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Abstract  
 
Background and Aims 
Bringing a new drug to market can cost as much as $2.8 billion, with significant attrition 
rates in later phase trials. As many as 20-40% of these exclusions are due to unforeseen 
toxicity. Current predictive 2D cell culture and in vivo animal models have limitations, 
therefore human tissue pre-clinical modelling platforms for efficacy and toxicity testing 
of novel compounds, may provide a solution. This project aimed to develop a novel 96-
well bioreactor to culture precision cut tissue slices (PCTS) to assess the efficacy and 
potential toxicities of novel therapeutics. As major sites of xenobiotic metabolism and 
excretion, PCTS generated from human liver and kidney tissue were selected for this.   
Methods 
3mm PCTS generated from 250μm thick tissue sheets were cultured for up to 96h with 
daily media changes. Viability, health and disease biomarkers were assessed using 
resazurin assays, ELISAs, histology/immunohistochemistry and MSD panels.  
Results 
In 96-well plate cultured human liver and kidney slices, fibrogenesis was induced upon 
challenge with fibrotic stimuli TGFβ1/PDGFββ, and acute inflammation was promoted 
using LPS, IL-1α and IL-1β. Challenge with TGFβ1/PDGFββ increased collagen deposition, 
measured by PSR and soluble collagen 1a1 ELISA, and increased myofibroblast 
activation, measured by αSMA staining. Challenge with inflammatory stimuli 
upregulated production of pro-inflammatory cytokines such as IL-6, IL-8 and TNFα. 
Modelling of fibrogenesis and inflammation was reproducible across multiple donors 
and could be dose dependently supressed using Alk5 or IKK2 inhibitors respectively.  
Next, the predictive value of the bioreactor in toxicity modelling was assessed using 
clinically approved drugs known to be hepatotoxic or nephrotoxic. Different treatment 
regimens were used to identify the best way to predict adverse outcomes in bioreactor 
cultured PCTS. 
Conclusion  
The novel 96-well bioreactor platform can be used for target validation of anti-fibrotic 
and anti-inflammatory compounds and to assess toxicity. Ex vivo bioreactor cultured 
PCTS are a helpful tool to test novel therapeutics and can reduce reliance on less 
physiologically relevant 2D models.  
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Chapter 1. Introduction 

1.1 Liver Biology 

1.1.1 Basic Anatomy and Cell Types 

Macroanatomy 

The liver is the largest internal organ in humans, weighing about 1.5kg (1). It is supplied 

by the hepatic artery with oxygenated blood and the portal vein with nutrient rich 

deoxygenated blood. The hepatic vein and bile duct are responsible for draining waste 

products and bile respectively, from the liver. The functional unit of the liver is the lobule. 

It is roughly hexagonal in shape, marked by a portal triad at each corner with a central 

vein in the middle (Figure 1). The portal triad consists of a branch of the hepatic artery, a 

branch of the portal vein and an intrahepatic bile duct. Highly fenestrated vessels known 

as sinusoids, run through the lobule, supplied by both the hepatic artery and the portal 

vein. They bring the mixture of oxygenated blood and nutrients to multiple rows of 

hepatocytes, enabling a bidirectional flow of components for filtering and absorption. The 

waste products from the liver are either carried away to the inferior vena cava through 

the hepatic veins in one direction, or bile products such as salts, bilirubin and 

phospholipids are removed in the opposite direction via bile canaliculi draining eventually 

into duodenum (1–3).  

Organs such as the lungs and kidneys have limited regenerative capacity, however the 

liver is able to, under normal conditions, fully regenerate and replace lost cells.  The 

regenerative capabilities of the liver will diminish in response to prolonged and/or 

repeated insult, culminating in end stage liver disease (1,4). 

Hepatocytes 

Hepatocytes make up around 80% of the total cell population in the liver. They are 

arranged into cords which run from the peri-poral zone, at the portal triad, to the peri-

central zone, at the centre of the lobule (Figure 1). They are polarised cells with an apical 

membrane forming bile canaliculi and a basolateral membrane adjacent to the sinusoids 

and are unique in that they may have several apical and basolateral domains across the 

cell membrane (2).  

Hepatocytes have a wide range of functions in the healthy liver. The maintenance of 

glucose and iron homeostasis, and metabolism of lipids are all crucial roles of hepatocytes. 



 

2 
 

These functions make the hepatocyte a protein and biliary secretion factory. They 

produce large quantities of albumin, clotting factors for blood maintenance, as well as bile 

acids for emulsification of dietary fats (2). They also act as a biological filter, removing 

potentially toxic substances from the blood that arrive via the gastrointestinal tract to 

protect other organs. By producing drug metabolising enzymes such as cytochrome 

P450’s, hepatocytes are able to chemically alter xenobiotics leading to their activation, 

detoxification and solubilisation ready for excretion, usually via the renal system, from the 

body (2,5).     

Stellate Cells 

Hepatic stellate cells (HSCs) or Ito cells, were discovered in 1876 by von Kupffer and make 

up around 10% of the liver cell population. They reside in the Space of Disse which lies 

between the sinusoidal endothelial cells and the hepatocytes (6,7). Normally in a 

quiescent state, the most distinctive feature of HSCs is the storage of vitamin A held within 

lipid droplets in the cytoplasm. In response to paracrine damage signals, HSCs 

transdifferentiate into proliferative, contractile myofibroblasts which are capable of 

enhanced production of extracellular matrix (ECM), cytokines , matrix metalloproteinases 

(MMPs), and tissue inhibitor of matrix metalloproteinases (TIMPs), creating a pro-fibrotic 

and pro-inflammatory environment (6,8). This activation occurs in response to liver 

damage with the goal of tissue repair. During transdifferentiation, HSCs lose their vitamin 

A storing capacity and produce alpha-smooth muscle actin (αSMA), pro-fibrotic cytokines, 

such as transforming growth factor beta (TGFβ) and platelet-derived growth factor beta 

(PDGFβ), and pro-inflammatory cytokines which can recruit immune cells, as well as 

significant upregulation in ECM genes such as collagen 1A1 (6,7,9). Once the insult has 

ceased and the fibrotic stimuli resolved, a large proportion of HSC are able to deactivate 

and return to a quiescent phenotype and relocate back to the Space of Disse with a lower 

threshold for reactivation than naive quiescent HSCs. Cells may be cleared via apoptosis. 

The chronic activation of HSC by prolonged liver injury can result in the development of 

fibrosis and subsequently cirrhosis, increasing the risk of liver cancer (9–11). 

Kupffer Cells 

The liver microanatomy leads to the exposure of hepatocytes to toxins and pathogens 

such as alcohol, drugs or viruses (2). Liver resident macrophages, known as Kupffer cells, 
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are responsible for identifying and eliminating pathogens that enter the liver from the 

gastrointestinal tract via the portal vein, before they cause damage to the liver 

parenchyma. These phagocytes reside within the sinusoids, adhering to the endothelial 

cells that comprise these vessels (12).   

In response to liver injury, Kupffer cells produce pro-inflammatory cytokines and 

chemokines to recruit other immune cells and activate HSC. Their numbers are increased 

in chronic liver diseases caused by excessive alcohol, hepatitis viruses and metabolic 

disorders (13). More generally, macrophages can be polarised to M1 type or M2 type 

which are pro or anti-inflammatory/fibrotic respectively in response to various stimuli. 

During the early response to tissue injury, M1 type macrophages promote fibrosis and 

inflammation to promote wound healing and removal of cell debris, in the later stages 

there are more M2 type cells which promote scar remodelling (14). 

1.1.2 Zonation of liver 
The concept of zonation of the liver lobule was first described by Rappaport in the mid 

1900’s (15). These zones are the peri-portal zone (zone 1), the midzone (zone 2) and the 

peri-central zone (zone 3). As well as the zones being defined by what architecture is 

distinct to a local area, oxygen concentrations, nutrient availability and susceptibility to 

damage are different in each zone (15,16). Hepatocytes in the oxygen rich peri-portal zone 

carry out the majority of metabolic functions such as protein synthesis and lipid 

metabolism, whereas cells near the peri-central region are relatively oxygen poor are 

responsible for the biotransformation of most xenobiotics (Figure 1) (16–18). 

Loss of liver zonation can occur as part of the development of liver disease but this is not 

always well characterised. The impact of fibrosis has been shown to have a catastrophic 

impact on lobule homeostasis. Using multiple etiologies, fibrosis disrupts the natural gene 

expression patterns across the lobule and pushes the peri-central regions to adopt a peri-

portal pattern instead. This results in loss of cytochrome P450 enzymes within the central 

region and an increase in blood ammonia concentration (18,19).  
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Figure 1. Anatomy of the Liver 
The basic functional unit of the liver is the hexagonal shaped lobule, with a central vein (CV) 
in the middle and a portal triad consisting of a portal vein (PV), a hepatic artery (HA) and 
bile duct (BD). Hepatic stellate cells (green) reside in the space between the hepatocytes 
and sinusoids and Kupffer cells (red) patrol the vessels, alert to pathogens and toxicants 
that may enter the liver from the gut. Progressive damage to hepatocytes can develop into 
chronic liver disease. This damage is considered reversible to a point, but prolonged insult 
from drugs/alcohol, high fat diet or viral infection can cause such severe damage the 
regenerative capability of the liver is lost and cirrhosis of the liver develops. The lobule can 
be split in to 3 zones across which a gradient of numerous metabolic processes has been 
established. Image created in Biorender.      
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1.2 Kidney Biology 

1.2.1 Basic Anatomy and Cell Types 

Macroanatomy 

The kidneys compose part of the renal system. Bean shaped and small in size, these organs 

are very complex in their microanatomy (20). They receive around 25% of cardiac output 

via the renal artery and are subsequently drained by the renal vein and ureter. There is an 

oxygen gradient across the kidney where 85% of renal blood is within the cortex and 15% 

across the medulla (21). Their unique vasculature leaves the kidney vulnerable to injury 

from drugs and, unlike the liver, they are not able to regenerate fully so any damage 

caused is permanent (20,21).  

The functional unit of the kidney is the nephron (Figure 2), there are an estimated 1 million 

nephrons within each kidney. Nephrons span both the cortex and medulla in a loop with 

a capillary network surrounding each one (peritubular network) (20). The glomerulus is at 

the head of the nephron and is the site of initial plasma filtration. The capillary bed in the 

glomeruli is fed by the afferent arteriole from the renal artery, these fenestrated vessels 

allow small molecules to leave the blood plasma into the proximal convoluted tubule. 

Blood exits the glomerulus via the efferent arteriole which goes on to form the peritubular 

network. From the proximal convoluted tubule, the loop of Henle descends down to the 

medulla then ascends back into the cortex. The tubules are lined by epithelial cells that 

are able to reabsorb large amounts of the glomerular filtrate, whilst excreting metabolic 

waste products and toxins from the blood that were too large to pass through the initial 

filtration system. The distal convoluted tubule is the last part of the renal tubular system 

and it clears the newly formed urine away into the collecting ducts, leading to the bladder 

(20,21).  

The Glomerulus 

The glomerulus is situated at the head of a nephron, also called the renal corpuscle. 

Contained within the Bowman’s capsule sits a capillary network which enters and exits 

the glomerulus at the vascular end (20). Opposite to this is the opening to the remainder 

of the nephron via the proximal tubule. There are a number of specialised cell types that 

reside within the glomerulus which filter the blood and keep the blood and urinary 

products separate. Starting at the outermost layer of the glomerulus, there is a basement 
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membrane with a layer of parietal epithelial cells facing into the Bowman’s space (20,22). 

This space is a cavity between the parietal epithelium and the visceral epithelial layer. Also 

known as podocytes, the visceral epithelial cell layer covers the outer side of the 

glomerular capillaries (22,23). The podocytes and the capillary epithelial cells share an 

ECM known as the glomerular basement membrane. This three-layered barrier is 

responsible for the filtration of molecules based on size and charge. Small positively 

charged molecules are able to pass through the barrier to form pre-urine whereas larger 

proteins and molecules with a negative charge remain in the blood and are carried 

through the capillaries to the peritubular network (20,22). Located in between the gaps 

in the capillary bed are mesangial cells, these make up 30-40% of the cells within the 

glomerulus. They provide structural support to the glomerulus and direct the fate of 

precursor cells in the local area. Mesangial cells display phagocytic properties and are able 

to attract immune cells in response to injury alongside repairing the damage themselves 

(20,23,24). 

The Proximal Tubule 

The proximal tubule is the first section of the nephron post glomerulus. It receives the 

filtered pre-urine from the Bowman’s space and its primary function is to reabsorb most 

of what has been lost to this filtrate (20). In humans, there are three distinct sections of 

the proximal tubule named S1, S2 and S3 (20,23). The S1 segment begins at the glomerulus 

and includes roughly two thirds of the convoluted section, the S2 segment includes the 

last third of the convoluted tubule and the beginning of the straight portion of the 

proximal tubule (pars recta). The S3 segment is the remainder of the pars recta. 

Differences in cellular structure and gene expression in the epithelial cells that line the 

proximal tubule mean that the S1, S2 and S3 segments are distinguishable from each 

other. These differences have been shown to make some segments more vulnerable to 

damage from renal toxic substances such as the inorganic chemical potassium dichromate 

(S1 and S2) and the cancer therapeutic cisplatin (S3) (20,23,25,26).  

The Loop of Henle 

The Loop of Henle is the section of the nephron that connects the proximal and distal 

tubules. It extends down into the medullary region of the kidney from the S3 segment of 

the proximal tubule and forms a hairpin bend where the ascending limb joins the distal 
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tubule back within the cortex (20). The ascending limb is split into two sections, the thin 

ascending limb and the thick ascending limb. The key function of the Loop of Henle is to 

maintain an osmotic gradient and is responsible for producing either concentrated or 

dilute urine (20,23). The cells that line this section of the nephron can be grouped into 

four morphologically distinct epithelial types with each specialised to maintain the 

osmotic gradient. The descending limb is permeable to water but relatively low amounts 

of sodium are able to be transported across the cell membranes whereas the thin and 

thick ascending limb sections are impermeable to water but are able to reabsorb ions such 

as sodium either passively (thin limb) or actively (thick limb) (20,27).  

The Distal Tubule 

The distal convoluted tubule is the portion of the nephron after the thick ascending limb 

of the Loop of Henle and leads into the collecting duct where newly formed urine is passed 

towards the bladder (20). The distal tubule regulates the concentrations of potassium, 

sodium and calcium in the blood plasma as well as pH (23). Cells in this region are taller 

than those in the thick ascending limb and have a greater basolateral membrane than 

apical membrane. It reabsorbs the last 5-10% of filtered sodium and chloride ions and is 

important in maintaining calcium and magnesium homeostasis (20,28).   
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Figure 2. Anatomy of the Kidney.  
The nephron spans the cortex and medulla in the kidney. The glomerulus sits at the head of the nephron within the cortex, 
this is the site of filtration from the blood. Across the proximal convoluted tubule, loop of Henle and distal convoluted 
tubule, water, ions and other small molecules are reabsorbed and larger waste products are moved from the peritubular 
network across into the nephron lumen. Newly formed urine is passed down through the collecting duct for passage to the 
bladder. Image created in Biorender.    
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1.3 The Development of Chronic Disease 

1.3.1 Chronic Liver Disease 

Chronic liver disease (CLD) is characterised by the loss of liver function over time and can 

be caused by numerous underlying pathologies. Described as ‘a significant public health 

concern’, CLD was implicated in 1.32 million deaths worldwide in 2017 (29). Hepatitis 

viruses B and C have historically been the major cause of CLD development, however in 

more recent years, global increases in obesity and alcohol consumption have seen an 

uptick in metabolic disorder associated CLD. It is projected that over the next 10 years, 

the burden of obesity and alcohol related CLD could increase by 168% in the USA alone 

(29,30).  

Metabolic dysfunction-associated steatotic liver disease (MASLD) (previously known as 

non-alcoholic fatty liver disease (NAFLD)) is now recognised as the most common 

underlying cause of CLD (31,32). It is diagnosed when an individual presents with hepatic 

steatosis (lipid accumulation in the liver) where there are no other secondary causes such 

as excessive alcohol consumption, viral infection or hereditary disorders (31). These 

patients tend to present with other comorbidities such as type 2 diabetes. The current 

gold standard for diagnosis and prognosis is a liver biopsy which is invasive and comes 

with risk of complications. Less invasive methods of diagnosis such as imaging or 

biomarker panels have been suggested, however there are currently no widely accepted 

methods for establishing disease state (31). Steatotic liver disease encompasses a range 

of disorders beginning with simple steatosis to, MASLD, MASLD with increased alcohol 

intake and non-alcoholic steatohepatitis (NASH) (32). NASH is associated with chronic 

inflammation of the liver and often leads to the development of fibrosis (33). Steatotic 

liver disease is considered to be reversible with significant lifestyle changes to diet and 

exercise as there are currently no approved therapeutic interventions available to these 

patients (34). In cases where CLD develops past the reversible stages, patients develop 

cirrhosis of the liver, which is considered end stage disease (33). Patients at this point may 

have a significantly reduced liver functionality resulting in portal hypertension, ascites and 

internal bleeding along with a higher risk of developing hepatocellular carcinoma (HCC). 

The focus at this point for patients is more management than cure, with liver transplant 

currently the only life-extending option (33,35).  
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1.3.2 Chronic Kidney Disease 

Chronic kidney disease (CKD), like CLD, is a progressive disorder that disrupts the structure 

and function of the organ over time and can develop as a result of a range of pathologies 

(36). Diagnosis is defined as a reduction in glomerular filtration rate to less than 60ml/min 

per 1.73m2 with blood and protein in the urine present for more than 3 months (36). CKD 

is a significant health threat that effects 10-15% of the global population, equating to 

approximately 840 million people. CKD is projected to become the 5th leading cause of 

death globally by 2040 (36,37). 

Diabetes is considered the most common cause of CKD, with 40% of diabetic patients 

developing diabetic nephropathy (38). There are also conditions that arise as a result of 

co-morbidities such as hypertension and glomerulonephritis that contribute to the 

development of CKD (38,39). Glomerulonephritis is an inflammation of the glomerulus 

and can result from a range of other pathologies including viral and bacterial infection. 

The exact mechanism behind the development of glomerulonephritis is not fully 

understood. Whilst this may begin as an acute injury, repeated flare ups can cause scarring 

and the development of CKD (38,39).   

 

1.3.3 Inflammation 

Pathogenesis 

Inflammation is a common feature of almost all human disease and can be thought of as 

both protective and pathological (40). Acute inflammation is a response to a disruption to 

the norm as a result of injury or infection, bringing immune cells to the site via chemotaxis 

to defend against invading pathogens and promote wound healing. Acute inflammation 

aids in wound healing, but persistent inflammation is a driver of chronic disease. In the 

liver, chronic inflammation can be induced by a variety of conditions including NASH, ALD, 

viral infection and physical injury which can ultimately lead to CLD and cirrhosis. (40–43). 

Also a feature of CKD, inflammation can be hugely disruptive when not properly resolved, 

leads to glomerulonephritis and tubular cell injury culminating in renal fibrosis (41).  
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Development of Inflammation 

The initiation of the inflammatory response can be split into stages, recognition of 

detrimental stimuli, activation of inflammatory pathways, the release of pro-

inflammatory cytokines and the recruitment of inflammatory cells (41). Pathogen 

associated molecular patterns (PAMPs) and damage associated molecular patterns 

(DAMPs) can be recognised by pattern recognition receptors (PRRs) on the surface of 

immune and non-immune cells. DAMPs are released from injured somatic cells with or 

without pathogens and PAMPs such as lipopolysaccharide (LPS), are present as a result of 

an invading microorganism (41). There are several families of PRRs with Toll-like receptors 

(TLRs) being the most well studied. Activation of the inflammatory system via pattern 

receptors is the best understood, but there are other methods including loss of 

homeostasis due to stressors such as extreme cold or starvation (40). From this initial 

recognition of danger signals, nuclear factor kappa b (NF-κB), mitogen activated protein 

kinase (MAPK) and Janus kinase (JAK)-signal transducer and activator of transcription 

(STAT) signalling pathways (Figure 3) can be activated which go on to produce cytokines 

for wound healing and immune cell recruitment (40,41,44).  

NF-κB Signalling 

The NF-κB family is made up of 5 proteins, Rel-A/p65, Rel-B, c-Rel, p105/p50 and 

p100/p52. This signalling pathway takes two forms, the canonical and the non-canonical 

signalling pathways (45). The canonical pathway is activated by a diverse range of external 

stimuli and involves Rel-A and p50 heterodimers which reside in the cytoplasm in an 

inactive state under the control inhibitors of NF-κB proteins such as inhibitor of κB alpha 

(IκBα). After ligand binding, a cascade of intermediary proteins results in the 

phosphorylation of IκBα by Inhibitor Kappa B Kinase II (IKK2), causing the proteasomal 

degradation of IκBα, leaving uninhibited NF-κB dimers free to translocate to the nucleus, 

NF-κB dependant genes, which include pro-inflammatory cytokines (44–46).  

The non-canonical pathway involves Rel-B and p100/p52 (45). Under normal conditions, 

p100 acts as an NF-κB inhibitor preventing the translocation of Rel-B to the nucleus. After 

ligand binding, p100 undergoes a proteolytic processing step converting it to p52. This 

Rel-B/p52 dimer is then able to translocate to the nucleus and induce transcription. This 

pathway is much more specific, only being activated by a small number of tumour necrosis 
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factor (TNF) superfamily receptors, and conversion of p100 to p52 is under the control of 

IKK1 (as opposed to IKK2 in the canonical pathway) and NF-κB inducing kinase (NIK) (45). 

JAK-STAT Signalling 

The JAK-STAT pathway, activated by for example IL-6, is the simplest pathway post ligand 

binding, of the three major inflammatory pathways. Under the control of type 1 and 2 

cytokine receptors and type 1 and 2 interferon (IF) receptors. A JAK family member (JAK 

1, JAK2, JAK3 or TYK2) phosphorylates the ligand bound receptor allowing the binding of 

a STAT family member (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b or STAT6) (44). The 

STAT protein is then phosphorylated by the JAK protein which then translocates to the 

nucleus. There are several receptors in the type1/type 2 cytokine and IF groups each of 

which can be activated by a few different ligands (more than 50 in total) but each ligand 

will only bind to its specific receptor. Each different receptor then interacts with a specific 

pairing of one JAK family member and one STAT family member which can be in turn 

suppressed by one member of the suppressors of cytokine signalling (SOCS) family in a 

negative feedback loop (47,48).  

MAPK Signalling 

The last, and probably most complex, of the three main regulators of inflammation is the 

MAPK pathway, activated by binding to tyrosine kinase receptors. Ligands include growth 

factors, PAMPS and TNF family members (41). The initial stimulus activates rapidly 

accelerated fibrosarcoma (RAF) A, B and C, apoptosis signal-regulating kinase (ASK)-1 and 

TGFβ-activated kinase (TAK)-1 among others. Activated RAF proteins go on to 

phosphorylate MAPK kinase (MEK) 1/2, ASK1 phosphorylates both MEK4/7 and MEK3/6 

and TAK1 can phosphorylate MEK4/7 and also IKK (inducing NF-κB). These subsequently 

activate extracellular signal-regulated kinase (ERK)1/2 (by MEK1/2), c-Jun N-terminal 

kinase (JNK) (by MEK4/7) and p38 (by MEK 3/6) which allow transcription factors 

TCF/ELK1, ATF2 and AP1 to induce pro inflammatory cytokine production (44,49).  

The subsequent recruitment of leukocytes, macrophages and dendritic cells in response 

to these cytokines, remove the source of the injury, clearing pathogens and damaged cells 

ready for healing and repair (40,50). 
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Figure 3. Inflammatory Regulatory Pathways  

NF-κB Pathway: Activated by binding of ligands such as IL-1β to TLRs and IL-1R. Binding recruits MyD88 and 
downstream signalling by IRAK-TRAF6, activating the IKK complex which in turn goes on to phosphorylate IκBα. This 
inhibitory complex detaches from NF-kB proteins which can then translocate to the nucleus to promote pro 
inflammatory cytokine production. JAK/STAT Pathway: Controlled by Type 1 and 2 cytokine receptors and Type 1 
and Type 2 interferon receptors. Ligand binding activated a JAK family member which phosphorylates the receptor 
to act as a dock for a STAT family member. The STAT family member is the activated by the JAK family member and 
translocates to the nucleus to promote pro inflammatory cytokines. MAPK Pathway: Can be activated by GFs, TNFs 
and PAMPS. Ligand binding activates a MAPKKK protein, which phosphorylates a MAPKK protein which further 
activates a MAPK protein. MAPK proteins then go on to activate transcription factors which translocate to the 
nucleus to promote pro inflammatory cytokine production. Image drawn in Biorender. 
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Key Drivers of Inflammation 

Cytokines that drive inflammation can be grouped into, TNFα and related proteins, the 

interleukin (IL)-1 family, TGFβs, factors that signal via tyrosine kinase receptors and factors 

that signal via JAK/STAT signalling (41). Many work as part of a positive feedback loop, 

generated by one immune cell and upon release can stimulate other immune cells. As well 

as drivers from somatic origin, inflammation can be induced via pathogen invasion. 

Produced by gram negative bacteria, LPS is recognised by TLR4 on antigen presenting cells, 

like Kupffer cells resident in the liver, inducing the NF-κB pathway (41,46,47).   

A list of mediators involved in inflammation are shown in Table 1, with a description of 

some that are crucial to the development of chronic inflammation below.  

 

Table 1. Inflammatory Mediators in Chronic Inflammation  

Inflammatory 
Mediator 

Main Sources Function Reference 

IL-1β Macrophages Pro Inflammatory, 
Induces NF-kB 

pathway 

(41,50) 

TNFα Macrophages and  
Natural Killer Cells 

Pro Inflammatory, 
induces M1 type 

macrophages 

(41,50) 

IL-6 Macrophages and T 
Cells 

Pro Inflammatory, (41,50) 

IL-8 Macrophages and 
epithelial cells 

Pro Inflammatory, (41) 

IL-10 T cells and B cells Anti-inflammatory, 
induces M2 type 

macrophages 

(41,50) 

IL-12 Macrophages and 
Dendritic cells 

Pro Inflammatory, (41) 

IL-17 Natural Killer cells Pro Inflammatory, (41) 

GM-CSF Macrophages and T 
cells 

Pro Inflammatory, (41) 

TGFβ Macrophages and T 
cells 

Anti-inflammatory, 
pro fibrogenic 

(41,50) 
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MCP1-4 Epithelial and 
endothelial cells, 
macrophages and 

fibroblasts 

Pro Inflammatory, 
attracts monocyte 
infiltration to liver 

(50–52) 

IL-1β 

IL-β is a pro-inflammatory cytokine that, whilst not present in healthy liver, is involved in 

all inflammatory processes in the organ (53). It is part of the IL-1 family and has pleiotropic 

functions including stellate cell activation, inducing hepatocyte steatosis and amplification 

of inflammatory signalling. Active IL-1β binds to IL-1 receptors and is able to activate both 

the MAPK and NF-κB pathways and high levels have been shown to be self-sustaining 

(53,54).  

IL-1β has a crucial role in the development of NASH, fibrosis and some cancers with some 

genetic variants able to accelerate disease progression (54). Its importance to the 

development of chronic inflammation has been shown using a range of different mouse 

models. Using antibodies to block IL-1β, or the creation of knock out mice targeting 

individual components of the IL-1 signalling pathway, has shown to significantly reduce 

inflammation in response to challenge compared to controls and reduce the progression 

of NAFLD and NASH in diet induced mouse models (54).  

IL-6 

IL-6 is a pro-inflammatory cytokine that can be induced by NF-κB or JAK/STAT signalling 

in response to TLR binding from other inflammatory mediators such as IL-1 or TNFα family 

members. For successful signalling, both the IL-6 receptor and signal transducer 

glycoprotein 130 (gp130) must be present on the surface of the cell. The gp130 signal 

transducer is found in many tissues but the IL-6 receptor is present almost exclusively on 

the surface of hepatocytes and myeloid cells. In order for IL-6 signalling to occur 

elsewhere in the body, soluble IL-6 receptor is produced ready to be transported to other 

tissues to make them receptive (55,56). 

IL-6 is a key cytokine in driving the inflammatory response and so when expression and 

signalling becomes dysregulated numerous diseases can develop. It has been found to be 

an important driver in NAFLD and NASH progression, with a positive correlation between 

plasma levels and degree of hepatic inflammation (56,57). IL-6 knockout mice were shown 

to have an impaired immune response and a separate study found that the inhibition of 
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the IL-6 receptor reduced steatosis in mice, suggesting IL-6 as a therapeutic target for 

NASH patients (55,58). A similar finding was observed in CKD, where patients have higher 

IL-6 levels in the plasma compared to healthy controls and inhibition in mice lead to a 

reduction in kidney fibrosis (59). A clinical study involving over 600 patients also found an 

association with NASH severity and polymorphisms of IL-6 (54).  

 

1.3.4 Fibrosis 

Pathogenesis 

Fibrosis is a common feature in the development of CLD. A result of aberrant wound 

healing and chronic inflammation, this dynamic process leads to the development of a 

fibrotic scar distorting local tissue architecture, compromising the functionality of the liver 

(60,61). If the source of injury is not removed, the development of more serious and 

advanced diseases such as cirrhosis or HCC can occur (61). Hepatotoxic and cholestatic 

injury are the 2 main categories into which a range of causative agents can be grouped in 

the development of CLD and fibrosis. Cholestatic injury occurs as a restriction or blockage 

to the flow of bile from the liver. Hepatotoxic injury is much more wide ranging and 

includes anything that causes injury to hepatocytes which can include drugs and alcohol, 

infection and metabolic syndromes such as NAFLD (60–63).  

The development of kidney fibrosis shares many hallmarks with that of liver fibrosis. 

Excess ECM production, myofibroblast recruitment and structural damage to the organ 

are all observed. Fibrotic scar generation can begin in different regions of the nephron 

depending on the type of insult (64–66). Glomerulosclerosis describes the destruction of 

the capillary bed within the glomerulus. Fibrosis that develops in the glomerulus can be 

focal (some but not all glomeruli) and segmental (portions of but not a whole glomerulus) 

(67). Tubulointerstitial fibrosis develops in the space between nephrons, causing 

rarefaction of the peritubular capillary network, chronic hypoxia and loss of tubule cells 

(68). Fibrosis of the kidney can occur as a result of repeated insult from infection or drugs 

or as part of a more complex co-morbidity, the most common being diabetes (67). 
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Myofibroblast Recruitment 

Resident HSC are the main source of myofibroblasts in hepatotoxic-driven liver fibrosis. 

These normally quiescent cells are activated and differentiate to myofibroblasts which are 

proliferative, inflammatory and have enhanced secretion of ECM components. In 

response to cholestatic injury, portal fibroblasts are the major contributors to the 

myofibroblast population (7). The population of activated myofibroblasts in kidney 

fibrosis are more heterogeneous, as they arise from a number of sources. There is 

disagreement as to the extent to which different cell types contribute to the overall 

myofibroblast population but the evidence so far suggests contributions from resident 

mesenchymal cells, epithelial and endothelial cells that have undergone 

epithelial/endothelial-mesenchymal transition and bone marrow derived cells (66,69–

72).  

TGFβ is considered the most potent cytokine in driving fibrosis. TGFβ binds to its 

transmembrane receptor, where the intracellular tyrosine kinase domain phosphorylates 

SMAD 2 and SMAD 3, which subsequently binds to SMAD4. This complex then translocates 

to the nucleus, where it induces expression of αSMA, Collagen 1A1 and Collagen 3A1 

(7,10,73,74). Studies have shown that the inhibition of TGFβ can reduce the migration and 

activation of HSC in response to chemically induced liver damage and as a consequence, 

lower grade fibrosis development within the organ. These highlight the importance of 

TGFβ in the development of fibrosis and the therapeutic potential of this cytokine (75,76).  

PDGFβ is another key mitogen in fibrosis development. Produced by myofibroblasts, it 

drives proliferation and migration in a positive feedback loop. Both PDGFβ and its receptor 

are rapidly upregulated at the onset of liver injury (7,10,73). The importance of PDGFβ as 

a driver of fibrosis has been demonstrated using different techniques. Inhibition with 

drugs suppressed the migratory ability of HSC in culture and also prevented their 

activation to myofibroblasts. The subsequent anti-fibrotic effect of this was observed in 

carbon tetrachloride (CCl4) treated rodents, where inhibitor treated animals developed 

significantly less fibrosis in their livers than the vehicle control group (76,77).  

