an increase with differentiation 

(Figure 5.8).  
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Figure 5.8:  Acute treatment with ethanol and LPS does not cause changes to key organoid markers. Both ductal 
and hepatocyte-like organoids derived from donor and ALD livers were treated with 100mM ethanol (EtOH) 
and 100ng/ml LPS for 24 hours. Expression of key ductal and hepatocyte genes was assessed by qPCR and is 
displayed as mean relative expression to SRSF4 housekeeping gene ± SD. Values were generated from n=2 
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 Given that I had observed that albumin expression was lower in differentiated ALD derived 

organoids than donor cells, and that there were differences in chemokine protein production 

between donor and cirrhotic cells, I wanted to perform a more detailed gene expression 

analysis. As part of a separate project, members of our lab were using a NanoString nCounter 

gene expression panel able to compare expression of over 700 genes in a dedicated fibrosis 

pathway set. Whilst many genes were perhaps less relevant for ductal cells and hepatocytes, 

the panel included a number of key inflammatory markers which would be helpful to assess 

the organoid response to ethanol and LPS treatment. I was therefore able to load RNA from a 

single matched set of donor and ALD differentiated organoids onto the kit as it was processed. 

Analysis of gene changes that were increased or decreased by a minimum of 2-fold showed a 

considerably reduced response in ALD organoids (2 changed genes) compared to donor 

derived organoids (80 changed genes) (Figure 5.9). Alongside this, many of the genes in the 

donor organoids increased or decreased by around 10-fold in response to treatment, 

compared to 2-fold in ALD. The most downregulated genes in the donor cells included 

NOTCH3 (associated with development), CETP (involved in lipoprotein transport) and MMP3 

(associated with ECM breakdown). The most highly upregulated genes in the donor cells were 

the adhesion molecule VCAM-1, and LRP2 (associated with albumin binding). In contrast, only 

the classical complement binding protein C4BPA was downregulated and platelet activating 

factor receptor (PTAFR) was upregulated in ALD organoids after treatment (gene descriptions 

were investigated using the National Center for Biotechnology Information Gene Molecular 

Database(361)). Given the comparatively low response of ALD derived organoids we 

performed separate qPCR analysis to check for genes that would indicate cellular senescence 

(Figure 5.10). There was no significant difference in expression of P16 or P21 between donor 
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and ALD derived organoids at the ductal or differentiated stage, however there was an 

expected increase in both of these markers with differentiation.  
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Figure 5.9: Donor liver derived organoids show a robust genomic response to treatment which is not recreated 
in cirrhotic liver derived organoids. RNA was extracted from differentiated hepatocyte-like organoids, RNA 
purity was assessed via TapeStation and samples were loaded onto a NanoString nCounter Fibrosis Panel by 
Ellie Northall. The panel was run by Birmingham Tissue Analytics and resulting data was analysed by Dr Emma 
Shepherd using nCounter software to investigate differential gene expression in response to treatment. Values 
were generated from n=1 set of donor (A) and ALD derived (B) hepatocyte-like organoids, with or without 
treatment with 100mM ethanol and 100ng/ml LPS for 24 hours, with minimum cut off of 2-fold gene change. 
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Figure 5.10: Diminished response to treatment is not due to increased senescence markers in ALD compared to 
donor derived organoids. Organoids were grown from both donor and ALD liver tissue, and RNA was isolated 
from both ductal and differentiated stage samples. Relative expression of P16 and P21 senescence markers 
were analysed using qPCR, and data is displayed as mean relative expression to SRSF4 housekeeping gene ± 
SD. Data points represent individual samples for n=2-3. Unpaired t test showed no significant difference 
between donor and ALD derived organoids. 
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One of the most significant contributions of the liver to immune function is the production of 

compliment proteins. These are essential to the function of the innate immune response, 

including the activation and recruitment of neutrophils(362). I therefore used a TaqMan® 

Array for the Human Complement Pathway to check for mRNA expression for a large number 

of complement proteins. As the array enabled investigation of three samples, I chose to look 

at expression in differentiated organoids from one ALD liver (both untreated and treated with 

100mM ethanol and 100ng/ml LPS) and one donor liver (treated only) and saw expression of 

several key complement proteins (Figure 5.11). Overall, expression of most genes was higher 

in the donor sample, most notably for proteins C5 and C8A. MBL2 appeared to be expressed 

in treated but not untreated ALD organoids, and slight changes with treatment were also seen 

in C2, C3, Complement Factor B (CFB), and Complement factor D (CFD). We did not see any 

expression of C1Q, C6, C7, C8B, C8G, C9 or MASP2.  

 

Based on these results, I chose the proteins C3, C5, C8 and MBL2 to pursue and assess their 

expression in different conditions (Figure 5.12). Both C3 and C8 showed no or extremely low 

expression in ductal organoids but increased notably with differentiation, whereas levels of 

C5 were similar in both ductal and hepatocyte-like samples, and C8 appeared to be slightly 

lower in ALD derived differentiated organoids. Interestingly, while expression in ALD 

organoids was lower for most proteins (in line with our previous findings), expression of C3 

was considerably higher in differentiated organoids derived from diseased livers. Overall 

treatment with LPS and ethanol does not seem to alter expression of any of the complement 

proteins investigated above untreated levels. 
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Figure 5.11: Differentiated organoids express the genes for several complement proteins. Differentiated 
organoids from both ALD and donor livers were treated for 24 hours with 100mM ethanol and 100ng/ml LPS. 
Expression of indicated complement genes was then investigated by qPCR using a TaqMan® Array for the 
Human Complement Pathway on matched untreated and treated ALD samples, and a single treated donor 
sample. Data points are relative expression to TBP for n=1 biological and technical repeat.  
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Figure 5.12:  Organoid expression of complement proteins changes with differentiation and is altered in 
disease. Both ductal and hepatocyte-like (Hep) organoids derived from donor and ALD livers were treated 
with 100mM ethanol (EtOH) and 100ng/ml LPS for 24 hours. Values were generated from n=3 samples per 
condition with (+) or without (-) treatment, with triangular data points indicating differentiated samples. 
Expression of indicated complement genes was assessed by qPCR and is displayed as mean relative expression 
to SRSF4 housekeeping gene ± SD. Statistical comparison of relative expression was performed using unpaired 
t-test where P values are P≤0.05 (*),  P≤0.01 (**).  
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5.2.3 Do supernatants from hepatic organoids influence neutrophil function?  

Following on from the results of the chemokine profiler shown in Figures 5.5 and 5.6, it was 

suspected that organoid supernatant would act as a chemoattractant. This was confirmed 

using a CytoSelectä 96 well migration assay, which allowed semi-quantitative measurement 

of neutrophil migration based on total DNA from lysed migrated cells. We demonstrated that 

isolated neutrophils from healthy donors migrated an average of approximately 5-fold more 

towards organoid supernatant (Figure 5.13B) when compared to media controls. As 

highlighted previously, organoid cultures were not controlled for cell number, however 

normalising fold change in chemotaxis to total protein per well of organoids did not alter the 

outcome of this analysis (data not shown). Pilot experiments with neutrophil-organoid co-

culture also suggest a potential for neutrophil migration into organoids. Confocal microscopy 

was used to assess whether labelled neutrophils could migrate into organoids resident within 

the Matrigel support. Figure 5.13C suggests possible migration of isolated donor neutrophils 

(blue) into a ductal organoid in culture (yellow).  
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A B 

C 

Figure 5.13:  Organoids are able to induce neutrophil chemotaxis. Blood from healthy volunteers was 
collected into EDTA containing vacutainers and neutrophils were isolated using a density gradient. 
Neutrophil migration was then assessed using a CytoSelectä cell migration assay. Cells were incubated for 
2 hours on top of a 3-micron semi-permeable membrane above supernatants (A) from donor and ALD derived 
organoids, both in ductal-like and hepatocyte-like stages of development, with or without treatment with 
100mM ethanol and 100ng/ml LPS for 24 hours. Migration was quantified by lysing cells that had passed 
through the membrane, staining with a fluorescent DNA dye and measuring using a fluorescent plate reader 
(B). Data was generated from n=2 blood donors and is presented as fold change in migration from treatment-
matched control medium ± SD, where data points differentiate between donor (blue circle) and ALD (red 
square) samples. Isolated neutrophils (blue) were also stained using CellTracker™ Dye and incubated for 1 
hour 30 minutes with ductal organoids in culture stained with DRAQ5™ Fluorescent Probe Solution (yellow). 
Organoids were then imaged using a ZEISS LSM880 confocal microscope, and 3D images were rendered using 
Imaris software by Dr Scott Davies (C-D) to show neutrophil location. Red and black arrows indicate the same 
neutrophils viewed from outside (C) and inside (D) the organoid.  
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It was also important to understand whether organoid supernatant altered the antimicrobial 

functions of neutrophils. As demonstrated in Chapter 3, neutrophil phenotype and function is 

altered in both chronic and acute alcohol injury. There is also significant recruitment to the 

liver in alcoholic hepatitis that is not seen in donor or chronically diseased liver tissue (Figure 

3.13). I have already demonstrated that my organoids produce chemotactic factors which are 

known to influence neutrophil recruitment (Figure 5.5-6), so my next step was to investigate 

the effect of organoid supernatant on a range of neutrophil functions.  

