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Abstract  

Background: Hepatic progenitor cells (HPCs) play an important role in liver pathologies, 

and have been implicated in the genesis of hepatocellular carcinoma (HCC). Biomarkers 

that aid in the prognostication of HCC, identify at-risk patients and facilitate early 

detection of malignancy are of current interest. GCTM-5, a marker of HPCs, is a new 

candidate as a prognostic biomarker. The study of HPCs usually involves the assessment 

of liver disease severity, and the complexity of this process often necessitates 

participation by experienced pathologists. However, the involvement of pathologists in 

large-scale research studies is often not feasible. Computer-assisted image analysis (CIA) 

is an attractive alternative approach for the assessment of liver biopsies.  

Aims: (i) The development of a computerised approach to assess liver disease severity 

and quantification of HPC response, (ii) investigation of in situ GCTM-5 expression in 

acute hepatitis and HCC, (iii) determining the utility of GCTM-5 as a prognostic 

biomarker for HCC and (iv) the isolation and establishment of a GCTM-5+ve cell line for 

in vitro characterisation of HPCs.  

Methods: (i) Using the software platform “InForm”, custom algorithms were created for 

the CIA identification of HPCs and histological features of pathological significance. The 

software output was then compared to the scoring by a Pathologist. (ii) “InForm” was 

applied for the immunohistochemical evaluation of GCTM-5+ve cells in liver biopsies 

from cohorts of patients with HCC (n=100), chronic liver disease (n=15) and acute 

hepatitis (n=11). Normal donors (n=12) were used as controls. (iii) Fresh explant livers 

(n=8) were procured and utilised for the isolation and culture of HPCs. 

Results: (i) “InForm” was configured to identify HPCs (stained with GCTM-5 and Pan 

Cytokeratin), necroinflammation, and deposition of collagen and fat. “InForm” 

assessment of necroinflammatory activity closely correlate with the Pathologist’s scoring 

in a cohort of acute hepatitis (r2=0.8192, p<0.05). (ii) GCTM-5+ve cells were detectable in 

all acute hepatitis livers, and in 75% of HCC biopsies. The frequency of GCTM-5+ve cells 

were associated with necroinflammatory activity in acute hepatitis (r2=0.7362, p<0.01), 

and with clinical outcome in HCC (tumour grade, overall patient survival and tumour 

development, p<0.05). (iii) GCTM-5+ve cells could be successfully isolated, but a stable 

cell line could not be established.  
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Conclusions: (i) These series of experiments establish GCTM-5 as a biomarker of interest 

in both acute hepatitis and HCC. (ii) The frequency of GCTM-5+ve cells correlates with 

clinical outcome. (iii) Further studies are warranted to authenticate its prognostic utility 

in a large longitudinal cohort and ascertain tumourigenicity of GCTM-5+ve cells in vitro.  
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1.1 INTRODUCTION 

This introduction is divided into three parts. The first section introduces liver biology and 

reviews the role of hepatic progenitor cells in regeneration, disease and liver cancer. The 

second section discusses the analysis and interpretation of liver biopsies by pathologists 

and computer-based methods. The third section outlines the rationale, aims and 

hypotheses of this thesis.  

 

PART I: HEPATIC PROGENITOR CELLS 

 

1.2 INTRODUCTION TO THE LIVER 

1.2.1 Liver architecture and cellular composition 

The liver is a complex organ with many vital functions, including metabolism, protein 

synthesis, xenobiotic detoxification and immunity [1-3]. Structurally it consists of two 

main lobes, each with eight segments that are made up of lobules. Lobules are the basic 

architectural units of the liver and consist of mainly hepatocytes lined by sinusoidal 

capillaries. Lobules are roughly hexagonal, with a portal triad in each of the six corners. 

The centre is often referred to as pericentral areas, and a schematic depiction is shown in 

Figure 1. Portal triads consist of a portal vein, bile duct and hepatic artery [4]. Functionally, 

the liver is often classified into zones 1-3 of the hepatic acini to account for the blood 

flow pattern, oxygen gradient and metabolic potential [5]. At the cellular level, the liver 

consists of specialised cell types including hepatocytes, cholangiocytes, hepatic 

progenitor cells (HPCs), endothelial cells, stellate cells, Kupffer cells, sinusoidal 

endothelial cells and natural killer cells. The function of each cell type is discussed in 

detail in other reviews [1, 6-8], and only a summary of the primary functions of each cell 

type is given in Table 1.  
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Figure 1. Hepatic lobule 

(A) Schematic representation of portal (“P”) 

and central (“C”) areas of the hepatic lobule. 

(B) Cross-sectional appearance of a lobule 

stained with hematoxylin and eosin (H&E). 

Scale bar 200 μm. 

 

Table 1. Overview of cell types in the liver and their primary functions 

Cell type  Primary functions 

Cholangiocytes Epithelial cells that form bile ducts to transport bile. Cholangiocytes 

secrete water and bicarbonate, and maintain pH levels. 

Endothelial cells Form blood vessels, and control blood flow.  

Extracellular matrix Forms physical scaffold for structural support, compressive strength, 

and elasticity. Composed of water, proteins (e.g. collagen) and 

proteoglycans. Extracellular matrix regulates a wide array of 

functions including cell differentiation, proliferation, adhesion, 

migration, and survival. 

Hepatic progenitor cells HPCs mediate a “backup”  repair mechanism if the primary 

hepatocyte-mediated repair pathways are inhibited. HPCs can 

differentiate into hepatocytes and cholangiocytes to facilitate repair. 

HPCs are known drivers of fibrosis and are implicated in disease 

progression and carcinogenesis.  

Hepatocytes Major cell type of the liver; responsible for most functions of the 

liver (e.g. protein synthesis, bile secretion, glucose, glycogen, 

cholesterol and urea metabolism, detoxification, blood clotting). 

Hepatocytes are the first line of repair mechanism in response to 

injury. 

Kuppfer cells Specialised liver macrophage. Play a central role in innate immunity 

and have phagocytic properties. Activation of Kuppfer cells is a 

pivotal event in the initiation of liver injury.  

Natural killer cells Secrete pro-inflammatory cytokines and chemokines. Mediate 

cytotoxicity and hepatic immune tolerance.  

Sinusoidal endothelial cells Line sinusoids. Facilitate blood circulation and allow transfer of 

proteins/molecules between serum and hepatocytes. Secrete 

cytokines for hepatocyte proliferation.  

Stellate cells Located in sub-endothelial (Disse’s) space. Stellate cells are 

involved in the maintenance of the extracellular matrix. In the 

healthy liver, stellate cells are quiescent and store the majority of 

vitamin A. Stellate cell activation is the most dominant pathway 

leading to fibrosis. Stellate cells produce cytokines and proliferate in 

close anatomic relationship with HPCs. 

Abbreviation: HPCs = hepatic progenitor cells. 
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1.2.2 Liver repair/regeneration 

The liver is known for its high capacity for repair and regeneration. The liver has multiple 

regenerative systems [9-11], and the type of system activated is dependent on the injury 

type [12]. Hepatocyte-mediated regeneration is the front-line defence against the majority 

of liver injuries due to drugs, toxins or viral diseases. It is an evolutionary well-conserved 

system and consists of three networks that can be broadly divided into cytokine, growth 

factor and metabolic networks, which are discussed in detail elsewhere [13, 14]. Hepatocyte-

mediated regeneration requires only about 2-3 divisions of hepatocytes to restore as much 

as two-thirds of the liver [15]. Hepatocytes undergo both hypertrophy and hyperplasia to 

restore the liver size and weight [16]. However, when hepatocytes are too severely injured 

and/or are prevented from proliferating [17] – for example due to viral infections [18, 19] – 

the second line of defence is activated. This second system is mediated by HPCs and is 

further discussed in section 1.3.  

 

1.2.3 Liver diseases 

The liver is frequently exposed to insults such as toxins, alcohol or excess fat, which can 

lead to acute inflammation and deposition of extracellular matrix. Acute liver injury is a 

common clinical problem, and severe cases can lead to liver failure due to massive 

hepatocyte loss [20]. A type of acute injury is acute hepatitis, defined as the inflammation 

of the liver persisting for less than six months. Acute hepatitis includes alcoholic hepatitis 

[21], autoimmune hepatitis [22], drug-induced hepatitis [23, 24] and viral hepatitis which can 

be caused by classic hepatotropic viruses (hepatitis A-E) as well as Epstein Barr and 

human immunodeficiency virus [25]. Generally, acute injury does not result in long-term 

damage to the liver, providing the underlying insult is resolved and does not persist. If 

however, the insult continues - for example, an underlying untreated viral infection - it 

can lead to chronic liver damage. Success rates of treatments in chronic phases are 

typically much lower than in acute stages [20] and as such recognising and treating acute 

liver disease is imperative. 

Chronic liver disease (CLD) is defined as the insult and subsequent injury persisting over 

six months. Common underlying causes of CLD are infections by hepatotropic viruses, 
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alcoholic liver disease, non-alcoholic fatty liver disease (NAFLD), autoimmune hepatitis, 

primary biliary cholangitis, and less frequent, drug-induced or metabolic causes. NAFLD, 

in particular, is an increasing health problem in Australia due to its close association with 

obesity, and is estimated to affect over 40% of Australians aged over 50 years [26]. 

Regardless of the underlying aetiology, most CLD eventually progress to cirrhosis [27]. 

Cirrhosis is the late stage of fibrosis, characterised by extensive destruction of liver cells 

due to scar tissue and inflammation. Hepatocyte proliferation is significantly decreased 

[28], and the HPC compartment is activated [29]. The time frame of progression to cirrhosis 

is variable, and not readily predictable [27]. Cirrhosis is a significant risk factor for the 

development of hepatocellular carcinoma (HCC), being present in up to 90% of HCC 

globally [30]. In its advanced stages, cirrhosis is usually irreversible and thus the 

identification, treatment, and management of the underlying liver disease is essential to 

slow the progression of cirrhosis to malignancy or liver failure.  

 

1.3 HEPATIC PROGENITOR CELLS 

1.3.1 History and terminology of HPCs 

The appearance of small epithelial cells following the exposure of the carcinogen “butter 

yellow” (dimethylaminoazobenzene) in rats was first described in 1944 [31]. In 1956, 

Farber coined the term “oval cell” to describe the small oval-shaped epithelial cells which 

proliferated at the earliest stages of liver carcinogenesis induced by several different 

chemicals [32]. Since then, a large variety of different animal models that induce an oval 

cell response have been described, and include partial hepatectomy [33], choline-deficient 

ethionine supplemented diet [34], methionine choline-deficient diet [35] treatment with 

hepatotoxins such as DDC (3,5-diethoxycarbonyl-1,4-dihydrocollidine) [36], 

phenobarbital/cocaine, carbon tetrachloride [37], allyl alcohol [38], thioacetamide [39] and 

D-galactosamine [40]. Central to these models is the extensive destruction and/or 

compromised function of hepatocytes, thus impairing their ability to proliferate. This then 

activates the second line of liver repair; oval cells proliferate, migrate into the 

parenchyma, and differentiate to repair the damaged tissue [41].  

The existence of similar oval-like cells was later reported in humans [42-46]. In humans, 

oval cells are preferentially referred to as HPCs. The term “oval cells” is discouraged as 

there are distinct phenotypic differences between rodent oval cells and their human 
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counterpart [47-49], and rodent disease models may not be entirely comparable to human 

pathologies [50]. The term “ductular reaction” is also commonly used in humans. Ductular 

reactions are named for their ductular appearance, but are postulated to arise from HPCs 

[47, 51, 52]. The term is used to describe the HPC proliferative response, cells of intermediate 

phenotype (thought to represent HPCs at various stages of differentiation), the 

extracellular matrix and the closely associated inflammatory niche [53-55]. For consistency, 

this thesis employs the term “oval cell” to refer to the rodent progenitor compartment, 

“HPCs” for the human progenitor compartment, and “liver progenitor cells” (LPCs) to 

refer to the progenitor compartment of either rodents or humans (Table 2).  

 

Table 2. Liver progenitor cell terminology  

Term Definition 

Ductular reaction A reaction of ductular appearance and phenotype. Thought to arise 

from HPCs. The term refers to the proliferation of HPCs, 

intermediate cells, extracellular matrix and surrounding inflammatory 

niche. 

Hepatic progenitor cells 

(HPCs) 

Progenitor compartment in humans. 

Intermediate cells Intermediate size between progenitors and mature hepatocytes or 

cholangiocytes. Faint CK-7 immunoreactivity. Sign of HPC 

differentiation towards either lineage. 

Liver progenitor cells 

(LPCs) 

Progenitor compartment of either rodents or humans. 

Oval cells  Progenitor compartment in rodents. 

Abbreviations: CK = cytokeratin, HPCs = hepatic progenitor cells, LPCs = liver progenitor cells. 

 

 

1.3.2 HPCs: characteristics, stem cell niche, and activation 

While liver regeneration normally involves pre-existing hepatocytes, there are some liver 

pathologies that recruit HPCs as an alternative cell source to repair damaged liver 

parenchyma. Particularly in many chronic liver diseases, HPCs proliferate and give rise 

to both types of liver epithelial cells; namely cholangiocytes and hepatocytes, and are 

thought to be the progeny from an as of yet unidentified liver stem cell [56]. HPCs are 

small epithelial cells, between 7-10 μm in diameter, with a high nuclear to cytoplasmic 
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ratio, and ovoid nucleus [57]. They constitute approximately 0.5-2.5% of liver parenchyma 

[52, 57] and reside in the healthy liver in a niche termed “canals of Hering”. Recently, 

several more stem cell niches have been discovered, and include the stem cells residing 

within peribiliary glands and the hepatic acini, but little is known about them presently 

[9]. The canals of Hering are the terminal bile ductules at the furthest end of bile ducts, 

partly lined by hepatocytes and partly by cholangiocytes [58]. The extracellular matrix of 

the niche is rich in laminin, collagen III and IV, and low in sulphated proteoglycans to 

maintain the undifferentiated phenotype [55]. A schematic representation of the stem cell 

niche, the relationship of HPCs to other cells, and the principal differentiation pathways 

are depicted in Figure 2. The regulation of HPCs is complex and discussed in detail 

elsewhere [59-63]. In brief, the expansion and maintenance of HPCs are mainly mediated 

by tumour necrosis factor (TNF)-α, tumour necrosis factor-like weak inducer of apoptosis 

(TWEAK), hedgehog ligands and interferon-δ [64]. For the activation of the HPC 

compartment, a loss of at least 50% of hepatocytes is required [65]. Signals from the dying 

hepatocytes can trigger the expansion of HPCs through hedgehog signalling. Once 

activated, HPCs migrate centrally [66-68] and differentiate to hepatocytes and/or 

cholangiocytes to facilitate repair, mainly through the regulation of Wnt and Notch 

signalling [47, 58, 64, 69-72]. Key molecules that participate in mediation of HPCs are listed in 

Table 3. 
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Figure 2. HPC niche and signalling 

network 

HPCs are located within canals of Hering. Key 

differentiation signalling pathways for HPCs are 

Notch and IL-6 for biliary differentiation, and Wnt and 

TGF-β for hepatocellular differentiation. TWEAK, 

HH ligands and IFN-δ are key molecules for regulation 

and maintenance of HPC expansion. Stellate cells - 

located in close spatial proximity to HPCs - can also 

influence the direction of HPCs through the expression 

of jagged (Notch ligand). Macrophages can regulate 

HPC fate through Wnt signalling. Signals from dying 

hepatocytes also can trigger both HPC and stellate cell 

expansion, which promotes collagen deposition. 

Abbreviations: CK = cytokeratin, EpCAM = epithelial 

cell adhesion molecule, HH = hedgehog, HPCs = 

hepatic progenitor cells, IFN = interferon, IL = 

interleukin, NCAM = neural cell adhesion molecule, 

TGF = transforming growth factor, TWEAK = tumour 

necrosis factor-like weak inducer of apoptosis, Wnt = 

wingless-related integration site. 
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Table 3. List of mediators implicated in HPC regulation 

Signalling Molecules Refs 

Adipokines Leptin, adiponectin [73, 74] 

Cytokines, chemokines, 

growth factors 

CTFG [75] 

EGF [76] 

FGF-7 [77] 

HGF [78] 

IFN-γ [79] 

IL-6, IL-22 [80-83] 

Members of the TNF superfamily including TNF-

α/LT-β, TWEAK/Fn14 
[82, 84-87] 

TGF-α , TGF-β [64, 88, 89] 

SCF [90] 

Hormones Somatostatin  [91] 

Matrix proteins Laminin, collagens, MMP, OPN-1 [92-94] 

Morphogens Wnt, Notch, Hedgehog Ligands [91, 95-99] 

Neurotransmitters Serotonin, Ach, VIP [100-103] 

Abbreviations: Ach = acetylcholine, CTFG = connective tissue growth factor, EGF = epidermal growth 

factor, FGF = fibroblast growth factor, Fn14 = fibroblast growth factor-inducible 14, HGF = hepatocyte 

growth factor, IFN = interferon, IL = interleukin, LT = lymphotoxin, MMP = matrix metalloproteinases, 

OPN-1 = osteopontin-1, SCF = stem cell factor, TGF = transforming growth factor, TNF = tumour necrosis 

factor, TWEAK = tumour necrosis factor-like weak inducer of apoptosis, VIP = vasoactive intestinal 

peptide, Wnt = wingless-related integration site. 

 

 

 

HPCs can express a variable mixture of biliary, hepatocyte, stem cell and hematopoietic 

markers such as OV-6, cytokeratins (CK) 7, 19, epithelial cell adhesion molecule 

(EpCAM) and CD34. Importantly the HPC population is dynamic and heterogeneous, 

ranging from immature to intermediate phenotypes that are influenced by the immediate 

micro-environment [104, 105]. It is speculated that HPCs arise from an as of yet unidentified 

hepatic stem cell [47, 106]. Recent studies have further suggested that hepatocytes [107] and 

hepatic stellate cells [108] can also contribute to the HPC pool. Extra-hepatic sources, such 
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as bone marrow cells, have also been proposed [109]. Further, animal studies have reported 

the spontaneous dedifferentiation of terminally differentiated hepatocytes or 

cholangiocytes following injury [107, 110, 111]. The ability to spontaneously reprogram is 

termed liver plasticity and has been suggested to contribute to the putative progenitor 

compartment [112, 113].  

 

1.3.3 HPC response in acute and chronic liver disease 

The HPC response in acute liver injury or acute liver failure has not been extensively 

investigated, with the majority of studies focusing on the HPC response in chronic disease 

or acute-on-chronic liver failure. A summary of studies examining HPCs in an acute 

injury setting is presented in Table 4. These studies have demonstrated that HPCs are 

detectable in severe acute liver injury of various underlying aetiologies, using markers 

CK-7, CK-19, Pan Cytokeratin, OV-6, and chromogranin-A. A 50% loss of hepatocytes 

is required for extensive HPC activation, and more HPCs are detected in areas with more 

severe hepatocyte loss [65]. HPC activation can be detected as early as 24 hours post insult, 

and the development of intermediate phenotypes was reported within one to two weeks 

[65, 114]. The numbers of HPCs have been associated with clinical factors using “MELD” 

scoring (Model for End-Stage Liver Disease) [65]. However many questions remain about 

the significance of HPCs in acute liver injury, and more studies are needed to elucidate 

the role of HPCs in acute repair and survival in acute liver failure [115, 116].  
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Table 4. HPCs in acute liver injury  

HPC markers Acute cohort Comments Ref 

AE1, CK-19  Hepatectomy patients 

(n=4), 2-14 days post-

injury. 

 Aetiologies: 

acetaminophen, toxic, 

failed liver allograft. 