 

Fibrotic Scar Formation 

Acute injury to the liver normally is resolved by a wound healing response, during which 

myofibroblasts secrete large quantities of pro-fibrogenic ECM components. These include 
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mostly collagens (type I and III) for structural support, but also enzymes that modulate 

the ECM such as TIMPs which block the breakdown of the newly developed scar. Post 

regeneration of hepatocytes, the newly made fibrotic scar is remodelled and removed by 

the action of MMPs (61,71,78,79). Persistent injury from alcohol/drug intake, high fat diet 

or viral infection causes a continual cycle of hepatocyte death and fibrotic scar 

development (80). Cellular injury releases DAMPs, recruiting immune cells and 

myofibroblasts to the site of injury (81). The resulting pro-fibrotic ECM production 

replaces the non-fibrogenic collagens and inhibits the production of MMPs forming a 

dense scar that is not remodelled. It has also been found that deactivated HSC have a 

lower threshold for repeat activation compared to their naïve counterparts making repeat 

insult more likely to contribute to an already developing scar. The scar that develops 

overtime distorts the local architecture, compromising nutrient and metabolite exchange 

in the organ (10,80,81).  
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1.4 Development of Novel Therapeutics and Preclinical Screening 

The research and development of new therapeutics is suggested to cost as much as $2.8 

billion per new medicine (82,83). This great expense is accompanied by a complicated 

development pipeline starting at target identification and basic scientific research, moving 

to preclinical work with lead candidate identification, culminating in approval from 

medical authorities such as the Food and Drug Administration (FDA) for sale post human 

clinical trials (84). With drug attrition rates across all clinical trial phases at around 95%, 

the probability of a novel medication moving from clinical trial to market stands at 8% 

(85). Toxicology accounts for 20-40% of these eliminations, with the liver and kidney being 

common sites of drug induced damage (84,85). 

1.4.1 Current Pitfalls in Identifying Toxic Candidates 

Drug induced hepatotoxicity or drug induced liver injury (DILI) remains a concern for the 

development of new drugs and the current use of approved medications. The liver is 

particularly susceptible to toxicity from drugs due to its central role in xenobiotic 

metabolism and drugs that cause DILI can be hepatotoxic, cholestatic or a mixture of both 

(86). Clinical signs of hepatocellular injury include an elevation in alanine amino 

transferase (ALT) and aspartate aminotransferase (AST) with fatigue and weakness in the 

patient. Cholestatic injury presents differently with increases in alkaline phosphatase 

(ALP) and gamma glutamyl transpeptidase (γGT) and jaundice and itching experienced by 

the patient. Drugs that cause a mixture of both injuries to the liver show all of these 

features clinically (86,87).  

Direct hepatotoxicity is caused by ingestion of drugs that have an intrinsic toxicity to 

hepatocytes (86). Acute hepatic necrosis can be observed in patients affected by direct 

hepatotoxicity, alongside increased serum levels of ALT and AST. The liver response is 

reproducible in preclinical models and is dose dependent, so predicting response and 

suitable doses for patients can be done with a degree of confidence. Indirect and 

idiosyncratic hepatotoxicity are much more difficult to predict when developing new 

therapeutics (86). These types of liver damage are much more difficult to model and are 

not dose dependent. Symptoms may not appear until several months after the course of 

treatment making it difficult to determine a link (86).  

The difficulty in predicting adverse responses of new drugs in whole organ systems 

becomes very apparent when we consider that 20% acute kidney disease (AKD) cases are 
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caused by nephrotoxic medicines in critically ill patients (88). The solubilised drug 

metabolites are removed as waste via the renal system, exposing the cells of the nephron 

to high concentrations of biotransformed xenobiotics. These can affect the cells in 

different ways, for example tenofovir is transported into cells where it is able to inhibit 

the transport of other waste products from the blood to the nephron lumen. Cisplatin is 

another example where it is transported into proximal tubule cells and induced DNA 

damage. Other therapeutics like nitrofurantonin (an antibiotic), can crystallise out in the 

nephron lumen causing obstructions which can lead to cell death and AKD (88,89). 

 Currently we use mostly 2D and animal models for initial screening to test biological 

response and toxicity but, as discussed in more detail later, these models are not 

representative of human disease and it has been suggested that 90% of in vivo results do 

not match up with human clinical trial data with toxicity related predictions correct in only 

43% of cases (90,91). Differences in absorption, distribution, metabolism and excretion 

(ADME) are the major reason behind the discrepancies resulting in a failure to identify 

potential adverse effects at this developmental stage (90,91).  

An interesting example of differences in ADME rates between species, and the dangers of 

over reliance on animal modelling for toxicity identification, is paracetamol. Paracetamol 

is ranked in the FDA’s DILI list as ‘most concern’ (92). This drug is widely available over the 

counter and when taken correctly is considered safe, however paracetamol overdose is 

the most common cause of DILI induced liver failure in the US. It is readily absorbed with 

most being broken down to non-toxic metabolites which are excreted in the renal system, 

during overdose the metabolic pathway becomes saturated and the toxic metabolite N-

acetyl-p-benzoquinone imine (NAPQI) is able to cause cell death via mitochondrial 

interference (93,94). Rats however, are more resistant to paracetamol induced 

hepatotoxicity due to high anti-oxidant capacity and liver injury associated biomarkers 

decrease much faster than in humans (94).   

 

1.4.2 Considerations for Clinical Modelling of Lead Candidates 

Drug metabolism occurs in two phases (I and II). Phase I is a functionalisation reaction, 

usually undertaken by a cytochrome P450 (CYP) enzyme. Phase II reactions are 

responsible for chemically altering the resulting metabolites into more soluble 

compounds for their removal from the body (95). These are catalysed by a number of 
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different transferase enzymes. The biotransformation of drugs occurs predominantly in 

the peri-central region of the liver lobule with CYP3A4 and CYP3A5 being responsible for 

the majority of prescription medications (95). Table 2 describes the most common CYPs 

and transferases. 

Drug metabolism and clearance can vary greatly person to person and so care must be 

taken when considering dosage requirements. A wide range of factors including age, sex 

and genetic polymorphisms can all impact the rate at which drugs are metabolised. If 

clearance is too slow, there may be toxicity, whereas too fast and the drug will not exert 

its affect (95).  

 

Table 2. Phase I and Phase II Drug Metabolising Enzymes 

Enzyme Protein Family Biotransformation Expression Reference 
CYP3A4 

and 
CYP3A5 

Cytochrome 
P450 Group 3 

30-50% of 
medications 

Most abundant CYP 
in the body, 

expressed primarily in 
liver 

(95) 

CYP2E1 Cytochrome 
P450 Group 2 

Paracetamol, 
ethanol and 
endogenous 

products such as 
steroids and 

unsaturated fats. 

Predominantly 
expressed in liver, 

higher rates of 
expression have been 

linked with cancers 
such as HCC and 
colorectal cancer 

(95–97) 

CYP2D6 Cytochrome 
P450 Group 2 

25% of 
medications 

Predominantly 
expressed in liver, has 

the highest number 
of genetic variants 

which affect 
metabolism of about 

50% of drugs it 
interacts with 

(95) 

UGT1A1 UDP-glucurono-
syltransferase 

Group 1 

Only UGT able to 
transform 

bilirubin. Along 
with other family 

members UGT 
contribute most to 
phase II reactions 

Among most 
important UGT 

enzymes in the liver 

(98) 

SULT1A1 Sulfotransferase 
subfamily 1 

Phase II 
xenobiotic-
conjugating 

Major role in 
substance 

detoxification in 

(98) 



 

22 
 

enzyme with a 
broad range of 

substrates 

foetal liver and 
exhibits wide tissue 

distribution in adults 
GST-
alpha 

Glutathione S- 
transferases 

Major phase II 
drug metabolising 

enzyme which 
protects against 
oxidative stress 

Soluble GST can be 
identified in many 
tissues around the 
body including the 
liver, kidney and 

brain 

(98) 

 

Pre Existing Conditions 

It is important to recognise that whilst a novel therapeutic may be tolerable to the liver in 

a healthy individual, or at least in a patient where the liver is not the primary concern, in 

those with pre-existing liver conditions, tolerance will likely be reduced. A prime example 

of this is the development of HCC which more often than not, develops on a background 

of CLD (99). Sorafenib is a multi-kinase inhibitor approved for HCC treatment in patients 

with an inoperable tumour/advanced stage cancer. Whilst sorafenib is considered to have 

an acceptable safety profile in patients with a functioning liver, it has been shown to cause 

serious liver toxicity in 0.06% of treated patients and is generally not prescribed for those 

with severe liver damage/terminal stage HCC (100,101). The INSIGHT clinical trial found 

that the efficacy of sorafenib was reduced in patients with pre-existing severe liver 

damage, and that time to disease progression and overall survival were also greatly 

reduced compared to those with a healthier liver (101). The mechanism that causes 

sorafenib associated liver toxicity is not currently well understood, but studies in rat and 

human cell lines have suggested that this small molecule inhibitor causes mitochondrial 

dysfunction leading to cell death (102). They also suggested that patients with reduced 

CYP3A4 activity, would be more at risk of sorafenib induced hepatotoxicity (102,103).  

 

Genetic Factors 

There is a high degree of polymorphism in the CYP genes in families 1-3, the families most 

involved in phase I drug metabolism and the metabolism of procarcinogens (104,105). 

Genetic variants can be categorised by metabolic phenotypes: poor, normal, 

intermediate, rapid and ultra-rapid metabolisers. Genotyping patients who are receiving 

treatments, particularly long term, is a useful tool identify those more at risk of toxic side 
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effects (poor metabolisers) and those who require higher therapeutic doses (ultra-rapid 

metabolisers) (106).  A study examined the functional effect of CYP3A4 polymorphisms in 

healthy volunteers. Volunteers were placed in different groups, with each group given a 

different drug that is metabolised by CYP3A4. Drug plasma concentration was determined 

after a single dose and each participant was genotyped to ascertain whether clearance 

rate was affected by any polymorphisms in CYP3A4. Overall, the polymorphisms detected 

did not have a pronounced effect on metabolism and clearance compared to the wild type 

enzyme. There were a few instances of a difference in clearance between wild type and a 

variant but these were not statistically significantly different or the variant only occurred 

in one patient so you could not draw firm conclusions. The study design only looked at the 

clearance rate after a single dose, there is a possibility that a more obvious impact of the 

genetic variants would be seen where a prolonged dose was administered (104). 

Combination Therapies 

Some patients may require a multi-drug approach for treatment of one or more 

conditions. In these cases, it is important to consider how each of these drugs are 

metabolised as one may affect the other. Drug-drug interaction studies are designed to 

look at how co-administration of two or more different drugs will affect the 

pharmacokinetics of each other (107,108).  

Imatinib is a tyrosine kinase inhibitor used in the treatment of chronic myeloid leukaemia 

(CML). Patients with CML are at a higher risk of contracting infections due to their 

compromised immune system and so may be given prophylactic treatment alongside their 

chemotherapy to reduce this risk. Some drugs used to prevent/fight these infections are 

known inducers/inhibitors of CYP3A4 and so will affect the efficacy of imatinib, a substrate 

of CYP3A4, and the overall haematological response (107,108).  

Rifampicin is an antibiotic that acts as an inducer of CYP3A4. This upregulation has been 

shown to increase the clearance rate of imatinib. A clinical study using healthy volunteers 

showed that the Cmax and area under the curve were greatly reduced when imatinib was 

taken alongside rifampicin compared to when used as a single agent. As a result, it was 

suggested that when used in tandem, the plasma concentrations of imatinib would be 

sub-therapeutic and remission would not be achieved. It would be interesting to have 
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seen this study where a steady state Cmax was achieved and see if clearance was different 

as this is what CML patients would experience during treatment (109).  

Alongside prescribed medications, there are some herbal remedies/foods that can alter 

the normal pharmacokinetics of imatinib. St John’s Wort is a herbal remedy that is widely 

available over the counter that can induce CYP3A4 and reduce the half-life of imatinib. It 

is also known that grapefruit juice an inhibit the activity of CYP3A4 and so those receiving 

higher doses of imatinib need to be aware in case of side effects caused by the reduced 

clearance (107).  
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1.5 Pre-Clinical Modelling 

Preclinical testing of novel therapeutics has been historically modelled using 2D in vitro 

experiments and animal models. Whilst there is merit in both platforms, there are 

significant drawbacks associated with each. Figure 4 provides a summary of models 

currently available for drug discovery including some of the pros and cons of each. 

Figure 4. Current Modelling Options for Drug Discovery 
Pros (green) and cons (red) of current drug discovery modelling platforms in increasing 
complexity from 2D cell culture to humans. Adapted from Oakley et al, 2019.   
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1.5.1 Two Dimensional Models 

Cell Lines and Primary Cells 

2D cell culture modelling is relatively cheap and time efficient and is a good starting point 

to test novel compounds (110). There are a large variety of cell lines commercially 

available produced from humans and animals, encapsulating cell types from organs, blood 

and tumours. Experimental setups using 2D cell culture are highly customisable, with the 

ability to grow cells as a single population or in co-culture with another cell type. Culture 

plates can also be chosen to produce high throughput systems, making screening for lead 

compounds using multiple concentrations very easy. However, this is not representative 

of the human tissue microenvironment and so results are not guaranteed to be 

translatable to humans (110). Alongside a low complexity environment, the cell lines used 

have been immortalised and will have lost a number of features commonly found in their 

cell of origin. For example, HepG2 is a frequently used human liver cell line. Derived from 

a HCC biopsy, HepG2s have been shown to have an altered gene and protein expression 

profile compared to both primary human hepatocyte lines and human liver tissue (111–

113).  

An alternative to immortalised cell lines are primary cells produced from human biopsy. 

These cells are more phenotypically similar to the native cell type, however they have a 

finite number of passages and there is not a steady supply and they can be quick to 

dedifferentiate when in culture (111). The young’s modulus (a measure of mechanical 

stiffness) of tissue culture plastic is ~1000 fold higher than the cells being grown upon it, 

this difference results in changing of cell phenotype and the monolayer that it creates, 

even when multiple cell types are grown in co-culture, is not reflective of the normal 

architecture (114). This phenomenon can be observed when culturing HSCs. When in the 

liver, HSC are in a quiescent state, they differentiate to myofibroblasts in response to 

paracrine signalling. Experimental work to determine the signalling pathways that induce 

this activation, found that when grown on a hard plastic surface HSC would spontaneously 

activate into myofibroblasts and so the process could not be tightly controlled with this 

method (115). It has been shown that HSC activated in culture, have different gene 

expression profiles to HSC activated in vivo. This is likely due to the reduction in complexity 

and lack of one or more factors that would normally drive the trans-differentiation in the 

2D model (115). We also see controversies from the use of in vitro models in renal fibrosis 
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research, where cell based experiments have shown EMT to be more significant source of 

myofibroblasts than is seen in lineage tracing experiments with human cell lines (69).   

Studies that challenge cell lines are often studying efficacy rather than toxicity. Assay set 

up would commonly only use monoculture to map the drug response and so no data is 

gained reflecting how these compounds will affect the rest of the body (116). An example 

of this is a study using HepG2 and Huh7 cells, which identified that sorafenib (a HCC 

therapeutic) is toxic to some patients limiting its use, and reducing its dosage and 

prescribing another drug in combination may reduce the side effects whilst maintaining 

efficacy. Whilst this did show synergy between the two drugs, this was only performed on 

two HCC cell lines and did not provide any toxicity data other than apoptosis/viability 

assays so we do not know how this new combination would affect whole organ systems. 

This physiologically irrelevant environment fails to provide the wider picture of the 

efficacy and toxicology of potential drugs (117).  

HepG2 cells have been used to model hepatotoxicity. A comparison of 2D monoculture 

and a more complex 3D spheroid (discussed in more detail later) made of the same cell 

type showed that 2D cells were less susceptible to drug toxicity (118). Four known 

hepatotoxicants were used at a range of concentrations, and in all cases the less complex 

2D modelling showed higher cell viability at the end of treatment. It was suggested that 

this loss in sensitivity could be due to the loss of cell-cell contacts in monolayer culture 

(118). Similar findings were found in other studies comparing the two modelling systems 

using either other hepatotoxic drugs or liver cell lines, for example Li et al tested 100 drugs 

on 2D and 3D models and found greater sensitivity in the spheroid model (119). 

Induced Pluripotent Stem Cells 

Induced pluripotent stem cells (iPSCs) are an alternative to cell lines and primary cells 

grown from tissues. The reprogramming of mature human somatic cells to a pluripotent 

state was a technique discovered in 2007. Patient specific iPSCs can be generated to 

produce genetically diseased cells which can be used for drug screening or gene editing. 

They are able to proliferate indefinitely when cultured correctly whilst maintaining stable 

transcriptomic profiles, making them more reliable than immortal cell lines or primary cell 

lines. One issue that remains with iPSCs after the years of development in the field is that 

the reprogrammed cells display features more akin to foetal cells than mature adult cells 

and so is still not yet an optimal platform for drug screening (120–123).  
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One study that compared cell lines, primary cells and iPSCs to model toxicity of known 

compounds in hepatocytes found that the iPSC model was comparable to the primary 

derived hepatocytes, however they found that one of the drugs tested did not perform 

the same in the iPSCs. It was suggested that it this was due to an insufficient level of drug 

metabolising enzymes being produced by the cells, confirming these cells were more 

foetal like, as early human cells do not have the same expression profile for drug 

metabolising enzymes as mature adult cells (121,123,124). 

1.5.2 Animal Models 

Several animal species are used for safety and efficacy testing of both new and repurposed 

chemicals/therapeutics. These preclinical trials provide a much more representative 

model of drug interactions including the toxicological effect on off target organs. Animal 

testing for toxicity studies was introduced in the 1920’s and remains the best predictor of 

adverse effects. Industry standards require rigorous testing in a variety of species before 

drugs can be introduced to the market, investigating adverse effects including amongst 

others, liver/kidney/reproductive damage in response to dose and exposure time. The 

importance of meticulous testing was highlighted in the 1950’s when thalidomide, 

untested in pregnant animal species, was given to pregnant women with devastating 

consequences (116,125).  

Animal models are however, more expensive and labour intensive than in vitro cell 

cultures and there are ethical implications of using animals to model human diseases with 

efforts now being made to reduce the number of animals used for medical science. Even 

though this platform is more complex, it still may not replicate adverse events accurately. 

Basic biological differences, including having a much shorter average life span and being 

smaller, give rise to scaling difficulties and a lack of longitudinal study opportunities. Small 

rodents are able to eliminate drugs from their body at a faster rate than humans when 

normalised for weight differences, as they have a higher CYP/body weight ratio. CYP 

isoform differences between species also confer significant differences in drug 

metabolism. These variations in clearance may hide or exacerbate potential toxicities or 

under/over exaggerate efficacy of drugs/chemicals which would only be identified much 

later on in the development process (116,126,127).  

Fibrosis of the liver can be modelled reproducibly using either CCl4 or bile duct ligation 

(BDL) methods. These methods are commonly used to induce central zone or portal zone 
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fibrosis of the liver in rodents, mimicking alcohol and cholestatic injury. There are 

mechanistic studies of therapeutics with anti-fibrotic potential which can demonstrate 

prevention of disease development. Whilst undoubtedly a useful model, there are some 

limitations with regard to how well this translates to human disease. The mice are usually 

very young, fibrosis development is very fast and may not display any other features 

associated with CLD in humans (128–131). 

Induction methods vary greatly between research groups and as such the outcomes of 

studies not always comparable. The less extensive liver damage observed in rodents has 

been explained by factors including, a higher metabolism, a reduced timeline of disease 

progression and rodents tend to not voluntarily regularly consume high percentage 

amounts of ethanol (132). 

Modelling CKD in rodents is more complex as there are numerous root causes and 

pathways of its development. Kidney fibrosis modelling in rodents is commonly induced 

by unilateral ureteral obstruction (UUO). This technique involves the blocking of urine 

flow through the kidney resulting in loss of proximal tubule cells, infiltration of leukocytes 

and the presence of fibroblasts which together lead to the development of 

tubulointerstitial fibrosis. The blockage can be removed after scar development to study 

the recovery and the impact of anti-fibrotic drugs. In a number of studies, therapeutics 

were added before and immediately after so we do not get to see the reversal for fibrosis 

in these instances. Further problems with this type of fibrosis model is are that the 

collection of clinical samples for monitoring the development of CKD is not possible and 

the removal of the blockage is not always successful (133,134). 

A second model that can be used to demonstrate a more complex kidney disease state, is 

diabetic nephropathy (DN). DN begins with glomerular injury, causing structural 

abnormality of the whole glomeruli across the whole cortex region, and ends with 

tubulointerstitial damage and renal failure. DN can be induced in mice using different 

methods including dietary, genetic and chemical. Whilst chemical induction of DN is the 

quickest and easiest, toxicity related side effects of the chemicals used can limit the 

comparison with humans (135–137). 

1.5.3 Three Dimensional Models 

3D cell culture platforms for preclinical testing have gained traction in recent years as they 

are more comparable with the human cellular niche than 2D cell culture and animal 
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models. Organoids, microfluidics and bioprinting techniques have all been developed to 

address the drawbacks seen in 2D/animal models, making drug screening more 

physiologically relevant to the cellular environment in humans (126). 

Spheroids 

The self-organisation of spheroids, particularly heterogeneous spheroids, is what makes 

this model more representative of the tissue microenvironment than a 2D platform. Cells 

grown in this way are able to build up a more complex ECM in which efficient cell signalling 

can occur. Limitations associated with this model include cellular complexity and hypoxic 

cores (138).  

As mentioned previously, immortalised cell lines may have different gene/protein 

expression profiles to somatic cells and so toxicity data may be skewed as a result (111–

113). Kang et al immortalised primary cells isolated from mouse and human kidney which 

were able to maintain the characteristics of the original cell type and did not undergo 

epithelial-like to fibroblast-like transition like primary cells of the same type when in 

spheroid form. This model was then used to compare drug nephrotoxicity between the 

cells in 2D and 3D spheroid form where sensitivity to the drugs was markedly different in 

the 3D model. A second study looked at forming spheroids representative of the 

glomerulus. These spheroids could be modulated with pro-fibrotic agents to induce excess 

ECM production and podocyte loss. These could be subsequently treated with drugs to 

attenuate fibrosis development. These studies are still not complex enough to 

recapitulate the whole nephron, and instead focus on either the glomerular of tubular 

portions. For effective modelling of human disease, it is important that drug effects across 

the whole nephron are studied (139,140).   

A further issue noted with spheroids is hypoxia and the observation that the larger a 

spheroid grows over the culture period, the greater the size of the necrotic core. This 

correlation was not only as a result of a high initial seeding level, as spheroids with a lower 

initial seeding volume developed a necrotic core towards the end of a 7-day culture 

period. Lacking the cells to develop a vasculature system, hypoxia and cell death is 

inevitable as the spheroid grows. Whilst a reduced oxygen environment is seen in the 

kidney medulla, it is not a feature in normal liver and so may not provide an accurate 

representation of drug interaction in healthy liver tissue. To navigate this, a shorter 

culture period or lower initial seeding would need to be considered (141).  
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Organoids 

Organoids are an alternative to spheroids, more complex and produced from human 

biopsy, they can recapitulate (to some extent) the architectural complexity and cell type 

diversity of the native organ. Organoids can be produced from tissue resident stem cells, 

embryonic stem cells, iPSCs and tumour biopsy from cancer patients. Grown from single 

cells or small groups of cells, organoids are cultured within a specialised niche providing 

the essential factors required by the organ they are mimicking. iPSC derived organoids are 

preferred in cases where the model organ is difficult to biopsy, the brain for example, 

however adult stem cells taken are considered to be easier to propagate. Drug screening 

studies have been performed on cancer organoids, grown from patient tumour biopsies. 

One study produced breast cancer organoids which proved to be not only genetically 

consistent with the original tumour but were sensitive to the same therapeutics when 

cells were used in alternative models (142–144).  

Limitations associated with this technology are similar to that of many other modelling 

systems. There is no vasculature developed in most cases, limiting the lifespan of the 

organoid as they grow larger and they generally fail to mature beyond a foetal phenotype 

meaning not all features of the adult cell are present. Culture is also very elaborate and 

expensive due to the requirement of a range of growth factors to push the stem cells 

towards specific differentiation pathways (142,143).  

Organ-On-Chip 

Organ-on-chip platforms using a microfluidic system was labelled as one of the top 10 

emerging technologies in 2016 by the world economic forum. Media flow, concentration 

gradients and, in more recent developments, cell patterning, can be tightly controlled by 

the user to recapitulate the stresses experienced by tissues in the body (145).  

There are several set up methods available for generating an organ-on-chip, with the 

ability to include multiple cell types. Prodanov et al developed a 3D model of a liver 

sinusoid by stacking multiple monolayers of different cell types. Primary human 

hepatocytes alongside representative non-parenchymal cells were used to develop the 

model which was shown to remain functional over a culture period of 28 days. It was 

noted that replacing the cell lines with primary non-parenchymal cells may provide a more 

accurate model of the human liver microenvironment (146).  
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Bioprinting 

Bioprinting is a relatively new technique in 3D cell culture, using bioinks to build a tissue-

like architecture. Bioinks consist of a hydrogel scaffold, the composition of which will vary 

across platforms, and the cells being used to build the tissue structure. There are a 

number of different printing techniques, but the more basic cheaper models can print as 

either a continuous filament (extrusion-based) or in droplets (inkjet). The cell types and 

relative concentrations can be user defined to produce a model of an organ that is similar 

to the in vivo microenvironment. As with any emerging technology, there are some 

drawbacks which include blockage of the printing nozzles due to viscosity of the bioink 

and cell death due to mechanical stresses (110,147). 

A study from 2021 demonstrates the use of bioprinting to produce reproducible kidney 

organoids which contained cell types from across the nephron. They were printed as a 

paste which did not contain any hydrogel components and were able to self-organise into 

functional units. The resulting organoids were then tested for their ability to respond to 

known nephrotoxic substances which proved to respond in a dose dependent fashion. An 

interesting future development for this technology would be the use of patient derived 

primary cells in place of programmed pluripotent stem cells (148).  

   

1.5.4 Precision Cut Tissue Slices 

Precision cut tissue slices (PCTS) offer an ex vivo alternative for 3D disease modelling. 

Initially devised in 1920s-1930s to study liver function, PCTS are now being used to also 

study extra-hepatic organs such as the kidney, heart and lung. PCTS can be used to study 

organ function, disease development or therapeutic efficacy and toxicity. The main 

attraction of this system is that the tissue origin can be human, cutting out the need for 

less representative tissue sources such as rodents and immortalised cell lines. The 

resulting slices used in culture, contain all the cell types of the intact organ in the correct 

proportions and positions so have the complexity required to produce data that is more 

physiologically relevant than other 2D and 3D models. The main limitation of this system, 

is accessing human tissue of sufficient quality for processing and culturing, and there is a 

limited window from removal from the body to culture (149).  

Bigaeva et al used the technique to predict the efficacy of anti-fibrotic drug candidates 

which have shown promise in animal and 2D culture models. They compared the results 
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of precision cut kidney slices (PCKS) from non-diseased and fibrotic human and murine 

kidneys. They found species differences in response to drugs, where murine PCKS 

responded faster to pharmacological intervention than human PCKS. For example, 

galunisertib (a TGFβ inhibitor) was able to reduce mRNA levels of all tested ECM markers 

in the non-diseased and fibrotic mouse kidney slices, however, in humans only collagen 

1α1 levels were significantly affected. They also saw similar differences with imatinib 

treatment, where a greater number of ECM markers were decreased with treatment in 

the mouse slices (8 out of 14 genes) than in humans (3 out of 14 genes). This highlights 

the danger of over reliance on animal models for drug screening. As the culture period in 

this instance was only over 48h, it is not known whether a greater effect would have been 

seen had the tissue been in longer contact with the various drugs. Accessing human tissue 

for research is difficult and so the development of models within the slices would be 

attractive rather than having to wait for organs with a specific disease background as was 

the case in this paper (150). 

The development of a bioreactor to allow longer term culture of precision cut liver slices 

(PCLS) has been described by Paish et al. Using specialised plates and a rocker system to 

mimic circulation, something missing in in vitro systems, the slices remained viable to 96h. 

They found that the ex vivo tissue could be modulated using pro-fibrotic stimulants to 

generate fibrosis within the slices and these responses could be attenuated with TGFβ 

inhibitors, demonstrating the potential as a drug discovery tool. The major pitfall with this 

model was the low throughput nature of the system. In order to test a large number of 

novel therapeutics at different doses per donor, multiple plates would be needed which 

would require a large amount of tissue, something not always available with human 

biopsy (151). 

One of the limitations identified in current drug screening models, is the mismatch in 

phase I and phase II drug metabolising enzymes between the native tissue and cell model. 

In numerous cases, these enzymes are either not expressed in the correct proportions 

when compared to normal adult cells or not expressed at all. Studies using human PCLS 

have demonstrated the stable expression of functional phase I and phase II enzymes over 

a 5 day culture period. This is crucial to the use of PCTS as a platform for pre-clinical drug 

screening (152,153).  
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Both direct and idiosyncratic liver toxicity models have been developed by different 

groups with most focussing on genetic profiling post drug treatment to identify toxicity. 

Zarybnicky et al investigated direct hepatotoxicity of constituent parts of mint containing 

‘natural’ products which have been implicated in human poisoning at high levels with 

paracetamol as a comparator. They managed to generate dose dependent responses in 

their PCLS and also demonstrated inter-patient variability, with some donor livers showing 

greater sensitivity than others. The PCLS used in this study were only cultured for 24h so 

it would have been interesting to see whether the non-responders would have shown 

signs of hepatotoxicity with further treatment. Also the inclusion of more donors would 

have potentially helped to identify trends in the responders versus non-responders. 

Idiosyncratic DILI was modelled by Hadi et al in human PCLS. Their hypothesis was that 

providing the correct stimuli was present in the tissue, idiosyncratic DILI could be 

identified as part of pre-clinical drug screening. They induced inflammation in the slices 

using LPS and co-incubated with drugs known to cause idiosyncratic DILI. They found some 

drugs synergistically increased DILI with the inflammatory background but others did not 

suggesting a different mechanism of action, and a requirement for further model 

development when investigating this type of DILI (154–156).  
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1.6 Aims of Project 

It is clear that new models are required for preclinical testing which can provide 

physiologically relevant data on the efficacy and toxicity of novel therapeutics. Ex vivo 3D 

modelling of human disease has the potential to offer the complexity that is lacking in 2D 

models, without the ethical dilemma and continual expense linked to animal work. We 

will focus on precision cut tissue models, where previously this lab has previously 

demonstrated the use of bioreactor technology for the extended culture of rat and human 

liver tissue in a low throughput format (151).  

Overall our project aims are: 

• Scale the current 12 well bioreactor PCTS model to a 96 well format and optimise 

culture conditions 

• Design and test a robot system to automate the set-up of the bioreactor 

• Validate disease models of fibrosis development and acute inflammation in the 

PCLS and PCKS 

• Demonstrate 96 well bioreactor as a platform for efficacy drug screening in PCLS 

and PCKS 

• Demonstrate use of bioreactor for toxicity screening in PCLS and PCKS 

1.6.1 Scale the current 12 well bioreactor PCTS model to a 96 well format and optimise 

culture conditions 

Optimisation experiments will be performed using the newly designed 96 well culture 

plate, altering media volumes ensuring the air-liquid interface remains in the plate, and 

the slices do not suffer under hypoxic conditions. Next, a comparative study will be set up 

to ensure that reducing the size of the tissue slices from 3mm to 8mm in diameter does 

not have a negative impact of their lifespan, measuring functionality and viability across 

the culture period. This bioreactor system will be fully customisable for the needs of the 

user, capable of testing numerous drug doses both on its own and in combination, with 

and without a background of induced fibrosis or inflammation. The hope is for precision 

cut tissue technology to be used as a tool for drug discovery to reduce attrition rates in 

clinical trials. 
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1.6.2 Design and test a robot system to automate the set-up of the bioreactor 

The potential of introducing robotics to aid in the setup of the 96 well bioreactor will be 

assessed using a custom designed automated system. The robot would be designed to 

punch out the PCTS from 250µM thick tissue sheets and then load single slices into 

individual wells which could be overseen by a trained individual. The aim being that the 

automation of the bioreactor set up process would produce more plates in a faster time, 

increasing productivity and starting health of the slices. 