 

I began by using the PHAGOTEST kit to determine the ability of neutrophils to phagocytose 

fluorescently labelled E. coli. I have previously shown that there is a significant reduction in 

phagocytic capacity in peripheral patient neutrophils compared to healthy donors (Figure 3.6). 

Here I found that incubation with supernatants from differentiated ALD organoids did not 

alter phagocytic capacity of healthy donor neutrophils (Figure 5.14). Mean Fluorescence 

Intensity (MFI) values were similar for cells exposed to media alone vs supernatants from 

treated or untreated cells.  
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Figure 5.14:  Neutrophil phagocytosis is not altered by incubation with basal or conditioned organoid medium. 
Blood from healthy volunteers was collected in heparin containing vacutainers and diluted 1:1 with either; 
Advanced DMEM F/12 (ADF), organoid media (OM), organoid media with the addition of 100mM ethanol and 
100ng/ml LPS (OM+), or supernatant from a set of differentiated ALD derived organoids with (Sup+) or without 
(Sup) 24 hour treatment with ethanol and LPS. Samples were incubated for 3 hours at 37°C and then 
phagocytosis was investigated using the PHAGOTEST kit. Opsonised and fluorescently labelled E.coli was 
added for 10 minutes at 37°C, followed by quenching of any non-phagocytosed external bacteria. Mean 
fluorescence Intensity (MFI) of the neutrophils in each condition was then measured using a CyAn™ ADP 
Analyzer to quantify the level of phagocytosed bacteria. Data was generated from n=2 blood donors and is 
presented as ± SD alongside 0°C control samples.  
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Finally, I performed NETosis assays by incubating isolated neutrophils from healthy donors 

and AH patients with ductal and differentiated organoid supernatants, derived from donor 

and ALD livers. Strikingly, supernatants from ductal organoids were able to induce an average 

of approximately 9-fold increase in NETosis in healthy donor neutrophils, compared to very 

minimal responses from differentiated organoids (Figure 5.15). While this difference was 

significant in experiments testing healthy neutrophils, this was not the case when tested on 

neutrophils derived from patients with alcoholic hepatitis, despite similarly dramatic 

differences between ductal and hepatocyte-like supernatants. The impact of ductal 

supernatants was similar for both donor and ALD derived organoids with a slight trend for 

increased activity of the ALD supernatants, although samples were not normalised for cell 

number. Total protein measurements per well showed that the differences between ductal 

and differentiated supernatant was not due to organoid number as the notable difference in 

NETosis was seen even when total protein values were similar between both ductal and 

hepatocyte-like samples. As with previous experiments, we saw no additional response after 

treatment with LPS and ethanol, and have displayed the response to treated samples in Figure 

5.15.  
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Figure 5.15:  Ductal - but not hepatocyte-like - organoids induce NETosis in healthy and diseased human 
neutrophils. Blood from healthy volunteers and patients with alcoholic hepatitis was collected into EDTA 
containing blood tubes, and primary neutrophils were isolated using a density gradient. Cells were 
resuspended in supernatants from ductal and hepatocyte-like (differentiated) organoids, derived from both 
donor and ALD livers, which had been treated for 24 hours with 100mM ethanol and 100ng/ml LPS. Neutrophils 
and supernatant were incubated at 37°C for 3 hours, and extracellular DNA was stained using SYTOX™ Green 
as an indicator of NETosis. Total fluorescence was quantified using a BioTek Synergy™ 2 fluorescent plate 
reader. Data was generated from n=3-4 blood donors per condition, each incubated with supernatants from 
organoids derived from different ALD and donor livers. Data points represent fold change in fluorescence from 
treatment matched medium controls ± SD. Statistical comparison was performed using unpaired t-test where 
P values are P≤0.05 (*).  
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5.3 Discussion   

5.3.1 Alcohol metabolism  

One of our first questions was whether our organoids would be responsive to ethanol. In the 

previous chapter, we demonstrated organoid expression of CYP2E1 and ADH1A which 

suggested there may be a functional ability to metabolise alcohol. Interestingly, we did not 

see mRNA expression of ADH1B in our initial testing, and therefore did not continue to look 

for expression of this marker. In hindsight, further investigation should be performed as 

polymorphisms in ADH1B are associated with a significant reduction in susceptibility to AUD 

and reduced alcohol intake(363). If the genetic phenotype in organoids derived from these 

livers is retained as suggested in the literature(214), this could become a valuable tool when 

investigating genetic contributions to AUD when compared to expression in donor livers and 

other chronic liver diseases. As initial testing was done on ALD derived samples, we may have 

also missed potential expression differences when compared to donor livers.  Conversely, if 

this gene is not expressed at all in organoids, then we are missing an influential component of 

the ethanol metabolic pathway. Moving forward, matched gene expression experiments 

should be completed on both organoids and the whole tissue samples from which they were 

derived. This would give valuable context to our gene expression data and help to confirm 

whether we were replicating patterns seen in vivo, although in this instance the influence of 

other cell types should be considered and comparisons to isolated PHH used as an additional 

control. 

 

Based on in vivo function, we might expect an increase in CYP2E1 expression with ethanol 

treatment, but see either no significant change or a reduction in differentiated organoids. As 
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mentioned previously, changes in CYP2E1 expression are less informative at the mRNA level 

as it is largely regulated post-translationally(332). Understanding expression at the protein 

level in this model could therefore offer more explanation as to how this enzyme is responding 

to treatments. Overall, CYP2E1 expression is 10-20 fold higher in chronic drinkers(159), and 

this may be recapitulated in organoids with a longer term ethanol treatment. We see 

inconsistent results as to whether CYP2E1 expression is higher or lower in our ALD derived 

organoids, which could be due to a number of factors. We may not be capturing the increased 

expression seen in chronic drinkers as patients who have been transplanted for ALD have been 

abstinent for at least 6 months. The changes in this group compared to those with active 

alcohol injury are demonstrated by the differences in peripheral blood biochemistry and cell 

counts shown in Chapter 3.  

 

Overall, we see surprisingly few changes in the organoids in response to ethanol treatment. It 

is unclear whether this is due to over or under exposure, or other factors entirely, and there 

is evidence that ethanol induced gene changes in 2D HepG2 cultures were widespread but 

minimal (364). The notable reduction in general gene expression with a double dose of 

200mM ethanol suggests more extreme cell toxicity, and is in keeping with literature 

suggesting doses over 100mM are cytotoxic(365). Our initial testing showed a dose response 

in ALD derived ductal organoids that was not reflected in matched differentiated samples. 

Brief investigations were completed at 5mM doses based on the data from ductal organoids, 

but this was inconclusive and did not suggest that lower doses induced a more significant 

response. There were also additional concerns regarding evaporation and potentially reduced 

cell exposure due to the Matrigel, therefore we selected a 100mM ethanol treatment, which 
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has also been utilised in several other studies of 3D liver models(366-368). Alongside the dose, 

the timing of our treatments may mean we are missing key responses. Several of these studies 

treat samples over several days, and this more “chronic” injury may be required to see 

significant changes in expression. Based on our results and the alcohol consumption patterns 

often seen in patients who present with AH, a more representative alcohol injury should 

perhaps include a lower dose injury over several days, followed by a more acute injury using 

high dose ethanol. The equivalent blood alcohol levels for a 100mM ethanol dose are 

extremely high and are associated with patients becoming comatose and death (greater than 

400mg/dL). However, blood alcohol levels within this range are seen more regularly in those 

with AUD, and these patients show a level of tolerance that leads to fewer signs of 

intoxication(369). As shown in Chapter 3, our AH patients consumed an average of 176.5 units 

per week with the highest value being over 400, compared to the recommended 14 units per 

week. Our dosing, while high, is representative of concentrations seen in our patient cohorts. 