 Ductular hepatocytes (“DH”; 

postulated to arise from HPCs) 

detected by day two following injury. 

 DH population is heterogeneous and 

transient. 

[114] 

CK-7, CK-19  Disease durations 

between one week and 

six months post insult 

(n=74). 

 Aetiologies: hepatitis A, 

hepatitis B, drug-induced 

and cryptogenic. 

 HPC activation occurs within one 

week of disease course. A 50% loss of 

hepatocytes is required for extensive 

HPC activation. 

 HPC activation is most pronounced in 

areas of severe hepatocyte loss. 

 Development of intermediate cells 

(indicative of HPC differentiation) 

takes at least one week. 

 Number of HPCs correlated with 

MELD scores.  

[65] 

CK-7, CK-19  Patients with ALF, within 

four weeks of onset of 

symptoms (n=29). 

 Aetiologies: viral 

hepatitis, drug toxicity, 

autoimmune hepatitis, 

heart failure, 

mycotoxicosis and 

unknown.  

 ALF associated with ductular HPC 

proliferation. 

 Report ongoing fibrosis and stellate 

cell activation in ALF.  

[117] 

OV-6, CK-7, 

CK-19, 

Chrom-A, 

NCAM 

 Submassive necrosis; 

disease duration <24 

hours post insult (n=6). 

 Submassive necrosis, 

disease duration >24 

hours post insult (n=14). 

 HPCs can be detected in the <24-hour 

cohort. Very few intermediate 

phenotypes. No NCAM detected in 

this time-frame. 

 An abundance of HPCs can be 

detected in the > 24-hour group, as 

well as an abundance of intermediate 

phenotypes. 

[46] 

Abbreviations: AE1= pan cytokeratin type 1, ALF = acute liver failure, Chrom-A = chromogranin-A, CK = 

cytokeratin, DH = ductular hepatocytes, HPC = hepatic progenitor cell, MELD = model for end stage liver 

disease, NCAM = neural cell adhesion molecule 
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In contrast, the HPC response in CLD has been widely studied. HPCs have been 

documented in most CLD investigated [53]. Some studies have correlated the numbers of 

HPCs with more severe stages of pathology, as measured by fibrosis and inflammatory 

activity. Fibrosis and inflammation are key parameters determining disease progression, 

as well as impacting treatment regimes, and are thus of extensive interest in the field. 

HPCs are known drivers of fibrosis. Their proliferation is closely associated with hepatic 

stellate cells, which are the primary collagen-producing cell when activated [118, 119]. 

Furthermore, HPCs may undergo epithelial-mesenchymal transition and contribute to the 

myofibroblast pool [118, 120-122]. HPCs can also secrete agents that are chemotactic to 

inflammatory cells, and further activate stellate cells [49, 123]. The close association of 

HPCs to inflammatory and fibrotic areas provides an ideal milieu for tumorigenic 

transformation, which forms the basis of the working hypothesis of HPC mediated 

carcinogenesis (discussed in section 1.4.3). Table 5 and Table 6 give an overview of 

studies investigating HPCs in the context of fibrosis and inflammation respectively. 
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Table 5. Key studies examining HPCs in the context of fibrosis 

HPC marker Disease Comments Refs 

CK-19, M2PK Hemochromatosis, 

ALD or chronic HCV. 

HPCs correlate with the severity of 

fibrosis. 
[44] 

CK-7 Chronic HCV. HPCs correlate with the stage of fibrosis. 

HPCs are also observable in patients 

without fibrosis. 

[121] 

Chronic HCV. HPCs correlate with the activity of 

myofibroblasts, but not with the activity of 

hepatic stellate cells. 

[124] 

Chronic HCV. HPCs correlate with the stage of fibrosis.  

Steatosis correlates with greater HPC 

proliferation. 

[51] 

NAFLD. HPCs correlate with portal fibrosis, but not 

with central fibrosis.  
[125] 

NAFLD. HPCs correlate with the stage of fibrosis. [126] 

NAFLD (paediatric). HPCs correlate with fibrosis. [74] 

CK-7, CK-19, 

EpCAM, 

NAFLD. HPCs correlate with the activity of 

myofibroblasts, but lesser correlation with 

the activity of hepatic stellate cells. 

[127] 

LGR5 Paediatric cohorts of 

biliary atresia, ALF, 

PFIC and A1ATD.  

LGR5 predominantly expressed in peri-

septal hepatocytes. May represent a 

transitional HPC phenotype.  

Majority of LGR5+ve cells are adjacent to 

areas of chronic fibrosis.  

[128] 

OV-6, CK-7 NAFLD. HPCs correlate with fibrosis. [129] 

Abbreviations: A1ATD = alpha-1 Antitrypsin Deficiency, ALD = alcoholic liver disease, ALF = acute liver 

failure, CK = cytokeratin, EpCAM = epithelial cell adhesion molecule, HCV = hepatitis-C virus, HPCs = 

hepatic progenitor cells, LGR5 = leucine-rich repeat-containing G-protein coupled receptor 5, M2PK = M2-

isozyme of pyruvate kinase, NAFLD = non-alcoholic fatty liver disease, PFIC = progressive familial 

intrahepatic cholestasis. 
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Table 6. Key studies examining HPCs in the context of inflammation 

Marker Disease Comments Refs 

CK-7 

 

Chronic HCV. HPCs correlate with the grade of 

necroinflammatory activity, in 

particular with portal inflammation and 

interface hepatitis. 

[121] 

Chronic HCV. HPCs correlate with the grade of 

necroinflammatory activity, in 

particular with interface hepatitis.  

[124] 

Chronic HCV or HBV. Centrally located HPCs correlate with 

the severity of parenchymal 

inflammation. 

[70] 

Hemochromatosis. HPCs correlate with portal 

inflammation. 

HPCs also correlate with iron loading 

and hepatocyte replicate arrest. 

[130] 

NAFLD. HPCs correlate with portal 

inflammation. 
[126] 

CK-7, CK-19, 

EpCAM, 

NAFLD. HPCs correlate with portal 

inflammation.  
[127] 

Abbreviations: CK = cytokeratin, EpCAM = epithelial cell adhesion molecule, HBV = hepatitis-B virus, 

HCV = hepatitis C virus. HPCs = hepatic progenitor cells NAFLD = non-alcoholic fatty liver disease. 

 

 

 

1.4 HPCS IN LIVER CANCER 

1.4.1 Hepatocellular carcinoma 

HCC is a significant public health issue worldwide. HCC is the fifth most common cause 

of cancer and the second most common cause of cancer-related death [131]. HCC has one 

of the lowest five-year survival rates compared to other cancers in Australia (less than 

20%) [132]. 

HCC frequently develops as a result of CLD with a background of cirrhosis, such as in 

chronic viral hepatitis infections, or fatty liver disease [133, 134]. Additional risk factors for 

developing HCC include aflatoxin-contaminated food, metabolic disorders and some 

hereditary conditions such as hemochromatosis [135]. The prevalence of these underlying 

risk factors - in particular obesity - is increasing globally and as such the incidence of 

liver cancer is projected to increase by as much as 35% by 2030 [131]. 
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The treatment options for HCC are limited, and in many cases, no effective treatment can 

be offered since the majority of patients are diagnosed at advanced stages. HCC is an 

extremely heterogeneous cancer regarding phenotype, genetics, histology and clinical 

course; factors which can all impact treatment regimens [136-138]. HCC is at large resistant 

to conventional chemotherapies, and to date, only Sorafenib has proven to have a 

consistent beneficial effect in treating HCC – albeit being a minimal benefit of only three 

months additional survival [139, 140]. Other treatments include liver transplantation, tumour 

resections and locoregional therapy [134, 141], but these are all burdened by high recurrence 

rates [134, 142, 143]. High recurrence rates have been partly attributed to chronic damage of 

the liver, such as the presence of cirrhosis, inflammation, and hepatitis-C infection [144-

147]. Another theory is that cancer stem cells (CSCs) are driving factors of carcinogenesis, 

and account for the HCC hallmarks of chemoresistance, high invasiveness, and 

recurrence. 

 

1.4.2 Cancer stem cells in HCC 

CSCs share key characteristics with normal adult stem cells, such as the ability for self-

renewal and giving rise to varied differentiated progeny. CSCs are further capable of 

initiating de novo tumours, have chemoresistant and metastatic properties, and are 

thought to be responsible for relapse following treatment [148]. CSCs are likely to be organ 

and/or cancer-specific, and properties that are specific for one type of CSCs may not 

necessarily hold true for another. Furthermore, CSCs are a dynamic population likely due 

to interaction with the changing tumour niche [149]. These dynamic properties make CSCs 

challenging to identify and isolate. Despite this, there is increasing evidence that cells 

with CSC properties exist in an HCC setting. Putative CSCs have been identified using 

several methods, including “side population” analysis (ability to efflux dye effectively 

against a steep membrane gradient) [150, 151], surface antigen expression profile (in 

particular, expression of CD133, CD144, EpCAM or LGR5) [152-155], and expression of 

aldehyde dehydrogenase [156]. Despite this progress, the cellular origin of HCC has not 

been unequivocally identified. The evidence so far suggests that CSCs may originate from 

a transformed population of LPCs [157-160], and is discussed in further detail below. 
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1.4.3 LPCs in carcinogenesis 

1.4.3.1 Evidence from rodent studies 

Different animal models have been established to study the effects of oval cells on 

carcinogenesis, and many have demonstrated a clear link between the abundance of oval 

cells and the likelihood of carcinoma formation. Large numbers of oval cells can be 

observed following exposure to a variety of hepatotoxins [161-164], and examination of 

tumours has revealed oval cell markers [165-167]. Studies have shown that inhibition of the 

oval cell response, either by modulation of the inflammatory pathway [166, 168], oncogene 

deactivation [169, 170], inhibition of c-kit signalling [171], blocking of osteopontin [172] or 

through retinoid-based treatments [173], can significantly reduce the incidence of 

carcinomas. Oval cells that are isolated from rodents are easily transformed in culture and 

can give rise to liver tumours when injected into immunocompromised hosts; 

demonstrating their tumour initiating ability [174-179]. Furthermore, a recent lineage tracing 

study has reported that EpCAM+ve oval cells gave rise to HCC after eight months in a 

DDC mouse model, supporting the existence of LPC derived hepatocarcinogenesis [180]. 

 

1.4.3.2 Evidence from human studies 

Human studies have also demonstrated an association between the abundance of HPCs 

and the incidence of HCC. A retrospective longitudinal study has found a correlation 

between the presence of “intermediate hepatobiliary cells” (postulated to be derived from 

the progenitor pool) and the incidence of HCC formation in a chronic hepatitis-C cohort 

[181]. HPCs, identified by CK-7, CK-19 or OV-6 expression, have also been reported 

within dysplastic lesions [182, 183] and tumours [43, 183-192]. Some HPCs have been reported 

to express oncogenic markers such as c-myc and KLF-4 [193, 194] and CSC-associated 

markers including CD133 and EpCAM [195-197]. Furthermore, HPCs isolated from HCC 

biopsies can initiate de novo tumours in immunodeficient hosts [193, 198].  

Several studies have correlated the expression of various HPC markers in situ with 

clinically prognostic outcomes such as overall survival, recurrence-free survival, and 

metastasis (Table 7). Currently, clinical treatment does not take into account whether the 

tumour has an HPC signature, and perhaps a more targeted treatment could change the 

clinical outcomes [185, 199]. Interestingly, a recent study has shown that patients with HCCs 
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expressing the HPC markers CK-19 and OV-6, had superior survival following Sorafenib 

treatment compared to patients with HCCs negative for these markers. The authors 

speculated this effect to be due to Sorafenib affecting liver CSCs by suppressing STAT3 

(Signal transducer and activator of transcription 3) activation, reducing self-renewal 

ability and increasing apoptosis [200].  

Together these findings have raised interest in the search for biomarkers that can aid in 

prognostication of HCC, identify at-risk patients and aid in the early detection of 

malignancy. However, a significant limitation is the low detection rate of any currently 

available marker in HCC biopsies. Only approximately one-third of HCCs in the studied 

cohorts were positive for any given marker [196, 201-205]. This narrow range can significantly 

limit the use of these HPC markers as diagnostic or prognostic biomarkers. One notable 

exception is EpCAM which was reported to be expressed by as many as 48-56% of HCCs 

[206, 207]. These percentages may, however, be biased as higher EpCAM expression has 

been associated with underlying hepatitis-B infection [208], and both cohorts included a 

high proportion of hepatitis-B infected patients. Lastly, another crucial limitation of 

current HPC markers are the inconsistencies reported between studies (Table 7). It is 

likely that the heterogeneity of HCCs [209, 210], as well as the dynamic nature of the 

reported antigen expression profile of HPCs, are the cause of these discrepancies. 

Together this highlights the challenges faced in the field, as a useful diagnostic or 

prognostic biomarker must be reliably expressed.  
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Table 7. HPC/CSC markers and their correlation with clinical parameters 

HPC/CSC 

marker 

Reported association with clinical outcomes Refs 

CD117 No prognostic significance found. [211] 

CD133 Associated with decreased overall survival, decreased recurrence-free 

survival, and increased tumour grade. 
[196, 205, 212] 

No prognostic significance found. Reported rare expression in HCC 

cohort (<3 %). 
[207] 

CD44 Associated with decreased overall survival, decreased recurrence-free 

survival, and increased tumour aggression.  
[196] 

CD56 No prognostic significance found. Reported rare expression in HCC 

cohort (<3 %). 
[207] 

CK-7 Associated with decreased recurrence-free survival in combined HCC-

cholangiocarcinoma. 
[213] 

No prognostic significance found. [196] 

CK-10 Associated with poor overall survival. [214] 

CK-19 Associated with decreased overall survival, decreased recurrence-free 

survival, and increased microvascular invasion. 

[196, 201, 211, 

214, 215] 

Associated with EpCAM expression. [206] 

EpCAM Combined with AFP, is associated with poorer overall survival.  [216] 

A higher number of circulatory EpCAM+ve cells in sera are associated 

with earlier tumour recurrence and reduced overall survival. 
[217, 218] 

No prognostic significance found. [196, 202, 211] 

Associated with decreased overall survival, decreased recurrence-free 

survival, and with increased tumour aggressiveness. 
[207, 219, 220] 

Together with CK-19, expression was associated with resistance to 

transarterial chemoembolization. 
[221] 

Nestin Associated with decreased overall survival, and decreased recurrence-

free survival. 
[196] 

OV-6 No prognostic significance found. [196] 

Associated with decreased survival, but increased response to Sorafenib 

treatment. 
[200] 

SALL4 Associated with decreased overall survival, but no other features of 

tumour aggressiveness.  

Correlated to EpCAM expression.  

[206] 

Abbreviations: AFP = alpha fetoprotein, CD = cluster of differentiation, CK = cytokeratin, CSCs = cancer 

stem cells, EpCAM = epithelial cell adhesion molecule, HCC = hepatocellular carcinoma, HPCs = hepatic 

progenitor cells, SALL4 = Sal-like protein 4. 
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Overall, the evidence points towards a poorer prognosis for tumours with an HPC 

signature, compared to tumours with no progenitor cell features. Together these data 

strengthen the hypothesis that a transformed HPC subpopulation may represent liver 

CSCs capable of giving rise to at least a subpopulation of HCCs (Figure 3). The exact 

mechanisms of transformation are not understood. The working hypothesis is that HPCs 

participate in repairing liver damage, and the sustained proliferation of HPCs in the 

inflamed, fibrotic and steatotic environment lead some HPCs to be transformed into 

CSCs. Oxidative stress [222] and the dysregulation of various cytokines including TNF-α, 

transforming-growth factor (TGF)-β and interleukin (IL)-1 [81, 85, 166, 223, 224], and 

adipokines such as leptin and adiponectin [74], are strongly implicated in the 

transformation process. The changes in the micro-environment may cause genetic 

modifications to self-renewal pathways and result in HPCs transforming their fate 

towards CSCs. For instance, studies have shown enhanced expression of oncogenic, 

pluripotent and morphogenic genes in HPCs - such as c-myc, Oct-4, KLF-4, GLI-1, 

Nanog - are important in the progression from non-alcoholic steatohepatitis to HCC [193] 

and are associated with poorer prognosis in HCC [194, 225].   
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Figure 3. Model of HPC carcinogenesis  

HPCs are activated when the hepatocyte-mediated repair pathway is inhibited/impaired, typically due to 

severe acute insult or persistent chronic damage. HPCs proliferate and differentiate into 

hepatocytes/cholangiocytes to repair the tissue. HPC proliferation also promotes fibrogenesis through 

activation of stellate cells. If the insult persists, changes in microenvironment such as chronic inflammation, 

steatosis, and oxidative stress disrupt cellular and tissue homeostasis and change the selective pressure 

placed on cells. This promotes transformation events causing aberrant cellular behaviour and promoting 

tumorigenic phenotypes. Different phenotypes may result from activation of different oncogenic pathways 

during tumorigenesis. HPCs with CSC features commonly express CD133, EpCAM or CK-19 and has been 
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associated with poorer outcome for patients. Abbreviations: CD = cluster of differentiation, CK = 

cytokeratin, CSCs = cancer stem cells, ECM = extracellular matrix, EMT = epithelial-mesenchymal 

transition, HPCs = hepatic progenitor cells, 

 

 

 

1.4.3.3 Controversy  

Despite the wealth of evidence that implicates LPCs in the carcinogenesis in both human 

and rodents, there is still contention about the cellular origin of HCC. Some rodent studies 

using genetic fate tracing reported no significant contribution of oval cells to hepatocytes 

for regeneration [226-228] or to tumour development [229, 230], while others report the opposite 

[231, 232]. Discrepancies between studies may be due to different carcinogenic models used, 

as the oval cell response can vary depending on injury context and the extent of 

hepatocyte proliferation [233]. Given the increasing numbers of rodent HCC models, the 

question arises if all of these models are of clinical significance for the understanding of 

human carcinogenesis; and further, whether these reflect HCCs of different aetiologies in 

patients. It is likely that multiple cell types can be responsible for the development of 

HCCs, and that LPCs do not account for all HCCs. In line with this, Holczbauer and 

colleagues have demonstrated that any hepatic cell can acquire oncogenic reprogramming 

[169]. As such, it is probable that HCC heterogeneity is a result of different cellular origins, 

as well as a diversity of genetic mutations [199]. Lastly, the detection of HPC markers 

could be a sign of de-differentiation of hepatocytes or cholangiocytes, instead of 

representing distinct progenitor populations [107]. As such, the existence, significance of 

activation and contribution to carcinogenesis, of the progenitor compartment has not been 

unequivocally proven.  

 

1.5 ISOLATION AND CULTURE OF HPCS 

1.5.1 Isolation techniques 

Primary cell culture is integral for HPC research, allowing for the direct manipulation of 

cells and in-depth characterisation. Many techniques exist for the isolation of HPCs, and 

most include the enzymatic dissociation of the tissue, typically with collagenases [234]. 

Once digested, HPCs can be obtained by centrifugation and plated, a technique commonly 
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termed “plate and wait” [198, 235-240]. The HPCs isolated in this manner are typically 

heterogeneous, but can be further purified by additional steps, including red blood cell 

removal [234], density gradient centrifugation [241], side population analysis [241, 242] and/or 

immunoselection of surface markers using either magnetic sorting [234, 243, 244], or 

fluorescent cytometry [241].  

Once isolated, it is crucial that the HPCs are rigorously characterised in vitro and/or in 

vivo to confirm antigen expression status and assess functional bipotentiality. Not all 

studies report rigorous testing of isolated HPCs, which may limit the conclusions one can 

draw from the results, as it is unclear if isolated cells represent HPCs that can differentiate 

towards both lineages, or if the population represents a more mature and committed 

subpopulation.  