1.6.3 Validate disease models of fibrosis development and acute inflammation in the 

PCLS and PCKS 

Models of fibrosis development and inflammation in both human kidney and liver tissue, 

will be validated, demonstrating disease features within the slices and reproducibility 

between multiple donor types including age, sex and any underlying disease in the organ. 

These models have previously been validated in the 8mm PCLS bioreactor and our aim is 

to show that these treatments are as potent in the 3mm slice system, without causing 

significant impact on viability and functionality of the tissue.  

1.6.4 Demonstrate 96 well bioreactor as a platform for efficacy drug screening in PCLS 

and PCKS 

The then validated disease models will be used to show proof of concept for efficacy 

studies. Current mouse models are treated with drugs in the presence of induced disease 

to determine their effectiveness, and we hope to recapitulate this in our PCTS models. 

Known anti-fibrotic and anti-inflammatory drugs will be used to demonstrate that disease 

progression can be inhibited within the slices.   

1.6.5 Demonstrate use of bioreactor for toxicity assessment of drugs/chemicals 

Lastly the ability of these models to predict toxicity of therapeutics will be assessed. Drugs 

with known toxicity in liver and kidney tissue will be selected and methodologies 

developed to accurately predict drug toxicity. Drugs will also be tested on both donor 

tissue and disease-induced tissues, to see if this platform can uncover differences in drug 

metabolism and toxicity seen between a comparatively healthy and diseased organ.  
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2 Chapter 2. Materials and Methods 
 

2.1 Tissue Processing and Culture 

2.1.1 Animal and Human Tissue 

Sprague-Dawley rats housed in RC2 cages were used for animal work. For environmental 

enrichment, bedding, chew sticks and cardboard tubes were provided with free access to 

RM3 diet (DBM diets, Broxburn, UK) and water. Animals were maintained on a 12 hour 

light/dark cycle. They received humane care with experiments approved by the Newcastle 

Animal Welfare and Ethical Review Board. Animals were humanely killed under AWERB 

approval. 

Human liver tissue was obtained from adult patients with informed consent undergoing 

surgical liver resection at the Freeman Hospital (Newcastle Upon Tyne, UK). Tissue was 

from the normal resection margin, and obtained under full ethical approval from the 

NovoPath Biobank Newcastle, (REC reference: 22/NE/0054) or the CEPA Biobank 

(17/NE/0070) and used subject to patients’ written consent. Human kidney tissue was 

collected from donor kidneys declined for transplantation and accepted for research, 

through the Newcatle Transplant Biobank under project IOT054.  

2.1.2 Materials for Liver Tissue Culture 

Williams E media was purchased from Sigma and supplemented with 2% FBS (Gibco, 

10500-064), 2% Glutamine/Pyruvate (Sigma, G7513-100ml/S8636-100ml), 1% Insulin 

(Gibco, 51500-056), 1% Penicillin/Streptomycin (Sigma, P0781—100ml) and 100nM 

dexamethasone (Cerilliant, D-085-1ml). Low gelling temperature agarose was purchased 

from Sigma and made to a 3% solution with phosphate buffered saline (Gibco, D8537-

500ml). Krebs buffer was made up using 1L sterile water (Baxter, UKF7114), with a bottle 

of Krebs Ringer Powder (Sigma, K4002-10X1L), 15mM sodium bicarbonate (Sigma, S-6014) 

and 1.4ml D-glucose (Sigma, G8769-100ml).  

 

2.1.3 Generating Precision Cut Liver Slices 

The liver resection tissue was placed in cold Krebs buffer on collection and kept on ice 

upon arrival at the lab. For 12 well plates PCLS cultures, 8mm cores were punched out of 

the liver using a skin biopsy punch, and blotted dry before placing into a sterilised biopsy 
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dish, with a maximum of 6 cores per dish. For the generation of 96 well plates, a 1cm x 

1.5cm block of tissue was cut, blotted dry and placed in a sterilised biopsy dish. Cooled, 

3% agarose (Sigma, A9414-100g) was then poured over the cores/tissue block and the 

dish placed on ice at 4°C for 15 minutes until set. A VT1200S Vibratome (Leica) magnetic 

stage disk was covered with a strip of tape, then the agarose block was cut from the biopsy 

dish, glued to the magnetic stage and left to set. The disk was attached to the stage and 

the cutting basin was filled with Krebs buffer. Tissue slices were cut at a speed of 0.3mm 

per second at a thickness of 250μm with a 15° blade angle.  

For set up of the 8mm slice system, sterile 12 well bioreactor plates containing transwell 

inserts, were loaded with 3ml Williams E plating media plus supplements including 10mM 

NAC (Sigma, A0737) per paired well and a single 8mm slice was placed in each well. To set 

up the 3mm slice system, 300μl Williams E plating media plus supplements including 

10mM NAC was added to each paired well of the 96 well bioreactor plate, the 8μm pore 

96 well transwell insert (Corning) was placed in the bioreactor and 150μl media was added 

to each well (totalling 600μl per paired well). Tissue sheets were placed on a silicone mat 

and slices were punched out using a 3mm biopsy punch. The resulting slices were placed 

into the transwells and visually checked they had all settled to the bottom. Bioreactor 

plates were placed on rockers in a 37°C incubator with 5% CO2. Depending on the study 

requirements, slices would be taken at T0 for histology, RNA, protein and resazurin assays 

(these processes are described below). Media was changed daily, with culture media 

being collected and stored at -80°C.  

 

2.1.4 Materials for Kidney Tissue Culture 

Kidney media was made up using DMEM F-12 minus glutamine (Gibco, 11320033) 

supplemented with 2% Glutamine/Pyruvate (Sigma, G7513-100ml/S8636-100ml), 1% 

Penicillin/Streptomycin (Sigma, P0781—100ml) and a Renal Epithelial Cell Growth 

Medium SingleQuots Kit (Lonza, CC-4127). Low gelling temperature agarose was 

purchased from Sigma (A9414-100g) and made to a 3% solution with phosphate buffered 

saline (Gibco, D8537-500ml). 
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2.1.5 Generating Precision Cut Kidney Slices 

The kidney was collected on ice and kept on ice until processing started. The 8mm cores 

and the 1cm x 1.5cm blocks of tissue were cut exclusively from the cortex of the kidney. 

Slicing and plate set up for the kidney is the same as described in 2.1.2 with the exception 

of the use of Krebs buffer which was replaced with Kidney media for slicing. Kidney media 

(described in 2.1.3) is also used in place of Williams E media.  

2.1.6 Culture and Harvest of Precision Cut Tissue Slices 

Specific culture times and conditions are noted within each separate chapter. Media and 

treatments were made up fresh each day immediately prior to their use for the duration 

of the culture period. In the 12 well system, 1ml culture media was collected from each 

pair of slices daily during the media change and the remaining media discarded. In the 96 

well system, the transwell insert was placed on sterile gauze to drain the media from the 

wells and the media from the bioreactor plate was transferred to a 96 well plate for 

freezing and storage (about 450μl). New media/treatments were added to the slices in 

the same volumes as noted in 2.1.2.  

At the end of the culture period, a number of slices were harvested for various end points 

as required by the study. Slices taken for histology were placed between layers of sponge 

and paper in a histology cassette. Cassettes were placed in 10% formalin for 24 hours, 

then placed in 70% ethanol for at least 24 hours. Slices were then processed using the 

HistoCore Pearl tissue embedder (Leica), paraffin infiltrated slices were then embedded 

in paraffin blocks. Histology slides were produced using a microtome, cut at 5μm for 

staining. Slices for RNA and/or protein were placed in Eppendorfs and snap frozen. Slices 

for resazurin assay were transferred to a 96 well culture plate with 90μl fresh media and 

10μl resazurin dye (Abcam, ab145513) at 4.5mM. After incubating in the dark at 37°C for 

1 hour, 50μl media/dye mix was transferred to a white opaque flat bottom plate (Greiner 

Bio-One) and read using FilterMax 5, fluorescence setting with excitation at 535nm and 

emission at 595nm.  

 



 

40 
 

2.2  Analysing Soluble Outputs 

2.2.1 Lactate Dehydrogenase (LDH) Assay 

The CyQUANT LDH assay kit (Invitrogen, C20301) was used to assess the level of cellular 

cytotoxicity. 25µl media from each of the conditions was placed in a Corning ½ area, flat 

bottom, clear 96 well plate. 25µl LDH substrate mix, made up according to the 

manufacturer’s instructions, was added to each of the sample wells alongside a positive 

control (provided in the kit) and a negative control (fresh media). The plate was protected 

from light and incubated for no more than 30 minutes, until a colour change was seen in 

the positive control and sample wells. The plate was then read on a Tecan plate reader at 

490nm with a reference of 680nm.  

2.2.2 Aspartate Amino Transferase (AST) Assay 

The AST activity assay kit (Sigma, MAK055-1KT) was used to assess the level of hepatocyte 

damage. 12.5µl media at a 1:4 dilution was added to a Corning ½ area, flat bottom, clear 

96 well plate. The substrate mixture and standards were made up according to the 

manufacturer’s instructions. 2.5µl of each standard concentration was added to the 

relevant wells with 10µl assay buffer. 25µl substrate mixture was added to all wells in the 

plate which was then protected from light and incubated at 37°C for 3 minutes. The plate 

was read using a FilterMax F5 plate reader at 450nm, then read again every 5 minutes for 

20 minutes, returning the plate to the 37°C incubator in between readings.  

 

2.2.3 Albumin ELISA 

The Human Albumin DuoSet ELISA kit (R&D Systems, DY1455) was used to assess the level 

of secreted albumin in the culture media and was performed according to the 

manufacturer’s instructions. Greiner Bio-One ½ area, flat bottom, medium binding, clear 

96 well plates were coated with 25µl capture antibody in PBS by incubating overnight at 

room temperature on a plate rocker. The capture antibody was aspirated and the plate 

washed 3 times with 150µl PBS plus (Sigma) 0.05% TWEEN 20 (Sigma, P2287-500ml) then 

the excess tapped out on to paper (from here this will be referred to as ‘washing’), plates 

were blocked with 150µl reagent diluent (RD) buffer (PBS plus 1% BSA (Sigma)) per well 

for 1 hour at room temperature before washing. A standard curve was set up starting at 

1600pg/ml (point A) diluted 1:2 in RD buffer to point G with a blank at point H. 25µl for 
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each standard curve point was added in duplicate to the plate alongside 25µl of each 

sample (samples were diluted to a pre-determined concentration in RD buffer) in 

duplicate and incubated at room temperature for 2 hours. After washing, 25µl detection 

antibody in RD buffer was added to each well and incubated for 2 hours at room 

temperature. After washing, 25µl 1x streptavidin in RD buffer was added to each well and 

incubated in the dark at room temperature for 20 minutes. The plate was given a final 

wash and 25µl of substrate solution (1:1 of A:B) (R&D Systems, DY999) was added to each 

well. Once a pronounced blue colour change was seen, 25µl H2SO4 was added to the wells, 

on top of the substrate solution. The plate was read on a FilterMax F5 plate reader at 

450nm with a reference of 570nm. 

 

2.2.4 Collagen ELISA 

The Human Collagen 1A1 DuoSet ELISA kit (R&D Systems, DY6220-05) was used to assess 

the level of secreted Collagen 1A1 in the culture media and was performed according to 

the manufacturer’s instructions. The protocol remains the same as described in 2.2.3 with 

the exception of the standards which start at 2000pg/ml. 

 

2.2.5 KIM1 ELISA 

The Human TIM-1/KIM1/HAVCR DuoSet ELISA Kit (R&D Systems, DY1750B) was used to 

assess the level of secreted KIM1 in the culture media and was performed according to 

the manufacturer’s instructions. The protocol is the same as described in 2.2.4. 

 

2.2.6 IL-8 ELISA 

The Human IL8 DuoSet ELISA kit (R&D Systems, DY208) was used to determine the amount 

of secreted IL8 in the culture media and was performed according to the manufacturer’s 

instructions. The protocol is the same as outlined in 2.2.3 with the exception of the 

standards which started at 500pg/ml. 

 

2.2.7 Dilution ELISA Test 

Dilution tests were performed with each study to determine the appropriate amount to 

dilute samples so that they fit within the standard curve of the respective ELISA. The basic 
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protocol is the same as described in 2.2.3, with the top of the standard altering depending 

on the specific kit being used (this is detailed within the methods for each kit type). The 

samples added to a dilution test plate are selected based on an expected highest and 

lowest amount of what is being quantified. Starting with a 1:2 dilution of each sample at 

point A, samples were serially diluted by half in RD buffer to point H. 25μl of the serial 

dilution was added to the plate alongside the standards for incubation for 2 hours as in 

the normal protocol. Once the plate had been read, the dilution factor chosen 

encompassed both the expected highest and lowest samples making sure neither exceed 

the top of the standard or are lower than the bottom.  

2.2.8  Meso Scale Discovery Assay  

A 110 U-Plex Immuno-Oncology Group 1 (human) assay kit (Cat No. K15342K) was 

purchased from Meso Scale Discovery. Samples were diluted 1:4 with either Kidney or 

Liver media as appropriate, apart from selected plates where the kit recommended a 

1:100 dilution. The assay was performed according to the manufacturer’s instructions. 

The plates were read using the MESO QuickPlex SQ 120mm with Methodical Mind 

software.  

2.2.9 Urea Assay 
The Quantichrom Urea Assay Kit (DIUR-100) from BioAssay Systems was used to quantify 

urea levels in the culture media. 25μl of neat sample was added to individual wells in a 

96-well plate. The standard from the kit was diluted to give 5mg/ml in William’s E culture 

media and 25μl added to the plate. The blank was 25μl Williams E culture media. The 

working reagent was made by mixing equal volumes of reagent A and reagent B from the 

kit (1:1 ratio). 100μl of the working reagent was then added to the samples, standard and 

blank. The plate was incubated in the dark at room temperature for 50 minutes. 

Absorbance was read at 430nm in a FilterMax F5 plate reader.  

 

2.3 Histology 

2.3.1 Haematoxylin and Eosin Staining 

Paraffin embedded tissue sections were de-waxed by submerging in Clearene (Leica, 

3803600E) twice, for 4 minutes each time. The tissue was then rehydrated by placing the 

slides through a sequential ethanol gradient (100%, 70%, 50%), standing in each 
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concentration for 4 minutes and then washed under cold running water. Sections were 

submerged in haematoxylin stain for 3 minutes before washing under cold running water 

and then placed in Scott’s Water for 45 seconds, until a deep blue colour emerged in the 

tissue section. After further washing under cold running water the slides were placed in 

Eosin stain for 1 minute and briefly washed under running water to remove the excess 

stain. To dehydrate the sections, slides were placed in 100% ethanol for 4 minutes twice, 

then into Clearene twice for 4 minutes each. Slides were then cover slipped using Pertex 

mountant (Cell Path, UN1307).  

 

2.3.2 Sirius Red Staining  

Slides were dewaxed and rehydrated as previously described and then washed in distilled 

water for 3 minutes. They were then submerged in 0.2% phosphomolybdic acid for 5 

minutes and washed under running distilled water for 3 minutes. The slides were then 

placed into 0.1% Sirius red for 2 hours, protected from light by wrapping in foil, then 

washed under running distilled water for 3 minutes. They were then dipped in 0.01M HCl 

twice before returning under running distilled water for a further 3 minutes. The slides 

were then dehydrated and mounted as described above.  

 

2.3.3 α-Smooth Muscle Actin (αSMA) 

Paraffin embedded sections were de-waxed and rehydrated as above. Slides were placed 

in a blocking solution of 300ml:7ml Methanol to 30% w/w Hydrogen Peroxide (Sigma, 

H1009-500ml) for 15 minutes, then washed in PBS for a further 5 minutes. Sections were 

then microwaved for 18 minutes in antigen unmasking solution (Vector, H-3300), then 

washed in PBS for 5 minutes after cooling. Slides were individually loaded into a Sequenza 

staining rack and three drops of Avidin blocking reagent (Vector, SP-2001) were added for 

25 minutes before washing out in PBS. Three drops of Biotin blocking reagent (Vector, SP-

2001) was added per slide and incubated for 25 minutes before washing 3x in PBS. 100µl 

of 1x casein block (Vector, SP-5020) was added at a 1:10 dilution and incubated for 25 

minutes before washing in PBS. 100µl of 20% pig serum diluted in PBS was added to each 

slide and incubated for 30 minutes. Immediately after, 100µl mouse anti-αSMA-FITC at a 

1:3000 dilution was added to each slide incubated at 4°C overnight. The following 
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morning, the sequenza racks were equilibrated to room temperature and then the 

antibody washed out with PBS. 100µl of biotinylated goat anti-fluorescein antibody 

(Vector, BA-0601) was added 1:200 dilution for 60 minutes, then washed 3x with PBS. 3 

drops ABC vector tertiary (Vector, PK-7100) was added to each slide and incubated at 

room temperature for 60 minutes before washing 3x with PBS. To visualised positively 

stained cells, 100µl DAB (Vector, SK-4100) (made up using manufacturer’s instructions) 

was added to a slide and left until a brown colour develops (1-2 minutes). The slides were 

then PBS washed and removed from the Sequenza rack and submerged in a rack in PBS 

for 30 seconds. The sections were transferred into haematoxylin for 2 minutes, washed 

under cold running water and then placed in Scott’s Water for 30 seconds. They were then 

washed under water, dehydrated and coverslips mounted as described previously.  

 

2.4 Microscopy and Image Analysis 
2.4.1 Image Capture 
Representative images and images for thresholding analysis were taken using a Nikon 

Eclipse Ni-E microscope with a Nikon DS-F13 camera. NIS Elements software was used for 

image capture. Images were taken at 4x, 10x and 20x and brightness was manually 

adjusted. To ensure consistency of brightness across sets of images, each stain from a 

whole study was imaged in one sitting.  

2.4.2 Thresholding Analysis 
Thresholding of images was undertaken using NIS Elements software. A minimum of 5 

images was taken per stain in each treatment condition at 10x magnification to achieve 

an accurate representation of the tissue. Where possible, care was taken to avoid areas 

containing large vessels and tears in the tissue to not skew the data. Separate thresholds 

were produced for different stains using the 96h control slices. Thresholds were built 

using the smallest crosshair tool on the thresholding window in the NIS Elements 

software. Positive staining was selected one area at a time, starting with the very strong 

staining areas, with the whole image being checked after each selection to make sure no 

background staining was also being highlighted. Once happy that the highlighted zones 

in the image only contained true positive staining, the threshold was saved and applied 

to all the images taken from one study. The binary area fraction was multiplied by 100 to 
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give a percentage of positive staining in each image. These values were then averaged 

for each treatment group and graphed.  

2.5 Data Analysis and Statistics 
Data analysis was carried out using Microsoft Excel 2016, with the exceptions of ELISA 

data which was interpolated using GraphPad PRISM 9.0, and MSD analysis using 

Methodical Mind Software. All graphs were produced using GraphPad PRISM 9.0. 

Statistical analysis was undertaken using GraphPad PRISM 9.0 with the exception of 

Student’s T Tests for the MSD dynamic range determination being done in Microsoft 

Excel 2016. Statistical significance in Microsoft Excel was defined as a result of ≤0.05. 

Statistical significance in GraphPad PRISM 9.0 was represented by ‘*’ symbols. * 

represented differences with a p value of ≤0.05, ** represented values of ≤0.01, *** 

represented values of ≤0.001 and **** represented values of ≤0.0001. 
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3 Chapter 3. Robot Development 

 

3.1 Introduction 

The development of novel therapeutics is estimated to cost as much as $2.8 billion due to 

high attrition rates amongst candidate drugs (83,85). Drug related injury to vital organs, 

such as the liver and kidney, is not always realised until human clinical trials, after years 

of preclinical development. It is clear that the current modelling systems used in the 

pipeline of drug discovery are not sufficient in terms of their predictive power of efficacy 

and toxicity, and new options must be explored (82,84). Key requirements for new 

preclinical systems must be that they are medium/high throughput and physiologically 

relevant to human biology.  

 

3.1.1 Current Modelling Platforms 

Most commonly, 2D cell culture and animal models are used to understand efficacy and 

toxicity of lead candidates in pre-clinical modelling. Whilst 2D culture can be adapted to 

high throughput and can imply efficacy or toxicity, a monolayer of an immortalised cell 

line is not translatable to the human tissue niche (91,116). Loss of cell-cell/ECM contacts 

and changes in the transcriptional profile of an immortalised cell line contribute to this 

mismatch (111–113). Animal models provide a more biologically representative system 

that can be high throughput and provide off target toxicity data. However differences in 

ADME between humans and rodents result in only 43% accuracy when repeated in human 

trials and the ethical considerations warrant a reduction in the number of animals used 

for these experiments (90). Replacement, reduction and refinement (the 3Rs) are 

important aspects for governance of ethics of animal use in experimental design. Refining 

methods and reducing the number of animals required to improve welfare standards, but 

also (and the focus of this project), replacing the use of animal models with alternative 

models which can provide quality data (157).  

The development of 3D cell culture models provides an opportunity to produce high 

throughput screening platforms that are more related to the biological niche than 

currently used 2D models. Spheroids/organoids, microfluidic techniques such as organ-

an-a-chip, and bioprinting have all been suggested as potential methods for preclinical 



 

47 
 

screening studies (91,116). The self-organisation and more complex cellular and matrix 

composition and interactions often creates conditions that are more physiological and 

therefore have the potential to provide more accurate data for drug screening than 2D 

models (116).  

 

3.1.2 Precision Cut Tissue Slices as a Tool for Drug Discovery 

PCTS offers an ex vivo tissue culture system with the potential to overcome problems 

currently associated with preclinical modelling systems. The tissue can be of human origin, 

so all the cell types are represented in the correct proportions within their natural 

architecture and have not been altered so the phenotype of the originating cell is not lost 

(158). This provides a more physiologically relevant background on which to study the 

efficacy and toxic potential of lead drug candidates. PCTS platforms have shown promise 

in the testing of currently available anti-fibrotic drugs, but the main drawback has been 

that PCTS can only be cultured for a short period (150). This has however been addressed 

in our lab with the use of a specialised bioreactor plate which successfully increases 

culture lifespan (158). 

Our validated PCLS system uses 8mm diameter tissue slices, cultured for up to 144h with 

6 pairs of slices per bioreactor. This ex vivo model can be manipulated to display features 

associated with various liver diseases such as fibrosis, inflammation or steatosis. This 

technology allows analysis of multiple outputs including soluble secreted proteins from 

media, RNA/protein level changes and histology from the cultured slice. Whilst an 

insightful system, the 12 well model is low-throughput and requires large volumes of 

tissue to be suited to large scale drug screening.  

3.1.3 Chapter Aims 

• Develop an automated system to enhance bioreactor set up 

• Optimise culture conditions for 96 well bioreactor 

 

It was recognised that the manual plating of PCTS into the 96 well bioreactor is time and 

labour intensive, taking much longer than the 12 well bioreactor currently in use. 

Development of a robot that could automate the generation of 3mm tissue slices and 

plate set up, could reduce time and the number of people required to produce full plates 
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for medium throughput studies. Working with an engineering firm to build the robot, 

design requirements included an attachment to hold a biopsy punch, and the ability to 

move between a tray containing sheets of tissue to punch out slices, and the bioreactor 

culture plate into which the slice could be expelled.  

After development of the robot, culture conditions will be optimised. Media volumes will 

be adjusted to support the culture of the smaller 3mm slices in the new bioreactor plate. 

It will be important to maintain the liquid-air interface whilst recovering enough media to 

complete soluble outputs to assess viability and functionality of slices throughout the 

treatment process.  
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3.2 Methods 

 

3.2.1 Tissue Processing 

Sourcing of tissue from both humans and rodents is described in methods chapter 2.1.1. 

General methods for the generation of liver and kidney slices are described in section 2.1. 

The exception to this chapter is in the plating of the PCTS. Here the generated tissue 

sheets were placed into the tissue trays containing a bed of 10% agarose, with 3mm slices 

being punched out and plated using the robot’s attached biopsy punch. In instances where 

slices had to be punched out manually, this was done in a petri dish containing Krebs 

buffer for the liver and kidney for the kidney tissue.  

 

3.2.2 Culture and Harvest of Precision Cut Tissue Slices 

General methods for the culture of liver and kidney slices are described in 2.1.6. These 

studies were run for 96h from set up, replacing the media every 24h. Volumes of media 

added were altered through the optimisation process, specific volumes used are noted 

within the relevant results sections. To induce fibrosis, 3ng/ml TGFB (Peprotech, UK) and 

50ng/ml PDGFBB (Peprotech, UK) both reconstituted according to manufacturer’s 

instructions, were included in the media before adding to the bioreactor. All slices were 

taken for resazurin assay (described in 2.1.6).  

 

3.2.3 Analysis of Soluble Outputs 

General methods are described in 2.2. For this chapter we carried out Human Albumin 

DuoSet ELISAs (R&D Systems) and CyQUANT LDH assays (Invitrogen).  
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Figure 5. Bioreactor Set Up and Culture with Robot 
Representative images of automated plate set up using the robot and treatment plan for 
plates cultured in this chapter. Tissue sheets are placed on the agarose bed in and the biopsy 
punch, attached to a moving arm, punches out a slice from the larger sheet. The attachment 
arm moves to the bioreactor plate containing 150µL media in each transwell and an individual 
slice is placed within the well. This process is repeated until single slices have been placed in all 
96 wells. The media is then drained on sterile fabric to check that all wells contain slices. The 
plate is then filled with fresh, sterile media and placed in an incubator. Media is changed every 
24h, storing the used culture media at -80°C, until the culture endpoint at 96 post processing 
when the slices are then harvested for relevant outputs which could include, resazurin assay, 
FFPE and snap freezing.  
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3.3 Results  

3.3.1 Initial Set Up and Hardware Optimisation 

Software Adjustments  

Our initial robot set up is shown in figure 6, we worked with an engineering firm to 

produce and further develop the machine. Using the base of a 3D printer, we designed a 

holder for the biopsy punch to sit in which could be moved in both X and Y directions, 

between a tray containing 250uM tissue sheets and the 96 well bioreactor plate. The 

biopsy punch itself could also be moved in a Z direction, the punch depth could be altered 

to account for the height differences between the tissue tray and the culture plate. The 

robot was controlled via a custom software program on a tablet, and the communication 

D 

A 
B 

C 

Figure 6. Robot Set Up 
Section A is the tissue tray holder, section B is the Bioreactor plate holder, section C is the 3mm Biopsy punch 
and attachment arm and section D is the runner along which the biopsy punch holder moves in an X, Y and Z 
direction.  
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between the two was achieved through a Raspberry Pi with a WiFi signal. A dry run of the 

movement sequence suggested one punch and plate cycle would take 11 minutes.  

Initial tests to optimise the robot system were performed on rat liver tissue. For this, a 

1cm x 1cm section of liver lobe was sliced to generate sheets which were placed in the 

tissue tray. At the start of each run the biopsy punch was manually aligned with well A1 

and after stopping the run, the punch would need to be realigned to this starting position. 

It was swiftly realised this would be a problem for automatic plate loading if the robot had 

to be stopped mid run and so software was updated to include a pause button.  

There were also problems with drift from the centre of the wells as the biopsy punch 

moved between the tissue tray and the transwell plate. It was believed that this was 

because of the manual positioning to A1 at the beginning of each run. A second version 

of the robot was designed that would be able to self-determine its starting point upon 

initialising.  

Tissue Tray Adjustments 

The biopsy punch struggled to cut against the plastic tray to cut out and pick up a slice, 

the result being blunting of the tool and damage to the tray. To prevent this damage and 

aid pickup of the slices, it was hypothesised that the addition of a layer of agarose to the 

tray would provide a softer surface and improve the punching process. To determine the 

best gel thickness and density, different concentrations of agarose were tested with 

increasing stiffness ranging from 3% (soft) to 10% (stiff) agarose, and tray depths from 

2mm to 10mm (Figure 7). Where there was no agarose (well 1), the slices cut well but 

blunting of the punch occurred quickly. Wells 2, 3 and 4 punched out and picked up slices 

much more reproducibly. In wells 5 and 6, the tissue tended to get pushed down into the 

agarose bed, causing distortion in some of the slices and loss of tissue. This set up was 

repeated with different percentage weights of agarose and from this we decided on a 10% 

agarose gel at a depth of 3-4mm thick.  

In order to accommodate this new addition we developed new biopsy trays with a deeper 

base. This made a significant difference to plating with a success rate of cutting out the 

slices and placing them in the tray of about 70-80%. It was noted that when placing the 

sheets in the tray, it was difficult to know where the biopsy punch would be cutting so 

tissue trays were further modified to include a sheet placement guide which could be seen 

through the agarose gel layer. 
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3.3.2 Optimisation of Culture Conditions for 96 Well Format 

For a first run with a look to culture 3mm PCLS in the 96 well bioreactor plate, liver tissue 

from a Sprague-Dawley rat was used. The resulting 1cm2 sheets were placed side by side 

in the version 3 tissue tray on a 10% agarose bed. In order to get the tissue sheets into 

position, Krebs buffer was added to the tray and then 90% of the solution was removed 

of it once happy with the layout. This remaining buffer kept the slices from drying out 

whilst the robot was running and kept the off-cut tissue stuck to the agarose so it didn’t 

lift away with the slice. The pickup and plating success rate of the rat liver tissue was 

around 70%.  

After plate set up, culture conditions were then optimised. The plate was split into thirds, 

adding 625µl, 650µl and 675µl to each paired well of the bioreactor plate, plus 100µl into 

Tray 1 Tray 3 Tray 2 

Figure 7. Tissue Tray Development  
The top picture is a representative image of how we tested a range of thicknesses and percentage weights of 
agarose when determining the best cutting conditions for our tissue sheets. 
The bottom image series shows the development of the tissue tray from a shallow (tray 1) to a deeper base 
(tray 2) and the addition of a tissue placement guide (tray 3).  
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each transwell, giving total volumes of 825µl, 850µl and 875µl. When changing media 

each day, a large volume of media had escaped, overflowing into neighbouring paired 

wells as the plate was rocked. A second rat liver plate was set up with reduced media 

volumes to try and prevent media spillage, with total volumes tested at 650µl, 625µl and 

600µl. No media was observed to spill out from the plate, therefore a resazurin assay was 

carried out on the cultured rat slices at T96 to assess their metabolic activity post-culture 

(Figure 8A). The slices in the lower media volumes of 600µl and 625µl were more 

metabolically active than those in the higher media volumes at the end of the culture 

period.  

Our second culture using the lower volumes suggested by the rat liver experiment was 

performed using human kidney, however the media started to move at T48. It was 

observed that once the media had escaped the paired wells, wetting the plate and 

transwell insert, leakage at later time points could not be prevented. The bioreactor 

system did support the culture of the kidney slices as assessed by resazurin, with the 

cultured slices remaining viable after the 96h culture period (Figure 8B). As observed with 

the rat liver tissue, the lower total media volumes seemed to support the slices better 

than higher volumes over the culture period to T96. For all other 96 well bioreactor tissue 

culture, a maximum volume of 600µl (300µl in the outer chamber of the paired well of the 

bioreactor base plate plus 150µl in each transwell) was used. 
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3.3.3 Culturing with Optimised Conditions and Hardware 

The newly optimised system was then tested using human liver and kidney to determine 

the usability and scalability of the system, with the hope that an individual would be able 

to monitor the running of several robots in parallel. Beginning with a kidney which, like rat 

liver, produced a large number of uniform tissue sheets with no major vessels or tears, 

slices were generated and then cultured for 96h and a resazurin assay was undertaken at 

harvest. This showed that the metabolic activity (Figure 9A) of the tissue slice had 

decreased over time but still appeared to be viable at the end of the culture period. 

Importantly there was no media transfer with the chosen media volume of 600µl. An LDH 
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Figure 8. Optimisations of Culture Conditions for 3mm Slices 
A. Resazurin output from 3mm rat PCLS cultured in the 96 well bioreactor at 96h post 
processing in different media volumes. B. Resazurin output from 3mm PCKS cultured in the 
96 well bioreactor at 96h post processing in different media volumes. Data shown are mean 
+/- SEM. 

A 

B 



 

56 
 

assay was performed (Figure 9B) to check for any unexpected cytotoxicity as a result of 

necrotic death in the slices. This showed a high amount of LDH being released into 24h 

rest period media as a result of the mechanical slicing process, but quickly dropped off 

during the culture and by T96, was less than 5% of a positive control. 