Conversely, while a more chronic injury model could be key, we may also be missing the more 

“acute” damage responses by collecting samples 24 hours after high concentration ethanol 

exposure. Measuring responses and cytokine production over several shorter time points 

could offer insight into the organoid inflammatory response to alcohol injury.  

 

Another interesting consideration for why we see a lack of response in hepatocyte-like 

organoids is the possible de-differentiation of our cells. There is evidence that ethanol 

exposure significantly changes lineage and increases stem cell marker expression in gut 

derived organoids(370). It is important for us to acknowledge that expansion of these ductular 

reactions is initiated by liver injury in vivo, and that there is potential that by causing damage 
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to these highly plastic cells, especially “differentiated” ones, we may well be seeing a shift in 

phenotype that we haven’t characterised. When investigating stability of expression of key 

markers such as EpCAM and Albumin in treated cells, we see no changes that would suggest 

dedifferentiation. However, this is far from an extensive assessment of phenotype, and 

knowing whether ethanol treatment is reverting cells to a more progenitor-like phenotype is 

important for understanding how well we are replicating alcohol injury. It may also be that 

while we see signs of differentiation, we have not pushed these cells into a full hepatocyte-

like phenotype. When investigating the phenomenon of hepatic progenitor cells 

differentiating into hepatocytes in liver “buds”, Stueck et al described progressive 

differentiation that resulted in a reduction of EpCAM and Cytokeratin 19 expression – markers 

that were still present in our hepatocyte like cells(371). It may be that while we have taken 

advantage of the potential for these cells to differentiate into hepatocyte-like cells, we have 

not managed to induce this change completely.  

 

What these results show overall is that this model would benefit from a more conclusive 

marker of ethanol metabolism. Measuring acetaldehyde is complex, due to residual levels in 

many common lab reagents and high volatility. It is most commonly measured using 

Headspace gas chromatography (HS-GC) and reverse phase high-performance liquid 

chromatography (RP-HPLC), which is not easily translatable for our model(372). Work in lung 

epithelial cells has shown promise of a fluorescent probe which can indicate conversion of 

ethanol to acetaldehyde(373). More crudely, frequent time point measurements of ethanol 

concentration within wells may give an indication of ethanol metabolism, as long as 

evaporation was suitably controlled for. As we indicated in Chapter 4, our differentiated 
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organoids are capable of accumulating lipids. Therefore, the use of lipid dyes on treated 

organoids may also offer insight as to whether alcohol was being metabolised this way. A pilot 

study of this experiment was inconclusive, but could potentially be more effective with a 

longer-term ethanol treatment as explained above. While we saw an increase in ADK with 

treatment in some samples in our cell damage assay, which implies ethanol and LPS exposure 

could induce injury, these levels are not consistent and in many cases are surprisingly low. 

While the assay used does state that cryopreserved samples are suitable, the storage time of 

our samples was not consistent and repeating this assay on fresh supernatants could help to 

confirm injury responses.  

 

It is well established that 3D culture improves how well liver cells replicate in vivo 

function(374), but understanding whether we are achieving the level of sensitivity required to 

justify complex and expensive organoid technology over other 3D models is important going 

forward. More clinically relevant measures of injury, such as the production of liver enzymes 

ALT and AST, would help us to establish whether we see the same patterns of injury in this 

model as in our patients. Low organoid cell number meant that these outputs were not 

measurable by traditional clinical equipment, so other technologies should be considered 

going forward.  

5.3.2 Inflammatory responses to injury 

When investigating production of chemokines in response to treatment with ethanol and LPS, 

we see a baseline production of many chemokines but surprisingly small change in both ductal 

and differentiated organoid supernatants once exposed to alcohol. Experiments investigating 
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the production of IL-8 by LPS stimulated human intrahepatic biliary epithelial cells (HIBECs) 

showed constitutive IL-8 production which did not change with LPS treatment, but did show 

induction of IL-6 and MCP-1(375) – interestingly, a different study showed increased gene 

expression and cytokine production of IL-8 in HIBEC with a 10-fold higher LPS treatment(376). 

However, our findings were in keeping with similar experiments completed by Aguilar-Bravo 

et al on ductal organoids derived from ARLD livers(52). When measuring gene expression 

changes for cytokines such as CXCL1, CXCL5 and CXCL20, they also showed that LPS alone does 

not induce any change, whereas a significant increase was seen with TNFa and IL-1b 

stimulation(52). Alongside this, they also showed that neutrophil conditioned media did 

change the inflammatory profile of their organoids, and this was increased significantly if the 

neutrophils had been activated with LPS(52). This paper not only supports our findings that 

responses to LPS were minimal, but also that our planned co-culture model utilising liver tissue 

and peripheral neutrophils from both donor and ARLD patients has potential. It is surprising 

additional treatment with ethanol alongside the LPS did not have an additive effect, but this 

could be for a number of reasons including insufficient ethanol metabolism. Investigating the 

influence of neutrophil conditioned media on this model should be an important next step in 

this project.  

 
Before treating with LPS we demonstrated expression of TLR4 in our ductal and differentiated 

organoids. In Chapter 3 we show that IHC staining for TLR4 appears to be higher in 

cholangiocytes than hepatocytes, however in our organoid model we see an increase in TLR4 

at an mRNA level with differentiation to a more hepatocyte-like phenotype. This reassures 

that lack of response to LPS is not due to absence of receptor, at least at the mRNA level. 
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Further investigation into the TLR4 pathway in this model and how this corresponds to 

ductular reactions in vivo could offer interesting insight into the increased sensitivity to gut 

antigen exposure in patients with ARLD. TLR4 ablation has been shown to protect against 

alcohol induced fatty liver disease in animal models(313), and understanding the impact of 

this pathway on injury is an important piece of the puzzle when investigating the 

immunocompromised phenotype in ARLD patients. Adopting the organoid gene editing 

techniques discussed in Chapter 6 could also provide an opportunity to see if TLR4 ablation is 

also protective in human 3D cell culture models. Furthermore, while TLR4 expression at the 

mRNA level does not change with LPS exposure, TLR2 expression has been shown to increase 

in response to inflammatory stimuli(377). This could therefore be an interesting target to 

investigate moving forward with regards to TLR responses in human hepatic organoids.   

 
It is clear that the organoid cultures are producing a large number of chemotactic and 

potentially inflammatory cytokines even without injury. As our focus was on neutrophil 

chemotaxis, we chose to focus on IL-8 for quantification as this is an established neutrophil 

chemoattractant and has been associated with neutrophil infiltration around bile 

ductules(376). However, other factors in the organoid supernatant such as Groa and CXCL5 

are all strongly associated with neutrophil activation and chemotaxis(378, 379). The 

production of these factors is also in keeping with the findings of Aguilar-Bravo et al, which 

further suggests potential for organoid responsiveness to immune stimuli(52). Interestingly, 

we only saw expression of CCL15 in one sample (differentiated donor). This chemokine has a 

number of associations with HCC, including the recruitment of suppressive monocytes(380) . 
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While it was not further pursued in this study, this could also be an interesting marker to 

investigate in organoid samples in the context of immune-liver crosstalk.  

 
We have seen several indications that ALD derived organoids are not as responsive as those 

from donor livers. I had the opportunity to include a single sample from each differentiated 

organoid condition on a NanoString nCounter Fibrosis Panel. The analysis of this work was 

completed by Dr. Emma Shepherd, and shows a distinct difference in responsiveness from 

ALD and donor derived organoids. Importantly, with only a single sample it is essential to be 

cautious regarding conclusions drawn from the individual gene changes, however these 

results do support our earlier findings of lower expression of genes such as albumin in 

organoids derived from cirrhotic liver. What this also highlights is the importance of a much 

wider investigation into organoid gene expression. This will be discussed further in Chapters 

6 and 7, but it is clear that with our limited qPCR panel we are potentially missing many 

different genes and pathways of interest.  