 

1.5.1.1 Surface markers 

Positive immunoselection using surface markers are an attractive method for the isolation 

and purification of HPCs. A large number of cell surface markers have been attributed to 

HPCs [233, 245]. However, only a minority of these markers have been successfully used to 

isolate putative HPCs. These include CD117, CD113, CD24, CD34, EpCAM, neural cell 

adhesion molecule (NCAM) and thymus cell antigen-1 (Thy-1), and the relevant studies 

are listed in Table 8. Significant discrepancies exist between the reported antigens 

expressed by isolated putative HPCs, and there is controversy about the authenticity of 

some markers. For example, Thy-1 has been argued to be mistakenly attributed to LPCs, 

instead of activated myofibroblasts, due to their close spatial proximity [122, 246, 247]. 

Studies examining the markers CD133, CD117 and CD34 have also reported significant 

discrepancies. Schmelzer and colleagues [57] reported a large percentage of EpCAM+ve / 

CD133+ve HPCs that remain negative for CD117 and CD34. This is the opposite of other 

studies that report the absence of CD133 expression [248], and instead, report the presence 

of CD117 and CD34 on HPCs [249-251]. These conflicting findings are likely the result of 

isolation techniques or reflect a different maturity stage of HPCs [49, 252]. The 

heterogeneity again highlights the challenges in the field.  
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Table 8. Surface markers successfully used for isolation of putative HPCs 

Marker Donor Material Isolation Procedure Comments 

P
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f 
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T
u

m
o

u
r 

a
ss

a
y

s 

Refs 

CD117 

(c-kit) 

Fetal donors. Physical dissociation of tissue, 

immunodepletion for other lineage-

specific markers, followed by 

positive FACS for CD117 and CD34. 

 CD117+ve / CD34+ve were negative for 

CK-19. 

 Repopulated host liver in vivo. 

Y 

 

Y 

 

N Y 

(no 

tumour 

observed) 

[250] 

CD133 Liver metastatic 

colorectal cancers. 

Physical dissociation of tissue, 

collagenase digestion, positive 

immunoselection for CD133. 

CD133+ve cells are in a quiescent state in 

colorectal cancer. 

N N N N [253] 

 

CD24 HCC donors. 

 

Collagenase digestion, negative 

immunoselection for CD45, followed 

by positive immunoselection for 

CD24. 

CD24+ve cells are important in maintenance, 

self-renewal, differentiation, and metastasis 

of tumours. 

N Y 

 

N Y [152] 

 

CD34 Normal donors and 

donors with various 

CLDs. 

Collagenase digestion, density 

centrifugation, negative selection for 

EpCAM, positive immunoselection 

for c-kit or CD34. 

 CD34+ve cells not found in diseased bile 

ducts. 

 Close association between c-kit and 

CK-19 expression. 

Y N N N [243] 

 

Phenotype test: assessing antigen expression, most commonly performed by immunofluorescent staining, as well as gene expression. Bipotential test: in vitro or in vivo differentiation 

into functional cholangiocytes and hepatocytes. Confirmation of stability: most commonly performed by karyotyping, as well as testing gene expression, after an extended time in 

culture. Tumour assays: common in vitro assays is anchorage-independent growth. Gold standard in vivo assay is the injection of cells into immunocompromised hosts. Abbreviations: 

CD = cluster of differentiation, CK = cytokeratin, CLD = chronic liver disease, EpCAM = epithelial cell adhesion molecule, FACS = fluorescence-activated cell sorting, HPCs = hepatic 

progenitor cells, N = no, Y = yes. 
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Table 8 cont. 

Marker 
Donor 

Material 
Isolation Procedure Comments 
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u
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o
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a
y

s 

Refs 

CD34 Fetal livers. Collagenase digestion, density 

centrifugation, positive 

immunoselection for CD34. 

 Very few CD34+ve cells co-labelled with 

c-kit. 

 About 8% of CD34+ve also expressed 

cytokeratin markers. 

Y N N N [251] 

 

CD34 Fetal livers. Collagenase perfusion, positive 

immunoselection for CD34. 

CD34+ve cells expressed AFP. Y N N N [249] 

 

EpCAM Fetal livers.  Collagenase perfusion, density, 

centrifugation. 

 Further positive 

immunoselection for EpCAM to 

compare methodologies. 

Plate and wait method with density 

centrifugation (but without further 

immunoselection) yielded a superior 

outcome. 

Y Y Y  

(>20 

passages) 

N [254] 

 

EpCAM Donors with 

CLDs and 

HCC. 

Collagenase digestion, magnetic 

immunoselection for EpCAM. 

 

Successful isolations are possible even after 

exposure to cold ischemia for 48 hours. 

Y N N N [255] 

 

Phenotype test: assessing antigen expression, most commonly performed by immunofluorescent staining, as well as gene expression. Bipotential test: in vitro or in vivo differentiation 

into functional cholangiocytes and hepatocytes. Confirmation of stability: most commonly performed by karyotyping, as well as testing gene expression, after an extended time in 

culture. Tumour assays: common in vitro assays is anchorage-independent growth. Gold standard in vivo assay is the injection of cells into immunocompromised hosts. Abbreviations: 

AFP = alpha-fetoprotein, CD = cluster of differentiation, CK = cytokeratin, CLD = chronic liver disease, EpCAM = epithelial cell adhesion molecule, HCC = hepatocellular carcinoma, 

HPCs = hepatic progenitor cells, N= no, Y= yes. 
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Table 8 cont. 

Marker 
Donor 

Material 
Isolation Procedure Comments 
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Refs 

EpCAM Fetal and 

postnatal 

donors. 

Collagenase perfusion, density gradient 

centrifugation, positive immunoselection for 

EpCAM. 

 EpCAM+ve cells contained distinct 

subpopulations (analysed by flow 

cytometry). 

 >90% of EpCAM+ve cells also 

positive for CK-19 and CD133, but 

negative for CD34. 

Y Y N N [57] 

 

EpCAM End-stage 

ALD patients 

who received 

an orthotopic 

liver 

transplant. 

 Compared different methods; SP analysis 

or; 

 Physical dissociation of tissue, 

collagenase digestion, density gradient 

centrifugation, positive immunoselection 

for EpCAM or Trop-2. 

 Trop-2+ve and EpCAM+ve cells had a 

similar transcriptome profile. 

 Cells isolated by SP analysis 

differed substantially from Trop-2+ve 

and EpCAM+ve cells. 

Y N N N [49] 

LGR5 Liver fibrosis 

and normal 

donors.  

Physical dissociation of tissue. Trypsin and 

collagenase digestion. Positive 

immunoselection for LGR5. 

Treatment with HGF/Rspo1 promotes 

LGR5+ve cell expansion. 

Y Y N N [256] 

Phenotype test: assessing antigen expression, most commonly performed by immunofluorescent staining, as well as gene expression. Bipotential test: in vitro or in vivo differentiation 

into functional cholangiocytes and hepatocytes. Confirmation of stability: most commonly performed by karyotyping, as well as testing gene expression, after an extended time in 

culture. Tumour assays: common in vitro assays is anchorage-independent growth. Gold standard in vivo assay is the injection of cells into immunocompromised hosts. Abbreviations: 

ALD = alcoholic liver disease, CD = cluster of differentiation, CLD – chronic liver disease, EpCAM = epithelial cell adhesion molecule, HGF = hepatocyte growth factor, LGR5 = 

Leucine-rich repeat-containing G-protein coupled receptor 5, N = no, Rspo1 = Rspo1 – Roof plate-specific spondin 1, SP = side population, Trop-2 = trophoblast antigen 2, Y = yes. 
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Table 8 cont. 

Marker Donor Material Isolation Procedure Comments 
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Refs 

NCAM 

(CD56) 

Fetal and postnatal 

donors. 

Collagenase perfusion, density gradient 

centrifugation, positive 

immunoselection for NCAM. 

Selection using NCAM is more useful 

in fetal livers than in adult livers. 

Y Y N N [57] 

 

Thy-1 

(CD90) 

HCC donors and 

patients with 

dysplastic nodules. 

Collagenase digestion, positive 

immunoselection for Thy-1 and CD44 

using FACS. 

 Thy-1+ve cells generated tumours 

in immunodeficient mice. 

 Thy-1+ve / CD44+ve more 

aggressive than Thy-1+ve / CD44-ve. 

Y Y N Y [257] 

 

Thy-1 

(CD90) 

Normal donors and 

partial hepatectomy 

patients with various 

CLDs. 

Collagenase perfusion, physical 

dissociation of tissue, density gradient 

centrifugation, positive 

immunoselection for Thy-1. 

The number of Thy-1+ve cells is 

increased in regenerating livers 

compared to normal donors. 

Y N N N [258] 

Thy-1 

(CD90) 

Living donor liver 

transplantation cohort 

and HCC donors. 

Physical dissociation of tissue, 

collagenase digestion, density 

centrifugation, positive 

immunoselection for Thy-1. 

The number of Thy-1+ve cells declines 

with donor age. 

N N N N [259] 

 

Phenotype test: assessing antigen expression, most commonly performed by immunofluorescent staining, as well as gene expression. Bipotential test: in vitro or in vivo differentiation 

into functional cholangiocytes and hepatocytes. Confirmation of stability: most commonly performed by karyotyping, as well as testing gene expression, after an extended time in 

culture. Tumour assays: common in vitro assays is anchorage-independent growth. Gold standard in vivo assay is the injection of cells into immunocompromised hosts. Abbreviations: 

CD = cluster of differentiation, CLD = chronic liver disease, FACS = fluorescent activated cell sorting, HCC = hepatocellular carcinoma, N = no, NCAM = neural cell adhesion 

molecule, Thy-1 = thymus antigen-1, Y = yes. 
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1.5.2 Other challenges 

The isolation and culture of human HPCs have proven more challenging than their rodent 

counterparts and is a significant barrier for future clinical translation of HPC-based 

therapies [260]. In the healthy liver, HPCs are few in numbers, and therefore isolations are 

most commonly performed in diseased livers. The high incidence of virally infected livers 

makes the procurement and processing of livers more difficult due to the additional 

regulations and safety precautions that must be strictly observed.  

The success of the culture depends on many factors, including donor characteristics, 

surgery-related factors, and isolation procedures. In our laboratory’s experience, cirrhotic 

donors are more difficult to achieve optimal enzymatic digestion due to extensive scar 

tissue, thereby reducing success rates of HPC isolation. Similarly, a study reported only 

one successful isolation out of ten cirrhotic donors [248]. Older donors yield poorer 

outcome compared to younger donors [261]. Extended isolation protocols can produce 

inferior outcomes [254], and researchers must balance the need for higher purity against 

decreased yield.  

HPCs are known to be a dynamic population that can change morphology, phenotype and 

cell surface marker expression, further complicating the isolation and maintenance of a 

uniform population [262]. Another challenge is the long-term culture of HPCs. Very few 

studies have been able to demonstrate the long-term genetic stability of HPCs [263], 

limiting in vitro applications.  

As such the unequivocal identification, isolation and culture of HPCs, especially in large 

numbers and in a standardised manner, has proven challenging, and further investigations 

into the antigen expression of HPCs is of current interest in the field. The challenge lies 

in finding a marker that is reliably and consistently expressed, that can aid in the 

prognostication or early detection of malignancy. A new candidate, subject of 

investigation in the projects described in this thesis, is the monoclonal antibody GCTM-

5.  
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1.5.3 GCTM-5 

GCTM-5 is a monoclonal antibody that was produced in Pera’s laboratory in 2005, by 

immunising mice with a membrane preparation of testicular seminoma [264]. The antibody 

was found to be highly specific to human endoderm tissue and not reactive with tissues 

from the other two germ layers [264]. The epitope has been associated with human mucin-

like glycoprotein Fc fragment of IgG binding protein (FCGBP), although the precise 

epitope has not yet been confirmed [265]. Pera’s laboratory has published the only two 

studies to date that characterised GCTM-5 reactivity in endodermal tissue [264, 265]. In the 

adult, GCTM-5 reactivity was found in the normal pancreas, oesophagus and the liver. 

The findings on GCTM-5 reactivity in the liver are summarised in Table 9. 

 

Table 9. GCTM-5 reactivity in the liver 

Patient 

Cohorts 

Comments 

Normal 

Liver 

 Cohort mostly undefined, includes some paediatric samples. 

 GCTM-5 reactivity observed within the lumen of some biliary cells. Some 

overlap with CK-19 was noted. 

 Reported that many CK-19+ve cells were negative for GCTM-5. 

 Paediatric samples are described to have more widely distributed GCTM-5+ve 

cells, including the distal portion of ducts (Canals of Hering). 

Chronic 

liver 

disease 

 Cohorts: primary biliary cirrhosis (n=6), alcoholic liver cirrhosis (n=6), 

extrahepatic biliary atresia (n=3; reported that GCTM-5+ve cells were positive 

for Ki67), undefined cirrhotic cohort (n=3). 

 Increased GCTM-5 reactivity reported compared to normal livers. The 

GCTM-5 expression on biliary cells is described with the appearance of 

ductular reaction. GCTM-5 reactivity is described as a mucin-like pattern of 

distribution. 

 Noted some overlap of GCTM-5 with CK-19, NCAM, EpCAM and Sox-9. 

Noted that a small population of GCTM-5+ve cells were negative for CK-19. 

Some overlap of GCTM-5 with albumin at the periphery of regenerating 

nodules 

Cancer  HCC (n=3). Some GCTM-5 reactivity was reported for two samples.  

 Intrahepatic cholangiocarcinoma (n=5). GCTM-5 found in some malignant 

cells. 

Summarised from data reported by Stamp et al. 2005 [264] and 2012 [265]. 

Abbreviations: CK = cytokeratin, EpCAM = epithelial cell adhesion molecule, HCC = hepatocellular 

carcinoma, NCAM = neural cell adhesion molecule, Sox = SRY-related high mobility group box. 
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The overall conclusion drawn from these two studies is that GCTM-5 is a marker for at 

least a subpopulation of HPCs. Further, since GCTM-5 is present in a subpopulation of 

malignant cells in various endodermal cancers, GCTM-5+ve cells may have tumorigenic 

properties. Lastly, in our laboratory’s pilot study we successfully detected the GCTM-5 

epitope in sera of patients with fatty liver, chronic hepatitis-B and C, and HCC. 

Preliminary analysis indicates that GCTM-5 levels in sera from HCC patients are higher 

compared to sera from patients without malignancy (Yeoh, unpublished). Together this 

data warrants further investigations into the nature of GCTM-5+ve cells in malignancy. 

The projects described in this thesis aim to create substantial original knowledge of the 

GCTM-5+ve cell population and their possible role in liver regeneration, disease 

progression and carcinogenesis of HCC.  

 

PART II: ANALYSIS OF LIVER BIOPSIES 

 

1.6 THE RELEVANCE OF LIVER BIOPSIES  

Liver biopsy has been practised since the late 1800s and historically played a crucial role 

in the diagnosis of liver pathologies. Today, despite advances in imaging technologies 

and biomarkers of liver function, liver biopsies retain a central relevance in the diagnosis, 

prognostication, and clinical decision-making for the treatment and management of liver 

pathologies [266, 267]. Liver biopsies are generally required when a clear diagnosis cannot 

be obtained through serology or imaging techniques, in both acute [268, 269] and chronic 

liver disease [270]. Biopsies are an essential tool for determining the degree of 

necroinflammatory activity, the extent of fibrosis and the exclusion of comorbidities. In 

an HCC context, biopsies are not routinely undertaken, unless the liver lesions are too 

small to be confirmed as HCC with current imaging technologies [271, 272]. Biopsies may 

also be useful to establish the histological grade of tumour differentiation to guide 

therapeutic decision making [273-275]. Liver biopsies are also typically taken prior to liver 

transplantation surgery for evaluation of contradictions such as extensive necrosis [276]. 

Aside from a clinical perspective, liver biopsies also have an invaluable role in research, 

especially in today’s era of personalised medicine [277]. Immunohistochemistry studies are 

an important source of data on protein expression and location. Furthermore, the 

assessment of the HPC response, necroinflammatory activity, and fibrosis are crucial in 
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the elucidation of pathophysiology and for the development of new diagnostic and 

prognostic markers for HCC and clinical progression of disease [278]. However, the 

assessment of necroinflammatory activity and fibrosis can be challenging for researchers 

not trained in hepatopathology, and is therefore preferentially performed by pathologists.  

 

1.6.1 Interpretation of liver biopsies by pathologists 

Clinically, liver biopsies are evaluated by pathologists using scoring systems that have 

been designed to standardise the interpretation and reduce observer error. Scoring systems 

are often disease-specific and include the well-established “METAVIR” [279], “Ishak-

Knodell” [280] and “Scheuer” [281] for the assessment of chronic hepatitis-C, and the 

“Kleiner & Brunt” [282] for the assessment of NAFLD. These scoring systems allow 

pathologists to semi-quantify key parameters such as fibrosis, inflammatory infiltrate, 

necrosis and steatosis, and thereby provide valuable diagnostic and prognostic 

information and aid the treatment strategy. However, these scoring systems are subjective 

and prone to considerable intra- and inter-observer error [283, 284]. The gravity of errors by 

pathologists depends on the histological features and systems that are used to analyse the 

biopsies [283-285]. Expert hepatopathologists have significantly less intra- and inter-

observer error compared to general pathologists [286],  and second-opinions from expert 

hepatopathologists increase accuracy [287, 288]. Senior pathologists outperform their junior 

counterparts [289, 290], and when biopsies are read twice by the same pathologist, the 

composite of the two readings yielded more accurate reports compared to the first reading 

[291]. However, in a research setting, it is often impractical to involve pathologists - in 

particular, if labour intensive ‘second-opinions’ or ‘second-reading’ strategies are to be 

employed for increased accuracy. Further, research often involves large cohorts in the 

pursuit of statistically significant data. Computer-assisted image analysis of liver biopsies 

may offer solutions to these problems and offers an objective, reproducible and sensitive 

alternative tool for clinicians and researchers.  
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1.6.2 Computer-assisted analysis of liver biopsies 

An overview of studies that have applied computer-assisted image analysis (CIA) to 

quantify important liver disease parameters including necrosis, inflammation, fibrosis, 

steatosis, hepatocyte ballooning, and differentiation grade of HCCs, is given in Table 10. 

 

Table 10. Studies using CIA to measure parameters of pathological significance 

Parameter Comments Refs 

Necrosis Applied CIA to calculate a surrogate measure for liver necrosis 

using liver tectonics and hepatocyte mass. Not verified against 

other established scoring systems. 

[292] 

Inflammation  Vanderbeck et al. measured inflammatory infiltrate using CIA. 

This was verified against other established scoring system and 

demonstrated a moderate correlation. 

 Dioguardi et al. measured inflammatory infiltrate with a 

custom-built machine. Not verified against other established 

scoring systems. 

[292-294] 

Fibrosis  Fibrosis is the focus of most CIA based studies. Various CIA 

methods to measure the area of collagen deposits using Sirius 

Red stained sections, have reported moderate to strong 

correlations to established scoring systems. 

 Reported advantages of CIA methods compared to traditional 

assessment were increased sensitivity [295, 296] and better 

correlation to portal venous pressure [297] and sera markers [298]. 

 Reported disadvantages: fibrosis is a descriptive evaluation of 

liver tissue mainly in terms of architectural change, and is non-

parametric. As such, CIA results of patients with early fibrosis 

do not correlate well with other established scoring systems 
[299]. 

[295-302] 

HPCs  Studies using CIA to quantify the number of cells have utilised 

programs that calculate the area occupied by cells of interest, 

and express as a percentage of total tissue [34, 303]. Area 

calculations can be confounded by surgical artefacts and tissue 

distortion.  