Next, a human liver was used to test the set up process as the other organ of interest for 

this project. Unlike the previous set ups, the resulting tissue sheets were not uniform and 

contained a number of vessels and tears. Sampling of the human liver is dictated by the 

tissue sample received from the liver resection. This made punching the slices with the 

robot significantly more challenging and so most of the plate was instead cut by hand. For 

culturing we included the Fibrosis Stimulation (Fib Stim) conditions alongside a control. All 

slices were harvested at T96 and metabolic activity was assessed by resazurin assay (Figure 

9C). As was observed with the human kidney, the viability of the slices had dropped from 

T0 to the harvest point but they were alive and viable at the end of the culture period. To 

check that the PCLS were not just metabolically active, but were functional and healthy, 

Albumin ELISA (Figure 9E) and an LDH assay (Figure 9D) were run on the collected media. 

The Albumin ELISA demonstrated that the PCLS remained functional across the duration 

of the culture period. Output rose between the initial 24h rest media and 48h, then began 

to drop off again to 96h. The LDH showed a similar profile to the kidney (Figure 9B), initially 

high output in the 24h rest media, followed by a drop off after this time ending at less than 

10% of positive control for (1x solution from the CyQuant kit) both the control and Fib Stim 

slices.  
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Figure 9. Culture of Human PCTS with Optimised Conditions 
A. Comparison of PCKS viability at processing (T0) and after 96h in culture. B. LDH release by same 
PCKS from A measured every 24h to 96h post processing. C. Comparison of PCLS viability between T0 
and T96 slices treated +/- fibrosis treatment. D. LDH release by same PCLS as in C, measured every 
24h to 96h post processing. Data is shown as percentage of positive control. The positive control 
used was a 1x stock taken from the kit. E. Comparison of soluble albumin release from PCLS 
between treated and untreated slices measured every 24h to T96. Data shown are mean +/- SEM. 
N=1 liver donors and N=1 kidney donors, n=5 technical replicates were averages for each of the 
treatment groups per donor. 
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3.4 Discussion 

3.4.1 Optimisation of Hardware 

It was hypothesised that the development of a robotic system would increase efficiency 

of culture plate set up, producing more 96 well plates in a shorter time. Decreasing the 

time between biopsy collection and the end of tissue processing results in a greater slice 

viability.  

With a first run, it was found that the biopsy punch was causing damage to the tray where 

tissue sheets were loaded and that the punch was unable to pick up a slice once it had 

been cut out for transfer into the 96 well plate. To prevent this damage and look for a 

solution to picking up slices, agarose was added to the tray, testing different percentage 

weights of agarose, increasing in firmness from 3% to 10%, and different thicknesses of 

each ranging from 2mm to 10mm. It was found that a firmer set agarose (at 10%) was able 

to more reliably cut out and pick up the tissue slices at a thickness of 3-4mm. When the 

agarose was thicker or less firm than these conditions the force of the biopsy punch would 

push the tissue into the agarose rather than cutting it. Agarose poured too thin, resulted 

in the punch cutting all the way through, and picking up a core of agarose with the slice. 

With these new conditions in mind, new tissue trays milled to a depth of 6mm to allow for 

this new addition.  

 

3.4.2 Optimisation of Culture Conditions 

Using our optimised tissue tray, a full plate set up was completed with the robot and 

cultured the resulting slices. Using a rat liver, there was a pickup and plate rate of around 

70%. It was recognised however, that this tissue was healthy and uniform and so the slices 

being generated were likely to be of a much higher quality than expected with human 

tissue and so set up on human liver was expected to be more difficult. This plate was 

cultured for a period of 96 hours, using different media volumes to determine the 

optimum culture conditions for this size of slice in these plates.  

The resazurin data at 96 hours post slicing showed there were small, but not significant, 

differences between the slices kept in different media volumes, with slices in the smaller 

volumes being more viable at 96h. This suggests the slices were experiencing more 

hypoxic conditions where there is too much media, the reduced movement in the over 
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full well, preventing effective oxygen penetration in the media to be utilised by the tissue 

slice. The increased volumes, particularly where there is media transfer increasing the 

volume of liquid in a well further, removed the media-tissue-air interface reducing the 

oxygen levels around the slice and caused the tissue to die.  

The second set up and culture attempt used a human kidney. The lower media volumes 

reduced media escape but did not completely prevent it, suggesting the smallest volume 

of 600µl was most suitable. The data from the resazurin assay showed the same trend at 

96h as that seen for the first rat experiment. It again suggests that the lower media 

volumes placed in the well and transwell, the more waste products are moved away from 

the slice providing oxygenation which in turn increased the longevity of the tissue. A 

similar finding to this was noted in the Paish (158) study.  

 

3.4.3 Initial Runs Using Optimised Conditions 

With the chosen setup and culture conditions, full runs from plating to 96h culture was 

attempted using human kidney and then human liver. The kidney produced uniform tissue 

sheets, much like the rat liver tissue, but the slice pick up was not as high, so many were 

manually punched and plated. The space between punched out slices on the tissue sheet 

was limited, resulting in some slices not being whole where the edges had been pressed 

into the agarose gel bed. To combat this, the user had to move the tissue around on the 

agarose bed to make sure whole slices would be generated. To rectify this, fewer slices 

would need to be punched out of a single tissue sheet and make the tissue tray larger to 

be able to produce the required number of slices. The subsequent PCKS culture showed 

that the bioreactor system could support the tissue to the 96h harvest point under our 

optimised culture conditions. Alongside the slices remaining alive and functional, the drop 

in LDH over the culture period shows the slices recover from the processing trauma after 

the T24 rest period and that they don’t suffer further apoptosis/necrosis because of being 

cultured in the bioreactor plate.  

The generation of PCLS using the robot proved to be more challenging than initially 

anticipated. As the robot could not differentiate between uniform tissue and where there 

were holes due to vessels, some of the slices were not perfect which would result in 

discrepancies between data points within treatment groups. To overcome this, the user 

needed to move the tissue around in the tray to ensure only whole slices were punched 
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which resulted in tissue wastage. Slices were also frequently not picked up and had to be 

manually placed in the wells. An alternative suggested approach would be to use the robot 

to generate the punched slices and deposit them into a 10cm dish containing media, 

however, it was decided that this would still not overcome the difficulties involving 

imperfect slices and that manual processing would be quicker. 

At 96h, the PCLS were still metabolically active and functional. The 24h rest media 

contained lower albumin and higher LDH levels compared to the later time points, 

showing that the slices were able to recover from the trauma of the slicing process quickly 

in this system. By 96h, the albumin levels had dropped back down to near 24h. This decline 

in functionality is expected based on previous work but proved that the 96-well bioreactor 

can support functional, active slices (158). The addition of the pre-established fibrosis 

stimulation treatment had no effect on the viability of slices compared with the control 

across all 3 assays performed on the slices and media.   
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3.5 Conclusion 

The aims for this chapter were: 

• Develop an automated system to enhance bioreactor set up 

• Optimise culture conditions for 96 well bioreactor 

 

I have successfully optimised the culture conditions and demonstrated viability of 3mm 

precision cut tissue slices up to 96h in the 96 well bioreactor plate. The purpose of 

introducing a robotic system for the setup of the bioreactor was to speed up the slicing 

process through automation, producing more plates in a shorter time resulting in higher 

quality input tissue slices. In the case of the liver, there is a limit of 3 hours from biopsy to 

a completed slicing process, and so reducing tissue processing time is crucial to preserve 

cellular viability and reduce ischemia (158). The hope was that several machines could be 

run in tandem, setting up multiple plates in one go with each run taking just under 12 

minutes per plate. 

When testing this machine, it was realised that a user would need to sit and monitor the 

robot as it punched out each of the slices to check each well received a slice. It would also 

require a trained user making a judgement on what areas of the tissue are cut, potentially 

needing to move the tissue sheets on the tray to ensure that vessels and tears were 

missed, making it unfeasible for an individual to monitor multiple machines in tandem. 

Currently the robot can only punch predefined spaces out of the tissue tray, resulting in a 

difference in the quality of tissue being loaded into the plates and therefore of the end 

result of a study, reducing reproducibility and reliability. To allow the robot to be able to 

make this judgement call and increase the quality of the slices being loaded into plates, 

cameras and machine learning would need to be included in the software and set up of 

the system.  

The way in which the software was set up, one sheet would have 12 slices punched and 

the tissue sheets that could reliably be produced were not big enough for this. It was 

suggested that the tissue tray could be made larger to hold more sheets but only punch 

4-6 slices. Pinning the tissue into place to prevent the tissue moving around was also 

suggested. These changes would allow for multiple machines to run at once without the 

need for a dedicated individual to monitor each plate set up. A major consequence of this 

however, would be that the tissue wastage would increase significantly. It was decided 
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human tissue is too precious a resource to justify this extra tissue being discarded and so 

this would not be a reasonable change.    

During the development of a robot which was hoped would make the set-up of 96 well 

plates more efficient, problems were encountered which were felt could not be resolved 

over the course of this project. The time/cost benefit could not be justified and so it was 

decided it would be more efficient for the purpose of this 3 year PhD to cut out the plates 

by hand. The way in which we cut sheets by hand was refined, reducing the time taken to 

set up plates, making further development towards automation less desirable.  
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4 Chapter 4. Fibrosis Modelling 

 

4.1 Introduction 

Whilst not in itself a disease, fibrosis is a common feature of multiple pathologies that can 

affect any organ. It is a dynamic process that has the potential to resolve as well as 

progress, however chronic injury leads to aberrant wound healing and slowly over time, 

the development of a fibrotic scar. This distorts local tissue architecture, compromising 

the functionality of the organ. In ‘one-off’ and minor instances of tissue/cellular injury, 

fibroblasts local to the area become activated, secreting inflammatory mediators and ECM 

components, creating a temporary scar to facilitate wound repair. Once healed, the scar 

is remodelled and the organ returns to normal tissue functionality. Where there is 

repeated injury or major insult, the deposition of ECM becomes excessive and is never 

fully resolved, forming fibrotic tissue (60,62,63).  

 

4.1.1 Pathogenesis 

There are a range of causative agents in the development of hepatic fibrosis and chronic 

liver disease, these can be grouped into 2 types, hepatotoxic injury and cholestatic injury. 

Hepatotoxic injuries are wide ranging and encompass anything that causes injury to 

hepatocytes. These can include amongst others, drugs and alcohol, infections, and 

metabolic syndromes such as NAFLD. Cholestatic injury occurs as a result of the blockage 

of bile flow. These blockages can result from large structures such as gallstones or 

tumours or as a result of progressive autoimmune disorders such as primary biliary 

cirrhosis or primary sclerosing cholangitis (159,160). A key concept in the development of 

liver fibrosis is reversibility following removal of the source of injury (61–63).  

Kidney fibrosis, like liver fibrosis, is a feature of end stage CKD which is described as the 

loss of kidney function over time and can be caused by a number of underlying 

aeitiologies. These can include diabetes, chronic inflammation of the glomeruli and 

tubules, high blood pressure and recurrent infection. Fibrotic scars can develop within any 

of the 3 distinct kidney regions, the glomerulus, the tubular interstitium or the vasculature 

(161,162).   
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4.1.2 Myofibroblast Recruitment and Fibrotic Scar Development 

Resident HSC are the main source of myofibroblasts in hepatotoxic-driven liver fibrosis. 

When damage to hepatocytes occurs, normally quiescent HSCs are activated and 

differentiate to myofibroblasts (7,71). The origins of myofibroblasts in the development 

of kidney fibrosis is less clear, with multiple cell lineages being implicated. Single cell RNA 

sequencing has suggested that pericytes and fibroblasts both contribute the most to 

fibrous scar formation. Epithelial cells and injured proximal tubule cells have also been 

implicated alongside bone marrow derived macrophages (70,163).  

This activation is driven in part by the pro-fibrogenic cytokine TGFβ via SMAD signalling, 

which acts as an autocrine positive feedback loop. PDGF is also an important driver of 

myofibroblast proliferation and recruitment to damaged areas. In instances of removal of 

the injury inducer, activated myofibroblasts either undergo apoptosis, revert back to a 

quiescent phenotype (similar to, but not the same as, their original state) or become 

senescent (7,61,164).  

After myofibroblasts have been activated, they express large amounts of ECM proteins 

which form a scar. Consisting mostly of type I and III collagens, fibrotic tissue, under 

physiological conditions, would then be remodelled and dissolved by MMPs. In the case 

of chronic disease and injury however, the deposition of ECM becomes continuous and 

the resulting scars distort local architecture, negatively impacting the functionality of the 

organ (60,62,78,79).     

 

4.1.3 Current Models of Fibrosis 

Liver Fibrosis 

There are numerous models used in the study of liver fibrosis and the development of 

therapeutics. These can include 2D cell culture of cell lines and primary cells, complex 3D 

culture systems and rodent models. Common 2D models include the use of immortalised 

cell lines such as LX-2 (human HSC) or primary cell lines produced from human or rodent 

biopsy. Although they are relatively cheap and produce results quickly, there are a number 

of issues with this as a model for the study of liver fibrosis including the transcriptional 

differences between immortalised cell lines and primary cell lines and that HSCs when 
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grown in culture undergo spontaneous activation due to the adherence to the plastic 

culture dish (111–113,115).  

The use of rodent models provides a more accurate representation of the biology of 

fibrosis development in the liver. Common methods of hepatic fibrosis induction include 

CCl4 and BDL, both methods are able to reproducibly induce liver fibrosis and numerous 

studies have shown mechanistically how potential anti-fibrotic therapies can prevent 

disease progression (131,165,166). Alongside the common problems associated with 

animal modelling such as expense and ethical considerations, there are model specific 

problems with this type of disease induction. The major factor is the development of 

fibrotic disease is very different to what is observed in humans. Typically mice are very 

young and the development of fibrosis occurs over a matter of weeks and have no 

comorbidities associated, whereas CLD patients tend to be on average 50 ± 10 years of 

age, with more complex and systemic disease features (167). Also, in the case of the CCl4 

model, anti-fibrotic drugs are given prophylactically in combination with the insult so the 

capability of a drug to reduce pre-existing fibrosis is not always assessed.  

3D cell culture systems have been proposed as an alternative for the study of human 

disease, providing the complexity that is lacking in 2D experimental models whilst 

negating the ethical dilemma of animal models. Microfluidic ‘organ-on-a-chip’ designs and 

3D bio-printed models of liver fibrosis have been developed where the user can dictate 

the cell types and percentage of population to mimic the position of cells within a fibrotic 

liver. Whilst undoubtedly a more physiologically relevant system than 2D monoculture, 

the cell types being used are typically immortalised cell lines and the technology of bio-

printing is still developing and not ready for imminent incorporation into a drug discovery 

pipeline (168,169).  

 

Kidney Fibrosis 

2D cell models of renal fibrosis have limited capability to recapitulate the biology of 

disease progression as they are usually mono cultures and are not able to retain the spatial 

properties of the whole tissue. Not only are there a large number of cell types with in the 

kidney which contribute to the fibrogenic process including mesenchymal cells, epithelial 

and endothelial cell and fibroblasts, the biology of individual cell types, such as tubule 

cells vary greatly from each other depending on their spatial location within the nephron  
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(20,66,69,70). The environment in which these cells live is also different depending on 

their placement within the cortex or medullary region. The translational value of 2D 

models has been shown to be questionable in the argument of the origin of 

myofibroblasts in the progression of renal fibrosis, where evidence gathered from these 

models cannot be confirmed in whole organ models (69,134). 

A range of animal models exist to study the development of kidney fibrosis, these can 

include genetically engineered models, chemically induced models and acquired injury 

models. UUO, is a common method for the induction of renal fibrosis in rodents, causing 

physical injury to the kidney which results in fibrotic scar development. Drug treatments 

can be given post injury to better understand their therapeutic value to patients with CKD. 

The main problems identified with the UUO model is the lack of outputs that are clinically 

relevant in humans such as glomerular filtration rate, protein urea and normal serum 

creatinine levels. Success or failure of a novel therapeutic is mostly reliant on histological 

output (133,134,170). Alongside physical injury models, chemical injury can be used to 

induce renal fibrosis. High dose folic acid treatment is widely used to induce kidney 

disease in rodents. A single intraperitoneal injection of a single high dose (250mg/kg) of 

folic acid can cause acute kidney injury which can develop into CKD if left untreated (171). 

This model does allow for the measurement of clinically relevant outputs unlike the UUO 

model, however it is only an experimental model because such high levels of folic acid are 

not observed in patients with CKD (172). Genetic models of type 1 diabetes can also be 

used to study CKD and renal fibrosis via development of diabetic nephropathy. The non-

obese diabetic (NOD) mouse for example develops autoimmune destruction of islet cells 

or the Akita/Ins2 mouse which has a mutation in the gene for insulin causing improper 

folding of the tertiary structure and hyperglycaemia (173). There are however problems 

associated with each of these, including inconsistent disease onset in NOD mice and 

modest disease alteration to the kidney compared to humans in the Akita/Ins2 mice (173).  

3D cellular models of the kidney are also being developed to model disease progression. 

Organoids produced using pluripotent stem cells from multiple cell lineages are able to 

reproduce some kidney disease features but more resemble the kidney in early foetal 

development rather than adults and lack a vasculature system (174). Methodology for the 

decellularisation of kidney tissue and repopulating with primary cell lines was described 

by He et al. They recellularised the scaffold with primary renal cells and primary 
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mesenchymal cells resulting in well dispersed cellular engraftment across the kidney 

scaffold featuring ‘glomerular-like’ structures (175,176). The major drawback of this 

model was that it was based on using rat tissue and primary cells rather than from 

humans. Further development of this model to use human tissue rather than animals 

would make this more attractive for preclinical modelling (175).  

 

4.1.4 Precision Cut Tissue Slices as a Model for Fibrosis Development 

Model development is usually a trade-off between a high throughput system and 

physiological relevance, PCTS have the potential to offer both without compromise. 

Studies using this technology have become more commonplace, with a variety of animal 

models and human models being tested among groups. These studies have shown that 

there is predictive value in the model for the testing of anti-fibrotic therapies, particularly 

when human tissues are used. However, historically the major hurdle for most is the very 

short culture period, often only 48h before the tissue slices are no longer viable 

(150,177,178). A study from our lab sought to extend the lifespan of PCTS culture using a 

specialised bioreactor system (151). This has had a significant impact on their longevity, 

where culture periods can be as long as 144h hours. The improvement to this platform 

allows time for fibrosis to develop within the disease control slices, something that other 

studies have not been able to achieve.  

More recently, the problems associated with this technique for modelling fibrosis are 

tissue availability and a low throughput system. The larger 8mm cores that are punched 

out from the liver resection tissue or unused donor kidneys can leave large amounts of 

waste tissue, both from the biopsy and initial slicing. Complex studies, where there are a 

range of different experimental groups, can also require a large number of slices for 

analysis including, histology, viability assessment and technical replicates of each drug 

dose, making the treatment process cumbersome.  

 

4.1.5 Chapter Aims 

• Validate the fibrosis model in the 96 well bioreactor in both human liver and 

kidney. 
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• Demonstrate use of the bioreactor as a suitable platform for efficacy testing anti 

fibrotic drugs.  

I aim to develop a medium throughput system for the modelling of fibrosis and 

demonstrate its ability to accurately predict the efficacy of anti-fibrotic therapies. The 

optimised 96 well bioreactor will be used to culture 3mm slices produced from human 

kidney and liver tissue in the presence of pro-fibrotic stimuli to produce a fibrotic disease 

state, and use well described inhibitors to demonstrate its ability as a prognostic indicator.   
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4.2 Methods 

 

4.2.1 Materials 

Sourcing of tissue and general materials for tissue culture are described in 2.1. TFGβ1 and 

PDGFββ were purchased from Peprotech and each made up to a stock solution of 20mM 

according to manufacturer’s instructions. ALK5 inhibitor SB-525334 (Alk5i) was purchased 

from Sigma was made to a stock solution of 10mM in DMSO (Sigma). Pirfenidone was 

purchased from Cambridge Bioscience (CAY13986-100mg) and dissolved in DMSO to a 

stock concentration of 100mM.  

 

4.2.2 Culture Conditions for Development of Fibrotic Liver Slices 

Production of the 8mm and 3mm liver slices is described in 2.1.3. After a 24h rest period 

following the slicing process, slices were stimulated with 3ng/ml TGFβ1 and 50ng/ml 

PDGFββ ± 10µM Alk5i. Relevant controls ± drug vehicles were also included. Treatments 

were refreshed every 24h with supernatants collected as previously described (2.1.6) until 

the end of the culture period at 96h post tissue processing. Slices were harvested for 

histological and biochemical assays and the methodology for this is described in the 

Methods chapter.  

 

4.2.3 Culture Conditions for Development of Fibrotic Kidney Slices 

Production of the 3mm kidney slices is described in 2.1.5. Following a 24h rest period after 

the slicing process, slices were stimulated with 3ng/ml TGFβ1 and 50ng/ml PDGFββ ± 

10µM Alk5i. Relevant controls ± drug vehicles were also included. Treatments were 

refreshed every 24h with supernatants collected as previously described (2.1.6) until the 

end of the culture period at 96h post processing. Slices were harvested for histological 

and biochemical assays, methodology for this is described in the Methods chapter. 

 

4.2.4 Analysis of Soluble Outputs 

Soluble outputs from the cultured slices, including the CyQUANT LDH assay, the AST 

activity assay, a number of ELISA kits including Albumin, KIM1 and Collagen as appropriate 
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and a MSD U-Plex assay to measure inflammatory markers were used. The specific 

protocols for each of these is described in 2.2 of the Methods chapter.  

 

4.2.5 Histological Analysis 

A number of different stains were performed on tissue sections, protocols for these are 

described in 2.3 of the Methods chapter. These include H&E, Sirius Red and αSMA.  

 

  

Figure 10. Treatment Plan for Fibrosis Model 
Treatments refreshed every 24h, with media collected and stored at -80°C 
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4.3 Results 

4.3.1 Comparison of PCLS Fibrosis Model in 8mm and 3mm Tissue Slices 

It has been previously shown from our lab that with the use of a specialised bioreactor 

system the life span of 8mm PCLS can be extended to at least 96h (151). I hoped to further 

develop this system to create a medium throughput platform using smaller diameter PCLS 

in a 96 well bioreactor.  

To validate the fibrosis stimulation model in the 3mm PCLS, a comparative study between 

the existing 12 well bioreactor and the newly developed 96 well bioreactor using the same 

donor was performed. To generate 3mm PCLS, 250uM thick sheets of tissue were 

produced and 3mm disks of tissue were punched out and then set in a transwell insert 

placed in a newly designed 96 well bioreactor plate. 

To ensure 3mm slices did not behave differently compared to their larger counterparts, 

slice viability at the start (T0) and end (T96) of the culture period, measured by resazurin 

assay, confirmed that viability was comparable between the two different slice sizes 

(Figure 11A). There was a decrease in viability in both slice sizes from T0 but the drop was 

comparable with an average of 37% of T0 in the 3mm slices and a 50% drop from T0 in 

the 8mm slices. These same trends are observed between the two groups, where the 

addition of the Fib Stim (TGFβ1 + PDGFββ) treatment did not negatively impact PCLS 

viability. After finding that the slices remained metabolically active over the culture 

period, soluble factors in the collected media across all time points were characterised to 

evaluate tissue health. Soluble albumin is a biomarker for functioning hepatocytes in liver 

tissue and is an indicator of tissue health and functionality. Figure 11B shows albumin 

production over time in both the 3mm and 8mm slices. In both bioreactor set ups, levels 

of albumin increase from 24h to 48h and remain stable to 72h, with the 3mm slices 

appearing to secrete more than the 8mm counterparts. At 96h in the 3mm slices, albumin 

production decreases again to levels similar to the 24h rest media. Levels in the 8mm 

slices do not drop off at 96h and remain at least as high as those seen at 72h. Albumin 

production also does not significantly vary between the control and treatment groups at 

any of the time points in the 3mm slices.   
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Alongside monitoring metabolic output and measuring functionality of the tissue slices, 

levels of treatment-induced cytotoxicity were examined. LDH is a marker of cell injury, 

released as a result of damage to the membrane of a cell. AST is used clinically as a 

measure of liver function, it is released from hepatocytes as a result of hepatocyte injury. 

Figure 12A shows the AST levels measured from culture media. Both bioreactor set ups 

follow a similar trend where AST output is highest at 24h, due to post-cutting stress, but 

then falls by about half at 48h and then remains stable to 96h. The 8mm slices produce 

Figure 11. Comparison of Fibrosis Model in 8mm and 3mm PCLS 
A – Resazurin output at T0 and 96h culture from 3mm PCLS (left) and 8mm PCLS (right). B – Soluble 
albumin from culture media saved at 24h intervals from 3mm PCLS (left) and 8mm PCLS (right). Data 
shown as mean +/- SEM. N=1 liver donor, n=5 technical replicates for 3mm PCLS treatment groups 
and n=1 technical replicates for 8mm slices.  
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more AST across all time points and treatment groups than the 3mm slices. Figure 12B 

shows LDH release from cultured slices as a percentage of a positive control. At 24h, the 

levels of LDH are raised, due to post-slicing trauma, but these reduce and level off to 

between 1% and 2% of the positive control by 96h in both the 3mm and 8mm slices. The 

3mm slices had a higher amount of LDH release at 24h compared to the 8mm slices, 

however from 48h onwards the average levels across the treatment groups were the 

same at between 1-3% of the positive control.   

Finding that the 96 well bioreactor was able to support the culture of 3mm slices for 96h, 

and the addition of the Fib Stim challenge showed no greater detrimental effect when 
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Figure 12. Comparison of Fibrosis Model in 8mm and 3mm PCLS 
A – AST output from culture media saved at 24h intervals from 3mm PCLS (left) and 8mm PCLS (right). 
B – LDH output from culture media saved at 24h intervals from 3mm PCLS (left) and 8mm PCLS (right). 
Data shown as mean +/- SEM. N=1 liver donor, n=5 technical replicates for 3mm PCLS treatment groups 
and n=1 technical replicates for 8mm slices. 
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directly compared to the existing model, more donor livers were collected to further 

validate this model.  

 

4.3.2 Validation of the Fibrosis Model in the Liver 

A total of 7 donors were collected to validate the fibrosis model in human PCLS in the 96 

well format, using 3mm slices. Information about these donors is included in Table 3. The 

average age of the donors was 64 years, with 57% being male and 43% being female. All 

patients had liver fibrosis to some extent, with 43% being grade 2, and grade 1 and 3 

fibrosis each being represented by 28.5% of the cohort. There was limited inclusion of 

patients with significant steatosis, with 86% categorised as grade 0 or grade 1, and 

patients were not type 2 diabetic. As before, several methods were used to characterise 

the model and monitor viability, health and damage alongside the amount of collagen as 

a marker for the development of fibrosis within the tissue. The potential use of histological 

analysis on these much smaller tissue slices was also investigated.  

Table 3. Demographics of Donors used in Fibrosis PCLS Validation 

Donor Number Age Sex Fibrosis Score Steatosis Score 
Donor 1 58 M 1 0 
Donor 2 80 F 2 1 
Donor 3 76 M 3 0 
Donor 4 56 F 2 1 
Donor 5 62 F 3 0 
Donor 6 58 M 2 2 
Donor 7 62 M 1 0 

 

Figure 13A displays the metabolic activity of the 3mm PCLS at 96h normalised to an 

individual donor’s T0 value. There were no significant differences between the treatment 

groups by one-way ANOVA and all of the slices remained viable. The LDH output (Figure 

13B) showed the same trends observed in previous studies, where the 24h post 

processing media contained high amounts of LDH release which dropped by more than 

half at 48h and then by more than half again at 72h. There were no significant differences 

between the different treatment groups at any of the time points measured. Albumin 

production (Figure 13C/13D) increased from 24h to 48h and then decreased slowly to 96h. 

Functionality of the slices drops to between 62-78% of T48 at the end of the culture period 

and there were no statistical differences between treatment groups. I was confident these 
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methods to induce fibrosis didn’t have a significant impact on the overall health of the 

PCLS, so moved to assess the disease features induced by inclusion of TGFβ and PDGFβ. 
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Figure 13. Validating Liver Fibrosis Model in 96-well Format 
A – Resazurin output at 96h shown as a percentage of T0 tissue (5 donors of 7 displayed), no significant 
differences by one-way ANOVA. B – LDH output measured at 24h intervals to the end point at 96h post slicing. C 
– Soluble albumin shown at all time points with absolute values. D – Soluble albumin output at 96h post 
processing, shown as percentage decrease from 48h, there were no statistically significant differences by one-
way ANOVA. Data shown as mean +/- SEM. N=7 liver donors, with n=5 technical replicates per donor. 
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An important soluble biomarker to monitor the development of fibrosis was Collagen 1A1, 

a pro-fibrogenic ECM component. By ELISA, there were no significant differences in 

collagen output between the control and stimulated treatment groups until 96h in culture 

(Figure 14A/14B). At 72h, the Fib Stim group appeared higher, but it was not enough to 

be classed as significant. Soluble collagen levels increased over the course of the culture 

period in the control slices, suggestive of spontaneous matrix remodelling and 

fibrogenesis. Alk5i was included to determine if, like the 12 well plate, induction of fibrosis 

could also be attenuated in the 3mm slices in the 96 well plate. The inhibitor did reduce 

the levels of soluble collagen after challenge with profibrotic stimuli, inferring the 

potential of this bioreactor system for use as a medium throughput, anti-fibrotic target 

validation platform.  
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Figure 14. Validating Liver Fibrosis Model in 96-well Format 
A – Soluble collagen measured from culture media across all time points. No statistical significance for 
samples from 24h-72h but there is significance at 96h by one-way ANOVA (shown in B). Data shown as mean 
+/- SEM. B- Soluble collagen measured from culture media at 96h, statistical analysis by one-way ANOVA. ** 
p=≤0.01, *** p=≤0.001, **** p=≤0.0001. Data shown as min to max box and whisker. N=7 liver donors, n-5 
technical replicates per donor. 
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Histological analysis was performed on FFPE liver slices to further validate the 

development of fibrotic disease in the tissue (Figure 15). Starting with 8mm PCLS, slices 

were embedded flat, to assess the overall tissue architecture, and upright to view a cross-

section of the slice. Haematoxylin and Eosin (H&E) staining was conducted to look at 

general morphology, Sirius red was chosen to assess collagen fibre deposition and fibrosis 

and immunohistochemistry with an αSMA-targeting antibody was used to identify 

activated myofibroblasts.  

Confirming the ELISA findings, there was a small degree of spontaneous fibrosis occurring 

in the control culture slices. There were more collagen fibres and thicker regions of 

collagen deposition (stained red) across the 96h cultured control slice and a greater 

number of αSMA positive cells compared to the T0 tissue. The inclusion of the Fib Stim 

treatment increased both collagen deposition and hepatic stellate cell activation further 

still. There was more collagen branching out across the slice with a greater thickness in 

areas surrounding central veins and an increased number of αSMA positive staining in 

both slice orientations. This also demonstrated that the treatments added to the media 

penetrate through the whole slice and do not just have a surface level effect.  

The same stains were then performed on the 3mm slices, representative images of these 

slices are shown in Figure 16B. Using NIS-Elements, thresholding was applied to a series 

of images taken from each stain (Figure 16A). Both the Sirius Red and the αSMA are higher 

in the Fib Stim treated slices than the Alk5i attenuated and control slices, but statistical 

significance was only achieved between the Fib Stim and Alk5i groups. Comparing the 

appearance of the 8mm and 3mm slices, the smaller slices were more difficult to get 

whole images from due to the nature of the embedding process, where placing multiple 

slices in one block meant they would often not all be at the same depth when cut on the 

microtome. There was greater shrinkage of the slices over the culture period and during 

the fixation/processing stage in the 3mm slices more than their larger counterparts, and 

they would fold in on themselves, resulting in overlapping tissue and tearing in the images.  