 

The seemingly reduced responsiveness of ALD organoids prompted an investigation into cell 

cycle inhibitors P16 and P21, which are commonly used as a marker of cell senescence in 

vitro(381). We show in Chapter 3 that P16 is significantly upregulated in ALD liver tissue, but 

see no differences between donor and ALD derived organoids in ductal or differentiated 

states. The notable increase in expression of these markers with differentiation is in keeping 

with transition to a more quiescent hepatocyte-like cell type. There are a number of ways to 

investigate cell senescence in vitro(382) and baseline expression of P16 and P21 does not give 

a definitive answer as to whether this is influencing organoid behaviour. We did not pursue 
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this further due to the challenges of adapting assays to the organoid model, but in the context 

of these markers we do not see altered expression levels in cells derived from cirrhotic livers.  

 

As highlighted in the introduction, the liver is responsible for a majority of complement 

protein production(82). Expression of these proteins at the mRNA level in our organoids is an 

exciting finding that supports both hepatocyte function and the potential for their use in 

immune-liver crosstalk studies. The initial array showed expression of a majority of liver 

derived complement proteins, but C3, C5, C8 and MBL2 were chosen to be investigated in 

more detail due to their interesting patterns in expression and appearance in the literature. 

When studied in further detail, the differences we see between donor and ALD derived 

organoids are mixed with regards to replicating other published studies. C3 appears to be 

notably higher in our ALD derived organoids, and high serum levels of C3a (the activated form 

of C3) has been associated with liver damage and steatosis in patients with high alcohol 

consumption(383). Conversely, in patients with NASH there is an inverse correlation between 

circulating C3 and clinical scores for liver cirrhosis(384). Studies utilising C3 knockout mice 

have also shown this protein to contribute to ethanol induced liver injury(385, 386). Alongside 

this, reduction in production of MBL in a cohort of cirrhotic patients was associated with 

increased infection risk(387). Reliable expression of these proteins at the mRNA level is 

promising, but as complement components circulate in an inactive state in vivo it is important 

for us to determine whether we can induce activation in produced proteins and see functional 

activity. In biopsies from patients with AH, C1q, C3 and C5 expression was shown to be 

increased when analysed by IHC, but only C1q and C5 showed increases by qPCR(388). This 

further emphasises the importance of measuring complement production at the protein level, 
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and also the potential changes we could induce in these proteins with optimised injury 

models.  

 

A large proportion of complement components are also produced by immune cells(389). 

These cells also express a range of complement receptors, and their response to complement 

activation is integral to the acute phase response. Regarding neutrophils in particular, the 

alternative pathway acts as a positive feedback loop for neutrophil activation(390), and rodent 

C3 knockout models have demonstrated reduced neutrophil infiltration and activation in 

cholestatic liver injury(391). Furthermore, neutrophils are a significant contributor to serum 

levels of C7(392). There is evidence that circulating levels of C7 are an effective marker of 

fibrosis in NASH(393), and this could therefore be an interesting marker to investigate in our 

ARLD cohorts. A recent study investigating circulating complement proteins in patients with 

AH showed a significant alteration in disease, and highlighted how these findings could have 

diagnostic and prognostic value(394). This further emphasises the importance of 

understanding the influence of the complement pathway in our model, and in ARLD overall. 

These proteins could potentially act as a novel biomarker or therapeutic target in ARLD, and 

their expression in our organoids shows promise as a tool to investigate their mechanisms in 

disease.  

5.3.3 Neutrophil – liver crosstalk   

The changes in neutrophil number, function, and infiltration that we demonstrated in Chapter 

3 are a key characteristic of acute liver injury. It is therefore essential that we understand 

whether this relationship can be replicated in our model, and if our “injured” organoids can 
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induce the neutrophil phenotype seen in vivo. Our next steps were therefore to try and 

recreate the results we had seen in peripheral blood neutrophils with exposure to our 

organoid supernatant. Initial investigations began looking at phagocytosis in isolated whole 

blood neutrophils. Based on our expectations of the model, this pilot data was collected after 

neutrophil incubation with differentiated ALD organoid supernatant as we believed this was 

likely to be the most activating condition. Now seeing our data collectively, it appears that not 

only are differentiated ALD organoids less responsive overall, but ductal-like organoids are 

potentially more pro-inflammatory. Considering our findings in the NETosis assays, it is likely 

that repeating these experiments with ductal supernatant may show a difference.  

 

Our chemokine profilers strongly suggested that all of our organoid conditions would induce 

neutrophil migration due to production of chemoattractants such as IL-8. Reliably confirming 

this was challenging in common chemotaxis assays that utilise Transwells, due to low volumes 

of supernatant in organoid experiments (250µl/well). By utilising a commercial kit we were 

able to at least confirm that the supernatants were chemotactic compared to organoid 

medium alone, and that levels were similar across conditions as suggested by the proteome 

profilers.  This assay did however have a number of limitations, including the fact that logistical 

limitations of multiple blood donors and conditions meant that repeats had to be completed 

over several days, whereas the equipment was designed to be single use. Leakage between 

wells on later repeats indicated that this had affected the functionality of the kit, so a number 

of results were excluded where this caused contamination between conditions. Furthermore, 

we were measuring the total fluorescence of DNA from lysed migrated cells rather than a total 

cell count, which could have been influenced by a number of factors such as NETosis early in 
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the assay and is therefore challenging to quantify. Overall, to fully understand the chemotactic 

effects of our organoids, it is essential to employ more sophisticated technology such as an 

Insall chamber(395). As our NETosis assays have shown production of NETs in response to 

ductal supernatants, being able to visualise migration in response to our stimuli would offer 

better insight into how this is affecting neutrophil behaviour. This would also offer more detail 

on differences when comparing responses of patient neutrophils to organoid supernatant, 

such as effect on directionality and efficiency of migration. What this assay did offer however 

is confirmation that organoids produce factors that are able to induce organoid migration, and 

that this avenue of investigation is worth pursuing in this model. The images taken of 

neutrophil migration into organoids in culture also suggest that they are able to potentially 

interact with organoids while they are still embedded in Matrigel, which offers interesting 

options for co-culture experiments moving forward. However, this was a single experiment 

and requires further validation. As discussed above and in more detail in Chapters 6 and 7, it 

is essential to consider how to incorporate neutrophils into this model to fully test responses 

to injurious stimuli.   

 

There are a number of publications implicating interactions between neutrophils and 

cholangiocytes/ductular reactions in liver injury(52, 396), and the impact of ductal organoid 

supernatant on neutrophil NETosis is undoubtedly one of the most interesting findings of this 

project. We did not identify any notable differences between ductal and differentiated 

organoids in the Proteome Profiler, which would suggest that the increase in NETosis is not 

likely to be due to any of the cytokines listed. Alongside this, complement factors (with C3, C5 

and C1q in particular) are associated with the induction of NETosis(397). When investigating 
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mRNA expression of C3 and C5, we saw almost no expression in ductal organoids, or 

expression similar to differentiated samples. One thing we are not capturing by qPCR is the 

functionality of the complement cascade, as complement factors usually circulate in an 

inactive state. The active form of C5 (C5a) has been used experimentally as an inducer of 

NETosis after neutrophil priming with interferon(398), and therefore emphasises the need to 

understand the context of the gene expression. In future experiments, it would beneficial to 

also consider the potential influence of extracellular vesicles (EVs) - membrane-bound carriers 

of cargo, released from cells as a form of intercellular communication(399). Recent studies 

have shown that the release of liver EVs after partial hepatectomy alters neutrophil 

phenotype and function(400), and liver derived EVs are able to induce NETosis in mouse 

models of S. japonicum infection(401). The production of EVs has already been studied in a 

number of organoid systems and extensively reviewed(402), and is an important mechanism 

to consider when analysing the crosstalk between liver organoids and neutrophils in co-

culture.  