 Computerised counting of HPCs has not yet been widely used, 

with only a few studies applying cell counting software in liver 

research [304, 305]. 

[34, 303-305] 

HCC 

differentiation 

grade  

A literature search has yielded no studies that have attempted using 

CIA to grade HCCs using liver biopsies. 

 

“other established scoring systems” refers to the traditional analysis of liver biopsies by pathologists using 

disease-specific scoring methods such as METAVIR, Ishak-Knodell, Scheuer and Kleiner & Brunt. 

Abbreviations: CIA = computer-assisted image analysis, HCC = hepatocellular carcinoma, HPCs = hepatic 

progenitor cells. 
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These studies demonstrate the advantages of CIA which include a rapid, objective 

alternative tool for researchers, and a decision-support tool for the pathologist. Further, 

CIA offers outputs as continuous measurements that can be expressed as percentages, 

rather than the traditional scoring systems that force outputs into distinct grading bins. 

Continuous measurements are more sensitive than set categories, which for instance, is 

particularly important for the testing of new drugs [306].  

 

PART III: THESIS OUTLINE 

 

1.7 RATIONALE  

There are a number of gaps in the literature that this project aims to address. Firstly, a 

novel CIA methodology for the analysis of liver biopsies is developed. Not many studies 

to date have focused on the development of computerised methods (Table 10). Chapter 3 

focuses on the development of a computerised methodology to analyse liver disease 

parameters and quantify HPCs. A literature search shows that the HPC response is most 

commonly analysed using manual counting of the cells [44, 65, 74, 82, 91, 98, 175, 303, 307-315] which 

is laborious, difficult, time-consuming and prohibitive of large-scale research studies.  

The CIA method is based on PerkinElmer’s “InForm” software package, which was 

chosen for several reasons. Firstly the program has a “tissue training” feature, which 

allows the user to create custom algorithms to automatically identify different areas of 

tissue. Secondly, InForm allows for batch processing, thereby promoting high throughput.  

The current knowledge on GCTM-5 generated by Stamp et al. is summarised in Table 9. 

The work described in this thesis aims to advance the knowledge of GCTM-5 in the 

context of acute hepatitis and HCC. There are significant gaps in knowledge of HPC 

biology in acute liver disease, and a literature search has not identified any acute studies 

that investigate the necroinflammatory activity in the context of HPCs response. In 

Chapter 4, the HPC response is studied in the context of the necroinflammatory activity, 

using the markers GCTM-5 and Pan Cytokeratin (PCK). 

With the currently available knowledge on GCTM-5 (Table 9), together with our 

laboratory’s preliminary data on the detection of increased GCTM-5 in sera of patients 

with malignancy compared to sera of malignancy-free patients, raises the possibility that 

GCTM-5 may be useful as a prognostic biomarker in HCC. Therefore, Chapter 5 
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examined a cohort of HCC to study any association of in situ GCTM-5 expression with 

the underlying aetiology of the HCC, inflammation, fibrosis and clinical outcomes. 

Lastly, to investigate the tumorigenicity of GCTM-5+ve cells, Chapter 6 focuses on the 

isolation and culture of GCTM-5+ve cells for future in vitro characterisation studies. 

 

1.8 AIMS AND HYPOTHESES 

The aims of the project described in Chapter 3 and Chapter 6 are methodology based; 

1. Develop a methodology that allows the computerised quantification of HPCs and 

histological features to facilitate computerised assessment of liver disease 

severity.  

2. Establish a cell isolation protocol for the establishment of a GCTM-5+ve cell line, 

for subsequent in vitro characterisation and investigation of tumorigenicity. 

3. Investigate the pattern of GCTM-5+ve cells in a cohort of acute hepatitis of various 

aetiologies, and determine any correlation with necroinflammatory activity  

4. Investigate the pattern of GCTM-5+ve cells in a cohort of HCC and determine 

any correlation with clinical parameters, and thereby establishing any prognostic 

utility of the GCTM-5 antibody. 

The overarching hypotheses are that: 

1. InForm software can be customised to identify pathological features of interest 

comparable to a pathologist’s assessment. 

2. GCTM-5+ve cells can be detected in acute hepatitis, and their numbers correlate 

with the severity of the disease. 

3. The in situ GCTM-5 expression is associated with clinical outcomes, and 

therefore the antibody may have utility as a novel prognostic biomarker in HCC.  

4. GCTM-5+ve cells can be isolated and cultured, are bipotential and possess 

tumorigenic properties. 
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1.9 THESIS LAYOUT 

This thesis is presented as a combination of a series of papers, manuscripts and traditional 

research chapters. The authorship and contributions details are found on page xiv. For 

clarity and consistency, all papers and manuscripts were reformatted (references, figure 

and table numbering adjusted) for this thesis. 

The first paper is published in the journal Scientific Reports and forms the majority of the 

results section in Chapter 3. The original publication is reproduced on page 9-124 

(Appendix A) and the supplementary information is reproduced on page 9-134 (Appendix 

B)  

The second paper is a manuscript currently being prepared for submission. This 

manuscript forms the results and discussion section in Chapter 4. Supplementary 

information for this manuscript is found on page 9-148 (Appendix C).  

The third paper is a manuscript currently being prepared for submission. This manuscript 

forms the results and discussion section in Chapter 5. Supplementary information for this 

manuscript is found on page 9-150 (Appendix D). 

Chapter 6 is presented as a traditional research chapter. Concluding remarks and future 

directions are presented in Chapter 7.  
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CHAPTER 2: Methodology 
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2.1 INTRODUCTORY NOTE 

The majority of materials and methods are outlined as part of the publication or 

manuscripts presented in this thesis and are thus not reproduced in this chapter. Additional 

materials and methods that are not part of the publication/manuscripts are detailed below.  

 

2.2 PATIENT COHORT 

This study was approved by the ethics committees of the University of Western Australia 

and Sir Charles Gairdner Hospital. Fresh explant samples were obtained from Sir Charles 

Gairdner Hospital from patients undergoing liver resection to treat HCC and from normal 

donor livers before orthotropic transplantation. 

 

2.3 SPECIMEN HANDLING 

Fresh explant samples were transported from the operating theatre to the laboratory, in 

Belzer UW organ preservation solution (Link Medical Products, Cat. 100333) on ice. 

Upon arrival at the laboratory, the sample was refrigerated at 4°C. The duration of time 

from the removal of the sample in surgery, until the commencement of processing in the 

laboratory varied from 1 hour to 72 hours (Table 17, section 6.2.2). 

 

2.4 LIVER PERFUSION  

For perfusion and subsequent cell isolation of the liver explant, a large biopsy of at least 

1 cm3 in size was required. Perfusion was carried out using a peristaltic pump (Gilson, 

Minipuls®3 series M312), and up to three fine tubed catheters (BD, Cat. 381212) were 

inserted into major vessels of the liver biopsy. All fluids used for perfusion were pre-

warmed to 37°C, and the tubing from the pump was placed beneath a heat pack to keep 

fluids at 37°C while travelling through the tubing into the liver. The liver was rinsed for 

approximately 20 minutes with Hank’s Buffered Salt Solution (HBSS) without calcium 

or magnesium (Sigma, Cat. H6648) at a rate of 1.5 ml/minute per catheter, unless 

otherwise indicated in Table 17 (section 6.2.2). A further 10-15 minute rinse was applied 

if the liver did not visibly blanche; indicative that not all blood had been removed. The 

liver was then digested by perfusing with collagenase IV (Worthington, Cat. LK002066) 
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for 30 minutes, at a rate of 1.5 ml/minute per catheter, unless otherwise indicated. A 

further 30 minute collagenase perfusion was added if the liver did not acquire a soft foamy 

texture (indicative that the digestion of parenchymal cells was inadequate). Following the 

perfusion, the catheters were removed, and the liver was placed onto a clean petri dish. 

Two clean scalpel blades were used to cut the liver into small pieces at the catheter sites 

to release cells.  

 

2.5 GCTM-5+VE CELL ISOLATION 

The cell suspensions were collected using a sterile Pasteur pipette and strained through a 

40 µm (BD Falcon, Cat. S52340) cell strainer to remove small pieces of tissue. The cells 

were washed and pelleted using centrifugation at 4°C, 310 g for 5 minutes and 

resuspended in ice cold Leibovitz-15 media (Worthington, Cat. LK003250), three times. 

At this stage, 10% of the total cells were plated down on collagen IV-coated 35 mm2 

culture dishes (at a seeding density of 0.5x106 per culture dish), as a control prior to 

commencing magnetic activated cell sorting (MACS). The remaining cells were labelled 

with mouse-anti-human GCTM-5 antibody (Millipore, Cat. M0701) diluted in ice-cold 

MACS buffer (Table 11) for 30 minutes at 4°C with gentle agitation. MACS isolation 

was carried out according to the manufacturer’s instruction using OctoMACS (Miltenyi 

Biotec, Cat. 130-042-108), anti-mouse IgG MicroBeads (Miltenyi Biotec, Cat. 130-048-

401, 20 % (v/v) dilution), MS Columns (Miltenyi Biotec, Cat. 130-041-301) and GCTM-

5 antibody at 1:200 dilution. Following isolation of GCTM-5+ve cells from the cell 

suspension, the GCTM-5+ve cells were counted using a trypan exclusion viability test. 

Approximately 1000 cells were used for a Cytospin preparation (Thermo Shandon 

Cytospin 4, 1000 RPM, 5 minutes, cells suspended in 100 μL phosphate buffered saline 

(PBS, Table 12) for later immunofluorescence analysis prior to culture. The remainder of 

the GCTM-5+ve cells were plated down on 35 mm2 collagen IV-coated culture dishes (at 

a seeding density of 0.5x106 per dish) in William’s E media (section 2.6.1).  
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2.6 CELL CULTURE OF GCTM-5+VE CELLS 

2.6.1 Culture conditions 

Isolated cells were cultured on mouse collagen-IV coated plates (Corning, Cat. 354233) 

as per manufacturer’s instructions. Cells were maintained in William’s E Medium 

(Sigma, Cat. W4125), supplemented with reagents detailed in Table 13. Cells were 

maintained in an incubator with high-efficiency particular air filters and humidified 

atmosphere of 5 % CO2   at 37°C. The medium was replaced every second day.  

 

 

Table 11. MACS buffer recipe 

Reagent Concentration Supplier & Product ID 

BSA 0.5 % (v/v) Sigma, Cat. A7638 

EDTA 2 mM Sigma, Cat. EDS 

Reagents were diluted in PBS (for recipe see Table 12). The pH was adjusted to pH 7.2. Care was taken to 

avoid any bubbles, which can interfere with magnetic sorting. Abbreviation: BSA = bovine serum albumin, 

EDTA = ethylenediaminetetraacetic acid. 

 

 

 

Table 12. PBS recipe 

Reagent Concentration Supplier & Product ID 

Sodium chloride (NaCl) 137 mM Sigma, Cat. S7653 

Potassium chloride (KCl) 2.7 mM Sigma, Cat. P9541 

Sodium phosphate dibasic 

(Na2HPO4) 
4.3 mM 

Sigma, Cat. S7907 

Potassium dihydrogen phosphate 

(KH2PO4) 
1.47 mM 

Sigma, Cat. P5655 

Reagents were diluted in double distilled water (ddH2O) and adjusted to pH 7.4. 
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Table 13 Growth supplements for William’s E Medium 

Supplement Concentration Supplier & Product ID 

Epidermal growth 

factor 
20 ng/mL Corning, Cat. FAL354001 

Fetal bovine serum 10 % (v/v) Fisher Biotec,  Cat. FBS-001-AU 

Fungizone 1 % (v/v) LifeTechnologies Cat. 15290-018 

Glutamine 1 % (v/v) Sigma Cat. G8540 

Humulin R 0.25 U/mL 
Eli Lilly and Company, UWA Campus Pharmacy, 

Nedlands, WA 

Insulin-like growth 

factor II 
30 ng/mL GroPep Bioreagents, Cat. OU001 

Penicillin 48.4 µg/mL Calbiochem, Merck, Frenchs Forest, NSW, Cat. 

5161 

Streptomycin 675 µg/mL Life Technologies Cat. 11860-038 

 

 

2.6.2 Colony picking 

Once a large epithelial colony had grown, colonies were subcultured. Briefly, the colonies 

were marked with a colony ring, the media was aspirated, and the cells were washed twice 

with HBSS. The colony was gently scraped off with a cell scraper (BD, Cat. 353086). A 

drop of HBSS was added on top, and the cell colony was collected with a pipette. The 

colony was enzymatically dissociated using a 1 minute trypsin treatment (Trypsin-EDTA 

0.5 %, Gibco Cat. 59430). Cells were then washed and plated down onto a new collagen-

coated culture dish and maintained with William’s E media.  

 

2.6.3 Cryopreservation 

Isolated cells were cryopreserved in 50 % (v/v) fetal bovine serum, 40 % (v/v) William’s 

E Medium and 10% (v/v) dimethyl sulfoxide (Sigma Cat. D8418).  

 

2.7 IMMUNOFLUORESCENT STAINING OF HPC COLONIES 

Colonies were grown on collagen IV-coated glass coverslips contained within a 60 mm2 

plastic culture dish. For immunofluorescent staining, the individual coverslips were 
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removed and transferred to a 24-well plate for further processing. Coverslips were fixed 

in 100 % EtOH for 15 minutes at ambient temperature and washed with PBS. Coverslips 

were blocked (Table 14) for 60 minutes at ambient temperature, followed by application 

of primary antibodies (detailed in Table 15) for a further 60 minutes. Staining was 

detected with Alexa Fluor® dyes (detailed in Table 16). Samples were counterstained 

with DAPI and coverslips were mounted on standard microscope glass slides using an 

aqueous mounting media (Gelvatol). Positive controls (CFPAC-1 cell line, kindly 

provided by Prof. M. Pera, Monash University, Melbourne) and negative controls 

(hepatoma cell line “HepG2”) were included for all immunofluorescent experiments.  

 

 

Table 14. Block recipe 

Reagent Concentration Supplier & Product ID 

BSA 0.5 % (v/v) Sigma, Cat. A7638 

Triton-X-100 0.2 % (v/v) Sigma, Cat. T8787 

Reagents were diluted in phosphate buffered saline (PBS), and pH adjusted to 7.4. Abbreviations: BSA = 

bovine serum albumin. 

 

 

 

Table 15. Primary antibodies for immunofluorescent staining of HPC colonies 

Primary antibody Dilution Supplier & Product ID 

GCTM-5 1:100 Millipore, Cat. M0701 

Vimentin 1:200 BioScientific, Cat. MAB2105 

EpCAM 1:200 Abcam, Cat. 20160 

All antibodies were diluted in DAKO’s antibody diluent (Dako, Cat S2022). Abbreviations: EpCAM = 

epithelial cell adhesion molecule, HPCs = hepatic progenitor cells. 
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Table 16. Secondary antibodies for immunofluorescent staining of HPC colonies 

Secondary antibody Dilution Supplier & Product ID 

Goat anti-rabbit 

AF488 

1:400 Life Technologies, Cat. A11005 

Goat anti-mouse 

AF594 

1:400 Life Technologies, Cat. A11008 

Goat anti-rat  AF594 1:400 LifeTechnologies, Cat. A11007 

All antibodies were diluted in DAKO’s antibody diluent (Dako, Cat S2022). Abbreviation: HPC = hepatic 

progenitor cells. 

 
 

 

 

2.8 STATISTICAL ANALYSIS 

Statistical significance was determined by a Student’s t-test or one-way analysis of 

variance (ANOVA) where applicable. The software “GraphPad Prism®” Version 5.01 

was used for all statistical analysis. All data was presented as the mean ± standard 

deviation and an alpha of less than 0.05 was chosen as the level of significance.
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CHAPTER 3: Computer-Assisted Image Analysis of 

Liver Biopsies           
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3.1 INTRODUCTION 

The overall aim of this chapter is to develop a methodology that allows the quantification 

of HPCs and the assessment of disease severity. In this work, “InForm” – a specialised 

image analysis software by PerkinElmer that allows the creation of custom algorithms for 

cell and tissue recognition – is utilised as a computerised scoring tool for various 

parameters of disease in several liver pathologies. The specific aims of this chapter are 

to:  

1. Identify and quantitate HPC, as they play a key role in liver disease. 

2. Identify key histological features that are important in liver disease (portal and 

lobular inflammatory activity, collagen deposits, necrosis, steatosis,) and cancer 

(histologic differentiation grade of HCC). 

3. Compare InForm outputs to the Pathologists’ assessment of severity of disease in 

acute hepatitis. 

It was hypothesised that custom algorithms can be created for the identification and 

quantitation of features of interest, and that outputs correlate pathologist’s assessment.  

 

3.2 RESULTS AND DISCUSSION  

The results and discussion for this chapter are presented in two parts; section 3.2.1. which 

is presented as a publication, and section 3.2.2 which are additional data pertaining to 

computerised analysis of HCC biopsies. 

 

3.2.1 InForm as a tool to quantify HPCs and score acute hepatitis samples 

The results for this section are presented in the publication entitled “InForm software: a 

semi-automatic research tool to identify presumptive human hepatic progenitor cells, and 

other histological features of pathological significance”, which is reproduced below. For 

clarity and consistency, the figure and reference numbering have been modified for this 

thesis. The references are listed in the combined bibliography in Chapter 8, and the 

Supplementary Information is reproduced in Appendix B. 
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Publication: InForm software 
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Abstract 

Hepatic progenitor cells (HPCs) play an important regenerative role in acute and chronic 

liver pathologies. Liver disease research often necessitates the grading of disease severity, 

and pathologists’ reports are the current gold-standard for assessment. However, it is 

often impractical to recruit pathologists in large cohort studies. In this study we utilise 

PerkinElmer’s “InForm” software package to semi-automate the scoring of patient liver 

biopsies, and compare outputs to a pathologist’s assessment. We examined a cohort of 

eleven acute hepatitis samples and three non-alcoholic fatty liver disease (NAFLD) 

samples, stained with HPC markers (GCTM-5 and Pan Cytokeratin), an inflammatory 

marker (CD45), Sirius Red to detect collagen and haematoxylin/eosin for general 

histology. InForm was configured to identify presumptive HPCs, CD45+ve inflammatory 

cells, areas of necrosis, fat and collagen deposition (p<0.0001). Hepatitis samples were 

then evaluated both by a pathologist using the Ishak-Knodell scoring system, and by 

InForm through customised algorithms. Necroinflammation as evaluated by a 

pathologist, correlated with InForm outputs (r2=0.8192, p<0.05). This study demonstrates 

that the InForm software package provides a useful tool for liver disease research, 

mailto:George.yeoh@uwa.edu.au
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allowing rapid, and objective quantification of the presumptive HPCs and identifies 

histological features that assist with assessing liver disease severity, and potentially can 

facilitate diagnosis.  

 

Introduction 

HPCs are a heterogeneous population, expressing immature and intermediate phenotypes 

of biliary and hepatic lineages [159]. Histologically, they are small ovoid cells with a high 

nuclear-to-cytoplasmic ratio. They are present in the healthy liver at low abundance, 

residing in the liver stem cell niche termed the “canals of Hering” [58, 316]. The phenotype 

and distribution of HPCs vary according the liver pathophysiology and severity, and 

known markers including Pan Cytokeratin, CK-19, NCAM and SOX-9 also stain 

cholangiocytes [9, 54, 67, 317]. As such, the identification of HPCs is challenging, and a 

reliable method which is capable of identifying and quantifying HPCs of varying 

histological phenotypes is urgently required. 