 I have shown that this fibrotic disease model is reproducible across multiple donors with 

a range of backgrounds (age/sex/background liver state) and next aimed to show this 

methodology could be used in other organs using this platform.  
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Figure 15. 8mm PCLS Histology 
Representative images of PCLS taken at T0 and then 96h of culture with and without the Fib Stim treatment. In 
each pair, the top images show a cross sectional view of the slice stood upright and the bottom image is a top 
down view of the slice laid flat. Images taken at 10x magnification, the scale bar represents 100µm. n=1 



 

80 
 

 

Contro
l 

Fib
 Stim

Alk5
i 

0

2

4

6

aSMA

%
 α

SM
A

 S
ta

in
in

g

✱✱

Contro
l

Fib
 Stim Alk5

i
0

5

10

15

20

Sirius Red
%

 S
iri

us
 R

ed
 S

ta
in

in
g

✱

A 

B 

Control Fib Stim Alk5i 

Si
riu

s R
ed

 
αS

M
A 

Figure 16. 3mm PCLS Thresholding and Histology 
A- Graph showing thresholding of 3mm slices stained with Sirius Red and αSMA. Statistical analysis by one-way 
ANOVA * p=≤0.05, ** p=≤0.01. N=2 liver donors (donors 5 and 6, Table 3), n=5 images taken per treatment 
group. Data shown as mean +/- SEM. B- Representative images of PCLS taken 96h of culture with and without 
the Fib Stim +/- Alk5i. Images taken at 10x magnification, the scale bar represents 100µm. 
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4.3.3 Validation of the Fibrosis Model in the Kidney 

I next set out to validate the PCKS model using similar methods as the liver. A total number 

of five donors were collected to validate the fibrosis model in human PCKS. Information 

about these donors is included in Table 4. All of the donors for this study were between 

the ages of 65-75 years of age, with an average age of 67.5 years and 60% of the donors 

were female. Every donor was measured by BMI as at least overweight with one donor 

classed as obese. Unlike the liver, during the processing stage fat is not macroscopically 

visible within the kidney tissue, excess fat is situated around the organ. 

Table 4. Demographics of Donors Used in PCKS Fibrosis Development Validation 

Donor Number Age Sex BMI 
Donor 1 69 M 27 
Donor 2 63 M 32 
Donor 3 68 F 25 
Donor 4 75 F 25 
Donor 5 63 F 27 

  

As before, a resazurin assay was used to assess the viability of the PCKS at the end of the 

culture period. This is shown in Figure 17A as percentage change from T0. There were no 

significant differences between the treatment groups and all the slices were viable at the 

end of the culture period which in this instance was 96h post processing. There was one 

donor (donor 3) that was less metabolically active at the end of the culture period 

compared to the others, but it did still prove to be viable.  

LDH release, a measure of cytotoxicity, followed the same trend in the kidney as it has 

done in the liver (Figure 17B). High amounts of LDH were secreted into the 24h post 

processing media, and then a constant reduction over time in all treatment groups to 96h. 

There were no significant differences in LDH release between the treatment groups at any 

time across the culture period.  

Soluble collagen was used as an indicator of fibrogenesis, the result of which is shown in 

Figure 17C. Statistical significance between the vehicle control (DMSO) and the Fib Stim 

treatment group was achieved at 96h. Whilst each donor responded to the treatments 

applied, there was a larger degree of biological variation between the donors than was 

seen in the liver, therefore the data was normalised to the individual donor’s vehicle 

control (Figure 17D). This showed a greater significance and reproducibility across the 
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donors. There was one replicate that failed to induce fibrosis as effectively as the others 

(donor 3), the same donor with the lower metabolic output.  
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Figure 17. Validating Kidney Fibrosis Model in 96-well Format 
A – Resazurin output at 96h shown as a percentage of T0 tissue B – LDH output measured at 24h intervals to 
the end point at 96h post slicing. C – Soluble collagen shown at each time point with absolute values, a 
statistically significant difference was only observed at 96h by ANOVA. D – Soluble collagen as percentage of 
control. All p values were calculated using a one-way ANOVA. * p=≤0.05, ** p=≤0.01, **** p=≤0.0001. N=5 
kidney donors, n=5 technical replicates per donor. 
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The 96h cultured, 3mm PCKS were then examined histologically for collagen deposition 

and HSC activation (Figure 18). Sirius red staining revealed thickening of the tubular 

basement membrane and an increase in collagen in the tubular interstitium in the Fib Stim 

slices. There was a large amount of αSMA positive staining across the whole tissue in the 

DMSO and Fib Stim slices but this was reduced in the Alk5i treated slices with the staining 

more concentrated around small groups of tubules. Thresholding was applied to a series 

of images taken from each stain. The same trend in both stains was observed, where the 

sections from the Fib Stim treated slices had a higher percentage of αSMA positive regions 

and Sirius red positive regions than both the DMSO and Fib Stim plus Alk5i treated PCKS.  
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Figure 18. 3mm PCKS Histology 
Representative images of PCKS taken 96h of culture with and without the Fib Stim +/- Alk5i, the αSMA Alk5i image is 
not representative of the average section, due to technical issues with slice quality and large vessels in the other 
images. Images taken at 10x magnification, the scale bar represents 100µm. Thresholding of 10x magnification images 
stained with αSMA and Sirius Red. Statistical significance calculated using one-way ANOVA. * p=≤0.05, *** p=≤0.001. 
Data shown as mean +/- SEM. N=2 kidney donors (donors 1 and 2 from Table 4). 
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4.3.4 Identification of Fibrosis Associated Markers 

The markers that had been selected for the validation of this model were targeted fibrosis 

indicators, and were used to assess the dynamics of the fibrogenic markers in this disease 

model. To capture a broader and unbiased biomarker data set to characterise the ex vivo 

model, culture media samples were run on a 111-plex Meso-Scale Discovery (MSD) assay 

to profile inflammatory and fibrotic markers. A total of three liver and four kidney donors 

that had been treated with the Fib Stim Alk5i treatments were selected for this panel, this 

information is shown in Table 5 and Table 6. The liver donors were predominantly female 

with an average age of 50. All of the donors used in this study had a degree of pre-existing 

fibrosis but only one was steatotic. The kidney donors were also predominantly female 

with the entire cohort being over the age of 60. Each of the donors were also classified as 

overweight by BMI measurement with one being classed as obese. 

 

Table 5. Demographics of Liver Donors Used in MSD Panel Screening 

Donor Number Age Sex Fibrosis Score Steatosis Score 
Donor 1 58 M 2 2 
Donor 2 31 F 2 0 
Donor 3 60 F 3 0 

 

Table 6. Demographics of Kidney Donors Used in MSD Panel Screening 

Donor Number Age Sex BMI 
Donor 1 63 M 32 
Donor 2 68 F 25 
Donor 3 75 F 25 
Donor 4 63 F 27 

 

Of these 111 markers, 35% were undetectable and 54% were not dynamic in the liver, and 

in the kidney 34% were undetectable and 60% were not dynamic. The ‘undetectable’ 

threshold was set at any protein concentrations under 1pg/ml in each of the treatment 

groups and the ‘not dynamic’ category included proteins where there were no significant 

differences between DMSO control slices and Fib Stim treatment groups as determined 

by t-test.  

The dynamic soluble proteins identified in the PCLS after 96h in culture are shown in 

Figure 19. Vascular Endothelial Growth Factor A (VEGF-A), IL-6 and Placental Growth 
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Factor (PIGF) were significantly upregulated when the Fib Stim treatment is applied, and 

subsequently attenuated by the inclusion of the Alk5i. The inverse of this was observed 

with gp130, Macrophage Inflammatory Protein 1β (MIP-1β) and Macrophage Derived 

Chemokine (MDC) where the Fib Stim treatment suppressed the secretion of these 

proteins and the inclusion of Alk5i reversed this.   
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Figure 19. MSD Outputs from PCLS Fibrosis Model 
A- Heat map showing all dynamic proteins identified in the MSD panel, dynamic proteins identified by student’s t-test 
comparing control and fib stim groups. Data shown as z transformed. B- Individual examples of dynamic proteins 
identified in MSD screening using absolute values, statistical analysis by one-way ANOVA * p=≤0.05, ** p=≤0.01. Data 
shown as mean +/- SEM. N=3 liver donors (donors 1, 2 and 3 from Table 3). 5 technical replicates per treatment 
condition were pooled for each donor to run on the MSD panel.  
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The secretory profile of the kidney with the Fib Stim treatment was very different (Figure 

20), with only 4 of the screened factors identified as dynamic and only 2 of these are in 

common with the liver. Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF), 

Monocyte Chemoattractant Protein-1 (MCP-1) and IL-6 were significantly increased in 

response to the Fib Stim treatment. PIGF expression was varied between donors in the 

DMSO and Fib Stim groups but was attenuated in all donors with the addition of Alk5i.  
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Figure 20. MSD Outputs from PCKS Fibrosis Model 
A- Heat map showing all dynamic proteins identified in the MSD panel, dynamic proteins identified by Student’s T test 
comparing control and fib stim groups. Data shown as z transformed. B- Individual examples of dynamic proteins identified 
in MSD screening using absolute values, statistical analysis by one-way ANOVA ** p=≤0.01, *** p=≤0.001. Data shown as 
mean +/- SEM. N=4 kidney donors (donors 1, 2, 3 and 4 from Table 4). 5 technical replicates per treatment condition were 
pooled for each donor to run on the MSD panel. 
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4.3.5 Feasibility of Efficacy Testing Drug Screens with Novel Bioreactor 
One of the main aims of this project was to determine the feasibility of using this 

modelling platform for the screening of lead candidates in drug discovery. I have so far 

shown that this 96-well bioreactor system can reproducibly generate fibrotic disease 

features across multiple organs and donors. The next step was to show that this platform 

can be used to test the efficacy of anti-fibrotic inhibitors and therapeutics. The Alk5i SB-

525334 is a potent and selective inhibitor of TGFβ signalling and this type of inhibitor is 

used as a positive control in several anti-fibrotic therapy studies (151,179,180).  This Alk5i 

was used in a dose dependent manner with the addition of the validated Fib Stim 

treatment to demonstrate the potential of this model to be used to not only screen 

compounds for their anti-fibrotic efficacy, but also to identify suitable doses.  

A top concentration of 10µM of the inhibitor, shown by previous studies in this project to 

sufficiently attenuate the development of fibrosis in both the liver and the kidney, 

alongside a 10-fold serial dilution to a bottom concentration of 0.001µM formed the 

dosage scale. PCLS and PCKS were cultured in the presence of the Fib Stim treatment to 

96h post processing and fibrogenesis in the slices was assessed by collagen ELISA, shown 

in Figure 21. Using the Fib Stim treated slices as the benchmark of total fibrosis 

development, the reduction in fibrosis from the inhibitor was calculated as a percentage 

of this level. There was a similar trend in both the PCLS (Figure 21A) and PCKS (Figure 21B), 

where the three lowest concentrations (0.001µM, 0.01µM and 0.1µM) did not have a 

reductive effect of fibrosis development but 1µM and 10µM did demonstrate therapeutic 

efficacy. 1µM Alk5i reduced collagen output compared to the Fib Stim group more in the 

PCLS than the PCKS, and the 10µM dose was able to reduce the collagen output by around 

50% in both organs, almost to the DMSO vehicle control (with no Fib Stim treatment). 
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Figure 21. Dose Dependent Inhibition of Fibrosis Measured by Collagen Output  

Addition of Alk5 inhibitor to attenuates the development of fibrosis both PCLS (A) and PCKS (B) in a dose 
dependant manner. Technical replicates for each treatment group averaged for each individual donor, 
in each organ there is an n=2 donors (donor 6 and 7 from table 3 and donor 4 and 5 from table 4) and 5 
technical replicates per treatment condition for each donor. Data is shown as mean +/- SEM. 
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αSMA and Sirius Red staining and thresholding was performed on the PCKS to assess 

fibrotic changes, and the data is shown in Figure 22 and Figure 23 respectively. Each 

treatment group had 5 slices embedded in the same formalin fixed paraffin embedded 

(FFPE) block, and at least 5 images were taken from different fields of view. Thresholding 

of these images was performed using NIS-Elements software. The initial threshold was 

created using the vehicle control slices, and this was then applied to all of the images that 

were taken. Representative images are shown for each treatment group, alongside a 

graph displaying the percentage of positive staining across the slices. The number of the 

embedded PCLS were not sufficient to perform this type of analysis. On a larger dataset, 

more time would have allowed me to fully optimise the embedding and processing 

methods.  

The levels of positive staining in both αSMA and Sirius Red slices showed a similar trend 

to the soluble collagen ELISA data, where an increase in the concentration of the Alk5i 

reduced the levels of collagen deposition and activated myofibroblasts. Numbers of αSMA 

positive cells peaked in the Fib Stim and lowest concentration of Alk5i (0.001µM). There 

was then an overall decrease in the numbers of activated HSCs as the concentration of 

Alk5i increased to 10µM. There was a difference in the number of αSMA positive cells 

between the Fib Stim control and slices treated with 0.01µM and 1µM Alk5i. There was a 

reduction in the positive staining in the 10µM and 0.1µM compared to the Fib Stim 

control. Further donors should be obtained to apply statistical analysis.  

Collagen deposition, indicated by the deep red colour in the representative images of 

Sirius Red stained PCKS, was highest in the lowest concentration of Alk5i, but gradually 

decreased with increasing doses of Alk5i. The glomerular basement membrane thickened, 

and the interstitial space became more fibrotic. The Fib Stim and 0.001µM Alk5i slices 

harboured the most fibrotic features, with the other treatment groups developing 

progressively less fibrosis as the concentration of Alk5i increased. In both stains, the 

0.01µM slices appeared to have significantly less fibrosis development than the Fib Stim 

control and were both more on par with the vehicle control. 
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Figure 22. αSMA Positive Staining in 3mm PCKS 
Representative images of αSMA staining performed on 3mm PCKS harvested at 96h post processing, cultured with 
Fib Stim treatment and Alk5i doses. Scale bar represents 100µm. Percentage of positive staining across the 
treatment is shown on the graph, 1 donor (donor 4) with a minimum of 5 images taken per treatment group. Data 
shown as mean +/- SEM.  
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After demonstrating the use of small molecule inhibitors in modulating disease 

progression in the 96 well format, a clinically approved anti-fibrotic was selected to test 

the system. Pirfenidone is one of two licensed anti-fibrotic drugs for clinical use. The dose 

range in the PCLS was similar to the range used in the Alk5i dose response studies (Figure 

24A). Only the top concentration of Pirfenidone was able to successfully reduce collagen 

secretion by the slices, with the lower two appearing higher than the Fib Stim treated 

slices. In the kidney (Figure 24B), a 2-fold dilution dose series was chosen after exploratory 

Figure 23. Sirius Red Staining in 3mm PCKS 
Representative images of Sirius Red staining performed on 3mm PCKS harvested at 96h post processing, cultured with Fib 
Stim treatment and Alk5i doses. Scale bar represents 100µm. Percentage of positive staining across the treatment is shown 
on the graph, 1 donor (donor 4) with 5 images taken per treatment group. Data shown as mean +/- SEM. 
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studies in the PCLS revealed that concentrations lower than 0.25µM produced no anti-

fibrotic effects. Therefore, Pirfenidone concentrations ranging from 2.5μM to 0.6μM were 

selected. All three doses were able to reduce fibrosis within the PCKS to some degree, but 

none of the groups achieved statistical significance compared to the Fib Stim control.   

  

Control Fib Stim 2.5 1.25 0.6
0

2000

4000

6000

8000

Kidney

Pirfenidone Concentration (μM)

pg
/m

L

Control Fib Stim 2.5 0.25 0.025
0

5000

10000

15000

20000

Liver

Pirfenidone Concentration (μM)

pg
/m

L

Figure 24. Collagen Secretion from PCTS in response to Pirfenidone Treatment 
A- Soluble collagen output from PCLS media treated with Fib Stim and a range of Pirfenidone 
doses from 2.5μM to 0.025μM. B- Soluble collagen output from PCKS media treated with Fib 
Stim and doubling dose of Pirfenidone from 2.5μM to 0.6μM. n=1 kidney donor and n=1 liver 
donor with 5 technical replicates per donor. Data shown as mean +/- SEM.  
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4.4 Discussion 

I set out to show that the 96 well bioreactor system is able to reproducibly generate a 

fibrotic phenotype across multiple organs, which can be cultured over several days for the 

purpose of target identification/validation and preclinical drug testing. Using a 

combination of live slice outputs, soluble factors and histology, I have built a picture 

describing fibrotic disease within donor liver and kidney tissue.  

 

4.4.1 Comparison of PLCS Fibrosis Model in 8mm and 3mm Tissue Slices 

First, the culture of 3mm PCLS including the Fib Stim treatment, was compared with the 

already validated 8mm PCLS model. A comparative study was used to assess the scalability 

of the system from a low throughput to a medium throughput bioreactor. It is possible to 

maintain the viability of PCLS in the 96 well bioreactor however, as expected, the smaller 

slices had a lower RFU value in the resazurin assay as there are fewer cells present to 

oxidise the non-fluorescent resazurin and produce the fluorescent resorufin. To bring 

these to a more comparable level, the 3mm slices would need to be incubated for 

significantly longer in the resazurin dye. Importantly, the difference in the drop in 

metabolic activity from T0 and 96h between the 3mm and 8mm slices was not significantly 

different, suggesting that the novel bioreactor can be utilised to culture PCLS in both 12-

well and 96-well formats. AST levels were higher in the 8mm PCLS but the LDH levels were 

the same, suggesting these differences are due to a higher number of hepatocytes being 

present in the larger slices, rather than cellular injury induced by their culture. It was 

interesting that higher amounts of albumin were being produced in the 3mm slices in the 

3 earlier time points, potentially due to the differences in tissue: media volume ratios. As 

there was only one technical replicate per condition in the 8mm PCLS, it is not possible to 

draw firm conclusions about these differences. However, it is clear that the optimised 96 

well bioreactor is as capable at supporting the culture of PCLS using the same treatment 

regime as the 12 well version, and this does not have significant detrimental impact on 

the smaller slices. I then set out to demonstrate the reproducibly of the platform in 

replicating a fibrotic disease state within both liver and kidney tissues.  
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4.4.2 Validation of Fibrosis Disease Model in PCLS and PCKS 

Seven liver donors were used for this study which encompassed a relatively diverse range. 

There was a fairly even split of sexes and background fibrosis across the study, but was 

lacking in age range and steatotic livers. The nature of the liver resection surgery means 

we are less likely to receive younger donors, and so have not been able to investigate this 

demographic in the validation of this model. It would be of interest to add additional 

donors which fit this category to confirm this method of fibrosis induction is reproducible 

in younger and potentially less diseased liver, and the development of fibrosis using 

TGFβ/PDGFββ does not require a pre-existing low level of background disease. Only 

donors with little/no steatosis were used in this study. Resected tissue samples with large 

amounts of fat were not always suitable for the preparation of 3mm slices (data not 

shown).  

Five kidney donors were obtained for the fibrosis development study which, whilst well 

balanced for males and females, only involved older adults with an age range of 63-75, all 

of whom were overweight by measurement of BMI. Further donors that were younger or 

were within the normal weight BMI range would provide a more rounded picture of 

reproducibility between donors and allow identification any conditions that are more or 

less likely to respond to the Fib Stim treatment or modulation with drugs.  

Viability of the slices was assessed at the end of the culture period by reseazurin assay. 

This was a direct way of evaluating the effects of culture and treatment on the tissue. All 

slices were still metabolically active at 96h post processing and the Fib Stim treatment did 

not significantly negatively impact the lifespan of the slices. It was also interesting that 

the kidney slices appear to cope better in this format than the liver slices. The PCKS had 

dropped to 60-70% of their T0 compared to the PCLS that had dropped to 40-50%. This is 

likely due to the tissue being removed from the body and the starting quality. The liver 

tissue has been shown by previous work to quickly decline in health after removal from 

the body, requiring processing ideally within 2 hours (151). These samples are surgical 

biopsies and can often arrive with portions that have been cauterised before being placed 

in the cold Kreb’s solution. Kidney tissue on the other hand, is usually immediately 

perfused upon retrieval in a solution to extend their life as they are initially to be used for 

transplant. They are also less likely to have incidental disease development, even though 
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they are typically from older donors, and have an ideal processing time of 48h post 

retrieval, ultimately producing higher quality and more metabolically active slices.    

Viability of the PCTS was further assessed by measuring LDH as an indicator of cellular 

damage, and albumin as a biomarker for hepatocyte health and functionality (in the PCLS). 

LDH release in both the PCKS and PCLS show the same trend, being very high at 24h, 

accounted for by the transient post-processing stress the tissue is under, and then a fast 

decline to 96h, indicating the culturing conditions are not cytotoxic or causing significant 

necrosis.  

There was an increase across all treatment groups in the amount of albumin being 

produced by hepatocytes from 24h to 48h. This increase in functionality was likely a return 

to what would be normal levels after recovery from processing stresses. There was a 

steady decline in albumin secretion by the PCLS after 48h, suggesting that there were 

either a proportion of cells are being lost between time points, or the hepatocytes overall, 

whilst still alive, were not able to maintain normal albumin output as a result of the culture 

conditions which, while as close as can reasonably be made, are not the same as 

conditions in the body. To account for inter slice variability, some soluble outputs at 96h 

have been normalised to an individual treatment group’s 48h level, demonstrating that 

the Fib Stim treatment regime didn’t have a significantly different impact on the slices 

than the controls.   

A pro-fibrotic response can be generated in both organs with the TGFβ/PDGFβ 

stimulation. Soluble collagen secreted into the surrounding media was quantified by 

ELISA, and histological analysis was conducted using αSMA and Sirius Red staining to 

measure fibrosis development. Collagen output was significantly increased with the 

application of the fibrosis stimulants in both organs at 96h suggesting an increase in ECM 

deposition and fibrotic scar formation within the slices. There was also a level of 

spontaneous fibrosis within the controls with a significant increase in both the media only 

and vehicle control from 48h to 96h. It has been well established that the culturing of 

hepatic stellate cells leads to a degree of spontaneous fibrosis and so it is not surprising 

that this would occur within the bioreactor (111,115). 

To further confirm the fibrotic phenotype, FFPE slices were stained looking for markers 

associated with fibrotic disease. αSMA expression is a feature of activated myofibroblasts 

which are a key driver of fibrosis, secreting excess ECM components as part of a wound 
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healing response. Activated by TGFβ and PDGFβ, higher numbers of these cell types were 

present in the Fib Stim slices, compared with the controls. Sirius Red staining was 

performed to highlight collagen deposition within the slice, which increases significantly 

in the Fib Stim slices. The 8mm slices were imaged not only the flat surface of a slice, but 

also as a cross section of the centre of the slice where it was observed that the Fib Stim 

treatment is not localised to the external ‘media facing’ portion of the slice, but was able 

to permeate the whole tissue section and exert a biological effect.  

For further work with the tissue slices, I would look to extend the culture period to see 

how much longer the bioreactor could continue to support viable slices and identify donor 

types that are more likely to support this extended culture. It would also be interesting to 

see how much further the TGFβ/PDGFβ induced fibrosis could develop and at what point, 

if at all within the bioreactor, does this begin to have a negative impact on the health of 

the slices. Identification of more biomarkers to identify cytotoxicity and functionality 

within the kidney slices would be useful, providing a greater panel of evidence with which 

to understand the outcomes of a study.  

 

4.4.3 Identification of Fibrosis Associated Markers 

The approach to this point was narrow and biased, in that only assessed a limited number 

of biomarkers that gave a basic ‘yes/no’ answer to the question of disease development.  

Therefore, wider screening of the soluble factors in the media was conducted with an 

MSD panel. Due to limited sample spaces on the panel, only a small number of donors 

from each study were run. This meant that both the liver and kidney studies included 

mostly female donors and almost all were over 60. It would be preferable to increase the 

number of male donors in both studies to determine how much of an impact sex had on 

the rate and intensity of fibrosis progression in future MSD screens. It would also be of 

interest to obtain more younger/pre-menopausal females to establish whether or not the 

menstrual cycle influences disease progression in any way. 

From the 111-plex assay, 35% were undetectable and 54% were not dynamic in the liver 

and in the kidney, 34% were undetectable and 60% were not dynamic. There was very 

little overlap in the biomarkers that were identified as dynamic between the liver and the 

kidney in response to the Fib Stim treatment, with PIGF and IL-6 being the only markers 

that were significantly affected in both organs.  
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The addition of the Fib Stim treatment to PCKS increased GM-CSF and MCP-1 significantly, 

but this was not observed in the PCLS. Whilst well documented for its role in inflammation, 

the role of GM-CSF is not well defined in the development of fibrosis. The kidney data 

correlated with what has been shown by Xu et al in their kidney model, where GM-CSF, 

released by proximal tubule cells in response to stress and injury, induced MCP-1 

expression via macrophage recruitment, producing a sustained fibrotic and inflammatory 

niche both in vivo and in vitro. The development of fibrosis in the PCKS, induced by 

incubation with TGFβ and PDGFβ, is causing injury to the proximal tubule cells. As the 

fibrotic scar develops, GM-CSF is released producing a pro inflammatory environment 

which can attract immune cells, suggesting that while an important mediator of a pro-

inflammatory environment, GM-CSF itself does not constitute a common pathological 

feature of fibrosis (181–183). 

PIGF and VEGF are increased in response to the Fib Stim treatment and this is attenuated 

by Alk5i treatment in PCLS. The same trend was observed in the PCKS for PIGF but not for 

VEGF. It is possible that with further donors, a significant dynamic range could be achieved 

between the control and Fib Stim groups as the raw values suggest an upregulation of 

VEGF in response to fibrosis induction, however with the three donors in the study, 

significance is not achieved. PIGF is a member of the VEGF family which promotes 

angiogenesis, a key process accompanying fibrosis. There have been studies in mice and 

humans showing significantly upregulated PIGF and VEGF levels in fibrotic/cirrhotic livers 

and it is understood that excess VEGF is pathogenic, resulting in faster disease 

progression. Within the slices, the developing scar distorts local architecture causing 

capillary rarefaction and hypoxia resulting in an increase in pro-angiogenic factors (184–

186). 

The other common upregulated protein in both the PCLS and PCKS systems in response 

to Fib Stim treatment, is IL-6. IL-6 is a cytokine which drives chronic inflammation and 

fibrogenesis secreted by activated myofibroblasts. This data adds to the other evidence 

showing the Fib Stim treatment is able to produce a disease state within the PCLS that is 

comparable with fibrosis development in patients (56,187,188).  

MIP-1β (also known as CCL4) expression was significantly decreased in the fibrosis 

induced PCLS. Similar findings were observed by Sadeghi et al in their study involving liver 

cirrhosis, where healthy patients had significantly higher serum levels of MIP-1β than 
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patients with cirrhosis. MDC (also known as CCL22) was also significantly decreased in the 

fibrosis induced PCLS. I suggest this reduction is because TGFβ is activating macrophages 

to an M2b subtype rather than the MDC producing M2a subtype (189).  

This fibrosis model is not only able to produce significant architectural changes within the 

tissue from excess ECM deposition but can also replicate the changes in inflammatory and 

fibrotic biomarkers observed in clinical samples. The panel that was selected was geared 

towards inflammatory markers, and so a panel more aimed towards pro and anti-fibrotic 

markers could potentially identify other dynamic soluble factors secreted into the media. 

Further donors for MSD screening would be beneficial to increase the power of statistical 

analysis. It would also allow us to understand if there is inter-donor variability depending 

on categories such as sex, age, or underlying disease state, and how significant this is. It 

has also been observed (data in chapter 5) that expression of inflammatory markers is 

usually highest earlier on in the culture period, therefore testing earlier 48h and 72h 

media samples, may identify other biomarkers affected by the addition of the Fib Stim 

treatment.  

4.4.4 Feasibility of Efficacy Testing Drug Screens with Novel Bioreactor 

After validating the reproducibility of the fibrosis model in the PCLS and PCKS I then set 

out to demonstrate the use of the 96 well bioreactor for efficacy testing of anti-fibrotic 

therapies. There are currently only two anti-fibrotic treatments available to patients, but 

these are both for lung fibrosis and are not very effective. Liver and kidney fibrosis have 

no approved anti-fibrotic therapies and are instead managed by treating the underlying 

cause of injury rather than inhibiting the progression of scarring. There have been several 

anti-fibrotic drugs that have shown promise in animal studies but these have not led to 

success in human clinical trials (190–193).  

Alk5 inhibitors are commonly used to demonstrate the potential of newly developed drug 

screening tools. Fib Stim challenged PCLS and PCKS were cultured with a range of Alk5i 

doses to produce a dose dependent response. Both organs demonstrated a negatively 

correlated curve in the soluble collagen ELISA, and in the PCKS also demonstrated this 

effect in the αSMA and Sirius Red staining. The treatments are able to permeate the whole 

slice and do not just have surface level effects in both the liver and the kidney. Some slices 

will have tears in them during histology processing and cutting which could not be fully 

imaged, and this can skew the data. These factors have likely resulted in the lower 
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percentage of positive staining in both the αSMA and Sirius Red thresholding graphs 

(Figure 22 and Figure 23) in the 0.01μM Alk5i treatment group. 

There were some problems identified with the potential use of histological analysis in the 

3mm slices, particularly in the case of the liver. The majority of the PCLS had contracted 

during the culture period and had folded during processing, making embedding a 

challenge. The resulting sections cut from the FFPE block were not whole, but torn, 

limiting the number of representative images taken. Tweaks to the process will be made 

going forward. The PCKS were more successful as they did not shrink in culture. However, 

it was found that for successful imaging of stained sections, there should be a minimum 

of 5 slices per treatment group, to provide a good representation of the biology. To 

address this for future work, whole slices should be embedded individually which will 

more accurately represent the amount of αSMA and collagen expression within the tissue. 

Fewer slices would be required for gene and protein expression profiling, so in cases 

where a range of drugs and/or concentrations are to be tested on one plate, snap freezing 

tissue coupled with non-destructive soluble markers would be a better alternative to 

histology in these instances.  

After demonstrating a dose response effect could be achieved with the bioreactor, 

Pirfenidone, a drug used in the clinic to treat patients with lung fibrosis, was selected to 

demonstrate the ability of the platform to predict efficaciousness. Pirfenidone inhibits 

fibrosis development by inhibiting TGFβ production, attenuating TGFβ/SMAD3 signalling 

which prevents myofibroblast activation and reduces TGFβ induced αSMA production. 

The exact mechanism behind this is not understood fully. It is metabolised by CYP1A2 to 

mainly 5-hydryoxypirfenidone and 5-carboxypirfenidone, which have been shown to have 

anti-fibrotic effects alongside the parent drug. Pirfenidone has been limited in use for 

other fibrotic diseases due to toxicity, but it has been suggested that dose alterations may 

extend its use to fibrotic diseases in other organs (194–196). 

Concentrations of Pirfenidone lower than 0.25µM were not able to prevent fibrosis 

development in the tissue slices but the higher concentrations were able to reduce 

collagen deposition. There was limited tissue available when I had reached a point at 

which I could perform these studies due to surgery cancellations from COVID-19 and NHS 

blood shortages, resulting in only 1 donor per tissue type for these experiments with only 

a small number of concentrations tested. More concentrations of Pirfenidone should be 
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tested in both organs, including higher concentrations to investigate if this could reduce 

fibrosis development further in the PCTS without increasing toxicity.  
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4.5 Conclusion 
The aims for this chapter were: 

• Validate the fibrosis model in the 96 well bioreactor in both human liver and 

kidney 

• Demonstrate use of bioreactor as a suitable platform for efficacy testing anti 

fibrotic drugs  

I have successfully scaled and validated the fibrosis model in the liver and kidney in the 

novel 96 well plate bioreactor. The slices remain metabolically active and functional to 

the culture end point at 96h post processing, and can also be manipulated to develop 

features associated with fibrotic disease and the treatments applied are able to permeate 

the whole slice. This method of disease modelling was also reproducible across multiple 

donor types including sex, age and underlying pathologies, and is suitable for modulating 

with inhibitors. In the donor pool that was available for the validation study, even though 

there were a broad range of donor types, it would be useful to build these numbers 

further to better identify the most suitable candidates for this kind of study. This would 

allow understanding of whether differences in fibrosis development within the PCTS are 

donor dependent (sex/age/underlying disease) or independent (resection retrieval time).  

The suitability of this modelling platform for the efficacy testing of anti-fibrotic drugs and 

target validation in both the kidney and liver has also been demonstrated. A minimum of 

three paired wells (6 slices) were used per condition to provide sufficient technical 

replicates for both viability assessment and soluble factor examination to evaluate 

efficacy. Data obtained then suggested a smaller, 2-fold dilution series should be 

performed between concentrations that have demonstrated the most significant effect 

and the first concentration that has no or limited anti-fibrotic effects with 6 paired wells 

(12 slices) per condition. This would allow the user to identify the optimal concentration 

of the drug that generates a significant reduction in fibrosis development. The large 

number of slices would also allow for more representative histological analysis and extra 

slices for unbiased multi-omic interrogation of disease biology such as proteomics or 

transcriptomics or multiplex image analysis, for example Hyperion imaging mass 

cytometry.  
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5 Chapter 5. Inflammation Modelling 

5.1 Introduction 

Inflammation is feature of almost all human disease, and is a hugely complex process 

involving numerous cell types and proteins which either drive or supress the inflammatory 

response (40,41). Under physiological conditions, inflammation is considered protective, 

removing dead/damaged cells or invading pathogens and aiding in tissue remodelling and 

repair. In cases of chronic illness however, inflammation can become pathological, and in 

the context of fibrotic disease, promotes fibrosis development and a decline in organ 

function (40). NASH in the liver and glomerulonephritis in the kidney are examples of 

chronic conditions where inflammation is a key feature, which both can develop into end 

stage CLD or CKD respectively when allowed to remain unresolved (43,50).    