 

In Chapter 3, I discussed technical issues we encountered with our NETosis assay. Considering 

these and the lower than expected responses seen to PMA treatment, it makes the influence 

of ductal organoid supernatant on NET production even more striking. Furthermore, as 

highlighted in the methodology ductal supernatants were added at a higher dilution than 

differentiated ones. Despite challenges in normalisation of cell number, comparisons between 

ductal and differentiated samples with similar levels of total protein retained this difference, 

which supports these results. However, lack of normalisation means it is not possible to draw 

conclusions between ALD and donor derived samples. While total protein measurements offer 
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some crude quantification of supernatant measurements, by varying cell number between 

experiments we are not ensuring consistency with regards to the severity of our injury. This is 

one of the most significant limitations of this project, and may mean that we are missing 

differences between samples derived from healthy and cirrhotic tissue. To some degree, the 

donor variation seen in organoid number and growth may be accounted for with higher 

sample number which could give a more reliable indication of changes, however our low 

number of repeats makes it challenging to draw conclusions.  

5.3.4 Conclusions 

The results in this chapter raise several questions, and it is evident that our treatment protocol 

was not inducing responses that we might expect in organoid cultures. However, despite low 

sample numbers we show some promising data that can help guide improvisation of this 

model towards potential application in the investigation of neutrophil-liver crosstalk. We have 

confirmed that our organoids produce multiple chemokines and factors which could influence 

neutrophil recruitment and function even when unstimulated. The lack of response to injury 

may well reflect the lack of interplay between parenchymal cells and other stromal or immune 

cell components in our organoid models, or a need for improvement in the injury model itself.  

While the constraints of this project did not enable progression to co-culture, our neutrophil 

studies show promising results and the production of inflammatory cytokines and expression 

of complement protein genes by organoids suggest exciting potential for this model.  

 

It is important however to understand whether the slight trend towards higher 

responsiveness in donor derived organoids is due to an inherent functional difference in 
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progenitor cells derived from cirrhotic tissue, a level of exhaustion due to disease or if we are 

potentially isolating a different cell subset that affects responses. Our challenges with 

organoid number normalisation and low biological repeats make drawing conclusions difficult. 

Total protein offered some way of showing that differences between ductal and hepatocyte-

like samples were real and not just as an artefact of cell number, but there is a chance we are 

missing potential differences that are subtler between donor and ALD derived samples.  
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Chapter 6 – General Discussion 
 
There is no doubt that the rising impact of liver disease in the UK demands progress in both 

our understanding of the condition and our ability to treat it. In recent years, there has been 

a notable increase in alcoholic liver disease in particular, with 2021 seeing the highest number 

of alcohol specific deaths since these records began in 2001(403). This project has utilised 

privileged access to human tissue and blood samples to try and develop a tool that can 

contribute towards this field, and hopefully in the future help to improve outcomes for 

patients. There are many limitations to the work that have been discussed throughout the 

previous results chapters, and combined with additional challenges due to the timing of this 

project we leave many questions unanswered. However, I believe that the pilot data we have 

generated shows the exciting potential of this model, along with key findings regarding the 

changes in peripheral immune response that further highlight the importance of 

understanding neutrophil-liver crosstalk in ARLD.  

 

We were able to demonstrate altered phenotype and function of neutrophils in patients with 

ARLD. These were most pronounced in patients with alcoholic hepatitis (AH), where immature 

granulocyte number correlated with several markers of poor prognosis in liver disease. We 

successfully isolated, cultured and differentiated human liver organoids from both donor and 

ALD cirrhotic liver tissue, which demonstrated hepatocyte functions such as lipid storage. 

While many characteristics were similar between donor and diseased tissue, there were 

recurring findings that ALD derived organoids exhibited reduced function – be this in changes 

in response to differentiation or injury. Organoid responses to injury overall were lower than 

expected, but cultures generated a number of key chemokines and cytokines linked to 
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immune function, and express genes for a range of complement proteins. Ductal, but not 

hepatocyte-like, organoids significantly increased NETosis in human neutrophils – further 

supporting the potential for this tool to help us understand how alcoholic liver injury affects 

cell populations in the liver, which in turn may be altering the systemic immune environment.  

6.1 Modelling ARLD in vitro: where do we stand? 

As discussed in the introduction to this thesis, the argument for pursuing organoid technology 

despite its many challenges is that it captures elements of human disease that traditional in 

vitro cell culture models do not. Alongside this, it offers a potential alternative to rodent 

models which do not recreate many elements of human ARLD. As reviewed by Wilkin et al, 

careful selections must be made regarding mouse strain, alcohol administration method, 

length of model, age and sex in order to capture the element of ARLD that is of interest(404). 

In particular, chronic injury and fibrosis are difficult to recreate in murine models(405) 

(although there is progress in acute-on-chronic models(406)), whereas this organoid model 

provides the opportunity to culture cells directly from ALD cirrhotic tissue environment.  

 

There is still a lot to be explored when studying organoids derived from primary human liver 

tissue, particularly in the context of alcohol injury. I have previously highlighted work by 

Aguilar-Bravo et al which utilises ductal organoids derived from ARLD patients, but does not 

involve additional alcohol injury(52). Impressive ALD organoid models have also been derived 

from primary human pluripotent stem cells which were differentiated into mature 

cholangiocyte and hepatocyte like cells in vitro, and even co-cultured with foetal liver 

mesenchymal cells. These organoid co-cultures exhibited impressive functional responses to 
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ethanol injury(366), but are not utilising the progenitor population within the liver and 

therefore not capturing potentially imprinted phenotypes from patient liver environments.  

 

There are several indicators that our cells are able to perform the tasks we would expect from 

them in vivo. From expression of complement genes to the formation of lipid droplets, these 

results suggest that what we are growing and differentiating is able to perform the role of a 

hepatocyte. However, our functional testing is limited, and while we see gene changes that 

would reliably suggest that we are pushing our organoids to a more hepatocyte-like 

phenotype with differentiation, there is the question of how “hepatocyte-like” they really are. 

In the context of this project, this potentially plastic intermediate phenotype does have merit, 

because the push of progenitor cells into hepatocyte-like and ductal-like cells is a hallmark of 

liver disease and injury(43). The ductular reactions that appear so frequently in injured liver 

tissue (as demonstrated with our IHC staining in Chapter 3) and the ability of other cell types 

to transition to hepatocytes in order to recover lost liver mass is highly associated with ARLD 

and liver inflammation(44). Furthermore, in alcoholic hepatitis liver progenitor cell markers 

correlate positively with disease severity and short term mortality(323), as well as impaired 

hepatocyte regeneration and disproportionate differentiation to cholangiocytes(407). This is 

therefore representative of the environment that we are trying to model to some degree, but 

organoids at both the undifferentiated and differentiated stage of development need further 

characterisation to really understand how well we are replicating these cells. Organoids 

derived from primary human hepatocytes rather than bi-potential progenitor cells have 

shown function comparable to primary human hepatocytes(408), and while our “ductular” 

response is relevant for our injury, other cell sources should be considered depending on the 
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exact research question. However, our work demonstrates exciting potential especially 

regarding the expression of genes involved in the acute phase response. As highlighted 

previously, the acute phase response – particularly the complement cascade – is one of the 

most notable ways that the liver influences the systemic immune response(81, 82). As 

discussed in Chapter 5, proteins from this pathway have been implicated in the pathology of 

ARLD, but also have potential as novel biomarkers of liver injury. While it is important to 

confirm that the gene expression we have seen in our organoids translates to functional 

protein production, our findings suggest that this model could be used to investigate 

complement production in ARLD. This could be an exciting opportunity to look at mechanistic 

differences between normal and cirrhotic liver derived organoid cultures, and whether their 

capacity to respond to injurious stimuli is altered in this context. The baseline differences 

between ALD and donor derived organoids (such as significantly higher production of C3 in 

ALD organoids, or MBL2 in donor derived) already indicate interesting avenues to investigate.  