HPCs play an important role in repair, and have also been correlated with increased 

severity of chronic liver disease as well as development of hepatocellular carcinoma 

(HCC) [44, 51, 70, 318]. When normal hepatocyte-mediated repair pathways are impaired, 

such as in severe acute or chronic liver disease, HPCs are activated to proliferate and 

differentiate towards hepatocytes and/or cholangiocytes to facilitate repair through 

regeneration [58, 69, 70].  The regulation of HPCs is complex and many cellular and 

extracellular partners have been identified, including stellate cells, macrophages, 

extracellular matrix and an intricate network of cytokines, adipokines and paracrine 

factors [9, 61-63]. Together, the interactions of HPCs, the extracellular matrix and the 

associated inflammatory response has been termed “ductular reaction” in humans [47, 53, 

54] as the proliferation of HPCs is often of ductular phenotype [51, 319].The inflammatory 

response has a potent influence on HPC activation, and several pro-inflammatory 

cytokines have been shown to increase HPC proliferation [69, 79, 82, 84, 87]. The inflammatory 

environment contributes to tumour progression, and is associated with a higher risk of 

recurrence and poor prognosis of HCC, in part through enhanced proliferation of HPCs 

[320-322]. Like inflammation, the fibrotic response is closely correlated with the HPC 

proliferative response in many human liver pathologies including alcoholic- and non-

alcoholic fatty liver disease, chronic hepatitis and genetic haemochromatosis [44, 51, 126]. 

Fibrogenesis is partly driven by HPCs through the release of pro-fibrotic factors which 



Ch. 3: InForm - Publication 

 

3-47 

 

may, in turn, enhance HPC proliferation through positive feedback [51, 54, 119]. The effects 

of fatty deposits on HPCs has been less well characterised, but its importance is 

highlighted by the higher incidence of cirrhosis in obese patients, and the increased 

mortality of obese patients with HCC [323, 324]. HPCs also produce cytokines termed 

‘adipokines’, which have important roles in metabolic control, inflammation and tissue 

repair [73]. The levels of adipokines have been correlated with inflammation, fibrosis, and 

levels of fat and severity of NASH in several studies [73, 74, 325].  

Due to the intricate interactions of HPCs with inflammation, fibrosis and fat, HPC 

research often necessitates the assessment of these parameters. Traditionally, assessment 

by pathologists is the gold-standard approach, and many systems to semi-quantitatively 

score the necroinflammatory activity, fibrosis, and fat have been developed. The Ishak’s 

modification of Knodell’s “hepatic activity index” (referred to here as “Ishak-Knodell”) 

is a system designed for clinical assessment of chronic hepatitis [326]. The Ishak-Knodell 

system grades necroinflammatory activity using five categories; piecemeal necrosis, 

confluent necrosis, lobular necrosis and portal inflammation. The composite of these 

categories is then calculated to obtain the hepatic activity index (HAI), which reflects the 

necroinflammatory activity. Fibrosis is assessed using a separate staging category.  The 

Ishak-Knodell, similar to other scoring systems, relies on the expertise of pathologists 

and thus is subjective by nature.  

In this study, we have evaluated InForm as an alternative research tool to a pathologist’s 

assessment. We use custom designed algorithms to determine whether InForm can (i) 

identify and quantitate presumptive HPCs comparably to trained investigators (ii) identify 

histological features including inflammation, fibrosis and fat which are important in 

grading liver disease, and known to influence HPCs, and (iii) score the 

necroinflammatory activity in acute hepatitis patients consistent with a pathologist’s 

assessment using the Ishak-Knodell scale.  

 

Results 

InForm can be configured to quantitate and phenotype presumptive HPCs 

Custom algorithms can be configured to identify and quantify presumptive HPCs stained 

with two labelling techniques; immunohistochemistry and immunofluorescence. For 

immunohistochemistry, three normal livers and four livers from the hepatitis cohort were 



Ch. 3: InForm - Publication 

 

3-48 

 

stained for Pan Cytokeratin (PCK); a general epithelial stain that cross reacts with a wide 

range of cytokeratins, which have been used as a marker for cholangiocytes and HPCs [10, 

34, 327]. InForm was configured to distinguish PCK+ve cells by following PerkinElmer’s 

workflow to create and verify an algorithm (“PCK phenotype IHC algorithm”, see 

Supplementary Methods Table S1 and S2) on fifteen fields of view (FOVs) of both 

normal and hepatitis liver. The algorithm correctly identified all PCK+ve cells, and 

distinguishes these from PCK-ve cells based on optical density of DAB (p<0.0001, Figure 

4A). Additionally, we sought to verify the accuracy of InForm by comparing it to manual 

counting. Fifteen FOVs were first processed with InForm, then counted manually by a 

single blinded investigator. We report a high correlation of InForm’s automated output 

with manual counting (r2=0.9202, p<0.0001, Figure 4C). Next, we examined whether the 

algorithm could distinguish ductal PCK+ve cells from non-ductal PCK+ve cells. Using 

Adobe Photoshop, we extracted individual PCK+ve ductal and PCK-ve non-ductal cells 

from the images, analysed these in InForm using the previously created PCK algorithm. 

Ductal cells could be distinguished from non-ductal cells based on parameters including 

nuclear areas and the optical density of hematoxylin and DAB staining (p<0.0001, Figure 

5). In addition to single-cell analysis, we tested whether the algorithms could distinguish 

ductal PCK+ve cells and non-ductal PCK+ve presumptive HPCs in whole FOVs. Sixteen 

portal FOVs (consisting of predominantly PCK+ve ductal cells) and sixteen central FOVs 

(populated mainly by non-ductal PCK+ve cells) were analysed with InForm. This 

confirmed that InForm outputs consistently assigned ductal cells to portal areas, and non-

ductal cells to central regions of the FOVs (p<0.05, Figure 6A-B and p<0.001, Figure 

6C).   



Ch. 3: InForm - Publication 

 

3-49 

 

 

 

Figure 4. Custom algorithm to identify PCK+ve cells 

A custom algorithm was created to identify and quantitate PCK+ve cells in immunohistochemically stained 

samples. (A) PCK+ve and PCK-ve cells were distinguished based on DAB levels. (B) Representative images 

of PCK+ve cells (insert 1) and PCK-ve cells (insert 2) are shown. (C) InForm output had a high correlation 

with manual counting (r2=0.9202, p<0.0001, n=14 FOVs). (D) Comparative images of cells counted 

manually (red indicates PCK+ve cells, green indicates nuclei of cells that are PCK-ve), and with InForm 

(green indicates all nuclei counted by InForm, red indicates PCK+ve nuclei). Scale bar 200 μm. 

***p<0.0001. 
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Figure 5. Custom algorithm to distinguish ductal and non-ductal cells 

A custom algorithm was created to distinguish individual PCK+ve ductal cells from PCK+ve non-ductal cells 

in immunohistochemically stained samples. (A-C) Ductal cells have significantly higher nucleus area, and 

higher optical density of hematoxylin and DAB compared to non-ductal cells. (D) Representative images 

of PCK+ve ductal and PCK+ve non-ductal cells. (Di) DAB image. (Dii) Green cells indicates all nuclei 

counted by InForm. (Diii) Red cells indicates PCK+ve cells counted by InForm (iii). Scale bar 20 μm. 

***p<0.0001. 
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Figure 6. Custom algorithm to determine FOV phenotype 

The custom-designed PCK algorithm can determine whether an entire FOV predominantly consists of 

ductal or non-ductal PCK+ve cells. (A-C) Portal FOVs have significantly higher nucleus area, and higher 

optical density of hematoxylin and DAB. (D) Representative images of portal and central FOVs, with red 

nuclei indicating PCK+ve cells counted by InForm. n=16 FOVs per group. Scale bar 100 μm. *p<0.05, 

**p<0.001. 
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Next, we evaluated whether InForm can be configured to accurately identify fluorescently 

double-labelled presumptive HPCs. Three normal and three hepatitis livers were stained 

for two HPC markers (PCK and GCTM-5). Two FOVs per sample were scored both 

manually and with InForm software. A high correlation with manual counting was 

reported in both channels, (green: r2=0.8850; red: r2=0.8893, p<0.0001, Figure 7A-B), 

and with double positive cells (r2=0.8098, p<0.0001, Figure 7C). 

 

 

Figure 7. Validation of InForm cell counting to manual counting 

A custom algorithm was created to quantitate the number of PCK+ve and GCTM-5+ve cells stained using 

double immunofluorescence labelling. (Ai-Bi) InForm outputs had a high correlation compared to manual 

counting in both channels (r2=0.8850 and r2=0.8893, p<0.0001). (Ci) Double positive cells also have a high 

correlation with manual counting (r2=0.8098, p<0.0001). (Aii-Cii) Comparative images of cells counted 

manually and with InForm are shown. For manual counts, green dots indicate PCK+ve cells, red dots indicate 

GCTM-5+ve cells, yellow dots indicate PCK+ve/GCTM-5+ve cells and white dots indicate nuclei of cells that 

negative. For InForm counts, PCK+ve, GCTM-5+ve, double positive cells and double negative are shown in 

green, red, yellow and blue respectively. n=12 FOVs. 

 

 

 

Custom algorithms can identify histological features of pathological significance  

InForm can also be configured to identify important histological features that assist in the 

grading of liver disease. The acute hepatitis samples were stained in series with CD45 

and H&E to identify inflammatory cells and areas of necrosis respectively. The NAFLD 

samples were stained with CD45, Sirius Red and H&E to identify inflammatory cells, 

collagen deposition and areas of fat respectively. Three normal livers were stained and 

used as controls. Histological features were identified and marked by the pathologist 
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(B.L). For each feature at least 10 different areas were used for the creation of each 

algorithm. Note that each histological feature required the creation and verification of a 

separate algorithm (see Supplementary Methods Table S 1 and Supplementary Methods 

Table S 2). Using these algorithms, we consistently identified CD45+ve inflammatory 

cells, and areas of collagen deposition, fat and necrosis, based on the optical density of 

DAB, Sirius Red and haematoxylin respectively (p<0.0001, Figure 8 and Figure 9). 

 

 

 

Figure 8. Custom algorithms to identify histological features I 

Custom algorithms were created to identify histological features of pathological significance. (A) CD45+ve 

inflammatory cells have higher optical density of DAB compared to CD45-ve cells. (B) Areas with collagen 

deposition have higher optical density of Sirius Red compared to collagen free areas. (C, D) Necrotic areas 

and fatty areas have lower optical density of hematoxylin compare to parenchyma lacking these features. 

For (B-D), ten FOVs from each sample was used for analysing fibrotic, fatty and necrotic areas, and 

compared to ten FOVs of parenchyma lacking these features. ***p<0.0001. 
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Figure 9. Custom algorithms to identify histological features II 

Custom algorithms can identify histological features of pathological significance. Both inflammatory foci 

(A) and individual inflammatory cells (B) can be identified using InForm, which is necessary in order to 

score piecemeal, lobular and portal inflammation on the Ishak-Knodell scale. Areas of fat (C), collagen 

deposition (D) and areas of confluent necrosis (E) can also be identified using InForm algorithms. The 

original images are shown in (i), and the InForm mark-ups are shown in (ii) and (iii). Green indicates 

cells/areas that are negative for feature of interest, and pink/red indicates positive cells/areas. Scale bar 100 

μm.  
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InForm outputs correlate with Pathologist’s scoring of necroinflammatory activity 

We next investigated whether InForm’s output correlated with a pathologist’s assessment 

of necroinflammatory activity. Eleven acute hepatitis samples were scored with the Ishak-

Knodell system by a Pathologist (B.L.) (see Supplementary Methods Table S 3). To 

assess each category of the Ishak-Knodell system using InForm, we applied the 

algorithms created previously (See Supplementary Methods Table S 1 for parameters) in 

combination with processing regions to create a surrogate measure. These surrogate 

measures were necessary as the Ishak-Knodell system provide a descriptive evaluation of 

the liver mainly in architectural changes (Supplementary Methods Table S 3). An 

explanation of the surrogate measures is given in Supplementary Methods Table S 4. For 

all categories, a higher Ishak-Knodell score (reflecting a more severe pathology) resulted 

in a significantly higher InForm score (p<0.05, Figure 10A, D, and p<0.001, Figure 10C, 

E). To obtain the InForm composite score, values from all categories were added, similar 

to the HAI. A high correlation between the HAI and the InForm composite score was 

found (r2=0.8192, p<0.05), demonstrating that InForm can be used to generate a score 

that represents the severity of necroinflammatory activity (Figure 10E). 

 

 

Figure 10. InForm outputs correlate with HAI scoring 

InForm outputs correlate with Ishak-Knodell scores assessing necroinflammatory activity. (A-D) For all 

categories, a higher Ishak-Knodell score (indicative of a more severe pathology) resulted in a significantly 

higher InForm score. (E) To obtain the InForm composite, values from all categories were added. A high 

correlation between the HAI and the InForm composite score is evident (r2=0.8192, p<0.05). *p<0.05, 

**p<0.001. 
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Discussion  

This study establishes InForm as a useful research tool for assessing liver pathology. We 

demonstrate that custom algorithms can be designed and used to quantitate ductal PCK+ve 

cells and non-ductal PCK+ve presumptive HPCs, CD45+ve cells, as well as identify areas 

of fat, necrosis, and collagen deposition. It can produce an objective score comparable to 

Ishak-Knodell’s HAI to represent liver inflammation severity. 

InForm can reliably quantitate presumptive HPCs with a high correlation to manual 

counting using either immunohistochemically or immunofluorescently stained samples. 

Importantly, InForm can also be configured to objectively distinguish ductal cells staining 

positive for HPC markers from centrally located non-ductal presumptive HPCs; a useful 

tool for researchers who wish to independently assess the ductal reaction from the HPC 

response [315].  

The software’s semi-automated batch workflow allowed for rapid and objective 

processing of samples, in contrast to the time-consuming and subjective manual counting 

of HPCs. Many studies in the literature ascertain the HPC response by counting HPCs 

manually [44, 82, 175, 303, 308, 312, 315]. We have shown in this study that this process can be 

reliably automated using InForm, to allow for rapid and objective processing of samples. 

To circumvent manual counting, researchers have also utilised various software programs 

to calculate the area occupied by the cells of interest, expressed as a percentage of total 

tissue [34, 328]. Area calculations on stained tissue may be confounded by several factors 

including tissue distortions due to sinusoidal enlargement, fixation, or surgical artefacts 

[329]. In contrast, InForm offers a more reliable output (number of positive cells expressed 

as a percentage of total cells), for which we report a higher correlation to manual counting 

compared to area calculations using Aperio’s ImageScope software (see Supplementary 

Figure S1). It is likely that InForm can identify and quantify any given cell of interest in 

any species, providing an antibody exists to mark it, and/or it has a distinct appearance in 

a histological stain. For instance, we also applied InForm algorithms to mouse studies to 

accurately quantitate the numbers of PCK+ve presumptive HPCs, F4/80+ve macrophages 

and CD45+ve inflammatory cells (see Supplementary Figure S2). Hence, InForm can also 

be used to study rodent models of HCC. 

InForm can also be configured to score inflammatory activity. Algorithms can be 

customised to score the number of inflammatory cells (either single cells or aggregates), 

within portal or lobular regions or within the limiting plates to produce outputs that 
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correlate with Ishak-Knodell scores for portal, lobular or piecemeal necrosis respectively. 

However, we were unable to create an algorithm that recognises inflammatory cells in 

H&E stained samples; CD45 staining was necessary, although conceivably any other 

stain for inflammatory cells would suffice. Areas of necrosis can also be assessed using 

customised algorithms, with the output correlating with Ishak-Knodell scores for 

confluent necrosis. Importantly, algorithms can be archived and shared among 

researchers, promoting reproducibility and efficiency.  

In summary, the InForm software package offers an effective tool for liver researchers 

studying HPCs in the context of inflammation, fibrosis and fat. We propose that InForm 

can replace not only manual counting of HPCs, but also the manual assessment of liver 

disease in a plethora of studies involving a range of etiologies and models [44, 69, 166, 315] 

The major advantages of InForm include objectivity, reproducibility, efficiency and high 

throughput, and it provides a solution to the economical and logistical challenges of 

involving pathologists in large-scale research studies. Using InForm, researchers can 

produce a single composite score to represent necroinflammatory severity, thus providing 

a useful tool for liver disease research.  

 

Methods 

Patient cohort 

This study was approved by the ethics committees of the University College of London, 

University of Queensland, Sir Charles Gairdner Hospital, Metro South Hospital, and the 

University of Western Australia. All methods were carried out in accordance to the 

guidelines and regulations of these ethics committees. Informed consent was obtained 

from patients when required under the relevant ethics regulation, and in other cases this 

was waived by the relevant ethics committee. Formalin-fixed, paraffin-embedded 

archival liver samples were obtained from University College of London, University of 

Queensland, and Sir Charles Gairdner Hospital. We examined cohorts of acute hepatitis 

(n=11, classified as either viral, drug induced or autoimmune acute hepatitis), non-

alcoholic fatty liver disease (NAFLD; n=3) and normal livers (n=5) as controls. See 

Supplementary Methods Table S 5 for cohort information. 
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Immunohistochemistry 

Serial sections of liver biopsies (4 μm thick) were mounted on positively charged 

microscope slides. Sections were dewaxed, rehydrated, and submerged into pre-heated 

(98°C) antigen-retrieval citrate buffer (10 mM, pH6.0) for 30 min, followed by a further 

20 min incubation at room temperature. Endogenous peroxidase activity was quenched 

by treating with 3% H202 for 10 min, followed by the application of DAKO’s biotin 

blocking system (DAKO, Cat. X0590) and then serum-free protein block (Dako, Cat. 

X0909) as per the manufacturer’s instruction. The primary antibody was applied 

overnight at 4°C (PCK; DAKO, Cat. Z0622, 1:800 dilution or CD45; DAKO, Cat. 

M0701, 1:50 dilution). Note that primary antibodies were diluted in antibody diluent 

(Dako, Cat S2022). Staining was detected with the LSAB+ kit (Dako, Cat. K0690) and 

visualized with DAB+substrate (Dako, Cat. K0690) as per manufacturer's instructions. 

Slides were counterstained with Harris’ hematoxylin, dehydrated and mounted using 

DPX mounting medium. Positive controls (normal livers with bile ducts) and negative 

controls for antigen, primary and secondary antibodies were included for all 

immunohistochemical experiments.  

 

Double labelling indirect immunofluorescence  

Samples were dewaxed, rehydrated, antigen retrieved and blocked as per 

immunohistochemical protocol. The primary antibodies were applied overnight at 4°C 

(PCK; DAKO, Cat. Z0622, 1:600 dilution and GCTM-5; Millipore Cat. MAB4365, 1:100 

dilution). Staining was detected with Alexa Fluor® dyes goat anti-rabbit AF488 and goat 

anti-mouse AF594 (Life Technologies, Cat. A11005 and Cat. A11008, 1:400). Note that 

all antibodies were diluted in DAKO’s antibody diluent (Dako, Cat. S2022). Samples 

were counterstained with DAPI and sealed by a coverslip using an aqueous mounting 

media (Gelvatol). Positive controls (normal livers with bile ducts) and negative controls 

for antigen, primary and secondary antibodies were included for all immunofluorescence 

experiments.  

 

Histological stains 

Samples were dewaxed and rehydrated as per immunohistochemical protocol described 

above (ii). For H&E, a regressive hematoxylin (Harris’ modified hematoxylin, Sigma, 

Cat. HHS128) and Eosin Y (Sigma, Cat. 230251) protocol was performed. In brief, slides 
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were submerged in hematoxylin for 80 sec, followed by a 3 sec submersion into 1% acid 

alcohol solution, and 2 min incubation in Scott’s tap water (pH8.0). For Sirius Red, 

samples were submerged in Picro’s Sirius Red (Abcam, Cat. ab150681) for 1 h, followed 

by a 1 min 0.1N HCl wash. Slides were dehydrated and mounted using DPX.  