5.1.1 Development of Inflammation and Common Features 

Inflammation transpires in most cases from loss of local tissue structure and subsequent 

loss of function which can occur from physical injury, infection or from a chemical source 

such as alcohol, toxicants, glucose or fatty acids (40). Damage to the parenchymal cells 

releases DAMPs (or PAMPs where microorganisms are present) which are detected by 

PRRs such as members of the TLR family on the surface of (most commonly) antigen 

presenting cells such as macrophages (40,41). This binding event triggers an intracellular 

signalling cascade to promote and regulate the immune response. The three main 

pathways that control this are NF-κB, MAPK and JAK-STAT (41).  

Each of these three major inflammatory signalling pathways is capable of upregulating a 

wide range of both pro and anti-inflammatory genes, and so there is some specificity 

built into the system to prevent all genes being activated in response to all stimuli (197). 

NF-κB for example, has 5 family members which form either homo- or hetero-dimers to 

regulate distinct sets of genes. Loss of one of these transcription factors affects the 

response to immune challenge (198). There are also many inhibitory proteins within the 

cytoplasm and nucleus to prevent activation of pathways to terminate the inflammatory 

response.  

Cytokines are small proteins produced by numerous cell types which regulate the 

immune and inflammatory response. Their effects depend on the type of cell they are 

influencing and multiple cytokines may have the same effect on a cell (199). IL-6, IL-1β, 
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TNF-α and IL-8 have been identified as crucial cytokines in the development of 

inflammation caused by infection, autoimmune diseases and injury (53,56,199,200).    

 

5.1.2 Current Models of Inflammation 
Many 2D cell culture models of inflammation and cytokine production in response to 

challenge often use primary cells. Differences in the inflammatory response to 

mediators such as LPS have been observed between mice and humans (201). For 

example, GM-CSF differentiated primary mouse monocytes have a different secretory 

output in response to LPS compared to primary human cells. There were 2 common 

cytokines (TNF-α and IL-6) but 5 others that were species specific (201). This could be as 

a result of species differences but could also be as a result of an incomplete picture from 

only using one cell type. 

Animal modelling of inflammatory diseases provides a more complete picture of 

response to challenge compared to 2D cell culture. All immune cells are present, unlike 

in in vitro models, and those that would normally disappear soon after removal from the 

body, are naturally replaced. Knockout animal models for mechanistic study of 

inflammation has highlighted contradictions that would not be apparent with in vitro 

monoculture. Blocking IL-6 for example, has been shown to reduce inflammation in a 

diet-induced model of NASH and chronic signalling exerts a pro-inflammatory effect, 

however IL-6 release from other tissues has a beneficial effect on glucose control and 

insulin resistance (202).  

Human PCTS have, as a model of inflammation, the ability to negate the issues of species 

differences and lack of tissue context. There have been several studies which have 

modelled inflammation in precision cut lung slices using bacterial and/or viral products 

(203). Kolbe et al applied both live and heat-killed Pseudomonas aeruginosa to lung 

slices, and found that the tissue was able to mount a robust immune response to these 

bacterial products. This response could also be modulated with the use of inhibitors 

(204). The main limitations with PCTS as a model for the inflammatory response is the 

variation in immune cells within slices and lack of a blood supply. Each slice will only 

contain cells that were present at the time of slicing and some primary immune cells 

such as neutrophils, can deplete soon after removal from the body. Manually adding in 

an immune component is a strategy should be considered, however in order to maintain 
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physiological relevance, the balance of different immune cells and volumes added to 

slices would need to be taken into account. Donor matching would be important, as the 

addition of non-compatible white cells may themselves cause an immune response, 

skewing data and exhausting certain cell types.          

5.1.3 Chapter Aims 
• Validate the inflammatory model in the 96-well bioreactor in both human liver 

and kidney slices. 

• Demonstrate the use of the bioreactor as a suitable platform for efficacy testing 

anti-inflammatory drugs. 

I aim to validate a model of inflammation in the PCLS and PCKS using the 96-well 

bioreactor. LPS, IL-1α and IL-1β will be used first to optimise the induction of the 

inflammatory response in the tissue, and variables including stimulant concentration and 

culture time will be tested to determine which mediator induces the strongest and most 

reliable inflammatory response in the PCTS. Then known anti-inflammatory compounds 

will be tested to demonstrate the use of the bioreactor as a suitable platform for efficacy 

testing of novel inhibitors of the immune response.  
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5.2 Methods 

5.2.1 Materials 

Sourcing of tissue and general materials for tissue culture are described in 2.1. IL-1α, IL-

1β were purchased from Peprotech and reconstituted according to manufacturer’s 

instructions. LPS was purchased from Sigma and dissolved in PBS to 5mg/ml. IKK2VI 

inhibitor was purchased from Cayman Chemical Company and reconstituted in DMSO to 

100mM.  

 

5.2.2 Culture Conditions for PCLS Inflammation Model Optimisation 

Production of the 3mm liver slices is described in 2.1.3. After a 24h rest period following 

the slicing process, slices were stimulated with IL-1α or IL-1β at 1000pg/ml, 250pg/ml, 

100pg/ml and 25pg/ml or LPS at 100ng/ml, 25ng/ml and 10ng/ml. Relevant vehicle 

controls were also included. Treatments were refreshed every 24h with supernatants 

collected as previously described (2.1.6) until the end of the culture period at 96h post 

processing. Slices were harvested for biochemical assays and the media was frozen, 

methodology for this is described in the Methods chapter.  

 

5.2.3 Culture Conditions for PCKS Inflammation Model Optimisation 

Production of the 3mm kidney slices is described in 2.1.5. Following a 24h rest period after 

the slicing process, slices were stimulated with IL-1α or IL-1β at 1000pg/ml, 250pg/ml, 

100pg/ml and 25pg/ml or LPS at 100ng/ml, 25ng/ml and 10ng/ml. Relevant vehicle 

controls were also included. Treatments were refreshed every 24h with supernatants 

collected as previously described (2.1.6) until the end of the culture period at 96h post 

processing. Slices were harvested for biochemical assays and the media was frozen for 

ELISAs and LDH assays. The methodologies for these assays are described in the Methods 

chapter. 

 

5.2.4 Culture Conditions for PCLS and PCKS for Inflammatory Inhibition 

Production of the 3mm slices is described above. Following a 24h rest period, slices were 

treated for a further 24h with 1000pg/ml IL-1β + IKK VI in a 10 fold dilution series from 

10µM to 0.001µM. Controls included were a vehicle control equivalent to the top drug 
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concentration, a 10µM IKK VI only control and a 1000pg/ml IL-1β only control. At 48h post 

processing, all slices were harvested for either biochemical assay or freezing. Media 

samples were also collected for ELISAs and AST and LDH assays. The methodology for 

these is described in the Methods chapter.  

 

5.2.5 Analysis of Soluble Outputs 

Several methods were used to analyse the soluble outputs from the cultured slices, and 

they included; the CyQUANT LDH assay, a number of ELISA kits including Albumin, KIM1 

and IL8 as appropriate and a MSD U-Plex assay. The specific protocols for each of these is 

described in 2.2 of Materials and Methods. 
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A 

B 

Figure 25. Treatment Plans for Inflammation Model 
A- Inflammation model optimisation protocol ran for 96h from initial sample processing. B- 
Optimised protocol for generating inflammation in the PCTS. Slices received one cycle of treatment 
after a 24h rest period, slices harvested 48h post processing.  
Treatments refreshed every 24h where appropriate, with media collected and stored at -80°C 
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5.3 Results 

5.3.1 Optimisation of Inflammation Model  

For the development of a model to study inflammation in the tissue, we selected 3 pro-

inflammatory mediators. IL-1α and IL-1β are cytokines involved in regulating the immune 

and inflammatory response in injured tissues and LPS is produced by gram negative 

bacteria and as a result triggers an immune response. Initial optimisation for this model 

involved selecting the most potent activator for our model and identifying the best 

concentration and culture time.  

The protocol was optimised using five liver donors shown in Table 7, and four kidney 

donors shown in Table 8. The average age of the liver donors was 54 with the youngest 

patient being 23 years of age. 60% of the five donors were female and 40% were male. 

80% had pre-existing fibrosis development to some degree but only one of these donors 

also had steatosis. There was one patient who had developed neither fibrosis nor steatosis 

according to their resection sample grading. The average age of the kidney donors was 64 

with the youngest being 54 years of age and 75% were female. Three of the four donors 

in this study were also classed as overweight by their BMI. 

Table 7. Liver Donors in Inflammation Optimisation 

Donor Number Age Sex Fibrosis Score Steatosis Score 

Donor 1 59 F 1 0 

Donor 2 23 F 1 0 

Donor 3 73 M 2 0 

Donor 4 57 F 0 0 

Donor 5 58 M 2 2 

 

Table 8. Kidney Donors in Inflammation Optimisation 

Donor Number Age Sex BMI 

Donor 1 63 M 32 

Donor 2 75 F 25 

Donor 3 63 F 27 

Donor 4 55 F 23 
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Metabolic output at 96h in the PCLS treated with IL-1α (Figure 26A), IL-1β (Figure 27A) 

and LPS (Figure 28A) has been normalised to an individual donor’s T0. Slices incubated 

with higher concentrations of each of the inflammatory stimulants, on average, had a 

higher metabolic output than the control, but this increase was not statistically significant 

in any case. The results for donor 2 (the very young female), however, showed the inverse 

of all the other donors across all three stimulants, where the higher concentrations had a 

lower metabolic output.  

LDH release from the PCLS was measured to confirm that the inflammatory stimuli were 

not cytotoxic (Figure 26B, Figure 27B and Figure 28B). The pattern of LDH release to each 

of the stimulants was as expected in both organs, high at 24h due to post processing 

recovery and significantly reduced after this time. The treatments applied did not cause 

an increase in LDH at any point during their application when compared to the control 

group. After finding that the slices had remained viable across all conditions, and that the 

inflammatory mediators were not exerting an immediate and obvious toxic effect on 

them, soluble factors in the media linked with an inflammatory response were analysed.  

IL-8 was used as the starting measure of activation of an inflammatory response within 

the tissues. Unlike our fibrosis model, repeated treatment with any of the chosen 

stimulants did not progressively increase the inflammatory response. Both the IL-1α 

(Figure 26C) and IL-1β (Figure 27C) readouts showed a well-defined stepwise increase in 

IL-8 release in response to higher stimulant concentration at each time point in the PCLS. 

100ng/ml LPS elicited the greatest IL-8 response, and this remained higher than the 

control across the culture period. The lower two concentrations were as effective as each 

other at inducing an inflammatory response at 48h, however after this time, IL-8 

production in the slices dropped to a similar level of the untreated control. Only the top 

concentrations of the chosen inflammatory mediators could induce a statistically 

significant inflammatory response in the liver as inferred by the production of IL-8 by the 

tissue slices. Whilst LPS and IL-1β achieved this with the first treatment, it took a further 

24h of treatment to achieve statistical significance between the control and top 

concentration in IL-1α. LPS (Figure 28C) appeared to be unable to sustain a more chronic 

response in the liver tissue, with IL-8 levels dropping over the culture period across all 

concentrations. It also required a much higher concentration to exert the same effect as 

IL-1β and IL-1α. 
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Figure 26. Optimisation of IL-1α Inflammatory Stimulation in PCLS 
A- A resazurin assay was performed on slices at 96h, shown here as percentage of T0 slices, no statistically significant 
differences seen by ANOVA. Data shown as average and min/max values.  B- LDH output was measured from culture 
media saved at 24h time points, data shown as percentage of positive control, mean +/- SEM. C- Soluble IL-8, 
measured by ELISA from culture media saved at 24h time points, absolute values with mean +/- SEM. Statistical 
significance between treatment groups measured within time points by 2-way ANOVA, ** p=≤0.01. N=5 liver donors 
with 5 technical replicates per treatment group per donor. 
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Figure 27. Optimisation of IL-1β Inflammatory Stimulation in PCLS 
A- A resazurin assay was performed on slices at 96h, shown here as percentage of T0 slices, no statistically 
significant differences seen by ANOVA. Data shown as averages plus min/max values. B- LDH output was 
measured from culture media saved at 24h time points, data shown as percentage of positive control, mean +/- 
SEM. C- Soluble IL-8, measured by ELISA from culture media saved at 24h time points, absolute values with mean 
+/- SEM. Statistical significance between treatment groups measured within time points by 2-way ANOVA* 
p=≤0.05. N=5 liver donors with 5 technical replicates per treatment group per donor. 
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In the PCKS, the higher concentrations of IL-1α appeared to have a negative effect on 

metabolic activity as measured by resazurin assay (Figure 29A), but this difference was 

not calculated to be statistically significant by one-way ANOVA. A similar trend was also 

seen in some the IL-1β treated PCKS donors (Figure 30A), but not to the same degree as 
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Figure 28. Optimisation of LPS Inflammatory Stimulation in PCLS 
A- A resazurin assay was performed on slices at 96h, shown here as percentage of T0 slices, no statistically significant 
differences seen by ANOVA. Data shown as average plus min/max values. B- LDH output was measured from culture 
media saved at 24h time points, data shown as percentage of positive control, mean +/- SEM. C- Soluble IL-8, 
measured by ELISA from culture media saved at 24h time points, absolute values with mean +/- SEM. Statistical 
significance between treatment groups measured within time points by 2-way ANOVA, * p=≤0.05.  N=5 liver donors 
with 5 technical replicates per treatment group per donor. 
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with the IL-1α treated slices. Overall there were no significant differences between the 

control and stimulated slices at any concentration. The addition of all of the LPS 

concentrations had, on average, a negative effect on slice health compared to the control, 

but like the other stimulants, this difference was not significantly different (Figure 31A). 

Incubation of the PCKS with the individual stimulants did not cause an increase in LDH 

release across the culture period. In the IL-α (Figure 29B), IL-1β (Figure 30B) and LPS 

(Figure 31B) treated slices, LDH release was highest at 24h then there is a steady decrease 

in all concentrations of the respective stimulants to 96h.  

IL-1β produced the most statistically significant response in PCKS at the top concentration 

at 48h compared to the control (Figure 30C). A stepwise decrease was seen as the 

stimulant concentration decreases, and the inflammatory response to repeated IL-1β 

treatment, was never as high as the initial exposure. The response to IL-α was more 

variable (Figure 29C), where 1000pg/ml and 100pg/ml were able to induce a significant 

response to the stimulant compared to the control at 48h. The top concentration 

(1000pg/ml) was able to induce significantly higher IL-8 production again at 96h compared 

to the control. The response to the LPS stimulant was different in the PCLS compared to 

the other stimulants used (Figure 31C). At 48h, 25ng/ml LPS and at 96h, 10ng/ml LPS were 

able to produce a statistically significant increase in IL-8 in the PCLS compared to the 

control, but it was observed that the spread of data is much greater in these conditions 

compared to others at the same time points and if more donors were gathered for this 

analysis, the outliers may not have such an influence. There is no stepwise increase in IL-

8 secretion as the concentration of LPS increases, and there were no statistically 

significant differences between any of the treatment groups relative to each other within 

the time points. 

 

 



 

116 
 

 

 

 

 

24h 48h 72h 96h
0

50000

100000

150000

IL-8

pg
/m

L

Control 1000pg/ml 250pg/ml 100pg/ml 25pg/ml

✱

✱

✱✱✱

Contro
l

10
00

pg/m
l

25
0p

g/m
l

10
0p

g/m
l

25
pg/m

l
0

20

40

60

80

100

Resazurin

%
 C

ha
ng

e 
fro

m
 T

0

24h 48h 72h 96h
0

20

40

60

80
LDH

%
 o

f P
os

iti
ve

 C
on

tr
ol

Control IL-1a 1000pg IL-1a 250pg
IL-1a 100pg IL-1a 25pg

A B 

C 

Figure 29. Optimisation of IL-1α Inflammatory Stimulation in PCKS 
A- A resazurin assay were performed on slices at 96h, shown here as percentage of T0 slices, no 
statistically significant differences seen by ANOVA. Data shown as averages plus min/max values. 
B- LDH output was measured from culture media saved at 24h time points, data shown as 
percentage of positive control, mean +/- SEM. C- Soluble IL-8, measured by ELISA from culture 
media saved at 24h time points, absolute values with mean +/- SEM. Statistical significance 
between treatment groups measured within time points by 2-way ANOVA* p=≤0.05, *** 
p=≤0.001. N=4 kidney donors 
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Figure 30. Optimisation of IL-1β Inflammatory Stimulation in PCKS 
A- A resazurin assay were performed on slices at 96h, shown here as percentage of T0 slices, no 
statistically significant differences seen by ANOVA. Data shown as averages plus min/max values. B- 
LDH output was measured from culture media saved at 24h time points, data shown as percentage 
of positive control, mean +/- SEM. C- Soluble IL-8, measured by ELISA from culture media saved at 
24h time points, absolute values with mean +/- SEM. Statistical significance between treatment 
groups measured within time points by 2-way ANOVA, *** p=≤0.001. N=4 kidney donors 
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The inflammatory response in the slices, measured by IL-8 release, did not increase over 

time and that in most cases, the most significant response was seen only after the first 

treatment cycle at 48h. Also, only the top concentration of each stimulant was able to 

reliably achieve a significant response in the tissues. For these reasons, it was decided that 

for future work, the acute inflammatory response model was best kept to 48h total 

culture time, with one treatment cycle, using the top concentration of the stimulant. To 

determine the best stimulant for anti-inflammatory drug screening testing, a number of 

inflammatory factors were measured in the PCTS using a 111-plex MSD panel.  
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Figure 31. Optimisation of LPS Inflammatory Stimulation in PCKS 
A- A resazurin assay were performed on slices at 96h, shown here as percentage of T0 slices, no 
statistically significant differences seen by ANOVA. Data shown as averages plus min/max values. 
B- LDH output was measured from culture media saved at 24h time points, data shown as 
percentage of positive control, mean +/- SEM. C- Soluble IL-8, measured by ELISA from culture 
media saved at 24h time points, absolute values with mean +/- SEM. Statistical significance 
between treatment groups measured within time points by 2-way ANOVA, * p=≤0.05, ** p=≤0.01. 
N=4 kidney donors 
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5.3.2 Identification of Inflammatory Biomarkers 

The same 111-plex MSD assay as was used to characterise the fibrosis model was 

performed on the top concentrations of each inflammatory stimulant after one treatment 

cycle (48h media) as described previously. As before, the ‘undetectable’ category included 

any proteins under 1pg/ml in each of the treatment groups and the ‘not dynamic’ category 

included proteins where there were no significant differences between control and IL-1β 

or LPS treatment groups as determined by Student’s T-test. In the liver, 33% of tested 

proteins were undetectable, and 54% were not dynamic. In the kidney 24% were 

undetectable and 45% were not dynamic. Proteins categorised as dynamic from this panel 

in response to either IL-1β or LPS stimulation in the PCLS and PCKS are shown in Figure 32 

and Figure 33 respectively. Due to limited space on the MSD panel, only two donors 

treated with LPS in the PCLS were included, and IL-1α treated slices were not included.  

The expression profiles of IL-1β and LPS induced inflammation are very different, showing 

the response in the PCLS is not generic, but stimuli specific. Twenty two factors were 

identified from the MSD panel as significantly increased in response to either LPS or IL-1β 

stimulation. 45% of these factors were common, including IL-6, IL-8, MCP-1 and MCP-2. 

41% of this dynamic group were increased only in response to LPS including epithelial 

neutrophil activating protein 78 (ENA78) and interferon gamma-induced protein 10 (IP-

10), and 14% were increased only in response to IL-1β including cutaneous T cell-

attracting chemokine (CTACK), CD40L and IL-1β. MIP-1α, MIP-1β, TNF-α and MCP-4 are 

significantly increased in both LPS and IL-1β challenged PCLS compared to the control, but 

there are also significant differences between the stimuli, where LPS was able to elicit a 

much stronger response in upregulating these factors.   
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Figure 32. MSD Outputs from Inflammatory Stimulation in PCLS 
Heat map shows proteins identified as significantly different between the controls and one or both of 
the inflammatory stimuli by Student's T-Test were Z-transformed. Higher expressed proteins are 
green and lower expressed proteins are red. Media from technical repeats within donors were 
pooled and 5 donors (donors 1-5 in Table 7) were run on the panel. Due to space limitations, only 2 
donors treated with LPS were run (donors 1 and 3 from Table 7)   
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Similar to the PCLS, there are differences between the expression profiles of LPS 

challenged and IL-1β challenged PCKS. Thirty dynamic proteins were identified in the PCKS 

in response to IL-1β and LPS treatment. 17% were increased exclusively by IL-1β including 

MIP-1α and MIP-1β, 40% by LPS including Eotaxin, Eotaxin 2 and Eotaxin 3. Both stimuli 
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Figure 33. MSD Outputs from Inflammatory Stimulation in PCKS 
Heat map shows proteins identified as significantly different between the controls and one or both 
of the inflammatory stimuli by Student's T-Test were Z-transformed. Higher expressed proteins are 
green and lower expressed proteins are red. Media from technical repeats within donors were 
pooled and 3 donors (donors 1, 2 and 3 from Table 8) were run on the panel.   
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were able to exert effects on 43% of the dynamic soluble factors including IL-6, MCP-1 and 

MCP2. LPS induced a significantly stronger response in upregulating TNFα, MCP-4, IL-2, IL-

12p40 and IFNγ production compared to IL-1β.      

There were differences between the inflammatory responses observed in the kidney and 

liver slices. There were 17 commonly upregulated proteins in response to LPS or IL-β 

challenge in the PCLS and PCKS with 6 upregulated in the same manner. For example, IP-

10 was upregulated in both organs by LPS only and IL-6 is upregulated in both organs by 

IL-1β and LPS. Thirteen proteins identified as dynamic in the PCLS were not statistically 

significant in the PCKS including Eotaxin, Eotaxin-2 and Eotaxin-3, whereas five proteins 

identified in the PCLS were not statistically significant in the PCKS including ENA78 and 

CTACK.  

Having completed these optimisation studies for modelling acute inflammation, it was 

decided that the best stimulant for further work would be IL-1β. This study confirmed that 

IL-1β could reliably induce inflammation in both the PCLS and PCKS, and in the case of the 

PCKS, IL-1β induced secretion of more dynamic inflammatory proteins compared to IL-1α. 

Whilst LPS was able to induce more dynamic proteins in both the PCLS and PCKS, our aim 

was to produce a model more similar to inflammation caused by chronic disease from 

cellular damage and metabolic dysregulation rather than pathogen invasion.  

 

5.3.3 Using the Bioreactor for Drug Efficacy Studies 

Having optimised the inflammatory model in the 96-well system, the next step was to 

determine if the response to IL-1β in the slices could be modulated using therapeutics. 

IKK2 is an essential to the activation of canonical NF-κB signalling, a key pathway in the 

development of inflammation. IKK2 inhibitor VI (IKK2VI) was selected to block the 

downstream events of activated NF-κB dimers to demonstrate that our model of acute 

inflammation could be modulated with drugs.  

Three liver donors (Table 9) and five kidney donors (Table 10) were obtained to test the 

inhibitor treatment protocol. In this study, 66% of the liver donors were female and the 

average age was 50. All of the donor tissue had some degree of fibrosis but none showed 

any steatosis. 75% of the kidney donor tissue was from female patients with an average 
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age of 62. Only one donor was classed as being a healthy weight by BMI, with 40% of the 

pool being obese.  

 

Table 9. Demographics of Liver Donors used in IKK2VI Study 

Donor Number Age Sex Fibrosis Score Steatosis Score 

Donor 1 58 M 1 0 

Donor 2 31 F 2 0 

Donor 3 60 F 3 0 

 

Table 10. Demographics of Kidney Donors used in IKK2VI Study 

Donor Number Age Sex BMI 

Donor 1 63 M 31 

Donor 2 68 F 25 

Donor 3 63 F 27 

Donor 4 55 F 23 

 

To demonstrate the use of the 96 well bioreactor as a platform for testing anti-

inflammatory drugs, a 10-fold serial dilution from 10µM to 0.001µM IKK2VI was 

performed. After a 24h rest period post slicing, 1ng IL-1β +/- the dose range of IKK2VI was 

applied for a further 24h, and the inflammatory response in the slices was initially 

assessed by IL-8 ELISA. The top concentration of IKK2VI (10µM) was most successful in 

reducing inflammation in both the liver (Figure 34A) and the kidney (Figure 34B), 

attenuating IL-8 production in the slices to near to, if not below, that of the control slices 

with no IL-1β exposure. 1µM IKK2VI also reduced IL-8 production in both the PCLS and 

PCKS compared to the IL-1β control, but not as successfully as the higher concentration. 

The remaining three concentrations of IKK2VI tested here were not able to significantly 

reduce IL-8 secretion in either organ.   
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Figure 34. Dose Dependent Inhibition of Inflammation using an IKK2VI Inhibitor 

Addition of IKK2VI inhibitor to attenuates the development of inflammation both PCLS (A) and PCKS 
(B) in a dose dependant manner. Technical replicates for each treatment group averaged for each 
individual donor. We collected N=3 liver donors and N=4 Kidney, 5 technical replicates were 
averaged per treatment group per donor. Data is shown as mean +/- SEM. Statistical analysis 
completed by one-way ANOVA, * p=≤0.05, *** p=≤0.001, **** p=≤0.0001.  
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Thirteen proteins from the MSD panel were statistically significantly different (analysed 

by Student’s T-test) between the DMSO control and IL-1β in the PCLS (Figure 35). The top 

ten of these in the heat map are also significantly reduced, compared to the IL-1β treated 

slices, when IKK2VI is included. Of the three that are not statistically significant (IL-1β, 

CD40L and TNF-α), IL-1β has been manually added to the media in the IKK2VI treatment 

group, and CD40L and TNF-α would likely become significant with further donors as they 

are reduced in response to the IKK2VI addition.  

There were eight proteins from the MSD panel that were identified as dynamic between 

the DMSO control and IL-1β groups in the PCKS (Figure 36). CD28, IFNα2α, programmed 

death ligand 1 (PD-L1) (Epitope 1), I-309 and IL-1α (not shown) were identified as 

significantly reduced between the IL-1β and IKK2VI inhibitor treated slices but not 

between the IL-1β and DMSO control slices. The trend of upregulation in response to 

challenge and subsequent attenuation with the inhibitor, is however still observed and 

with further donors would likely result in these achieving statistical significance between 

the DMSO control and IL-1β treated slices.  

Five proteins (MCP-1, MCP-2, MCP-4, IL-6 and IL-1β) were commonly increased in both 

the PCLS and PCKS in response to IL-1β. Gro-α, IL-1α and Fractalkine exhibited a dynamic 

change only in the kidney and 8 (IL-8, MIP-1α, MIP-1β, CTACK, CDL40, IL-7, mCSF and TNF-

α) were only in the liver. Some of these have a large spread of data (Gro-α, IL-1α, MIP-

1α/β) and could benefit from further donors, whilst others could potentially change after 

being re-run due at different dilutions. For example, IL-8 data points from the MSD were 

almost all over the standard curve so the resulting numbers in the PCKS were all very 

similar.  
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Figure 35. MSD Outputs from IKK Inhibitor Testing in PCLS 
Heat map showing proteins identified as being significantly different between the control and 
IL-1β by Student's T-Test were Z-transformed and graphed. Higher expressed proteins are 
green and lower expressed proteins are red. Media from technical repeats within donors were 
pooled and 5 donors were run on the panel (donors 1-5 from Table 9). Due to space 
constraints, only 3 of the 5 donors (donors 3, 4 and 5 from Table 9) were run with the IKK 
inhibitor.  
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Figure 36. MSD Outputs from IKK Inhibitor Testing in PCKS 
Heat map shows proteins identified as being significantly different between the control and IL-
1β by Student's T-Test were Z-transformed and graphed. Higher expressed proteins are green 
and lower expressed proteins are red. Media from technical repeats within donors were pooled 
and 3 donors were run on the panel (donors 1, 2 and 3 from Table 10).  



 

129 
 

5.4 Discussion 

5.4.1 Optimisation of Inflammation Model  

Inflammation is a feature of multiple diseases and when left unresolved, can contribute 

to local tissue damage and ultimately organ failure. The ability to effectively model the 

inflammatory response and subsequently modulate with therapeutics is an important 

step in preventing further organ damage in patients with chronic inflammation. Three 

drivers of inflammation were selected to optimise our PCLS and PCKS model of this 

phenomenon, and determine which of these inflammatory stimulants produces the most 

significant and reproducible response in comparison with a control in both the liver and 

the kidney.  

1000pg/ml IL-1β reliably produced the most significant rise in IL-8 in both liver and kidney 

slices during our culture optimisation across multiple donors. It also had the least 

detrimental impact on the slices at T96, where in the PCKS, IL-1α appeared to be having a 

greater negative effect on the slices, with a reduced metabolic activity, particularly at the 

top concentration. Interestingly, unlike the fibrosis model described previously, the 

activation of inflammatory pathways did not increase with subsequent treatment cycles, 

and IL-1β was the only stimulant tested that was able to prolong a significant 

inflammatory response from the first cycle with recurrent treatment. For acute 

inflammatory studies, the culture period was limited to 48h, but if chronic inflammation 

modelling was ever appropriate, the same stimulant could be used in both allowing for 

direct comparison between the two.  

5.4.2 Identification of Inflammatory Markers 

The inflammatory biomarker panel was diversified with the use of a 111-plex MSD panel, 

providing a more complete picture of the acute inflammatory model we had been 

optimising to select the best stimulant for further studies. The 48h time point media 

samples were selected for each of the stimulants, pooling together the technical repeats 

from individual donors, and ran at the dilution recommended by the manufacturer on the 

screening panel. Increased levels of a number of inflammation-associated proteins were 

observed in response to tissue slice culture with LPS, IL-1α and IL-1β, and the 

inflammatory profile of these slices was different depending on the stimulant used. 
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LPS is a major component of the cell surface of gram negative bacteria and is used in 

numerous models to induce an immune response and inflammatory reaction (205–207). 

In the PCLS and PCKS, there was a significant increase in proteins such as Eotaxin family 

members (PCKS only), IP-10/CXCL10 and GM-CSF and ENA78/CXCL5 (PCLS only) in 

response to LPS. These proteins have all been identified as key in the immune response. 

Eotaxin, Eotaxin-2 and Eotaxin-3 are potent eosinophil chemoattractants produced in 

response to infection and allergic reactions by a number of cell types including tissue 

resident macrophages and fibroblasts, and have been shown previously to be induced by 

LPS in in vitro models (206,208). These family members were found to be significantly 

upregulated in response to LPS in our model in the PCKS but not the PCLS. Whilst this 

appears to suggest that the Eotaxin family are kidney specific, it is more likely that this 

lack of statistical significance could be due to reduced donor numbers of LPS treated PCLS 

(n=2) resulting in an under-powered statistical analysis. Eotaxin-2 secretion by these PLCS 

for example, has a P value of 0.057, marginally over the 0.05 limit.  

High levels of IP-10 have been observed in patients with bacterial infections and it has 

been implicated in chronic inflammatory diseases and cancer (209). IP-10/CXCL10 is 

increased in response to LPS in the PCLS and PCKS, complying with what is found clinically. 

It is not however, significantly increased in response to IL-1α and IL-1β. As IP-10 has been 

associated with more chronic inflammatory diseases, it would be interesting to see if 

levels begin to increase with prolonged IL-1α or IL-1β treatment.  

GM-CSF is another cytokine that was identified in this study as significantly upregulated 

in response to LPS stimulation in both the PCLS and PCKS. It is also significantly increased 

compared to the control in the IL-1α and IL-1β treated PCKS but not PCLS. GM-CSF is 

released from proximal tubule cells in response to stress and injury and has been 

documented by Xu et al, which could account for this significant increase in the kidney 

slices in response to acute inflammation (183).  

IL-1β is a pro inflammatory cytokine associated with the innate immune response. 

Expression of IL-1β, induced by DAMPS and PAMPS, upregulates production of other 

cytokines and chemokines to produce a local inflammatory response (53). CTACK, also 

known as CCL27, was found to be upregulated in the PCLS in response to IL-1β stimulation, 

but not in the PCKS. CTACK was also shown to be regulated by IL-1β in some cell types, 
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and a clinical study by Beudeker et al, CTACK levels were reported to be elevated in 

patients with chronic liver diseases (210,211).  