 

It is important to note that irrespective of how well we replicate hepatocyte function, we 

cannot ignore the contribution of cell types we are lacking. In the introduction to this thesis I 

highlighted how the liver’s complexity is integral to its function. By growing our cells in 3D 

space, we allow cell-cell contact that is more representative of what we would see in vivo, but 

we are also not capturing key features of liver disease such as fibrosis, changes in the 

vasculature and the influence of resident immune cells. For example, the influence of the 

extracellular matrix environment (and in the case of ALD, fibrosis and scarring) is discussed 

further in Section 6.2 in the context of the gels in which we culture our organoids; this does 

not however account for complex role of hepatic stellate cells (HSCs) in vivo. These cells 
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contribute to alcoholic liver injury via a number of mechanisms including steatosis, 

inflammation, and ECM deposits(409, 410), and while simplified models allow us to address 

specific questions in isolation, it is important to consider how signalling is different in vivo. Our 

work with peripheral blood neutrophils was our stepping stone into multi-cell cultures. We 

demonstrate a change in neutrophil behaviour with ductal organoid conditioned media that 

is not replicated by differentiated cells. This suggests an active response to organoid signalling, 

and our chemotaxis data implies that it could be possible to use this model to recreate 

elements of the classic polymorphonuclear cell infiltration seen in AH.  Developing an 

organoid-neutrophil co-culture method could start to recreate some of the important 

interactions we see in vivo, particularly if we also included endothelial cells and other stromal 

compartments. Using pharmacological tools such as chemokine antagonists would allow us to 

study the impact of specific pathways and potentially identify new therapeutic modalities. 

6.2 Organoid technology in liver research: how far have we come? 

In January 2017, organoids were crowned as the Method of the Year(411). Over the course of 

that year there were 761 Pubmed search results for the term “organoid”; in 2022 there were 

over 3000. We have seen a self-perpetuating increase in the application of this technology, as 

the higher the number of available protocols and publications, the more accessible this 

technique becomes. Furthermore, its surge in popularity has been accompanied by 

commercial interest - meaning a wider range of more affordable products have become 

available, and made it feasible for many groups to incorporate organoids into their work. Our 

access to human liver tissue allowed us to investigate the potential of this model as a tool to 

study ARLD, utilising primary human liver progenitor cells from healthy and cirrhotic samples. 
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Early in this project we demonstrated the ability to grow viable organoids from cryopreserved 

tissue. This has previously been achieved with other organoid models such as those derived 

from gut(274) and endometrial tissue(349). Isolation from cryopreserved samples makes this 

model viable for centres that do not have access to human tissue, as well as removing 

variation in sample processing; freezing all samples immediately and isolating in parallel 

circumvents challenges with unpredictable clinical samples and batch variability during 

isolation. By the end of this project, STEMCELL Technologies were providing easily accessible 

protocols for a range of liver organoid techniques, including cryopreserving tissue for organoid 

isolation(412), isolating RNA and immunofluorescent staining. In just a few years, the 

resources available have changed the landscape for working with this technology.  

 

It is now well established that primary hepatocyte function is improved with 3D culture 

compared to traditional 2D culture, resulting in better metabolic function and cell-cell 

interactions, and 3D culture techniques are rapidly evolving(413).  Over recent decades, 

extensive research has been performed into how to utilise 3D culture gels to mimic the in vivo 

ECM environment (414), and our understanding of how to apply this has markedly 

improved(415). Matrigel is one of the most popular hydrogels used for 3D cell cultures(415, 

416), however, it has a number of disadvantages such as batch to batch variation, lack of 

clarity as to chemical characterisation of the matrix constituents and rodent tumorigenic 

origin (343). It is therefore hard to standardise - even within growth factor reduced Matrigel, 

there is a wide variation of growth factors and cytokine content that could be influencing this 

environment. In the liver in particular, it is well established that altered ECM composition 

affects cell phenotype(352, 417), and that increased mechanical stiffness of matrix can 
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promote hepatocyte death in vitro(418).  Significant improvements have been made regarding 

the replication of the diseased liver environment in culture, and this holds exciting promise 

for future organoid models. Das et al demonstrated improved response of primary 

hepatocytes to alcohol injury in a 3D electrospun matrix, which could be modified to contain 

different ECM proteins(419). Focus on optimising these gels for 3D culture has also led to the 

development of impressive systems utilising decellularized tissue. Ravichandran et al derived 

an adaptable ECM gel from porcine liver that allowed variation in mechanical properties(420), 

and furthers studies showing porcine derived ECM to be a promising culture tool for 

organoids(421). More recently, successful hepatic organoid culture has also been 

demonstrated using decellularized human liver tissue – paving the way for exciting 

possibilities for donor or disease status matched cells and culture matrix(422). This is 

undoubtedly one of the most exciting improvements that could be made to our model in the 

future. Our access to large samples of both donor and cirrhotic tissue at the CLGR provides a 

unique opportunity to establish an organoid system that allows us to understand the impact 

of the liver matrix on organoid function, and capture the essential contribution of the fibrotic 

tissue environment(423). Liver ECM has been shown to be immunomodulatory via a number 

of mechanisms, including via direct interactions with a range of pro and anti-inflammatory 

ECM proteins – excellently reviewed by McQuitty et al(351). Changes in ECM composition in 

chronic disease alter the immune environment, and utilising this resource in culture could help 

us to better investigate both local and systemic effects.  

 

The other experimental parameter which has a significant impact on cell function and 

phenotype is the choice of media used for cell differentiation and culture. In Chapter 4, I 
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described my attempts to “humanise” the commercially available STEMCELL Technologies 

HepatiCult™ mouse liver organoid medium, with limited success. The improvements in 

commercially available tools for organoid culture are exemplified by recent availability of the 

HepatiCult™ Human Organoid Kit. This contains all necessary components for the 

establishment, growth and differentiation of human liver organoids from primary tissue, along 

with advice and associated protocols. This is an exciting advancement, as it removes a level of 

variability from a technique where there is still very little standardisation across the literature. 

Even when simply considering the phrase “liver organoid” we see descriptions of models from 

cell line derived spheroids(424) to a range of cell types from liver progenitors, and 

advancements with this technology are hindered by a lack of consensus in the field(425). An 

impressive publication from Marsee et al aims to standardise nomenclature concerning 

hepatic, pancreatic and biliary organoids, and sets a precedent for collaboration within the 

organoid research field that could benefit the community as a whole. The launch of the 

Organoid Cell Atlas(426) also aims to address many of these challenges, and provide a 

resource that will help to characterise and validate human organoid models such that their 

potential may be realised.  

6.3 Capturing liver disease in a dish: where could we go? 

With advances in 3D modelling technology, we are starting to be able to capture some of the 

complexities of human biology in vitro in a way we have never been able to before. Organoids 

are a valuable tool, and the possibilities for applications both in research and therapy are only 

just being understood. The fact that organoids have been shown to retain the genetic 

phenotype of the organ from which they are derived is one of their most exciting 



 228 

features(342). In the context of disease modelling, this offers some advantage over animal 

models where at least some understanding of the mechanism and genes responsible is 

required to recapitulate disease, which is not the case when samples can be isolated directly 

from patients(427).  Furthermore, it offers a unique opportunity to investigate both 

mechanism and therapy. There has been a huge focus on utilising this feature in the context 

of tumour derived organoids not only for understanding mechanisms, but personalising 

treatment and predicting outcome(428, 429). Extensive sequencing has taken place in HCC 

tumours(430), and the potential for understanding what mechanisms result in progression to 

HCC from ALD would be invaluable, alongside the opportunity to predict treatment response 

and test novel therapeutics. As well as tumour organoids, 3D cultures from patients with cystic 

fibrosis have been used to effectively tailor treatment(431), and Huch et al demonstrated 

retention of phenotype in liver organoids derived from patients with Alpha-1-anti-trypsin 

deficiency(214). Our results consistently showed “reduced” responsiveness in ALD derived 

organoids compared to donor derived (such as lower expression of albumin genes post-

differentiation, and fewer gene changes to injury in our NanoString array). Furthermore, we 

saw different patterns in complement gene expression in ALD derived vs donor derived livers. 