 

Image acquisition & processing 

All samples were scanned at 20x-magnification using the Aperio Scanscope XT. 

ImageScope (v12.0.0.5) was used to view images and extract at least 15 FOVs (at 20x-

magnification) per sample, depending on the size of the biopsy.  Extracts were saved as 

TIFF files. For verification of algorithms, images were pre-processed with Adobe 

Photoshop (CS3, V10.0) to outline and crop the cell/area of interest, then exported as 

TIFF files and imported into InForm (v2.0.4743.16069). For all other applications, TIFF 

files were directly imported into InForm for analysis. Algorithms were created according 

to parameters shown in Supplementary Methods Table S 1 and verified (see 

Supplementary Methods Table S 2 for workflow). Data was exported as .txt files and 

imported into Microsoft Excel. For pixel counting using Aperio ImageScope, see 

Supplementary Methods and Supplementary Methods Table S 6. 

 

Manual counting and scoring using Ishak-Knodell 

For manual counting of PCK+ve and GCTM-5+ve HPCs, TIFF images were exported into 

ImageJ (v1.51h, Java1.8.0_66). The cell counter plugin was used to keep track of counted 

cells and the data was exported into Excel. All manual counting was performed blind, by 

a single investigator for consistency purposes. For scoring of the liver biopsies, H&E 

stained samples were provided for assessment to Pathologist B.L., who identified areas 

of fat, fibrosis and inflammation and scored samples using the Ishak-Knodell system (see 

Supplementary Methods Table S 3). 

 

Data availability 

The datasets analysed during the current study are available from the corresponding 

author on reasonable request. 
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3.2.2 InForm as a tool to assess differentiation grade of HCCs 

InForm was further applied to HCC biopsies to determine if a custom algorithm could be 

created to assess the histological grade of differentiation. Forty-six HCC biopsies were 

graded by a pathologist, and designated either as well-moderately differentiated (n=30) 

or poorly differentiated (n=16). The same methodology described in the section 3.2.1 was 

used to create a custom HCC grade algorithm, which discriminated well-moderately 

differentiated areas from poorly differentiated areas based on the nucleus area and cell 

density (p<0.0001, Figure 11A-B). The ratio of well-moderately differentiated areas to 

poorly differentiated areas was then calculated to obtain an overall numerical “grade-

index”. A grade index of <1.3 was indicative of a poorly differentiated tumour (p<0.0001, 

Figure 11C-D). 

 

 

Figure 11. A customised algorithm to histologically grade HCCs 

InForm can distinguish well-moderately differentiated HCCs from poorly differentiated tumours based on 

(A) nucleus area (B) and cell density. (C) The grade index was obtained by calculating the ratio of the area 

in the tissue occupied by well-moderate: poorly differentiated tumour. A grade index of <1.3 was indicative 

of poorly differentiated tumour. (D) Representative images of well-moderately differentiated tumour and 

poorly differentiated tumours (n=30 for well-mod, n=16 for poor). ***p<0.0001. Abbreviations: HCC = 

hepatocellular carcinoma, Poor = poorly differentiated, Well-mod = well to moderately differentiated. 
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3.3 CONCLUDING REMARKS 

These series of experiments establish InForm as a valuable tool for researchers studying 

HPCs in the context of inflammation, fibrosis and fat. As shown in Table 10, the majority 

of computer-assisted image analysis (CIA) approaches are predominantly focused on the 

assessment of fibrosis, with little research on other parameters such as necrosis, 

inflammation and grading of HCCs. This chapter establishes a CIA approach capable of 

assessing several parameters of pathological significance, within a single software 

platform, using customised algorithms verified against a pathologist’s assessment.  

The InForm platform is objective, efficient with high throughput capabilities, and allows 

the archiving of algorithms thereby facilitating reproducibility. The majority of 

parameters can be assessed using routine H&E stained samples, however, specialised 

stains are required to identify inflammatory infiltrate and collagen deposition. The CIA 

approach is subsequently applied to Chapters 4 and 5 to allow for accurate quantitation 

of GCTM-5+ve cells and other HPCs markers, fibrosis and inflammation in the context of 

acute liver disease and HCC.  

It is envisioned that InForm can be applied not only as a CIA method for researchers, but 

also as a support tool for pathologists, aiding in clinical decision making. Future large-

cohort studies to validate the custom algorithms would be beneficial, in particular studies 

utilising ‘second-opinion’ or ‘second-reading’ programs to maximise the accuracy of the 

pathologists’ assessment
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CHAPTER 4: In situ GCTM-5 Expression in Acute 

Hepatitis 
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4.1 INTRODUCTION 

HPCs have been implicated in liver disease progression and carcinogenesis (Figure 3). In 

many CLD, the HPC response has been correlated with the severity of pathology, as 

measured by fibrosis or inflammatory activity (Table 5 and Table 6). Others have reported 

that the expression of some HPC markers is associated with prognostic outcomes in 

malignancy (Table 7). As such, there is much interest in the search for HPC-related 

biomarkers that can predict clinical outcome in liver disease. However, little is known 

about HPCs in an acute injury setting. This chapter utilises the CIA methodology 

established in Chapter 3, to identify and quantify HPCs, and examine any association 

between the severity of disease in the acute hepatitis cohort investigated in Chapter 3, and 

the HPC response. The aims of this chapter are to: 

1. Quantitate the in situ expression of HPC markers GCTM-5 and PCK, in acute 

hepatitis and normal liver.  

2. Investigate if GCTM-5 or PCK expression correlates with the severity of acute 

hepatitis, as measured by necroinflammatory activity. 

It is hypothesised that both HPC markers are expressed in acute hepatitis, regardless of 

the underlying aetiology, and that the frequency of positive cells for one or both of the 

HPC markers can be correlated to the severity of disease.  

 

4.2 RESULTS AND DISCUSSION 

The results and discussion in this chapter are presented as a manuscript in preparation for 

submission. For clarity and consistency, the manuscript’s figure numbering and 

references were reformatted for this thesis. The references are listed in the combined 

bibliography in Chapter 8. Supplementary information is presented in Appendix C. 
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Abstract 

Unlike in chronic liver disease, the role of the hepatic progenitor cells (HPCs) in acute 

liver disease has not been well defined. We have previously reported the presence of HPC 

markers GCTM-5 and Pan Cytokeratin (PCK), in acute hepatitis biopsies. In this current 

study, we investigate the correlation of immunohistochemical expression GCTM-5 and 

PCK, with the severity of disease as measured by necroinflammatory activity. We 

examined a cohort of eleven acute hepatitis samples (viral, drug-induced or autoimmune 

underlying aetiology) and eight normal livers stained for GCTM-5 and PCK. The 

necroinflammatory activity of the acute hepatitis biopsies was evaluated by a pathologist 

using the Ishak-Knodell system. We report the presence of both GCTM-5+ve and PCK+ve 

cells in all acute hepatitis biopsies, regardless of the underlying aetiology. Both markers 

stained cells of the ductular reaction, including HPCs, ductular strands and intermediate 

hepatocytes. Centrally located GCTM-5+ve cells, but not PCK+ve cells, were significantly 

increased in acute hepatitis and correlated with the severity of necroinflammatory activity 

(r2=0.7362, p<0.01). This study demonstrates that GCTM-5+ve cells are closely associated 

with disease severity and establishes GCTM-5 as a biomarker of interest in acute 

hepatitis. 
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Introduction  

Acute liver injury is a common clinical problem, and severe cases can lead to liver failure 

due to massive hepatocyte loss [115]. Acute hepatitis is the inflammation of the liver that 

persists for less than six months. Types of acute hepatitis include alcoholic hepatitis [21], 

autoimmune hepatitis [22], drug-induced [23] and viral hepatitis which can be caused by 

classic hepatotropic viruses (hepatitis A-E), as well as Epstein Barr and human 

immunodeficiency virus [25]. If the underlying infection or insult remains unresolved, the 

acute injury may progress to chronic liver disease (CLD). Success rates of treatments in 

chronic phases are typically lower than in acute stages [20] and as such recognising and 

treating acute liver disease is imperative. 

Hepatocyte-mediated regeneration is the primary defence against the majority of liver 

injuries [15]. However, when the hepatocyte-mediated pathways are significantly 

impaired, the HPC compartment is activated [65]. The HPC response has been extensively 

characterised in CLD [9, 29], but is poorly understood in acute liver injury. In CLD, the 

numbers of HPCs have been correlated with more severe stages of pathology, as measured 

by fibrosis and inflammatory activity [44, 70, 129]. HPCs have also been implicated in the 

progression of CLD to malignancy, and several studies have correlated various HPC 

markers with clinically prognostic outcomes in patients with hepatocellular carcinoma 

[196, 200, 207].  

In acute liver injury, studies have reported ductular reaction and expansion of the HPC 

compartment as marked by cytokeratin (CK)-7, CK-19, PCK, Ov-6, and chromogranin-

A during acute liver injury of various aetiologies [46, 65, 114, 117]. HPC activation was 

detected as early as 24 hours post insult, and the development of intermediate phenotypes 

was reported within one to two weeks [65, 114]. Further, the HPC response was associated 

with the severity of hepatocyte loss, and clinical parameters including MELD score 

(Model for End-Stage Liver Disease), IRN (international normalized ratio) and serum 

bilirubin [65]. However, these parameters do not predict survival, and more studies are 

required to investigate the role of HPCs in acute repair, and if the evaluation of the HPC 

response will improve prognostication for patients with acute liver disease [115]. 

This study investigates HPCs markers PCK and GCTM-5, in a cohort of acute hepatitis. 

We characterise and quantify the in situ immunohistochemical GCTM-5 and PCK to 

ascertain if this correlated with the severity of acute hepatitis with different underlying 
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aetiologies. We conclude that GCTM-5, but not PCK, correlates with the 

necroinflammatory severity of acute hepatitis. 

 

Methods  

Patient cohort 

This study was approved by the ethics committees of the University College of London, 

Sir Charles Gairdner Hospital, Metro South Hospital, and the University of Western 

Australia. All methods were carried out in strict accordance with the guidelines and 

regulations of these ethics committees. Informed written consent was obtained from 

patients as required under the relevant ethics regulation. Formalin-fixed, paraffin-

embedded liver samples were obtained from the University College of London, and Sir 

Charles Gairdner Hospital. We examined a cohort of acute hepatitis (n=11, classified as 

either viral, drug-induced or autoimmune acute hepatitis), and normal livers (n=8) as 

controls. See Supplementary Methods Table S 7 for cohort information. 

 

Immunohistochemistry and histological staining 

Serial sections of liver biopsies (4 μm thick) were mounted on positively charged 

microscope slides. Sections were dewaxed, rehydrated, and submerged into pre-heated 

(98°C) antigen-retrieval citrate buffer (10 mM, pH 6.0) for 30 minutes, followed by a 

further 20 minutes incubation at room temperature. Endogenous peroxidase activity was 

quenched by treating with 3% (v/v) H202 for 10 minutes, followed by the application of 

DAKO’s Biotin Blocking System (DAKO, Cat. X0590) and then Serum-Free Protein 

Block (Dako, Cat. X0909) as per the manufacturer’s instruction. The primary antibody 

was applied overnight at 4°C (PCK; DAKO, Cat. Z0622, 1:800 dilution, GCTM-5, 

Millipore Cat. MAB4365, 1:200 dilution, or CD45; DAKO, Cat. M0701, 1:50 dilution). 

Primary antibodies were diluted in antibody diluent (Dako, Cat S2022). Staining was 

detected with the LSAB+ kit (Dako, Cat. K0690) and visualised with DAB+substrate 

(Dako, Cat. K0690) as per manufacturer's instructions. Slides were counterstained with 

Harris’ hematoxylin, dehydrated and mounted using DPX mounting medium. Positive 

controls (normal livers with portal triads) and negative controls for antigen, primary and 

secondary antibodies were included for all immunohistochemical experiments.  
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For H&E staining, samples were dewaxed, rehydrated, and a regressive hematoxylin 

(Harris’ modified hematoxylin, Sigma, Cat. HHS128) and Eosin Y (Sigma, Cat. 230251) 

protocols were performed. In brief, slides were submerged in hematoxylin for 80 seconds, 

followed by a 3 second submersion into 1% (v/v) acid alcohol solution, and 2 minute 

incubation in Scott’s tap water (pH 8.0), then dehydrated and mounted using DPX 

medium.  

 

Image acquisition, processing & scoring of samples 

All samples were scanned at 20x-magnification using an Aperio Scanscope XT. 

ImageScope (v12.0.0.5) was used to view images and extract 15 field of views (at 20x-

magnification) per sample. Extracts were saved as TIFF files and imported into 

PerkinElmer’s “InForm” software package (v2.0.4743.16069). To score GCTM-5+ve and 

PCK+ve cells, we used computer algorithms that we previously created [330]. For scoring 

of the liver biopsies, H&E stained samples were provided for assessment to Pathologist 

B.L., who scored the necroinflammatory activity of each samples using the Ishak-Knodell 

system [326].  

 

Results  

Histological observations 

All normal biopsies displayed both GCTM-5+ve and PCK+ve cells. The majority of positive 

cells for both markers were ductal cells in the portal area (Figure 12A). Centrally located 

GCTM-5+ve cells were rare (<0.05%). In contrast, the number of centrally located PCK+ve 

cells was significantly higher (2.1%, p<0.05, Figure 12A, C) as some centrally located 

hepatocytes also expressed PCK. All acute hepatitis biopsies were positive for both 

GCTM-5 and PCK. Portal areas, as with normal livers, contained GCTM-5+ve and PCK+ve 

ductal cells. Both markers stained cells with HPC morphology (small, round and larger 

nucleus), strands of irregular ductular cells, and large hepatocyte-like cells (Figure 12B). 

In acute hepatitis biopsies, the number of centrally located GCTM-5+ve cells were 

increased 50-fold compared to normal liver (2.33%, p<0.001, Figure 12C), but were 

fewer than centrally located PCK+ve cells (8.33%, p<0.05). The frequency of centrally 

located PCK+ve cells increased almost 4-fold in acute hepatitis from normal liver, but did 

not reach statistical significance (p=0.3). There were no significant differences in the 
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frequency of either GCTM-5+ve or PCK+ve cells irrespective of the underlying aetiology 

of acute hepatitis (Figure 12D).  

 

Correlation with necroinflammatory activity 

The percentage of centrally located GCTM-5+ve cells had a high positive correlation with 

the severity of acute hepatitis as measured by necroinflammatory activity (r2=0.7362, 

p<0.01, Figure 13A). Necroinflammatory activity scores were based on the Ishak-Knodell 

system and included portal and lobular inflammation, piecemeal and confluent necrosis 

[326]. The number of centrally located GCTM-5+ve cells significantly correlated with the 

piecemeal and confluent necrosis, for which GCTM-5+ve cells were increased by >2.5-

fold in more severe pathology (p<0.05, Figure 13B-E). More severe lobular and portal 

inflammation showed a trend for more numerous GCTM-5+ve cells, but this did not reach 

statistical significance. The percentage of centrally located PCK+ve cells was not 

correlated with the severity of necroinflammatory activity (r2=0.1922, Figure 13A).  
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Figure 12. GCTM-5 and PCK in normal and acute hepatitis 
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(A) In the normal liver, GCTM-5 and PCK both mark ductal cells in portal areas (solid arrows). Central 

areas are mostly GCTM-5-ve, but some hepatocytes are PCK+ve in both central and portal areas (open 

arrows). (B) In central areas of acute hepatitis, both GCTM-5 and PCK stain cells of the ductular reaction 

(solid arrows) including (Bi-ii) cells with HPC morphology, (Biii-iv) ductal cells and (Bv-vi) hepatocyte 

and intermediate-type cells. (C) The percentage of GCTM-5+ve cells, but not PCK+ve cells, significantly 

increase in patients with acute hepatitis. (D) The underlying aetiology of acute hepatitis does not affect the 

numbers of GCTM-5+ve or PCK+ve cells (n=3 per group). Scale bar 100 μm, *p<0.05, **p<0.001. 

Abbreviations: AH = acute hepatitis, HPCs = hepatic progenitor cells, PCK = pan cytokeratin. 

 

 

 

 

Figure 13. Centrally located GCTM-5+ve cells correlate with severity of HAI 

The frequency of centrally located GCTM-5+ve, but not PCK+ve cells, correlate with severity of acute 

hepatitis as measured by the hepatic activity index (A). The hepatic activity index (HAI) is derived from a 

composite score of piecemeal necrosis (B), confluent necrosis (C), lobular inflammation (D) and portal 

inflammation (E). *p<0.05. Abbreviations: HAI = hepatic activity index, PCK = pan cytokeratin 
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Discussion 

This study correlates the in situ expression of GCTM-5 to the severity of 

necroinflammatory activity in acute hepatitis of different underlying aetiologies. No 

correlation between the number of centrally located PCK+ve cells and the disease severity 

was evident.  

All acute hepatitis biopsies contained GCTM-5+ve and PCK+ve cells. In central areas both 

markers stained cells of the ductular reaction, including HPCs, irregular strands of 

ductular cells and larger hepatocyte-like cells which are likely “intermediate cells” 

representing HPCs differentiating towards the hepatocyte lineage [47, 54]. The frequency 

of GCTM-5+ve cells increases 2.5-fold in biopsies with severe confluent necrosis, 

compared to livers with better-preserved parenchyma. This is consistent with findings by 

Katoonizadeh et al. [65], who report a positive correlation between the number of HPCs 

(as identified by CK-7 and CK-19) and the severity of hepatocyte loss. In biopsies with 

severe piecemeal necrosis, we report a 2.6-fold increase in the number of GCTM-5+ve 

cells compared to biopsies with milder piecemeal necrosis. No other studies have 

examined the relationship of the severity of piecemeal necrosis and the HPC response in 

an acute setting. However, in chronic injury, the frequency of HPCs are reported to be 

positively correlated with disease severity [29, 53, 129], and in particular with piecemeal 

necrosis [121, 124]. We further compared the expression of GCTM-5 and PCK in biopsies 

of patients with either autoimmune hepatitis or hepatitis due to drug toxicity, as the 

phenotype of HPCs is known to be dynamic and heterogeneous, and the disease context 

may influence this [53, 262]. Neither histological observations nor quantitation of positive 

cells revealed any differences between the two underlying aetiologies.  

Together, this data indicates that GCTM-5 is prominently expressed in acute hepatitis of 

various aetiologies, and the scoring of the frequency of GCTM-5+ve cells may aid in 

identifying the severity of pathology. Further, similarities in the HPC response in acute 

and chronic injuries are evident in both this study and the study by Katoonizadeh and 

colleagues [65]. It is thus possible that the HPC-mediated repair in both acute and chronic 

liver disease may share a common mechanism, but this requires further investigation. 

In conclusion, this study demonstrates a correlation between the frequency of centrally 

located GCTM-5+ve cells and the severity of acute hepatitis, thereby establishing GCTM-

5 as a biomarker of interest in acute hepatitis. Further studies with a longitudinal cohort 
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are needed to establish prognostic utility in acute disease and the role of GCTM-5+ve cells 

in survival, clearance of disease versus the clinical progression to CLD. 
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CHAPTER 5: In situ GCTM-5 Expression in 

Hepatocellular Carcinoma  
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5.1 INTRODUCTION 

In the previous chapter, a correlation between the frequency of GCTM-5 and the 

necroinflammatory activity in acute hepatitis was documented. Taken together with the 

data reported by Stamp et al. [264, 265] and our pilot study (section 1.5.3), suggests that 

GCTM-5+ve cells are closely associated with inflammation and warrants further 

investigation of GCTM-5 expression in the context of inflammation and malignancy. This 

chapter applies the computer-assisted image analysis (CIA) approach optimised in 

Chapter 3 to examine the in situ profile of GCTM-5+ve cells and compare it to clinical 

outcomes in patients with hepatocellular carcinoma (HCC). The aims of this chapter are 

to: 

1. Examine the antigen expression of GCTM-5+ve cells in normal and diseased liver, 

and compare expression to other HPC markers. 