Numerous factors in the inflammatory response were identified that were significantly 

increased upon challenge with the stimulants in both the PCLS and PCKS including IL-6, IL-

7, MCP-1, M-CSF and TNFα. IL-6 has been well documented as a key regulator of 

inflammation, induced by IL-1β and TLR ligands (such as LPS) via NF-κB signalling (56). IL-

7 has been detected in the liver and kidney cells by other groups in response to activation 

with inflammatory stimulants including IL-1β (212). MCP-1 (also known as CCL2) is a 

chemokine that recruits immune cells to sites of injury and is expressed by numerous cell 

types in response to cytokines and LPS (213,214). M-CSF is a growth factor released during 

an inflammatory response that polarises macrophages to anti-inflammatory, pro-fibrotic 

M2 class macrophages (215). TNFα is another major regulator of the inflammatory 

response that has pleiotropic effects on many cell types, perpetuating inflammation via 

NF-κB and MAPK signalling (200,216). The upregulation of all of these genes in our model 

demonstrate that we can successfully induce an acute response within the bioreactor 

cultured tissue slices. There are some other proteins that are important inflammatory 

mediators that either appear as significantly increased compared to the control only in 

one organ or in response to one stimulant. For a number of proteins including G-CSF, 

GROα, MCP-4, MIP-1α and MIP1-β, this lack of statistical significance was due to a spread 

in the data between donors and either removing the donors which are obvious outliers or 

increasing the number of donors within the study would improve the validation of these 

proteins. Surprisingly, IL-8, which during the initial optimisation studies was significantly 

increased upon challenge to stimuli, was not significantly increased in the PCKS when 

analysed with the MSD panel. When reviewing the raw data from the MSD, the IL-8 values 

from the PCKS media are all above the curve, and the upper limit of the assay, so the 

concentrations for the treatment groups are not accurate. This would need to be repeated 

at a much higher dilution of the culture media than the 1:4 recommended by the 

manufacturer to obtain more precise results.  

The purpose of this model is to replicate the features seen in chronic diseases of the liver 

and kidney to test potential anti-inflammatory compounds. It was clear from the MSD 

panel that we can generate different inflammatory-associated profiles in the slices 

depending on the stimulant used. Challenge with LPS upregulated proteins associated 
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with the immune response and infection, as well as common inflammatory pathways. 

Alongside activation of signalling pathways that are not common in chronic liver and 

kidney conditions such as NASH or glomerulonephritis, in order to elicit the same level of 

response, LPS concentrations were 100x higher than IL-1β. Based on this, I elected to use 

IL-1β as the inflammatory stimulant for subsequent studies.  

5.4.3 Modulating the Inflammatory Response in the PCTS 
After selecting IL-1β as the inflammatory stimulus to advance to future studies, I then set 

out to demonstrate the use of this model as a tool for efficacy testing anti-inflammatory 

compounds. Blocking components of the inflammatory response and/or their signalling 

pathways to reduce chronic inflammation has been clinically successful with drugs such 

as infliximab and golimumab approved by the FDA (217). IKK2 is a regulatory kinase in the 

NF-κB signalling pathway (activated by IL-1β ligand binding) which phosphorylates IκBα 

and promotes its degradation by the proteasome, releasing NF-κB dimers for 

translocation to the nucleus. Blocking this interaction using IKK2 inhibitors has been 

shown in 2D, single population cell culture to reduce the level of NF-κB target genes in 

culture (218).  

A negative correlation between IKK2VI concentration and IL-8 production was found in 

both the PCLS and PCKS, inferring that inflammation can be successfully modulated in the 

96-well bioreactor. Whilst 1μM of the inhibitor could statistically significantly reduce 

inflammation within the slices, 10µM had a much greater effect, therefore was selected 

as the top concentration of IKK2VI to run more extensive analysis.  

In the MSD panel, there were 13 proteins that were significantly increased in response to 

IL-1β in the PCLS and 8 in the PCKS.  Common factors increased in both bioreactor cultured 

tissue slices were IL-6, MCP-2, M-CSF, MCP-1 and IL-1β. As discussed previously, these are 

all important factors in the perpetuation of the inflammatory response (52,53,56,215). 

Interestingly IL-1β levels are reduced in slices treated with IKK2VI, suggesting that the 

slices are generating more IL-1β as a result of the inflammatory state of the tissue.  IL-8, 

MIP-1α, MIP-1β, CTACK, CDL40, IL-7, M-CSF and TNFα were all successfully modulated in 

the PCLS but not the PCKS. For the majority of these, either including more donors or 

repeating the MSD at a different dilution would likely result in significance as the values 

were either too low in some groups, over the top of the standard curve (IL-8) or had 

outlying values/high degree of variance for meaningful statistics. CTACK however, appears 
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to be tissue specific, as expression could be modulated in the PCLS but did not significantly 

change in any treatment group in the PCKS. Fractalkine is dynamic in the PCKS but not the 

PCLS. Also known as CX3CL1, Fractalkine can be anchored to the cell membrane or 

released as a soluble protein. It has been implicated in kidney disorders such as 

glomerulonephritis and tubulointerstitial inflammation where it is expressed on the apical 

membranes of proximal tubule cells. Fractalkine is also found on biliary epithelial cells in 

biliary cirrhosis and on endothelial cells of small vessels within the liver (219). This more 

established role in renal inflammation may account for the increased levels seen in the 

PCKS compared to the PCLS and for the more dynamic range observed in the treatment 

groups. Possibly repeating this with a lower dilution factor and increasing donor numbers 

may reveal a relationship between IL-1β stimulation and Fractalkine upregulation in the 

liver.  

The next step would be to develop some alternative methods for identifying inflammation 

within the tissue slices. Harvesting slices at the culture endpoint for histological analysis 

or proteomic/RNA-sequencing may provide alternatives to the MSD screen when 

assessing novel therapeutics. MSD panels are expensive to perform and may not be 

appropriate for testing large numbers of novel anti-inflammatory compounds. It would 

also be beneficial to further test the efficacy predictive ability of the bioreactor by using 

clinically relevant compounds. This could include a mixture of small molecule inhibitors 

and antibodies that will inhibit both IL-1β signalling and also other inflammatory 

mediators that are induced by IL-1β.  
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5.5 Conclusion 
The aims of this chapter were: 

• Optimise and validate the inflammatory model in the 96-well bioreactor in both 

human liver and kidney slices. 

• Demonstrate the use of the bioreactor as a suitable platform for efficacy testing 

anti-inflammatory drugs. 

I have successfully validated a model of acute inflammation using IL-1β in human PCLS 

and PCKS in the 96-well bioreactor, and have optimised the system for the best stimulant, 

concentration and culture time to develop an acute inflammatory response that is 

comparable to a biological response to injury. 1000pg/mL IL-1β challenged slices 

remained metabolically active to the end of the culture period and the addition of the 

stimulant did not have any negative impact of the health of the slice compared to the 

control. Using the MSD panel, it was possible to identify significant increases in several 

crucial inflammatory cytokines and chemokines in the tissue, suggesting this model would 

not only be appropriate for efficacy and toxicity testing, but is also a useful tool for 

mechanistic studies. The model was reproducible across multiple donors including a range 

of ages and underlying pathologies. For the kidney optimisation study, I would have liked 

to have obtained more male donors/donors within the normal BMI range to understand 

if any of these factors had an effect of the lower metabolic output (measured as a 

percentage of T0) at 96h compared to the PCLS. It would have also been beneficial to have 

obtained more replicates of the LPS treatment group in the PCLS, as only an n=2 could fit 

on the MSD panel that was run.  

The potential for this platform to be used as a tool in efficacy testing of anti-inflammatory 

compounds in the setting of acute liver/kidney inflammation was successfully validated. 

The use of IKK2VI confirmed that IL-1β-induced inflammation in PCLS and PCKS can be 

supressed by anti-inflammatory compounds. It would have been useful to also test this 

model with a clinically approved anti-inflammatory but due to time constraints and tissue 

availability it was not possible to carry out this study. A greater variety of donors should 

be used when using this as a screening tool, including a wider range of ages and be more 

balanced with male and female donors. Most of the donors used here were female and in 

the case of the kidney, were all older patients. Utilising different outputs such as 
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proteomics or transcriptomics using frozen slices at the end of the culture period could 

increase the confidence in the results that were obtained and reveal new and interesting 

mechanisms or biological targets for future investigation.    

 

  



 

136 
 

6 Chapter 6. Predicting Toxicity  

6.1 Introduction 

The development of a single novel therapeutic has been estimated to cost up to $2.8 

billion (85). A major setback with the current drug discovery pipeline, is that identifying 

toxic effects of novel therapeutics during the preclinical phase is very poor. 20-40% of 

candidates are recalled because of unforeseen drug induced injury to organs (84,85).  

6.1.1 Key Elements for Successful Preclinical Modelling 

Whether or not a compound will exert a toxic affect is not always a straightforward yes or 

no question. When considering the development of a suitable model for pre-clinical 

assessment of lead candidate compounds, alongside building in complexity of the native 

organ microenvironment, inter-patient variability must also be considered. Genetics, age 

and underlying pathological conditions impact the speed at which drugs are metabolised, 

altering efficacy and potentially inducing toxic side effects.  

Pharmacogenetics will influence how individuals are able to metabolise drugs. CYPs are 

phase I drug metabolising enzymes which can be studied as part of a patient’s genetic 

profile, and are categorised into 4 groups, including poor metabolisers, intermediate 

metabolisers, extensive metabolisers and ultra-rapid metabolisers (220). These groups 

range from functionally poor and/or complete deletion of alleles in poor metabolisers, to 

having two or more functionally competent alleles in ultra-rapid metabolisers. Where a 

drug has an intrinsic toxicity to an organ, poor metabolisers are more likely to suffer 

adverse effects, however ultra-rapid metabolisers may not receive any therapeutic 

benefit before the drug is metabolised and cleared from the body (221). Xu et al, found 

that age also leads to variable CYP expression, although it should be noted this work was 

in rodents. In general, expression of CYPs increased from infancy to adulthood and then 

slowly decreased again in aged animals. Regulation of CYP enzymes is similar in humans 

and animals and so is an important feature to consider when testing novel therapeutics 

and suggesting toxic and non-toxic doses (222). Paracetamol for example, must be given 

in much lower doses to infants and children compared to adults who have a higher CYP2E1 

availability in their livers.  

Alongside genetic variation in drug metabolising enzymes, underlying pathological 

conditions such as liver cirrhosis can alter the expression patterns of CYP enzymes, making 
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these patients more likely to suffer adverse effects than healthy individuals. Duthaler et 

al showed that in a group of 400 patients with liver cirrhosis, incorrect dosages in 

prescription medication led to adverse drug reactions which, in some cases, resulted in 

hospitalisation. They identified, using a cocktail of drugs, that the activity of some CYP 

enzymes including CYP1A1 and CYP3A4, were reduced in patients with severe cirrhosis, 

but others such as CYP2C9 were not (223). When testing lead candidates for toxicity 

studies, it is therefore important to consider all of these factors in the modelling system.  

Current limitations of in vitro models include difficulties in long-term toxicity assessment, 

particularly in 2D monoculture. Lack of other cell types such as immune cells result in 

indirect toxicity not being identified and these platforms are typically not suitable for 

studies spanning months to identify this difficult to predict adverse reaction.  

 

6.1.2 2D Pre-Clinical Models 

As previously discussed, 2D cell culture does have many benefits in early pre-clinical 

testing, including its relatively cheap running costs and easy scalability for adapting to high 

throughput testing (110). An ideal starting point for testing therapeutics, compounds will 

typically be screened using a panel of cell lines and those that show efficacy are 

progressed to animal models (224). Cui et al used a range of cell lines including a human 

liver, lung and brain cancer cells to test the potential of a combination therapy of 

sorafenib and dihydroartemisinin. They identified variation in sensitivity across the 

different cancer types to the combination treatment, with HepG2 (liver cancer) and 

SW480 (colon cancer) cell lines being most sensitive (225). Whilst this format is a useful 

first step in identifying drug efficacy in different cancers, there is no information gained 

about off target toxicity either within the target organ or other areas of the body. Also, 

commercially available cell lines do not have the same transcriptional profiles as the 

native cell type. This phenotypic change may over or under exaggerate the potential of 

the therapeutic(s) being tested (111–113). Patient derived primary cells or iPSCs may 

provide an alternative for a more accurate representation of cell-drug interactions, 

however the lack of structure and presence of other organ specific cell types reduce 

physiological relevance and mean results are not guaranteed to be replicated in more 

complex systems (91,110,118).    
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6.1.3 Animal Pre-Clinical Models 

Industry standards require the testing of drug candidates to be rigorously tested in 

numerous animal species before they can be prescribed for humans.  Alongside efficacy 

testing, these animal studies are key to identifying adverse effects due to long term 

administration or high dosage (116,125). Animal models are able to demonstrate the 

complexity required when investigating drug efficacy and toxicity, however they still 

have drawbacks including  differences in lifespan, metabolism and genetic variation in 

CYPs can all contribute to the mismatch between animals and humans, resulting in often 

unpredictable translation to humans (127,226). Paracetamol metabolism in rats is a 

good example of why caution should always be taken when interpreting data from 

animal studies. Walubo et al investigated the use of CYP inhibitors for prevention of 

hepatotoxicity post paracetamol overdose with rats. They found that CYPs were key to 

paracetamol induced hepatotoxicity and their inhibition interrupted the mechanism by 

which paracetamol causes liver injury and suggested that their use could aid in the 

recovery of patients suffering overdose. It is known however, that rats are more 

resistant to paracetamol induced hepatotoxicity than humans and other animal models 

due to a high anti-oxidant capacity and so this research may not be directly translatable 

to a human experience of this treatment (94,227).  

6.1.4 3D Pre-Clinical Models 

Recent progress in model development for toxicity prediction have been in the field of 3D 

cell culture. These systems include organoids/spheroids, microfluidics, sandwich cultures 

and bioprinting of 3D tissues (228). Tuffin et al developed a spheroid model of kidney 

glomeruli using immortalised podocyte and glomerular endothelial cell lines. They were 

able to demonstrate expression of key glomerular cell markers and histological features 

within the spheroid. They also showed that TGFβ1 treatment was able to induce collagen 

production and that this could be modulated with anti-fibrotic compounds such as 

Nintedanib, and the system could be adapted for medium throughput compound 

screening (140). The main outputs of this model were imaging of spheroids to identify 

podocyte loss, however there was limited identification of toxicity associated biomarkers. 

Further testing with toxic compounds would be required to validate its use for rapid drug 

screening. Organ-on-chip microfluidic systems have been developed for the kidney and 
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liver for the purposes of toxicity testing. Ewart et al designed a liver-on-chip system and 

tested a range of toxic drugs and non-toxic analogues to demonstrate the predictive value 

of the system. They found the system to be a suitable tool for predicting DILI, showing 

improved sensitivity compared to spheroid and animal models (229). The cells used in this 

model were cryopreserved primary cell lines and they incorporated the major cell types 

in the liver including, hepatocytes, sinusoidal endothelial cells, Kupffer cells and HSC. It 

would be useful to confirm that the cells used are able to express both drug metabolising 

enzymes and drug transporting enzymes throughout the culture period and that levels are 

comparable with human liver tissue. Whist this system was only cultured for a number of 

days, there have been similar models developed proven to remain viable for 28 days (146).  

6.1.5 Precision Cut Tissue Slice Pre-Clinical Models 

PCTS offer an alternative to cell line based 3D modelling. This ex vivo system retains all of 

the histological features and cell phenotypes of the organ being studied (151). The use of 

PCLS for drug toxicity prediction has been established by other research groups, using, 

among others, Troglitazone, paracetamol and diclofenac. These studies were able to  

demonstrate inter-patient variability, dose dependency and synergy between 

therapeutics (154,156). The main drawback of this platform for safety profiling studies 

compared to rodent models is that it is not suitable for long term culture. Where mice or 

rats can be treated for several weeks/months, the PCTS only remain viable for up to 144h 

post-slicing, limiting the platform for use to early phase pre-clinical screening study.  

  

6.1.6 Chapter Aims 

• Optimise the methodology for predicting drug toxicity in the 96-well bioreactor. 

• Demonstrate potential of the 96-well bioreactor for prediction of adverse drug 

reactions using clinically relevant compounds. 

• Demonstrate the potential of the 96-well bioreactor as a platform for 

identification of differences in DILI between healthy patients and those with 

underlying pathologies.  

 

I aim to explore the potential of bioreactor cultured PCTS to be used as a tool for 

predicting adverse effects of lead candidates in the drug discovery process. The 
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methodology development will investigate length of application time and the point at 

which drugs should be applied to the slices over the culture period to develop a 

reproducible system for testing novel therapeutics. Once protocols have been developed, 

drugs known to cause hepatotoxicity or nephrotoxicity will be tested on the PCTS to 

demonstrate the predictive value of the platform.   
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6.2 Methods 

6.2.1 Materials 

Sourcing of tissue and general materials for tissue culture are described in 2.1. TFGβ1 and 

PDGFββ were purchased from Peprotech and each made up to a stock solution of 20mM 

according to manufacturer’s instructions. Rotenone was purchased from Sigma (R8875-

1G) and dissolved in DMSO to 0.5mg/ml. Paracetamol was purchased from Sigma (A5000-

100G) and the powder was weighed out as required and dissolved directly into the media. 

Troglitazone (3114), Rosiglitazone (5325) and Cisplatin (2251) were all purchased from 

Tocris and made up in DMSO to their solubility limits as recommended by the 

manufacturer.  

 

6.2.2 Culture Conditions for Toxicity Modelling in PCLS 

Production of 3mm liver slices is described in 2.1.3. After a 24h rest period following the 

slicing process, treatments were applied. In cases where drugs were applied for less than 

24h, media was changed daily to the point of application then all media was changed in 

the plate (including controls), for application of the drug treatment. DMSO was added to 

the control at the same point at which drugs were used. Where drugs were applied for 

24h or more, media was changed daily then all slices were harvested at the end of the 

culture period. For disease induced versus normal cultured drug studies, Fib Stim 

treatment was applied throughout the culture period and drugs were added at either 96h 

only or 96h and 120h. During acute response studies, drugs were added at 24h then 

harvested at 48h. Before drugs were added at the 24h time point, all slices were first 

washed in new media to remove any remaining NAC from the wells, which may interfere 

with the interaction between the drug and the slice. Slices were harvested for biochemical 

assays, methodology for this is described in the Methods chapter.  

 

6.2.3 Culture Conditions for Toxicity Modelling in PCKS 

Production of 3mm liver slices is described in 2.1.3. After a 24h rest period following the 

slicing process, treatments were applied. DMSO was added to the control at the same 

point at which drugs were used. Where drugs were applied for 24h or more, media was 

changed daily and all slices were harvested at the end of the culture period. For disease 
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induced versus normal cultured studies, Fib Stim treatment was applied throughout the 

culture period and drugs were added at either 96h only or 96h and 120h. During acute 

response studies, drugs were added at 24h then harvested at 48h. Before drugs were 

added at the 24h time point, all slices were first washed in new media to remove any 

remaining NAC from the wells, which may interfere with the interaction between the drug 

and the slice. Slices were harvested for biochemical assays, methodology for this is 

described in the Methods chapter.  

 

6.2.4 Analysis of Soluble Outputs 

I used several methods to analyse the soluble outputs from the cultured slices. These 

include the CyQUANT LDH assay, Urea assay, the AST activity assay and a number of ELISA 

kits including Albumin and HSP70 as appropriate. The specific protocols for each of these 

is described in 2.2 of the Methods chapter.  
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6.3 Results 

6.3.1 Analysis of Cytochrome P450s and Drug-Associated Transmembrane Proteins  
The primary goal of this chapter is to assess if the 96-well bioreactor system can be used 

as a pre-clinical drug screening tool to predict efficacy and toxicity of lead candidates in 

drug discovery. Having demonstrated its use in predicting efficacy of anti-fibrotic and anti-

inflammatory compounds, I next aimed to validate methodology for the identification of 

potentially toxic compounds. The cytochrome P450 family of enzymes are responsible for 

phase I drug metabolism, introducing a reactive or polar moiety to the drug by oxidation, 

reduction or hydrolysis reactions. This initial reaction can produce several metabolites 

some of which exert a therapeutic effect. Some 2D cell culture models that use 

immortalised cell lines have altered CYP expression profiles, and therefore the efficacy 

and/or toxic effects of candidate compounds may not be correctly predicted.  

To demonstrate the cultured slices were able to continually express both metabolic 

enzymes and drug transporters on the surface of cells, RNA sequencing, proteomics and 

histological analysis were performed. RNA sequencing and proteomics was completed in 

collaboration with others in the Newcastle Fibrosis Research Group, and part of the data 

set was used for this chapter. Figure 37 shows the levels of four major CYP enzymes in 96h 

cultured PCLS +/- Fib Stim treatment. RNA sequencing data is on the left of the panel 

(patterned) and proteomic data is on the right (solid colour). The RNA levels of each of the 

four CYP enzymes were significantly reduced in the Fib Stim treated slices at the end of 

the culture period. The protein levels however, did not change significantly with the 

addition of the Fib Stim treatments. CYP2E1 was the most abundant CYP in the PCLS that 

was investigated. Interestingly CYP3A5 had the highest RNA levels in both the control and 

fibrosis treated slices but was the least abundant of the CYPs looked at in this study.  
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Figure 37. RNA Sequencing and Proteomics of Cultured PCLS 

RNA sequencing and proteomic analysis performed on PCLS cultured for 96h hours +/- Fib 
Stim treatment. From the data set, some key CYP450 enzymes have been identified. Graphs 
on the left hand side (patterned) display RNA sequencing data and graphs on the right display 
proteomic data (solid colour). Statistical analysis calculated using Student’s T test, * p=≤0.05, 
** p=≤0.01, **** p=≤0.0001. RNA sequencing used n=12 liver donors and proteomics used 
n=6 liver donors.  
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RNA sequencing data from 96h cultured PCKS +/- Fib Stim treatment is shown in Figure 

38. Solute Carrier Family 47 Member 1 (SLC47A1 or MATE1) and Solute Carrier Family 47 

Member 2 (SLC47A2 or MATE2) were significantly decreased where fibrogenesis had been 

induced in the slices. There were no significant changes in RNA levels of Solute Carrier 

Family 22 Member 1 (SLC22A1 or OCT1) with the inclusion of the Fib Stim treatment in 

the PCKS, however RNA levels of Solute Carrier Family 22 Member 2 (SLC22A1 or OCT2) 

significantly increased with Fib Stim treatment. 
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After demonstrating that key drug transporters and metabolic enzymes are expressed in 

the tissue at the end of the culture period, I hypothesised that drugs may be taken up and 

may be effectively metabolised by the tissue and so moved on to optimise PCTS culture 

for predictive drug toxicity.  
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Figure 38. RNA Sequencing of Cultured PCKS 

RNA sequencing analysis was performed on PCKS cultured for 96h hours +/- Fib Stim 
treatment. From the data set, some key drug transporting proteins have been identified. 
Statistical analysis calculated using Student’s T test. * p=≤0.05. N=5 Kidney Donors.  
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6.3.2 Methodology Development 
Rotenone, whilst not a clinical therapeutic, is a compound with known cytotoxicity. It 

inhibits complex I of the mitochondrial electron transport chain resulting in reduced ATP 

generation and necrosis, with the liver a major site of drug induced damage (230).  A short 

incubation of 6 hours was initially tested to determine the speed with which metabolic 

activity of the slices would decline with the addition of toxic compounds. The result of 

rotenone addition to PCLS is shown in Figure 39. The addition of both concentrations of 

rotenone decreased the viability of the slices assessed by resazurin assay in comparison 

with the control. Functionality of hepatocytes was assessed by measurement of soluble 

albumin, where there was also a drop in production in both the 5µM and 10µM treated 

slices. There was very little difference in LDH output post rotenone application between 

the treatment concentrations or the control. Interestingly AST levels appeared to drop 

significantly in the slices treated with rotenone compared to the control, potentially as a 

result of the short culture time.  
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Figure 39. PCLS culture with Rotenone 
Rotenone was added at 90h post slicing for 6 hours. A- A reaszuin assay was performed at 96h shown here as a 
percentage decrease from T0. B- An LDH assay was carried out on the 96h media, shown as a percentage of 
control. C- Soluble albumin measured by ELISA using the 96h media, absolute values. D- AST levels were 
measured from the 96h media. Data shown as mean +/- SEM. N=1 liver donor, 5 technical replicates were 
averaged per treatment group.  
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After identifying that we could negatively impact the PCLS with known toxic compounds, 

I next chose paracetamol as a clinically relevant hepatotoxic drug to further define the 

best methods for toxicity modelling studies (Figure 40). Paracetamol is an example of a 

drug that causes direct hepatotoxicity. Also known as acetaminophen, paracetamol is the 

most common cause acute liver failure in the UK, accounting for around 65% of total 

cases. Overdosing, particularly regularly exceeding the recommended dosage, or taking 

paracetamol in combination with other drugs, can ultimately result in liver failure and 

death (231). 

When metabolised in the liver, 55-60% of the total paracetamol is converted to 

acetaminophen-glucuronide and 20-30% has a sulphate group added by sulfotransferase. 

These products become more water soluble and are excreted in the urine. The remaining 

10% is converted to the active metabolite N-acetyl-p-benzoquinone imine (NAPQI) by CYP 

isoform 2E1 (CYP2E1). NAPQI is then conjugated with glutathione to detoxify the 

metabolite, where it leaves the liver to be further degraded by other organs (231–233). 

In a case of paracetamol overdose, the levels of NAPQI outstrip the levels of available 

glutathione. The free NAPQI is then able to bind to mitochondrial proteins on cystine 

residues. The NAPQI-mitochondrial protein adducts then enter the mitochondria, causing 

mild oxidative stress by electron transport chain interference. Through a number of 

intermediates, c-jun N-terminal kinase (JNK) is activated and translocates into the 

mitochondria where it exacerbates oxidative stress. The generation of peroxynitrite by 

superoxide and nitric oxide, increases the permeability of the mitochondrial membrane 

releasing endonucleases and apoptosis inducing factor into the cytosol. These proteins 

migrate to the nucleus where they cause DNA damage and induce apoptosis 

(232,234,235).  

The only currently available antidote for treating paracetamol overdose is N-

acetylcysteine (NAC). It must be delivered very quickly after the overdose as protein 

adducts will form within the first 30 minutes. It promotes the synthesis of glutathione and 

supports the mitochondria by enhancing ATP levels, preventing the downstream effect of 

NAPQI (235). 

 The 6 hour incubation of rotenone was able to reduce the viability of the cells but did not 

increase cytotoxicity biomarkers. In order to identify these features within the 

paracetamol-treated PCLS, I extended the treatment time to 24h. The PCLS were treated 
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at 24h post processing to determine if the slices could recover from the treatment, or if 

they continue to be impacted even after the initial insult has been removed. The viability 

of the slices was significantly lower than the control at the end of the culture period 

measured by resazurin assay. Albumin output fell faster in the paracetamol treated slices 

compared to its control throughout the culture period, although this drop was not 

calculated to be statistically significant by two-way ANOVA. LDH and AST were used to 

measure cytotoxicity in the PCLS. LDH release in the controls was as expected, dropping 

quickly over the culture period as the slices recover from the slicing process. Interestingly 

LDH release in the paracetamol challenged PCLS plummets immediately, and then begun 

to increase from 72h. By 96h LDH release from the drug treated slices was higher than the 

control. AST production in the control PCLS decreases from 48h as the slices had 

recovered from post-cutting trauma. Paracetamol treatment did not cause an immediate 

increase in AST production in hepatocytes, but peaks instead at 72h post processing. 

Levels reduce slightly at 96h in the paracetamol challenged slices from 72h, but they 

remained above those secreted by the control slices.  
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Figure 40. PCLS Culture with Paracetamol 
A- A resazurin assay was performed at 96h shown here as a percentage decrease from T0. B- Soluble albumin 
was measured from culture media from 48h onwards. Shown as absolute values C- LDH levels were determined 
from culture media at 48h, 72h and 96h post slicing D- AST levels were determined from culture media at 48h, 
72h and 96h post slicing. Data shown as mean +/- SEM and statistical analysis calculated using one-way ANOVA. 
* p=≤0.05, ** p=≤0.01. N=6 donor livers, n=5 technical replicates per treatment group were averaged per donor.  
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6.3.3 Predicting Acute Toxicity in the PCTS 
The 24-hour treatment cycle used in the paracetamol challenge was preferred to the 6-

hour rotenone challenge. For the remaining optimisation and testing of the system, all 

drugs were applied for a full media change cycle. Drugs with known hepatotoxicity and 

nephrotoxicity were selected to demonstrate acute drug injury in the PCLS and PCKS 

respectively. After a 24h rest period, drugs were added to the culture media for a further 

24h before harvesting.  

Troglitazone and Rosiglitazone are both thiazolidinediones developed for the treatment 

of type 2 diabetes (236). Troglitazone was approved for use in the late 1990’s and 

withdrawn shortly after by the FDA and European medicines agency (EMA) due to liver 

injury, acute liver failure and fatality associated with its usage (236). Rosiglitazone was 

approved for use shortly after as an alternative to Troglitazone in 2000. It was then 

banned for use in 2010 by the EMA for its association with DILI but remained on sale in 

the United States with restrictions placed on its usage. PCLS were treated for 24h with 

Troglitazone (Figure 41) and Rosiglitazone (Figure 42) concentrations ranging from 75µM 

to 300µM. They were applied 24h post processing, with all the slices being washed in fresh 

media before the drugs were applied to remove any traces of NAC. Troglitazone was able 

to significantly reduce the metabolic activity in the slices at all concentrations tested 

(Figure 41A), but there were no differences between concentrations. Rosiglitazone 

however (Figure 42A), only induced a significant decrease in the metabolic activity of the 

slices at the highest drug concentration. There was then a step-wise increase in metabolic 

activity as the concentration decreased, with the resazurin levels of the lowest 

concentration of the Rosiglitazone treatment group being comparable with the vehicle 

control. Due to procurement issues for the Albumin ELISA kits, for this work, urea output 

was measured instead as a gauge of tissue functionality. Media from the harvest point at 

48h was assessed for urea output. Expressed as a percentage of the control slices, both 

Troglitazone (Figure 41B) and Rosiglitazone (Figure 42B) were able to negatively impact 

the functionality of the slices. Both drugs showed a dose dependent effect, where the 

highest drug concentration of 300µM reduced urea output most, and addition of 75µM 

of either drug showed the smallest decrease compared to the control. Interestingly, the 

drugs showed similar reductive effects in functionality as metabolic activity. All tested 

concentrations of Troglitazone were significantly reduced in both assays, whereas the 
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75µM dose of Rosiglitazone did not significantly reduce either functionality of activity 

within the slices. AST levels were increased in response to the addition of Troglitazone 

(Figure 41D) and Rosiglitazone (Figure 42D) at each of the concentrations tested 

compared to the control, however, statistically significantly increases in AST production 

were only observed in the 300µM Troglitazone treated slices. Correlating with the 

markers indicative of slice health and functionality, the highest concentration of each drug 

causes the largest increase in this liver damage marker which decreased as the drug 

concentration was reduced. This pattern was also observed in the release of LDH in 

Troglitazone treated slices (Figure 41C). It was noted however, that the increases in LDH 

from slices incubated with the three drug concentrations were not statistically significant. 

LDH released was slightly raised in all response to Rosiglitazone at all concentrations 

tested, however none were calculated to be significant compared to the control by one-

way ANOVA the increase was very similar in each of the concentrations of Rosiglitazone 

that had been applied (Figure 42C).  
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Figure 41. PCLS culture with Troglitazone 
Troglitazone was added for a single 24h treatment cycle. A- A resazurin assay was performed at 48h, shown as 
RFU. B- Urea levels were measured from 48h culture media. Shown as percentage change from control C- LDH 
levels were determined from culture media at 48h, shown as percentage of control D- AST levels were 
determined from culture media at 48h and shown as percentage of control. Data shown as mean +/- SEM and 
statistical analysis calculated using one-way ANOVA. Ns= not significant* p=≤0.05, ** p=≤0.01, *** p=≤0.001, 
**** p=≤0.0001. n=2 Liver Donors, n=5 technical replicates per treatment group were averaged per donor.  
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Figure 42. PCLS culture with Rosiglitazone 
Rosiglitazone was added for a single 24h treatment cycle. A- A resazurin assay was performed at 48h, shown as 
RFU. B- Urea levels were measured from 48h culture media. Shown as percentage change from control C- LDH 
levels were determined from culture media at 48h, shown as percentage of positive control D- AST levels were 
determined from culture media at 48h and shown as percentage of control. Data shown as mean +/- SEM and 
statistical analysis calculated using one-way ANOVA. Ns= not significant, * p=≤0.05. n=2 Liver Donors, n=5 
technical replicates per treatment group were averaged per donor. 
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Cisplatin is a chemotherapeutic agent used to treat solid cancers. Although it is an 

effective drug, adverse effects in normal tissues limit its usage in some patients. 