This suggests that even after many weeks in culture and exposure to differentiation cues, 

there is some level of imprinted phenotype from the tissue that is being retained. This is also 

emphasised by the variation between samples; we saw wide ranges in elements such as 

growth rates, gene expression and cytokine production which implies that donor variability is 

still a factor even in long term culture. I have highlighted previously that while over 90% of 

those who drink heavily develop steatosis, only a third of these go on to develop cirrhosis and 

even fewer to HCC. The retention of genetic phenotype in liver patient derived organoids may 
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offer a new research tool in helping to understand what dictates the outcome for these 

patients. We already know that factors such as sex and ethnicity contribute significantly to 

ARLD susceptibility(119), and have examples of influential polymorphisms in alcohol 

metabolising enzymes(363). Being able to investigate factors like this in living patient cultures 

could help to identify currently unknown risk factors. This adds additional value, as issues such 

as racial disparity in clinical trials is still a significant concern(432), and platforms like this may 

help to improve development of therapeutics that meet the needs of underrepresented 

patient groups. Furthermore, due to liver toxicity in novel therapeutics being such a challenge, 

drug development for patients with cirrhosis is made difficult as risk of liver failure is 

significantly increased. Being able to study responses to treatment in organoids derived from 

cirrhotic liver may help to overcome some of these challenges. Alongside capturing patient 

genetic properties in organoids, it is also possible to edit them to investigate specific 

mechanisms. The CRISPR-Cas9 gene editing system has revolutionised the worlds of research 

and medicine(433). This has already been demonstrated with great effect in human liver 

organoids, with successful production of fluorescently tagged Cytokeratin 19 reporter lines or 

tumour suppressor gene knockouts to study tumorigenesis(434-436). This allows application 

of some of the more advantageous features of animal models, such as fluorescent reporter 

cells, to a system that is derived directly from human tissue. This offers exciting opportunities 

for understanding mechanistic effects of therapeutics, toxins, and immune signalling in liver 

tissue.  

 

The field of drug discovery is limited by available models of the liver, largely due to the fact 

that hepatotoxicity is the most common reason for drugs being withdrawn from the 



 230 

market(88). Common rodent models are poor predictors of human drug hepatotoxicity(437), 

and while CYP2E1 is fairly well conserved, activities of other metabolic enzymes vary between 

species(438). A lack of effective models of chronic liver disease also limits capability to 

investigate potential treatments for these conditions. Organoids have the potential to sit at 

an ideal interface where realistic patient variation is represented in a high-throughput system. 

We demonstrated the challenges of heterogeneous culture in this project, and unlike 

organoids derived from other sources such as the gut(266), bi-potential progenitor derived 

liver organoids do not spontaneously differentiate and require intervention to become 

hepatocyte-like. However, the development of high throughput, standardisable midbrain 

organoid systems presents exciting potential for the adaption of organoid technology in 

toxicity screening(439).  

 

Organoids have not only demonstrated themselves to be valuable in the context of drug 

discovery and personalised medicine, but also as a therapeutic themselves. The potential for 

organoids as transplantable material is already showing exciting results(440). In the context 

of liver specifically, we know that while the liver is extremely tolerant to transplantation, 

demand far outweighs available organs. In decompensated liver disease, symptoms such as 

jaundice, hepatic encephalopathy and increased bleed risk are all due to loss of hepatocyte 

function, which could be restored with this type of technology. There is already discussion of 

human organoids as transplantable material in the liver(441), and exciting advances have 

been made with this technique where intestinal grafts have been developed using both 

patient derived organoids and scaffolds(442). This study, along with advances in hydrogel 

development as discussed above remove the necessity for animal derived products such as 
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Matrigel and transition this into a much more clinically relevant approach. Mouse models have 

demonstrated that transplanted hepatic progenitor cells have huge regenerative capacity in 

liver injury(443). The potential for developing a liver repair model with patient derived hepatic 

organoids, grown within matrix derived from decellularized human tissue, is an exciting 

concept not far from reach.  

 

The work in this thesis only touches on the very edge of co-culture potential. There are 

established protocols for the co-culture of organoids with T cell derived from both peripheral 

blood and local tissue(444, 445). Cultures with innate immune cells, including neutrophils, 

have also been demonstrated in gut derived organoids (although neutrophil co-culture was 

limited by their short lifespan)(446). Furthermore, neutrophil migration and antimicrobial 

responses were seen in a polarised monolayer co-culture adapted from patient derived gut 

organoids(447). Early work by Takebe et al, developed a vascularised human liver bud from 

iPSCs(448), and lung organoid co-culture with mesenchymal stem cells has demonstrated 

potential as a model of airway injury and repair(449). The inclusion of fibroblasts in organoid 

models of oral tumours(450) and mammary glands(451) also show how other key cells within 

the liver could be incorporated into these models.  While hepatocyte function is important to 

understand in ARLD, much of the liver damage incurred with chronic alcohol use is due to 

inflammation. Without modelling the liver-immune crosstalk, we lack the ability to 

understand both local and systemic effects of alcohol injury. In this project we have looked 

briefly at the role of neutrophils in this context, but incorporating both innate and adaptive 

liver resident immune cells (such as Kupffer and resident T cells), alongside key non-
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parenchymal cells such as fibroblasts, is essential to identify what mechanisms are leaving 

patients at such high risk of infection.  

 

Continuing on from multiple cell-type cultures to multiple organs, there are several 3D culture 

studies investigating the impact of alcohol on the brain or gut(452-454). Being able to capture 

the crosstalk between these systems and the liver could offer a valuable in vitro tool. In 

particular, the influence of alcohol consumption on gut permeability and the changes this then 

induces within the liver could offer insight into key signalling events that influence systemic 

immune responses. The gut-liver axis has already been highlighted as an essential crosstalk to 

investigate in organoid models(455), and recent multi-organ-on-a-chip technology has 

advanced to multiple tissue types all linked by vascular flow(456). Liver-on-a-chip models have 

also demonstrated key features of ALD, showing steatosis and epithelial remodelling with 

alcohol injury under flow conditions(457), and hepatocyte-like cell lines have showed 

improved functionality in microfluidic devices(458). This highlights the importance of 

including this biological feature, and may also be an answer to longer culture of differentiated 

hepatocyte-like organoids. A recent study on the Emulate Liver Chip identified that it was able 

to predict drug hepatotoxicity with 87% accuracy and 100% sensitivity, offering huge technical 

and economic improvements in the drug discovery pipeline(459). The importance of such 

models is exemplified by drugs such as Fialuridine; a therapeutic developed for the treatment 

of Hepatitis B which was promising in animal models, but caused severe toxicity and liver 

failure in clinical trials(245). Modelling alcohol injury in these 3D multi-organ systems offer an 

early stage warning system for drug toxicity, as well as valuable mechanistic insight.  
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6.4 “How much do you know about your liver?”  

One of the greatest privileges I had during this project was the work I was able to undertake 

in public engagement and outreach.  As part of this, I completed an additional qualification in 

Research Communication and Public Engagement, which provided the opportunity to create 

a piece of digital engagement focused on liver health. This was a continuation of work done 

with Pint of Science, where I had the opportunity to discuss liver health with members of the 

public, and these conversations clearly highlighted how the importance of liver health is 

underestimated. According to the British Liver Trust, only 5% of British adults consider their 

liver health to be of “great concern” compared to 72% for their heart(101). On evaluation of 

my project, 96% of participants said they had learned something new about their liver, half of 

which learned “lots more” than they knew before. Considering that over three quarters of 

patients with ARLD are diagnosed after a point when intervention could have prevented 

disease progression, it shows that improving awareness is an essential part of our toolkit to 

improve the outcomes of liver disease in the UK, and I feel that this work was an important 

contribution to the project and my skills as a scientific communicator.  
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Chapter 7 – Future work 
 
Throughout this thesis, I have highlighted areas where further investigation would be 

beneficial. Here I discuss are some key experiments that if completed in the more immediate 

future would add value to our findings, alongside how the project could develop with further 

time and funding.  

7.1 The next steps 

Overall, the greatest limitation of this project is sample size and low number of repeats. While 

we can identify some patterns in our results and even see some statistical significance, few 

results were repeated more than 3-4 times, and in some cases (such as the NanoString array 

or neutrophil-organoid co-culture) samples were tested only once. Due to constrictions both 

in sample availability and time, many results need to be repeated and confirmed. Several 

assays were chosen to provide pilot data as to whether certain avenues of investigation were 

worth pursuing, which now informs many of the key questions for future work.  

 

Regarding the organoid model itself, there are two main limitations – normalisation of 

organoid output, and functional responses to treatment. Published comparisons have 

highlighted the challenges of standardising products from organoids derived from adult 

human tissue compared to iPSCs(460). The optimisation of a cell count or seeding method 

that allows a more consistent and reproducible measure of organoid output would help us to 

clarify differences between donor and ALD derived organoids, especially in applications such 

as NETosis and chemotaxis. In particular, standardised supernatants would enable the use of 

technologies such as the Insall chamber(395). This would provide visualisation of neutrophil 
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migratory behaviour, and could help us to decipher the influence of organoid signalling cues 

in more detail. Given our findings regarding increased circulation of immature granulocyte 

number in patients with ARLD, it is also important to investigate whether they are significantly 

contributing to overall immune dysfunction and sepsis risk. Investigation of these cells as a 

fraction of “low density” neutrophils in Behçet’s disease shows that despite higher numbers 

they did not explain neutrophil functional differences compared to healthy controls, and 

would be an interesting parameter to assess in our patients(461).  