2. Investigate the in situ GCTM-5 profile in HCC biopsies in terms of location, 

frequency, inflammation and fibrosis. 

3. Investigate any correlation between the frequency of GCTM-5+ve cells and clinical 

parameters in patients with HCC. 

It is hypothesised that GCTM-5+ve cells will be detected in biopsies of HCC and closely 

associated with fibrosis and inflammation. Further, it is hypothesised that the scoring of 

GCTM-5+ve cells will correlate with clinical outcome, thereby establishing the prognostic 

utility of GCTM-5.  

 

5.2 RESULTS AND DISCUSSION 

The results and discussion for this section are presented as a manuscript in preparation 

for submission. The manuscript’s figure and reference numbering were reformatted for 

this thesis. The references are listed in the combined bibliography in Chapter 8. 

Supplementary information is presented in Appendix D. 
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Abstract  

Aim: To establish immunohistochemical GCTM-5 expression and association with (i) 

other markers of hepatic progenitor cells (HPCs), (ii) fibrosis and inflammation, (iii) 

clinical parameters including tumour grade and survival in patients with hepatocellular 

carcinoma (HCC).  

Method: Immunohistochemical evaluation of GCTM-5+ve cells in biopsies from 100 HCC 

patients and 12 patients with chronic liver disease (CLD).  

Results: GCTM-5+ve cells were detected in 75% of HCC biopsies, with no significant 

differences across different underlying aetiologies. GCTM-5 expression overlapped with 

other HPC markers; Pan Cytokeratin (76%), OV-6 (68%) and EpCAM (45%). Fibrous 

septa between tumour nodules contained the highest frequency of GCTM-5+ve cells 

(4.97%), with significantly fewer GCTM-5+ve cells within the tumour nodules (0.62%, 

p<0.0001). Non-lesional tissue, both within and outside the tumour safety margin, 

contained GCTM-5+ve cells that were predominantly located within fibrotic tissue and 

juxtaposed to CD45+ve inflammatory cells (>93%, p<0.0001). GCTM-5 expression was 

correlated to several clinical parameters: (i) histological tumour grade (4-fold decrease in 

GCTM-5+ve cells in poorly differentiated tumours, p<0.0001), (ii) overall patient survival 

(15-fold increase in GCTM-5+ve cells in patients surviving less than one year, p<0.05), 
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and (iii) tumour development for which we report an 8-fold increase in GCTM-5+ve cells 

in patients with CLD who later develop HCC, compared to patients with a CLD who 

remain malignancy free p<0.05). 

Conclusions: GCTM-5 can be detected at a higher prevalence in HCC biopsies compared 

to other markers. We report that the frequency of GCTM-5+ve cells is correlated with 

clinical outcome, and therefore this study establishes GCTM-5 as a biomarker of interest 

in HCC. Further studies are warranted to determine the tumorigenicity of GCTM-5+ve 

cells. 

 

Introduction 

HCC is responsible for more than 90% of all primary liver cancers and is the second 

highest common cause of cancer-related death globally [331]. Chronic inflammation and 

fibrosis are important determinants of hepatocarcinogenesis, and HCC frequently 

develops as a result of long-term CLD [132, 134]. The different underlying aetiologies may 

account for the heterogeneity that is characteristic of HCC in terms of phenotype, 

genetics, histology and clinical course [136, 137]. Typically, diagnosis at advanced stages of 

HCC has poor prognoses, as HCC is often contraindicative for resection or liver 

transplants and resistant to conventional chemotherapy strategies [139]. As such, the early 

detection of HCC is crucial, and the development of novel specific and sensitive detection 

assays are urgently required. While the cellular origin of HCCs has not been 

unequivocally identified, there is compelling evidence to suggest that a transformed 

population of HPCs may give rise to a cancer stem cell (CSC) population involved in the 

initiation and/or progression of HCCs [160]. 

HPCs are a dynamic and heterogeneous population, residing in the canals of Hering in 

the normal liver [58, 316]. When hepatocyte-mediated repair pathways are inhibited, HPCs 

are activated and migrate centrally to proliferate and differentiate into hepatocytes and/or 

cholangiocytes to facilitate repair [69, 70]. The dysregulation of HPC activation and 

proliferation has been suggested to play major roles in driving fibrosis, disease 

progression and carcinogenesis [51, 70]. 

Immunoprofiling HCC lesions have revealed expression of HPC-associated markers such 

as cytokeratins (CK)-7 and 19 and OV-6 [43, 189-192]. In rodents, the frequency of HPCs has 

been linked to the likelihood of tumour development [166]. In humans, several studies have 
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correlated various HPC markers with prognostic factors such as overall survival, 

recurrence-free survival and metastasis [207, 214]. Furthermore, tumorigenic HPCs can be 

isolated and cultured from human liver samples of patients with HCC lesions [198]. As 

such, HPCs are of interest, but their unequivocal identification and isolation are 

challenging as the phenotype and distribution of HPCs are dynamic [262]. Also, many of 

the described markers are not exclusively expressed by HPCs - most commonly also 

expressed on cholangiocytes [182] - further complicating their identification and isolation. 

GCTM-5 is a novel marker for HPCs, and has been detected in various endodermal 

cancers, including on two HCC biopsies [264, 265]. The authors speculate that at least a 

subset of GCTM-5+ve cells are tumorigenic [265], but this requires further research. 

In this study we investigate the immunohistochemical expression of GCTM-5 in a cohort 

of 100 HCC patients. We compare GCTM-5 expression with well-established HPC 

markers, in normal and HCC liver biopsies, and ascertain whether GCTM-5 expression 

correlates with fibrosis, inflammation and clinical parameters including tumour grade, 

tumour aetiology, development of HCCs and survival rate.  

 

Methods 

Patient cohort 

This study was approved by the ethics committees of the University of Western Australia, 

Sir Charles Gairdner Hospital, Royal Perth Hospital and Westmead Hospital. All methods 

were carried out in strict accordance with the guidelines and regulations stipulated by 

these ethics committees. Informed consent was obtained from patients when required by 

the relevant ethics committees. Formalin-fixed, paraffin-embedded archival liver samples 

were obtained from the three hospitals. Fresh explant samples were obtained from Sir 

Charles Gairdner Hospital from patients undergoing liver resection to treat HCC and from 

normal donor livers before orthotropic transplantation.  

We examined an HCC cohort of 100 patients. This cohort was predominantly male (n=83) 

with a median age of 59±13.7 years, 12 females with a median age of 55±21 years, and 

five samples of unknown sex. The HCC cohort included patients with a known 

background of alcohol liver disease (n=6), non-alcoholic fatty liver disease (n=2), 

hepatitis B (n=37), hepatitis C (n=6), mixed factors (n=4) and of unknown aetiology 

(n=45). All HCCs were confirmed by histopathology diagnosis, and some samples were 
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graded according to the level of tumour differentiation by pathologists. In the HCC 

cohort, six patients had a CLD pre-malignant biopsy available of different aetiologies. 

Normal livers (n=12), and patients with a CLD and no reported malignancy (n=6) served 

as controls. See Supplementary Methods Table S 8 for detailed cohort information.  

 

Sample processing 

Explant biopsies were between 0.5-2 cm3 in size and placed in ice-cold University of 

Wisconsin (UW) cold storage organ solution immediately following removal. The biopsy 

was then fixed by immersion in either 10 % (v/v) formalin overnight at ambient 

temperature (for immunohistochemistry and standard double immunofluorescence), or in 

Carnoy’s fixative (ratio of 6:3:1 of 100% ethanol, chloroform and glacial acid) for 2 hours 

at ambient temperature (for double immunofluorescent labelling with primary antibodies 

of the same host species). Following fixation, the tissue was immersed in 70% ethanol, 

and embedded in paraffin using a Leica Paraffin Embedding station. Samples were 

sectioned (4 μm thick) using a microtome and mounted on positively charged microscope 

slides. Archival samples were obtained as 10% formalin fixed paraffin embedded blocks. 

 

Immunohistochemistry 

Sections were baked at 55°C for three hours in a convection oven, then dewaxed, 

rehydrated, and submerged into pre-heated (98°C) antigen-retrieval citrate buffer (10 

mM, pH 6.0) for 30 minutes, followed by a further 20 minutes incubation at ambient 

temperature. Endogenous peroxidase activity was quenched by treating with 3% (v/v) 

H202 for 10 minutes, followed by the application of DAKO’s Biotin Blocking System 

(DAKO, Cat. X0590) and then Serum-Free Protein Block (Dako, Cat. X0909) as per the 

manufacturer’s instruction. The primary antibodies were applied overnight at 4°C (PCK 

1:800, CD45 1:50 or GCTM-5 1:200; for detailed antibody information, see 

Supplementary Methods Table S 9. Staining was performed with the LSAB+ kit (Dako, 

Cat. K0690) and visualised with DAB+substrate (Dako, Cat. K0690) as per 

manufacturer's instructions. Slides were counterstained with Harris’ hematoxylin, 

dehydrated and mounted using DPX mounting medium. Positive controls (normal livers 

with portal triads) and negative controls for antigen, primary and secondary antibodies 

were included for all immunohistochemical experiments.  



Ch. 5: GCTM-5 in HCC - manuscript 

 

5-81 

 

 

Double immunofluorescence with primary antibodies of different host species 

Samples were baked, dewaxed, rehydrated, antigen retrieved and blocked as per the 

immunohistochemical protocol above. The primary antibodies were applied overnight at 

4°C (PCK 1:400, GCTM-5 1:100, OV-6 1:100, CK-19 1:100, EpCAM 1:200, Albumin 

1:50; for further antibody information see Supplementary Methods Table S 9). Staining 

was detected with Alexa Fluor® dyes goat-anti-rabbit AF488 and goat-anti-mouse AF594 

(Life Technologies, Cat. A11005 and Cat. A11008, 1:400). Samples were counterstained 

with DAPI and sealed by a coverslip using an aqueous mounting media (Gelvatol). 

Positive controls (normal livers with portal triads) and negative controls for antigen, 

primary and secondary antibodies were included for all immunofluorescence 

experiments.  

 

Double immunofluorescence with primary antibodies of the same host species 

Prior to staining, the primary antibodies GCTM-5 and OV-6 were prepared with 

conjugation to Mix-n-stain CF Dye Antibody labelling kits CF™488 and CF™594 

(Biotium, Cat. 92273 and Cat. 92276), as per manufacturer’s protocol. The carnoys fixed 

samples were then baked, dewaxed and rehydrated as per standard protocol given above, 

and blocked with 1% (v/v) bovine serum albumin for 30 minutes at ambient temperature. 

Samples were then incubated with the first conjugated primary antibody complex 

(GCTM-5-CF™594; 1:10) overnight at 4°C, followed by a 20 minute block at ambient 

temperature, using excess unconjugated monovalent goat-anti-mouse Fab antibody 

(ImmunoJackson Research, Cat. 115-007-003; 1:100). Samples were then incubated with 

the second conjugated primary antibody complex (OV-6-CF™488; 1:10) overnight at 

4°C, followed by counterstaining using DAPI and sealed by a coverslip using Gelvatol. 

Positive controls included normal livers with portal triads stained with either (i) 

unconjugated GCTM-5 or (ii) unconjugated OV-6 as per standard immunofluorescence 

protocol which is given above, (iii) conjugated GCTM-5-CF™594 or (iv) conjugated 

OV-6-CF™488 only, without double labelling. Negative controls for antigen, primary 

and secondary antibodies were included for all immunofluorescence experiments.  
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Histological stains 

Samples were dewaxed and rehydrated as described above. For H&E staining, a 

regressive hematoxylin (Harris’ modified hematoxylin, Sigma, Cat. HHS128) and Eosin 

Y (Sigma, Cat. 230251) protocol were performed. In brief, slides were submerged in 

hematoxylin for 80 seconds, followed by a 3 seconds submersion in 1% (v/v) acid alcohol 

solution, and 2 minute incubation in Scott’s tap water (pH8.0). For Sirius Red, samples 

were submerged in Picro’s Sirius Red (Abcam, Cat. ab150681) for 1 hour, followed by a 

1 minute 0.1 N HCl wash. Slides were dehydrated and mounted using DPX.  

 

Image acquisition and analysis 

All samples were scanned at 20x-magnification using an Aperio Scanscope XT. 

ImageScope (v12.0.0.5) was used to view images and 15 fields of view (at 20x-

magnification) per sample were captured. Images were saved as TIFF files and imported 

into PerkinElmer’s “InForm” software package (v2.0.4743.16069). Algorithms were 

created to assess (i) HPCs stained immunohistochemically or immunofluorescently, for 

markers GCTM-5, PCK and OV-6, (ii) CD45 stained inflammatory cells, (iii) collagen 

deposition using Sirius Red stained sections, and (iv) tumour differentiation grade using 

H&E stained samples, which was based on the pathologist scoring of tumour grades. 

Algorithms were created according to parameters shown in Supplementary Methods 

Table S 10, as described elsewhere [330]. Data was exported as .txt files and imported into 

Microsoft Excel. 

 

Results 

Antigen expression of GCTM-5+ve cells in normal and HCC livers 

To examine if the antigen expression of GCTM-5+ve cells changes in HCC compared to 

normal liver, double-immunofluorescence was used to co-stain GCTM-5+ve cells for other 

established HPC markers; PCK, OV-6 and EpCAM (Figure 14A-C). For each marker, 

double positive cells were evident in both normal and HCC livers. Quantitation of the 

proportion of single positive (GCTM-5+ve only) and double positive (GCTM-5+ve/PCK+ve, 

GCTM-5+ve/OV-6+ve or GCTM-5+ve/EpCAM+ve) revealed no statistically significant 

differences between normal and HCC livers (Figure 14D). Overall, EpCAM labelled the 

least amount of GCTM-5+ve cells (45% ±24.07 were double labelled) compared to PCK 
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(76.17% ±24.07 were double labelled, p<0.05) and OV-6 (67.65% ±21.93 were double 

labelled, p<0.05). As such, the majority of GCTM-5+ve cells co-express other HPC 

markers, but some remained negative.  

 

 

Figure 14. Phenotype of GCTM-5+ve cells in normal and HCC liver 

Fluorescently labelled GCTM-5+ve cells with PCK (A), OV-6 (B) and EpCAM (C). Double positive cells 

of both ductal (i) and non-ductal morphology (ii) were evident in all livers. Some GCTM-5+ve cells remained 

negative for PCK, OV-6 or EpCAM (iii). (D) Quantitation of the proportion of single positive cells and 

double positive cells in normal versus HCC liver revealed no significant differences (n=5 per group, with 

10 FOVs used per sample at x20 magnification). Abbreviations: EpCAM = epithelial cell adhesion 

molecule, FOV = field of view, HCC = hepatocellular carcinoma, N = normal, PCK = pan cytokeratin. 

Scale bar 25 μm. 
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GCTM-5+ve cells were further stained with CD133, Sox-9 and Ki67 as these markers have 

previously been associated with CSCs and poorer prognosis. CD133+ve, Sox-9+ve and 

Ki67+ve positive ductal cells were evident in both normal and HCC livers. However, few 

GCTM-5+ve cells co-labelled with these markers, and thus were not quantitated (Figure 

15). No observable difference of double positive cells in the normal compared to HCC 

liver was evident, except a few GCTM-5+ve cells expressing cytoplasmic Sox-9 – as 

opposed to nuclear Sox-9 – in a single HCC sample (Figure 15Bii).  

 

 

Figure 15. Expression of CSC-related markers in GCTM-5+ve cells 

Fluorescently labelled GCTM-5+ve cells with either CD133, Sox-9 or Ki67 were rare, but observable in both 

groups. CD133 expression was faint, and mainly ductal (Ai), with only a few non-ductal double positive 

cells apparent. No noticeable difference in expression between normal and HCC livers was observed. Sox-

9 expression was almost exclusively located in the nucleus of ductal cells (Bi). One HCC sample showed 

cytoplasmic Sox-9 expression co-expressed with GCTM-5 (Bii). Few GCTM-5+ve cells co-labelled with 

Ki67, and were of non-ductal morphology (C). (n=5 per group, with 10 FOVs used per sample at x20 

magnification). Abbreviations: CD = cluster of differentiation, HCC = hepatocellular carcinoma, Sox = 

SRY-related high mobility group box. Scale bar 25 μm. 
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Location of GCTM-5+ve cells 

Normal and HCC livers were stained in series with GCTM-5 and H&E to quantify the 

number of GCTM-5+ve cells and examine their distribution and location. As expected, in 

the normal liver, GCTM-5+ve cells were predominantly located in portal areas, but they 

were also observed centrally but in low frequencies (<0.05 %). Portally located GCTM-

5+ve cells were predominantly of ductular morphology, while centrally located cells were 

predominantly of non-ductular morphology (Figure 16). In HCC livers, the location of 

GCTM-5+ve cells was classified as either (i) within tumour nodules, (ii) within fibrous 

septa between tumour nodules or (iii) in non-lesional tissue that was resected as part of 

the tumour safety margin (Figure 17A). The highest abundance of GCTM-5+ve cells was 

located between tumour nodules, with only rare cells within tumour nodules (4.97% and 

0.62% respectively, p<0.0001). Non-lesional tissue that was within the tumour safety 

margin contained 1.58% GCTM-5+ve cells (Figure 17Bi). Interestingly, a pronounced 

difference between GCTM-5 and PCK expression was observed within tumour nodules, 

in which PCK+ve cells could be detected in abundance (Figure 18). 

 

 

 

Figure 16. GCTM-5+ve cells in normal liver 

Serial staining of normal liver with H&E (A), and GCTM-5 (B). GCTM-5+ve cells are located 

predominantly in portal areas, and have ductal morphology. (C) Central areas contain very few GCTM-5+ve 

cells (<0.05 %) and are predominantly non-ductular (n=7, with 5 FOVs per sample at x20 magnification). 

The number of GCTM-5+ve cells are expressed as a percentage of total nuclei. Abbreviations: CV= central 

vein, P = portal, PCK = pan cytokeratin. Scale bar 200 μm, *p<0.05. 
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Figure 17. Location and surrounding 

tissue of GCTM-5+ve cells 

(A) Serial staining of HCC liver with H&E and 

GCTM-5 to allow identification of tumour nodules 

and non-lesional tissue. (B) Few GCTM-5+ve cells 

are located within the tumour. The majority of 

GCTM-5+ve cells are located in the fibrous strands 

between tumour nodules (n=18 for NLT, n=25 for 

fibrous strands and n=17 TuN). (Biii-iv) Serial 

staining with GCTM-5 and Sirius Red to confirm 

fibrotic tissue and quantitate the percentage of 

GCTM-5+ve cells located within fibrosis (n=10 per 

group). GCTM-5+ve cells are also near CD45+ve cells 

(Ci), for which serial staining with GCTM-5 and 

CD45 was used for quantitation (Cii-iii, n=10 per 

group). (D) GCTM-5+ve cells were evident in non-

lesional tissue up to 5 cm away from the tumour (D). 

Five FOVs at x20 magnification were analysed per 

sample. The number of GCTM-5+ve cells counted 

shown in brackets. ***p<0.0001. Abbreviations: 

CD = cluster of differentiation, NLT = non-lesional 

tissue, Non Fi = non fibrotic tissue, TuN = tumour 

nodule, Tu = tumour. Scale bar 500 μm (A) and 50 

μm (B-D). 