Nephrotoxicity in particular has been identified as a common side effect (237). We used 

300x Cmax of cisplatin, as described by Ikeda et al, as a top concentration, with a two-fold 

dilution series to test the ability of the PCKS to predict drug injury in the kidney (Figure 

43) (238). 1000μM and 500μM cisplatin were able to significantly reduce metabolic 

activity in the slices after 24h of treatment compared to the vehicle control (Figure 43A). 

The lowest concentration was able to reduce metabolic activity but this was not calcuated 

to be significant by one-way ANOVA. Unexpectedly, there was a significant drop in LDH 

release compared to the control in all concentrations (Figure 43B). Heat shock protein 70 

(HSP70) is considered to be an alarmin or danger signal, produced in response to 

pathological or physiological stress (239). It was hypothesised that HSP70 could be a 

useful biomarker in identifying drug induced damage in the PCKS. In response to the top 

concentration of cisplatin, HSP70 secretion was significantly increased compared to the 

control (Figure 43C). The lower concentrations were raised compared to the vehicle 

control but this increase was not calculated to be significant by one-way ANOVA.  
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Figure 43. PCKS Culture with Cisplatin 
Cisplatin was added for a single 24h treatment cycle. A- A resazurin assay was performed at 48h, shown as 
percentage of control. B- LDH levels were determined from culture media at 48h, shown as percentage of control 
C- Soluble HSP70 levels were determined from culture media at 48h and shown as absolute values. Data shown 
as mean +/- SEM and statistical analysis calculated using one-way ANOVA. * p=≤0.05, ** p=≤0.01, *** p=≤0.001, 
**** p=≤0.0001. n=3 Kidney Donors with n=5 technical replicates per treatment group were averaged per donor. 
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6.3.4 Predicting Acute Drug Injury in Fibrotic and Non-Fibrotic Tissue 
Alongside the acute injury on PCTS, I also investigated whether the addition of fibrotic 

disease into the slices could influence the toxicity outcomes. Slices were cultured +/- the 

validated Fib Stim treatment for 3 treatment cycles and then a single drug dose applied 

for a further 24h. 300μM Troglitazone was added in the PCLS after acute injury studies 

showed it to be the most efficient at inducing toxicity in the slices. There was a significant 

drop in metabolic activity between the vehicle controls and their drug treated counter 

parts calculated by one-way ANOVA (Figure 44A). There were however, no significant 

differences in metabolic activity between the normal cultured slices and disease induced 

slices with the addition of Troglitazone. Functional assessment by soluble albumin ELISA 

(Figure 44B) produced a similar pattern, where Troglitazone had a significant negative 

impact on hepatocyte functionality when comparing with the relevant controls. 

Calculated by one-way ANOVA, there was no difference in albumin output between the 

groups that were treated with Troglitazone. Data was normalised to the pre-drugged slice 

media and it was observed that the addition of Troglitazone caused an increase in both 

LDH and AST markers (Figure 45). There was a rise in LDH release and AST production in 

both the control and fibrosis induced slices, however the spread of data between the two 

donors meant that these differences were not calculated to be statistically significant. 
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Figure 44. Normal Cultured versus Disease Induced Response to Troglitazone 
A- A reaszuin assay was performed at 120h, shown as RFU. B- Soluble albumin levels were determined from 
culture media at 96h and 120h, shown as percentage change of 96h. Data shown as mean +/- SEM and statistical 
analysis calculated using one-way ANOVA.  ** p=≤0.01. n=2 liver donors with n=5 technical replicates per 
treatment group were averaged per donor. 
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Figure 45. Normal Cultured versus Disease Induced PCLS Response to Troglitazone 
A- LDH release was measured in the 96h and 120h and is shown as a % change from 96h. B- AST levels were 
determined from culture media at 96h and 120h, shown as percentage change of 96h. Data shown as mean +/- 
SEM and statistical analysis calculated using one-way ANOVA. n=2 Liver Donors with n=5 technical replicates per 
treatment group were averaged per donor. 
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1mM Cisplatin was used to replicate this study in the PCKS (Figure 46). As expected the 

addition of cisplatin significantly reduced metabolic activity in the slices compared to the 

relevant control. There was also a drop in slice viability between the diseased induced and 

the normal controls but not between the two drug treated groups. LDH and HSP70 were 

used to identify damage signals from the cultured PCKS. There was a significant increase 

in LDH release in both groups with the addition of cisplatin compared to their respective 

controls at 96h (pre-application) and 120h (post application). The non-drugged slices for 

both the normal and disease-induced controls reduced LDH from 96h to 120h but not 

significantly. There were no significant differences in LDH release between the normal and 

disease induced slices at any of the time points, with or without the addition of cisplatin. 

HSP70 however produced a different picture. Challenge with cisplatin increased HSP70 

levels in the media compared to the relevant 120h control but this was only calculated as 

significant in the disease induced slices. The inclusion of the Fib Stim treatment 

significantly increased the secretion of HSP70 from 96h to 120h, but where the PCKS were 

cultured with no additional treatments the level instead dropped slightly. Comparing the 

normal cultured slices and the disease induced slices at each time point, there was no 

difference in HSP70 levels at 96h but there was a significant increase at 120h in both the 

cisplatin treated and non-drugged slices.  
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Figure 46. Normal Cultured versus Disease Induced PCKS Response to Cisplatin 
A- A resazurin assay was performed at 120h, shown as RFU. B- LDH levels were measured in the 96h and 120h 
culture media and shown as percentage of positive control. C- Soluble HSP70 levels were measured in the 96h 
and 120h culture media and are shown as absolute values. Data shown as mean +/- SEM and statistical analysis 
calculated using one-way ANOVA (black). Ns= not significant, ** p=≤0.01, *** p=≤0.001, **** p=≤0.0001. n=3 
Kidney Donors with n=5 technical replicates per treatment group were averaged per donor. 

A 

B C 



 

163 
 

6.4 Discussion 
The international consortium for innovation and quality in pharmaceutical development 

(IQ) microphysiological systems affiliate (MPS), is a cross-pharma collaboration that has 

developed a series of criteria that new pre-clinical models should meet. They suggest that 

models that are able to meet their guidelines are more likely to exhibit a high predictive 

ability than those that do not (229). These guidelines include, the model should replicate 

key histological structures and functions of the organ being studied, it should be able to 

distinguish between toxic small molecules and a non-toxic analogue and the model should 

be able to demonstrate predictive clinical responses of six additional drugs (229). I have 

shown previously that this platform displays key features of the whole organ, where the 

cells remain viable and functional across the culture period. Before the predictive ability 

of the platform could be tested with drugs known to cause toxicity, the methodology of 

application first had to be developed.  

 

6.4.1 Analysis of Cytochrome P450s and Drug-Associated Transmembrane Proteins  
To be suitable for assessment of therapeutics, it is important that a model is able to 

express proteins relevant to the transport and metabolism of drugs. RNA sequencing and 

proteomic analysis was performed on liver and kidney slices cultured for 96h +/- Fib Stim 

treatment. In the PCLS, RNA sequencing suggested there was a significant decrease in 

some of the CYPs crucial to the metabolism of xenobiotics. Disease states typically have a 

negative impact on metabolic capacity, with loss of tissue architecture resulting in a 

reduction in functional hepatocytes leading to reductions in CYP levels (221,240). 

Interestingly in the PCKS there were variations in the drug transporter RNA levels that 

were not just reduction in response to fibrogenesis. SLC22A2 for example, was 

significantly increased compared to the control group. Whilst there were significant 

differences at the RNA level, this was not translated to the protein level. There was some 

variation observed between groups but it is not significant in any case. Despite a 

relationship between RNA and protein levels, increases to one cannot always infer 

increases to the other, as protein levels are regulated by more than just messenger RNA 

(mRNA) levels. Post translational modification to proteins and a short half-life/fast 

turnover of messenger RNA mean that copy numbers of mRNA rapidly become 

independent of protein level  
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(233,234). The crucial result from this analysis was that both metabolic enzymes and drug 

transporters are constitutively expressed throughout the culture period, implying drugs 

cultured alongside the slices could be taken up by cells and metabolised. Additional work 

that I would like to undertake for further analysis, would be to conduct CYP activity assays 

and measure metabolite levels of known compounds.      

6.4.2 Methodology Development  
Rotenone is a naturally occurring molecule used in some countries as a pesticide. It 

exhibits cytotoxicity via its ability to interfere with the electron transport chain in 

mitochondria, resulting in reduced ATP generation and necrosis (230). For initial testing 

of the potential of the 96-well bioreactor to predict toxicities, rotenone was added to the 

PCLS for 6 hours prior to harvesting. The compound was able to reduce viability and 

functionality of the tissue slices, assessed by resazurin assay and soluble albumin ELISA 

respectively. Increases in cytotoxicity were not observed in either LDH or AST, and in the 

AST there were significant reductions in levels in the drug treated slices compared to the 

untreated control. It was suspected that the rotenone in the media was possibly 

interfering with the AST assay, as this decrease was not observed in any other treatment 

groups on the bioreactor plate. It was suggested that prolonged incubation with rotenone 

may allow for further release of LDH in the drug treated slices, and that 6 hours was not 

sufficient time for this to increase significantly.   

Paracetamol was chosen to develop methodologies to model hepatotoxicity, as it is a 

clinically relevant drug known to cause significant toxicity to hepatocytes in patients that 

take a paracetamol overdose (93). After a 24h rest, a single high dose of paracetamol was 

added to the PCLS for 24h and then allowed to recover to 96h. The addition of the 

paracetamol had a significant, negative impact on the viability of the slices and also 

reduced the functionality of the slices. Albumin secretion by the slices fell much quicker 

across the culture period than the control, suggesting that the slices don’t recover from 

the toxic insult. LDH levels dropped very quickly after the introduction of paracetamol and 

slowly increased again to 96h where they were higher than the control. This is potentially 

due to the paracetamol in the media used interfering with the assay, rather than being a 

genuine drop. As new media is added to the slices, the paracetamol and its metabolites 

are washed from the plate, and by 96h there is no interference with the assay. The AST 

levels did not change compared to the control immediately, taking an extra treatment 
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cycle to be notably different to the control. In clinical cases of paracetamol overdose, liver 

function test analysis finds that liver transaminases begin to increase 12 hours after 

ingestion, peaking at 18-72h post ingestion (227). This suggests the modelling of drug 

toxicity in the 96-well bioreactor can predict toxicity of drugs and mirror clinical outcomes.   

 

6.4.3 Acute Induction of Drug Induced Injury 
The 24 hour treatment cycle proved a better method for drug administration than a 6 

hour cycle. The addition of the drugs at 90 hours meant that the last media change before 

the application of the drugs was 6 hours short of the previous time point, and 18 hours 

longer than the culture media with the drug included. This made comparing the levels of 

soluble markers pre and post drug addition more complex. To test the system for its 

predictive abilities, we selected three drugs with known either hepatotoxicity or 

nephrotoxicity, using a single treatment cycle with a small dosage range. 

Thiazolidinediones, Troglitazone and Rosiglitazone, were initially developed to treat 

patients with type 2 diabetes (236). After being approved for use in the late 1990’s, 

Troglitazone was withdrawn from sale shortly after by both the FDA and EMA due to 

severe hepatotoxicity and fatality (236). Rosiglitazone, although withdrawn for sale in 

Europe for similar toxicity issues, is still available in the United States but with restrictions 

on prescriptions. The mechanism of Troglitazone toxicity is not fully understood but it is 

thought to be associated with mitochondrial dysfunction and has been shown to be both 

concentration and time dependent (243,244). Ewart et al assessed the predictive value of 

their 3D microfluidic organ-on-chip system with Troglitazone, where they used 300x 

average Cmax as a top concentration (229). Due to solubility limitations, we used a top 

concentration of 50 fold average Troglitazone Cmax as defined by Ewart et al, and used 

the same concentration of Rosiglitazone to allow for direct comparison (229). We found 

that there were concentration dependent changes in metabolic activity, slice functionality 

and alterations in damage associated markers in response to both hepatotoxic drugs. 

Differences in toxicity between the two drugs could be observed, with the lower 

concentrations of Rosiglitazone not having such a significant detrimental impact on 

metabolic activity, and AST/LDH levels were not significantly increased at any 

concentration. Troglitazone however, demonstrated diminished metabolic activity and 

significantly increased AST production in response to the top concentration used. The 
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ability of a pre-clinical model to distinguish between structurally similar drugs is an 

important test according to the IQMPS, one which the 96-well bioreactor appears to do 

successfully. It should however, be noted that there were limited donor numbers involved 

in this study and should be repeated on more donors to confirm this ability.  

Cisplatin is an effective chemotherapeutic agent for the treatment of solid tumours. Its 

ability to induce nephrotoxicity is a limiting factor in its usage for the treatment of cancer 

patients (237,238). Cisplatin is taken up into the proximal tubule cells where it causes DNA 

damage and mitochondrial stress (245). 300x Cmax cisplatin was used as described by 

Ikeda et al, lower concentrations were tested initially (data not shown) but we struggled 

to observe any significant impact on the viability and health of the slices until testing these 

much higher concentrations (238). There were concentration dependent changes in 

metabolic activity with the higher concentrations having the greatest negative impact. 

HSP70 was used as a marker of cell damage as it is increased in response to physiological 

stress/injury (239). This marker was successfully used in this model to demonstrate drug 

induced cellular injury in the PCKS, not only was HSP70 increased in response to cisplatin, 

it was dose dependent. LDH was unexpectedly, significantly lower than the control with 

the addition of the different concentrations of cisplatin. It is possible that the proximal 

tubule cells were killed by the treatment and therefore did not release LDH into the 

surrounding media, but considering the slices were still metabolically active this may not 

be the only contributing factor. It has been observed in other studies that LDH levels in 

the control are still high at 48h relative to levels at 72h and 96h, suggesting the slices are 

still recovering from the slicing process. To further develop this system, a comparative 

study using a single hit of the drug at 24h post slicing and 48h post slicing to see if this 

extra recovery time would produce more accurate LDH results.  Also for future study, it 

would be interesting to see if there are further increases in AST/LDH production with 

subsequent treatment cycles and if these differences between structurally similar drugs 

become more pronounced with further culture. Other studies that have investigated the 

predictive ability of their organ models such as organ-on-chip systems will culture in the 

presence of a drug over several days, and so to demonstrate this model is also capable of 

longer culture periods would be beneficial.  
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6.4.4 Acute Drug Injury in Fibrotic and Non-Fibrotic Tissue 
In human trials of novel therapeutics, the drugs will often be first given to healthy 

volunteers. The safety profile of that drug generated from these early studies is therefore 

not accurate for those with underlying health conditions such as CKD and CLD. It is known 

that with changes in tissue architecture as a result of disease, the ability of the organ to 

metabolise drugs and remove toxic products is altered (18,19). Modelling of drug-tissue 

interactions in the pre-clinical phase could provide further information for later phase 

trials and would remove candidates with unacceptable toxicity before they made it to 

human trials, saving time and money.  

The addition of Troglitazone to normal cultured and diseased induced PCLS resulted in 

significant reduction in tissue health compared to their controls. There was variation in all 

the biomarkers that were analysed between the fibrosis-induced groups compared to the 

normal cultured slices, however none were calculated to be statistically significant. As 

there was only an n=2 here it is difficult to calculate meaningful statistical analysis and so 

further donors would be required to strengthen this.   

In contrast to the acute drug injury in the short term cultured PCKS, the LDH assay looks 

more as would be expected with the addition of a nephrotoxic substance after the longer 

rest, suggesting the extra rest period could be beneficial for this type of study. LDH and 

resazurin assays were unable to identify any significant differences in slice health between 

normal slices and those cultured with fibrogenic stimuli, however there were differences 

in HSP70. Cisplatin is taken up by the transmembrane protein SLC22A2 into proximal 

tubule cells and moved out of cells into the tubule lumen by SLC41A1 (237,245). From the 

RNA sequencing, it was observed that SLC22A2 was increased and SLC47A1 was reduced 

in response to fibrogenesis in the slices. This could potentially explain the increased levels 

of HSP70 in the disease-induced slices in response to cisplatin treatment, where the over 

expressed SLC22A2 is able to uptake more cisplatin and the reduced SCL47A1 is not able 

to cope with the influx causing DNA damage and mitochondrial stress within the cells and 

the subsequent increase in HSP70 expression. This suggests this model has the potential 

to identify differences in drug toxicity in diseased versus non-diseased tissues, however a 

greater variety of biomarkers should be identified to better evaluate these differences.   
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6.5 Conclusion 
The aims of this study were: 

 

• Optimise the methodology for predicting drug toxicity in the 96-well bioreactor. 

• Demonstrate potential of the 96-well bioreactor for prediction of adverse drug 

reactions using clinically relevant compounds. 

• Demonstrate the potential of the 96-well bioreactor as a platform for 

identification of differences in DILI between healthy patients and those with 

underlying pathologies.  

 

The methodology optimisation for culturing PCTS with drugs for toxicity prediction was 

successfully completed. A full 24 hour treatment cycle is able to induce significant decline 

in slice health and this decline can be dose dependent. For further development of the 

system, delaying the addition of the drugs a further 24h would be recommended, allowing 

the slices to fully recover from post-slicing trauma. In some of the biomarkers assessing 

tissue damage/stress the control group levels were still very high making the differences 

with the addition of the drugs less significant. It would be beneficial to allow full recovery 

of the slices before the addition of these compounds to generate more reliable data.  

Next, I established that the addition of toxic compounds to the PCTS system was able to 

induce a number of markers indicative of tissue health decline, including loss of metabolic 

activity, reduction of albumin and urea in the PCLS and increases in HSP70 in the PCKS. 

IQMPS guidelines for the development of 3D cultured pre-clinical models state that a 

model should be able to distinguish between structurally similar drugs. For this 

Troglitazone, banned for sale due to severe hepatotoxicity, and Rosiglitazone, also a 

thiazolidinedione, were tested using the same concentrations. There were differences in 

their toxicity profiles in our studies, suggesting this platform can distinguish between 

chemically similar drugs. This was however, completed using a low number of replicates 

so more donors should be tested to confirm this. The platform should be tested, according 

to the IQMPS guidelines, on a minimum of 7 pairs of toxic and non-toxic compounds which 

due to time constraints I was unable to do here, but I have shown promise with one pair. 

The addition of further biomarkers to the current panel would also be useful for building 

a safety profile of novel compounds. It was observed that some drugs potentially interfere 
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with some of the colourimetric biomarker assays such as paracetamol and LDH. For the 

liver these could include diagnostic markers ALT, ALP and GGT, or creatinine and urea 

levels in the kidney. Candidate biomarkers such as cytokeratin 18 which is released from 

necrotic hepatocytes, clusterin which has been shown to identify nephrotoxicity or micro-

RNAs which can be organ specific would also be good additional options for safety profile 

assessment (246,247). Drug concentrations for this study were selected based on similar 

work by other groups (229). Whilst we can identify toxicity in the slices at the top 

concentrations used, it should be recognised that these concentrations are much higher 

than plasma levels of these drugs in humans. A wider range of doses should be tested 

inclusive of therapeutic levels to determine if damage associated markers are present at 

these lower volumes, or if these increase with repeated treatments.  

I then attempted to demonstrate differences in toxicity profiles between normal cultured 

and disease induced tissues using the top concentrations of drugs used previously in the 

PCLS and PCKS. There were differences in some biomarkers between the normal cultured 

and disease induced slices, suggesting this system with further development and testing 

could identify patients that are more at risk of adverse effects from the drug. As it stands 

however, more replicates using a wider range of therapeutics and dosages is required. 

One of the difficulties of this type of study is that the tissue used often comes from 

patients with underlying pathological conditions and slices may already show signs of 

fibrosis development or lipid accumulation, this may skew the control data as some 

donors may already have altered drug metabolism. A more suitable comparative study 

would be to obtain more donors that could be grouped by fibrosis and steatosis score and 

compared with each other, rather than inducing further fibrosis or inflammation in single 

donors.  

Whist there are drawbacks with this platform that have been acknowledged, PCTS have 

the potential to be used in early pre-clinical screening of lead candidate drugs, reducing 

reliance on animal models for efficacy testing and early safety profiling studies.  
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7 Chapter 7. Discussion 
 

The current drug discovery pipeline is not sufficient to identify toxicity of novel 

therapeutics resulting in 30-40% of drug attrition attributed to unforeseen adverse effects 

(84,85). To reduce this failure rate, and by extension the cost of therapeutic development, 

there needs to be investment in the improvement of complex, physiologically relevant 

organ models. 2D models are not complex enough to reveal drug-tissue interactions, and 

there is a move to reduce the number of animals used in scientific research, making way 

for the development of 3D cell culture models (110,118,169). 

Efficacy testing in 2D cell culture is often the first screening tool for lead compounds. 

Whist relatively inexpensive and high throughput, they are far removed from the native 

tissue microenvironment, commonly missing cell types with lines that no longer express 

major features of the model cell (111,113). Animal modelling is a significant improvement 

for pre-clinical drug evaluation, but results should always be treated with caution as 

translation from rodents to humans is not guaranteed. For example, rats are much less 

susceptible to paracetamol induced hepatotoxicity than humans (94). An advantage of 

rodent models over 2D cell culture is that these efficacy studies can be tested on a 

background of disease, such as anti-fibrotic therapy development in CCl4 challenged mice 

(128,129). 3D models have gained traction in recent years with advancements in 

microfluidic systems, organoids and bioprinting techniques being developed. Several 

organ-on-chip systems have been developed, incorporating the cell types of the native 

tissue into a layered structure with some models resembling native organ architecture 

(146,229). Some groups have also demonstrated the abilities of this technology to predict 

drug toxicity, although I found less evidence of disease modelling for drug efficacy (229). 

PCTS offer a 3D, complex model which retains the architecture and cell types (inclusive of 

their natural phenotypes) of the native organ. This model has shown promise for 

predicting efficacy and toxicity in numerous research groups, and this lab has developed 

a bioreactor plate which extends their life in culture to up to 144h (150,156,158,203). 

This project aimed to develop a medium throughput platform for the pre-clinical 

screening of lead candidate drugs using human liver and kidney tissues. This novel 96-well 

bioreactor platform focusses on the use of PCTS from the liver and the kidney, both sites 
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exposed to ingested xenobiotics and therefore at risk of drug induced injury. The main 

aims were to optimise the bioreactor for successful culture of 3mm PCLS and PCKS, 

validate models for the study of fibrogenesis and inflammation, and demonstrate the 

usage of the platform for predicting drug efficacy and toxicity.  

7.1 Robot Development and Bioreactor Optimisation 
The aims for this section of the project were to optimise the culture conditions of the 96-

well bioreactor for the culture of 3mm slices and investigate the potential of introducing 

robotics to aid the set-up. The culture conditions were successfully optimised, showing 

that both the PCLS and PCKS remain metabolically active and functional through 96h of 

culture. The development of a robot for the purpose of automating the cutting out and 

plating slices was not achieved. After making numerous alterations to the hardware and 

software, it was decided that too much additional work was required to fully automate 

the system that would not be within the scope of this project. Whilst the pickup and 

plating efficiency was improved with the alteration of the tissue trays and addition of 

agarose, other inclusions that would be required were not reasonable. These included 

reducing the number of slices cut from a single tissue sheet, and the addition of a camera 

driven artificial intelligence system to prevent the generation of partial slices from either 

overlapping of the cutting area with the biopsy punch or cutting in areas containing vessel 

holes or tears in the tissue. Without these changes, it was likely that the system would 

not be fully automated, as a trained user would be required to monitor progress, ensuing 

that good quality slices were consistently produced. However, it was noted that these 

changes would result in a large amount of wastage which, considering the precious nature 

of the tissue, was not feasible. Instead, we altered the way the slices were cut by hand 

which decreased plating time whist maximising the number of generated slices. I believe 

is not reasonable for an academic lab to further develop the robotic system, but it could 

potentially be useful in an industrial setting. Significant investment would be required to 

improve the robot to a stage where it overtakes the efficiency of a trained user. 

7.2 Fibrosis Model Development 
A comparison of the 3mm and 8mm PCLS bioreactors demonstrated similar levels of tissue 

viability, functionality, and disease features. The smaller slices proved to be just as 

functional as their larger counter parts, producing similar levels of albumin and 
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comparable levels of AST and LDH. Whilst the resazurin levels were much lower, the 

trends between the treatment groups mirrored each other. The bioreactor was 

successfully scaled with validation of the fibrosis model in both the liver and kidney slices. 

Multiple donors were collected, and I demonstrated the reproducibility of the Fib Stim 

treatment for the generation of fibrosis in the slices. Donors that were unsuitable for 

modelling were identified, these included those with high steatosis in the liver as these 

resections often did not slice well and had low metabolic activity at T0 compared to other 

resected tissue with no/little steatosis, and kidneys that had been perfused more than 

48h before acceptance in the lab.  Increases in fibrosis-associated features including 

collagen deposition and activated HSC were present in the treated slices and were 

significantly different to the non-treated controls. These were measured using several 

different methods including, histology and biomarker analysis by ELISA and MSD. 

Different expression patterns were observed between the organs within the MSD panel 

including upregulation of MCP-1 and GM-CSF in the kidney and downregulation of MIP-

1β and MDC. This work, particularly the MSD panel, would benefit from increased donor 

numbers are there was some variation between the donors that were included. It would 

also be interesting to understand whether this variation in biomarker levels were as a 

result of a particular donor characteristic such as underlying disease, age or sex. Alongside 

this, I showed that the response to the pro-fibrogenic stimuli could be modulated. Using 

inhibitors and clinically available drugs, dosage dependent reductions in fibrogenesis were 

performed in both the PCLS and PCKS, demonstrating the use of the platform for efficacy 

testing of anti-fibrotic compounds.  

Overall, this is a suitable model for the study of fibrosis development and medium 

throughput screening of anti-fibrotic compounds. The slice system is histologically 

accurate and contains the cell types present in the native organ in the right proportions, 

meaning compounds that target a range of pro-fibrotic pathways can be tested. The large 

number of slices in a single plate allow a range of testing conditions with technical 

replicates to provide accurate data. When comparing this platform to similar modelling 

systems by other groups, it was observed that the culture time was longer in most cases 

(up to 144h versus an average of 48h) resulting in a more fibrotic phenotype with 

TGFβ/PDGFββ induction using this bioreactor. Some groups also used rodent tissue, 
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rather than human tissue, with fibrotic induction methods that are not comparable to 

human pathophysiology (such as UUO and CCl4 treatment) (150, 154-156, 203, 204).  

 

7.3  Inflammation Model Development  
A model of acute inflammation was validated within the PCTS. Starting with an 

optimisation study using three different inflammatory stimuli, it was found that IL-1β 

most reliably produced a dose dependent response across multiple donors in both the 

liver and kidney slices. There were differences in protein expression depending on the 

organ of origin and stimuli used, for example biomarkers associated with the 

inflammation in response to infection were only upregulated after challenge with LPS, 

suggesting that this model is highly specific in response to different challenges. It would 

be beneficial to undertake further replicates looking at expression profiles within the 

slices between LPS and IL-1β challenged slices as some data points showed large variation 

between donors, effecting statistical analysis. The methods used to identify inflammation 

within the tissue were largely soluble biomarker based, it would be interesting to expand 

the assessment of slices with, for example, histology or proteomics. Identifying different 

white cell populations within the tissue slices and evaluating protein levels within the 

tissue and not just soluble protein would provide a more complete picture of 

inflammation within the slices. I also demonstrated the use of this model for the 

assessment of anti-inflammatory compounds. Inflammatory biomarkers produced in 

response to IL-1β challenge were reduced with the addition of and IKK2 inhibitor. 

Furthermore, this response was observed to be dose dependent with a 10-fold dilution 

series of the inhibitor. Additional anti-inflammatory drugs should be tested using this 

methodology, as only one inhibitor was tested here.  

Overall, this model is a useful tool for the study of the acute inflammatory response and 

for the testing of anti-inflammatory compounds. With such a large range of biomarkers 

proven to be altered in response to inflammatory challenge, drugs that target the major 

inflammatory signalling pathways can all be tested and studies to understand redundancy 

built into the inflammatory system could also be undertaken.  
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7.4 Modelling Toxicity in the PCTS 
The first aim of this chapter was to optimise the methodology for the culture of slices with 

drugs. It was found that the PCTS were able to cope with a full 24h treatment cycle which 

allowed for better comparison with previous time periods. It was also realised that a 48h 

rest period post slicing before drug application was better for comparing a non-treated 

control with drug treated slices as the extra recovery time reduced the damage associated 

biomarkers to a lower baseline. Next, I showed that the system has potential for 

predicting toxicity using clinically relevant drugs and that it can distinguish between 

structurally similar drugs with different reported toxicities. For further work here, more 

pairs of toxic compounds and non-toxic analogues should be tested to ensure that the 

system can not only identify the toxic drug but that it does not over exaggerate toxicity in 

drugs with profiles that have been deemed acceptable by the FDA and EMA. Alongside 

this, the inclusion of additional biomarkers for toxicity assessment is important to 

generate a more definitive safety profile for test compounds. As well as literature searches 

for new damage associated biomarkers, MSD offer a toxicity multiplex panel which could 

be incorporated into analysis of the culture media.  The last aim of this chapter was to 

determine whether or not the bioreactor could identify differences in toxicity in disease 

induced PCTS and normal cultured PCTS. Within the single liver donor, there were no 

significant differences between groups with the addition of the drug treatment, and 

within the single kidney donor, there was limited evidence in the HSP70 data that fibrosis 

development resulted in a greater toxic effect. A problem that was identified with this 

method of identifying different safety profiles between diseased and non-diseased tissue 

is that, especially for the liver studies, the tissue that is obtained is often from patients 

who already suffer from underlying pathologies and so may already display features of 

fibrosis or steatosis. A more accurate method of predicting differences between diseased 

and non-diseased organs would be to collect a wider range of donors and perform 

statistical analysis grouping patients by their pre-culture fibrosis and steatosis scores. 

Overall, this 96-well bioreactor has the potential to become a useful tool for the screening 

of novel lead candidate drugs and the prediction of their toxicity, reducing reliance on less 

physiologically relevant 2D and animal pre-clinical models. Compared to similar modelling 

systems from other groups, this bioreactor system is as capable at identifying toxicity of 

compounds and distinguishing between toxic and non-toxic analytes. As we did not use 
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rodent tissue, it is not possible to determine differences between species. The major 

benefit of this modelling platform over others, is the medium throughput nature, as I have 

a single plate containing 96 slices while others tended to use larger slices in 12 and 24 well 

plates (150, 154-156). The major drawback of PCTS in either this system or those 

developed by other groups, is that this model would not be suitable for long term studies 

as the current lifespan of the slices (in our platform) is 144h, where as liver-on-chip 

platforms have been shown to remain viable after 28 days while producing acceptable 

safety profiles (145).  I have shown however, that this platform is still capable of producing 

clinically relevant safety profiles for known toxic compounds in the shorter term.  
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8 Chapter 8. Future Direction 
 

Additional work for each individual chapter has been identified within the relevant 

section. This broadly includes the addition of further donors and testing of other anti-

fibrotic, anti-inflammatory and toxic compounds with non-toxic analogues.  

• I would like to be able to further develop the slice model to include other features 

of CLD, for example the exploration of models of NAFLD, NASH or HCC and 

understanding how these models could be put to use for testing novel lead 

compounds for efficacy and toxicity profiling.  

• It would also be interesting to study chronic inflammation as a result of senescent 

cells rather than by challenge with recombinant proteins, and if these cells could 

be induced in the slices. 

• As I have shown that this platform is suitable for the culture of slices produced 

from the kidney and the liver (and others in the lab have shown its suitability in 

the culture of lung slices), this system could investigate multi-morbidity, using 

conditioned media from one organ to treat another and see if the factors released 

from the fibrotic/steatotic/inflamed tissue can influence development of similar 

conditions in other slices.  
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