 

Our findings are in keeping with published work showing that LPS treatment alone was not 

sufficient to induce inflammatory responses in organoid cultures(52). However, it is important 

to confirm that we were able to replicate the responses seen with IL-1b and neutrophil 

conditioned media, with the intention of moving towards neutrophil co-culture. This creates 

the opportunity to study the neutrophil-organoid crosstalk in a multidirectional way, as well 

as whether there is a retained inflammatory phenotype in ARLD derived samples. 

Understanding the mechanisms by which the injured liver signals to increase leukocyte traffic, 

be this beneficial or detrimental, would aid the design of specific chemokine or integrin 

targeting therapies for example. Furthermore, fully understanding the extent of ethanol 

metabolism is key, and replicating our steatosis imaging experiments with more “chronic” 

alcohol treatment may indicate whether this model could be used to recreate alcoholic 

steatohepatitis in vitro. A pilot experiment with 24-hour treatment of ethanol and LPS was 

inconclusive (data not shown) but the droplet formation seen with lipid treatment holds 

promise for this function. Ethanol treatment for up to one week has been demonstrated in 
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other 3D models(366, 367), and it is important to understand the impact of this injury over 

time when moving forward with our organoid platform.  

 

Many of our results rely on studying gene expression at the mRNA level, and it is key to 

understand whether this translates to protein production. Using methods such as 

immunofluorescent imaging or ELISA (particularly in the case of albumin and complement 

proteins) could offer more definitive answers on organoid function. While our confocal 

imaging was informative, it was limited by the 3D structure and size of the organoids, 

particularly in ductal stages. Light sheet microscopy has been shown to be particularly 

advantageous when imaging 3D cultures and samples suspended within gels(462), and 

highlighted as a useful tool in imaging organoid cultures(463, 464). This could offer more 

detailed information on elements such as TLR expression and localisation within 3D space in 

our model.  Once these questions have been answered, it would be possible to more 

confidently investigate the neutrophil-liver crosstalk in ARLD using our organoid model. 

Furthermore, we may be able start to investigate which parameters make the difference as to 

whether neutrophils are a help or a hindrance in liver injury (209, 211) (202).  

7.2 Looking further ahead 

One lesson that is clear from our NanoString data is that the genes we focus on in this project 

do not tell the whole story. Understanding changes on a wider scale by utilising technology 

such as single cell RNA sequencing will help to characterise not only baseline differences 

between healthy and donor derived organoids, but also how they respond to injury. There has 

been many advancements of the application of this technology in organoid models (338), and 
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replicating the comparisons made in whole liver tissue by Dr Paul Horn (Chapter 3) would 

allow us to make vital comparisons between organoids from different tissue types, at different 

stages of differentiation, and in response to injury. As mentioned above, it is also essential not 

to restrict these studies to gene expression. Our proteome profilers show interesting baseline 

expression of many cytokines and chemokines, but these are likely a small snapshot of what 

is actually being produced. Mass spectrometry based proteomics have been used to decipher 

protein changes in response to ischemia reperfusion injury in intestinal organoids, and could 

offer insight into functional responses to alcohol exposure in our system(465).  

 

I have also highlighted above the exciting developments in organ-on-a-chip technology. It 

cannot be ignored that an advantage of animal models is being able to understand the 

systemic changes in response to disease and injury. Being able to utilise the advances not only 

in culture techniques but also individual organoid systems could offer an opportunity to 

develop in vitro models of ARLD that capture more of the systemic disease. Our access to 

whole liver tissue also offers the opportunity to culture multiple cell types such as fibroblasts 

and Kupffer cells from matched tissue donors when investigating a multi-cell platform.  When 

describing ARLD at the start of this thesis, I listed the key stages of disease: steatosis, 

steatohepatitis, fibrosis, cirrhosis, and HCC. Here we have demonstrated the ability to form 

lipid droplets, and are working towards replicating at least part of the inflammatory response 

seen in acute hepatitis. However, for us to really move away from animal models and towards 

organoid culture it is essential to capture all stages of disease development. Recent studies 

have shown distinct disease features from different stages of NASH in organoids derived from 

a mouse model(466), which shows promise for capturing the stages of ARLD in vitro. Advances 
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in ECM gels help towards recreating the mechanical properties of an injured liver, but until we 

can incorporate essential cell-cell crosstalk from LSEC, HSCs and resident immune cells, we 

lack the necessary pieces of the puzzle to understand why patients with ARLD present with 

such severe immune deficit.   

7.3 Final thoughts  

There are clear unmet clinical needs in terms of ARLD diagnosis and treatment that are only 

growing. In the first few months of the COVID-19 pandemic, there was a 50% increase in AH 

related admissions in the USA(467). As AH mortality has not improved significantly since the 

1970s(122) and alcohol related deaths are rising in the UK, it is evident that our current models 

are limited. Recent advances in in vitro modelling technology could offer a tool not only for 

therapeutic investigations, but also as potential treatments in the form of transplantable 

tissues. While this project sits at the very early stages of model development, it has shown 

promising pilot data and highlights some exciting avenues for further investigation. Firstly, 

being able to grow organoids from ALD cirrhotic tissue holds great value. It appears that at 

least some level of phenotype is retained from chronic injury, and understanding whether 

there is a level of senescence, exhaustion, or immaturity in these cells could help us to 

understand altered liver regeneration in ARLD. Furthermore, if drug metabolism is altered due 

to this fact, it could offer a first pass model for novel therapeutics in cirrhosis which are 

challenging to test due to risks of hepatotoxicity in these patients and difficulty recreating 

fibrosis in animal models. Our findings on neutrophil phenotype and number, and the ability 

of ductal organoid supernatant to increase NETosis highlight some interesting questions about 

how the increased number of progenitor cells in ALD cirrhotic tissue could be contributing to 
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the sepsis-like phenotype of high neutrophil activation but low effectiveness. Furthermore, 

the differences in complement gene expression between ALD and donor derived organoids 

also indicate that this model could have potential to investigate another way in which 

alcoholic liver injury is altering systemic immune signalling.  

 

Possibly most excitingly, the advances in the organoid field over the last few years have been 

phenomenal, and it is possible to address many of these future work questions with new 

resources, protocols and techniques. I hope that this project has provided the first steps 

towards a valuable model of ARLD in vitro. 
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Supplementary data 
 
 

 

 
 
  

Figure S.1: Isotype Matched Control (IMC) images for Immunohistochemical staining of Cytokeratin 19, SOX9 
and EpCAM in human liver.  Images showing representative fields of view from whole liver tissue for isotype 
matched control staining for the antibodies indicated. All immunohistochemical staining was completed 
alongside an isotype matched control (assay dependent) to confirm specific staining. Isotype matched 
controls were used at matched concentrations to their corresponding antibody. Scale bar is 500µm. 
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Figure S.2: Isotype Matched Control (IMC) images for Immunohistochemical staining of CD45 and TLR4 in 
human liver.  Images showing representative fields of view from whole liver tissue for isotype matched control 
staining for the antibodies indicated. All immunohistochemical staining was completed alongside an isotype 
matched control (assay dependent) to confirm specific staining. Isotype matched controls were used at 
matched concentrations to their corresponding antibody. Scale bar is 500µm. 
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Figure S.3: Isotype Matched Control (IMC) images for Immunofluorescent staining of whole tissue and 
organoids. Images showing representative fields of view from organoids (A and C) and whole liver tissue (B 
and D) which have been stained with isotype matched control antibodies for either EpCAM and Cytokeratin 
19 (A and B) or HNF4a (C and D), and counterstained with DAPI. All immunofluorescent staining was 
completed alongside an isotype matched control (assay dependent) to confirm specific staining. Isotype 
matched controls were used at matched concentrations to their corresponding antibody. Scale bar is 100µm.  
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