Ch. 5: GCTM-5 in HCC - manuscript 

 

5-87 

 

Immunohistochemical staining indicated that GCTM-5+ve cells were preferentially 

located in close proximity to fibrotic tissue, which was then confirmed with serial Sirius 

Red staining. Quantitation confirmed that the majority of GCTM-5+ve cells were located 

within fibrotic tissue (>93%, p<0.0001, Figure 17Bii-iv). Serial staining for CD45 and 

GCTM-5 further showed a close spatial proximity of GCTM-5+ve cells and inflammatory 

cells (p<0.0001, Figure 17C). Periportal non-ductal GCTM-5+ve cells were also be 

observed outside the tumour margin in non-lesional tissue that was up to 5 cm away from 

the tumour proper (Figure 17D).  

 

 

Figure 18. Tumour nodules contain PCK+ve cells, but few GCTM-5+ve cells 

(A) GCTM-5 (i) and PCK (ii) mark a similar population of cells in the non-lesional tissue (NLT). (B) A 

pronounced difference was apparent in tumour biopsies which are mostly devoid of GCTM-5 but contain 

numerous PCK+ve cells. Solid arrowheads indicate cells identified by both antibodies, and open arrowheads 

indicate cells identified only by one marker.  

 

 

Correlation with clinical parameters  

GCTM-5+ve cells could be detected in 75% of HCC biopsies irrespective of the underlying 

aetiology of HCC, with no significant differences in frequency (Figure 19A). The 

frequency of GCTM-5+ve cells was calculated as a percentage of total nuclei. More 

GCTM-5+ve cells were detected in well-to-moderately differentiated tumours, with a 4-
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fold increase compared to poorly differentiated tumours (7.5% and 1.7% respectively, 

p<0.0001, Figure 19B). A higher frequency of GCTM-5+ve cells was associated with 

poorer overall survival, irrespective of the differentiation grade of the tumour. In the well-

to-moderately differentiated group, a 15-fold increase of GCTM-5+ve cells was evident in 

those patients that survived <1 year, in comparison to those patients surviving >1 year 

(p<0.05, Figure 19C). A smaller difference was found in the poorly differentiated group, 

with only a 4-fold increase in the number of GCTM-5+ve cells in patients surviving <1 

year, compared to >1 year. We then compared biopsies of CLD patients that eventually 

progressed to HCC (median 4.71±4.3 years to HCC progression), to biopsies of CLD 

patients with no reported malignancy; this showed an 8-fold increase in GCTM-5+ve cells 

(1.29% and 0.15% respectively, p<0.05, Figure 19D). 

 

 

Figure 19. Clinical parameters and correlation with GCTM-5+ve cells 

(A) GCTM-5+ve cells are present in HCC biopsies regardless of underlying aetiology of the malignancy. 

(B) Poorly differentiated tumours had significantly less GCTM-5+ve cells compared to well-moderately 

differentiated tumours. (C) A higher frequency of GCTM-5+ve cells in HCC patients was associated with 

poorer survival times in both well-moderately differentiated tumours and poorly differentiated tumours. 

(D) Biopsies of patients with a CLD that eventually progressed to HCC (“pre-HCC”), compared to biopsies 

of patients that did not progress to HCC (“CLD only”), had a significantly higher frequency of GCTM-5+ve 

cells. Abbreviations: CLD = chronic liver disease, HBV = hepatitis-B virus, HCC = hepatocellular 
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carcinoma, HCV = hepatitis-C virus, NAFLD = non-alcoholic fatty liver disease, Poor = poorly 

differentiated, Well-mod = well to moderately differentiated. *p<0.05, ***p<0.0001. 

 

Discussion  

In this study, we demonstrate that the frequency of GCTM-5+ve cells is associated with 

clinical parameters in patients with HCC. We report co-expression of GCTM-5 with a 

panel of HPC and CSC-associated markers, although the latter was rare. Using computer 

quantitation, we report that GCTM-5 labels a similar but not identical population as other 

commonly used HPC markers, which confirms data reported by Stamp et al [264, 265]. 

EpCAM labelled the least number of GCTM-5+ve cells (45%), while PCK and OV-6 

labelled well over half the GCTM-5 population. Non-lesional tissue contained a similar 

population of GCTM-5+ve and PCK+ve cells, whereas within tumour nodules most cells 

only stained for PCK. Thus, GCTM-5 appears to mark a unique subpopulation of HPCs, 

although the significance of this requires further investigation.  

In HCC biopsies, we document centrally located GCTM-5+ve cells with both ductal and 

non-ductal morphology. This is consistent with the “ductular reaction”, a well-

documented repair mechanism of the liver that is activated when hepatocyte-mediated 

repair is inhibited [47, 54, 70]. During the ductular reaction, HPCs migrate from the portal to 

the central areas, proliferate and differentiate towards hepatocyte and/or cholangiocytes 

lineage [265, 332]. In support of this, Stamp and colleagues document the presence of 

GCTM-5+ve cells around regenerating nodules in cirrhotic livers that are both Albumin+ve 

and CK-19+ve, indicative of HPCs that are differentiating towards both the hepatocyte and 

cholangiocytes lineages [264]. Further studies are needed to confirm the bipotentiality of 

GCTM-5+ve cells using functional in vitro and in vivo differentiation assays.  

The cellular signalling between HPCs and the surrounding niche is an important 

determinant of HPC biology [333]. We thus examined the spatial relationship between 

GCTM-5+ve cells with fibrosis and inflammation, and report a preferential distribution of 

GCTM-5+ve cells areas with fibrosis and inflammation. In particular, GCTM-5+ve cells 

were most frequent in fibrous septa between tumour nodules, with the actual tumour being 

mostly devoid of GCTM-5+ve cells. Other studies using markers CK-7, CK-19, OV-6 and 

EpCAM, have reported a similar outcome [334-336]. The loss of HPC expression within 

tumour nodules is proposed to be related to phenotypic changes of differentiating HPCs 

during the progression of carcinogenesis [334]. We further document the presence of 

GCTM-5+ve cells in more distal tissue up to 5 cm away from the safety margin. Similarly, 
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Jia et al. [335], reported CK-7+ve, CK-19+ve and OV-6+ve cells in distally adjacent tissue. 

These distally occurring cells may be responsible for recurrence of malignancy [337].  

The frequency of GCTM-5+ve cells correlated with histological tumour grade, overall 

patient survival in both well-moderate and poorly differentiated tumours, and the 

development of HCCs in patients with CLD. As such, scoring the frequency of GCTM-

5+ve cells may aid in prognostication and identify patients at risk of carcinogenesis, and 

guide clinical decision-making. Several studies have correlated clinical parameters with 

the expression of HPC markers and reported variable outcomes.  

For the cytokeratins, expression of CK-7 was not associated with any prognostic outcome 

[196], whereas CK-10 was associated with poor overall survival [214] and CK-19 was 

associated with poor overall survival, decreased recurrence-free survival and increased 

microvascular invasion [196, 201, 211, 214, 215]. For OV-6 expression, no prognostic 

significance was found in one study [196], but in another, it was associated with an 

enhanced response to Sorafenib treatment [200]. For EpCAM expression, several studies 

reported no prognostic significance [196, 202, 211], while others reported poor overall 

survival, decreased recurrence-free survival, and increased tumour aggressiveness [207, 219, 

220].  

The discrepancy may be due to the heterogeneous nature of HCCs [210]. Furthermore, most 

markers had a low detection rate, which may bias results in smaller cohorts. For instance, 

CK-19 expression was reported between 0% to 32% in HCCs depending on the study [202, 

206, 207, 211, 220], while EpCAM ranged from 7- 56% [202, 204, 206, 207, 211, 219, 220]. Low 

prevalence can limit the use of these markers as prognostic biomarkers in HCC. Our study 

shows GCTM-5 expression in 75% of HCCs, which is more prevalent than previously 

reported HPC markers. Furthermore, GCTM-5 expression was not associated with the 

underlying aetiology, indicative of a common mechanism inducing the GCTM-5+ve cells 

regardless of the disease context. This is in contrast with EpCAM expression, which has 

been linked to hepatitis B [208], and as such may further limit the use of EpCAM based on 

aetiology.  

The association between the frequency of GCTM-5+ve cells and clinical parameters in 

patients with HCC may signify that GCTM-5 are tumorigenic. This hypothesis is 

supported by the (although infrequent) co-expression of the CSC-associated markers Sox-
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9 and CD133. However, the tumorigenic properties of GCTM-5+ve cells require further 

investigations.  

In conclusion, this study establishes GCTM-5 as a biomarker of interest in HCC. GCTM-

5 can be detected in higher prevalence in HCC biopsies compared to other markers 

reported to date, and we demonstrate an association between the frequency of GCTM-

5+ve cells and the tumour differentiation, survival and development of HCCs. Further 

investigations are needed to determine the tumourigenicity of GCTM-5+ve cells and 

authenticate the prognostic utility of GCTM-5 immunohistochemical expression by 

studying a larger cohort.  
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CHAPTER 6: Isolation of GCTM-5+ve cells – Case 

Reports 
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6.1 INTRODUCTION 

In Chapter 5, a correlation between the frequency of GCTM-5+ve cells and clinical 

parameters in HCC patients was reported. This suggests a role of GCTM-5+ve cells in 

malignancy. To examine the tumorigenic potential of GCTM-5+ve cells, they must be 

isolated and cultured for in vitro characterisation. In this chapter, the isolation and 

establishment of a stable GCTM-5+ve cell line are attempted, for further in vitro analysis. 

The aims of this chapter are to: 

1. Optimise a protocol for the isolation of GCTM-5+ve cells in our laboratory. 

2. Establish a GCTM-5+ve cell line, and if successful; 

3. Perform in vitro characterisation of GCTM-5+ve cells including confirmation of 

bipotentiality and ascertain tumorigenic potential.  

It is hypothesised that our protocol for the isolation of mouse oval cells [338] can be adapted 

for the isolation and establishment of GCTM-5+ve cells from human samples. Further, it 

is hypothesised that GCTM-5+ve cells will be capable of differentiation into functional 

cholangiocytes and hepatocytes in vitro, and possess tumorigenic properties. 

 

6.2 RESULTS 

6.2.1 Cohort 

During the duration of this study, only seven fresh explant livers suitable for cell 

isolations could be procured. Of these, three were normal donors and four with CLD. The 

age, sex and liver pathology of the donors are recorded in Table 17.  

 

6.2.2 Cell isolation and culture 

Our laboratory has previously optimised the isolation of mouse oval cells using liver 

perfusion and the “plate and wait” method [338]. This methodology was adapted for human 

donors by the use of multiple catheters, the use of collagenase IV as the digestive enzyme, 

and the inclusion of additional purification steps using magnetic-activated cell sorting 

(MACS).  
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The time interval from the removal of the sample in surgery until the commencement of 

processing in the laboratory, varied considerably from case to case. As some explant 

livers were large enough to allow for multiple cell isolations, the effects of prolonged 

cold ischemia for up to 72 hours on the success of HPC isolation and culture was 

investigated. Overall, no difference in the course of culture or morphology of the isolated 

cells, was evident irrespective of donor characteristics or duration of cold ischemia (Table 

17 and Figure 20A). The isolated HPCs were plated for culture and continued to grow 

into epithelial colonies up until approximately Day 20 (Figure 20B). After approximately 

Day 21, (between 2 and 3 rounds of passaging) all cells acquired a spindle-like appearance 

and expressed Vimentin - all characteristics of a fibroblastic culture (Figure 20Biv). 
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Table 17. Case reports of liver explants used for HPC isolation 

Donor 

ID 

Sex Age Liver Pathology Ischemia 

times* 

Isolation notes Yield# Other comments 

NOR1 M 43 Normal donor 

(brain-dead). 

Liver used for 

OLT. 

12 and 36 hrs 

of cold 

ischemia.  

 1 catheter, flow rate 5 

ml/min. 

 Plate and wait of 

HPCs, no further 

purification. 

 12 hr time-point: 

1x106 HPCs. 

 36 hr time-point: 

1.18x106 HPCs. 

 Biopsy large enough for 2 isolations (12 hr and 

36 hr of cold ischemic exposure). 

 No observable difference in yield of culture 

between 12 hr and 36 hr timepoint. 

 1 catheter did not appear to achieve optimal 

tissue digestion; some parts remained hard in 

texture. 

NOR2 ? ? Normal donor 

(brain dead). 

Liver used for 

OLT. 

12, 36 and 72 

hrs of cold 

ischemia.  

 2 catheters, flow rate 

1.5 ml/min per 

catheter. 

 Plate and wait, no 

further purification. 

 12 hr time-point: 

1x106 HPCs. 

 36 hr time-point: 

1x106 HPCs. 

 72 hr time-point: 

2x106 HPCs. 

 2 catheters with lower flow rate achieved more 

consistent digestion. 

 Biopsy large enough for 3 isolations (12, 36 

and 72 hrs of cold ischemic exposure). 

 No observable difference in yield of culture 

between 12 hr and 36 hr timepoint. 72 hr time-

point yielded more HPCs. 

NOR3 F 19 Normal donor 

(cardiac death). 

20 min of 

warm 

ischemia and a 

further 12 hrs 

of cold 

ischemia. 

 2 catheters, flow rate 

1.5 ml/min per 

catheter. 

 Plate and wait, no 

further purification. 

1x106 HPCs. Biopsy only large enough for 1 cell isolation.  

*Time interval from removal of the liver in theatre, until the commencement of cell isolation in the laboratory (cold ischemia at 4°C, warm ischemia at body temperature).  

#viable cells as established by trypan exclusion viability test. Abbreviation: F = female, HPCs = hepatic progenitor cells, M = male, OLT = orthotopic liver transplantation.  
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Table 17 cont. 

Donor 

ID 

Sex Age Liver Pathology Ischemia 

times* 

Isolation notes Yield# Other comments 

CLD1 F 68 NAFLD (brain 

dead). 

48 hrs of cold 

ischemia. 
 2 catheters, flow rate 1.5 

ml/min per catheter. 

 Percoll density centrifugation. 

 6.7x106 HPCs prior 

Percoll. 

 8x104 HPCs after 

enrichment. 

Failed Percoll enrichment due to technical 

problems. 

CLD2 F 62 ALD with 

cirrhosis. The 

patient received 

OLT. 

4 hrs of cold 

ischemia. 
 2 catheters, flow rate 1.5 

ml/min per catheter. 

 Double perfusion and 

digestion time (40 min each). 

 MACS purification. 

 3.48x106 HPCs 

prior MACS. 

 6x104 GCTM-5+ve 

cells after MACS. 

 Required double the perfusion time as 

liver did not initially blanche. 

 Required double the digestion time as 

liver did not change to a foamy texture 

(indicative of successful digestion). 

CLD3 M 51 ALD with 

cirrhosis. The 

patient received 

OLT. 

6 hrs of cold 

ischemia. 
 3 catheters, flow rate 1.5 

ml/min per catheter. 

 Double perfusion and 

digestion time (40 min each). 

 MACS purification. 

 4.7x106 HPCs prior 

MACS. 

 2.5x105 GCTM-

5+ve cells after 

MACS. 

Additional catheter allowed for better 

perfusion and digestion, and high yield of 

HPCs. 

CLD4 F 44 Thalassemia, 

non-cirrhotic, 

acute liver 

failure. The 

patient received 

OLT. 

1 hr of cold 

ischemia. 
 2 catheters, flow rate 1.5 

ml/min per catheter. 

 Plate and wait, no further 

purification. 

1.36x106 HPCs. 

 

Perfused and digested well, but low yield.  

*Time interval from removal of the liver in theatre, until the commencement of cell isolation in the laboratory (cold ischemia at 4°C, warm ischemia at body temperature).  

#viable cells as established by trypan exclusion viability test. Abbreviations: ALD = alcoholic liver disease, F = female, HPCs = hepatic progenitor cells, M = male, MACS = magnetic 

activated cell sorting, NAFLD = non-alcoholic fatty liver disease, OLT = orthotopic liver transplantation. 
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Figure 20. The course of colony formation and conversion to fibroblasts 

(A) Prior to cell isolations, livers were exposed to cold ischemia for 1 (i), 12 (ii), 36 (iii) and 72 (iv) hours. 

Small epithelial cell colonies were visible by Day 3 (arrow) in all conditions. No apparent differences in 

culture or morphology were evident between livers exposed to either short or long cold-ischemia prior to 

HPC isolation. (B) By Day 7 the cells in all conditions (shown are 12 hour cold-ischemia group) had 

proliferated to approximately 50% confluency (i) and grew into epithelial colonies by Day 12 (ii; dashed 

line indicates the colony border within a colony ring marker). By Day 21, all cells presented with a 

fibroblastic spindle-like morphology (iii), and expressed Vimentin (iv). 
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For MACS experiments, a fraction of the isolated cells was used for a Cytospin 

preparation to validate GCTM-5 expression using immunofluorescence (Figure 21Ai). 

The isolated GCTM-5+ve cells also expressed EpCAM (Figure 21Aii). The remainder of 

the isolated cells were plated down for culture. The cells isolated using GCTM-5 positive 

selection did not maintain their GCTM-5 expression following culture. At Day 3, the 

GCTM-5 epitope could not be detected using immunofluorescence (Figure 21Bi), but the 

cells continued to express EpCAM (Figure 21Bii) and retained a typical epithelial 

morphology characterised by cobblestone appearance. 

 

 

Figure 21. GCTM-5 cannot be detected after culture 

(A) GCTM-5+ve cells could be successfully isolated using MACS, and the GCTM-5 epitope could be 

detected using immunofluorescence before the plating down for culture. GCTM-5+ve cells also expressed 

EpCAM prior to plating (Aii) By Day 3 of cell culture, the GCTM-5 epitope could no longer be detected 

using immunofluorescence (Bi), but the cells retained EpCAM expression (Bii). Scale bar 50 μm.  
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6.3 DISCUSSION 

In these series of experiments, HPCs were isolated from both normal liver and CLD with 

and without cirrhosis. For the successful isolation of cirrhotic livers, a modified digestion 

method was required. Up to three perfusion catheters and slower flow rates allowed for 

improved perfusion and digestion and increased the yield of HPCs. This allowed for 

further MACS selection of GCTM-5+ve cells, which was performed on two cirrhotic 

livers.  

The duration of time from the removal of the liver to the arrival at the laboratory can vary 

considerably from case to case. Therefore it was important to establish if prolonged cold 

ischemia exposure could affect the success of the isolation procedure. HPCs were 

successfully isolated from both normal and CLD explant livers up to 72 hrs of cold 

ischemia. This is consistent with findings that HPCs are more resistant to ischemia than 

parenchymal cells [255, 339]; a property shared with progenitor/stem cells from other tissues 

[340, 341]. HPC resistance to ischemia further opens up alternative sources such as ischemic 

liver from transplant organs or organ donors with cardiac arrest.  

Despite the successful isolation of GCTM-5+ve cells, a stable cell line could not be 

established. The GCTM-5 epitope was lost as quickly as three days post culture. The 

reasons for this remain unknown and require further investigation. A likely scenario is 

the loss or masking of the GCTM-5 epitope due to the dynamic nature of HPCs [262]. This 

hypothesis is consistent with retained EpCAM expression, epithelial morphology and 

colony formation, in the early stages of culture. At approximately day 21 of culture, the 

epithelial morphology was lost, and instead, a spindle-like fibroblastic morphology was 

evident, with strong Vimentin expression. Together this is suggestive of epithelial-

mesenchymal transition [342]. Ongoing studies are focussed on the maintenance of GCTM-

5+ve cells using a culture medium developed by Huch et al., which promotes the long-

term stability of liver stem cells [263]. 

In conclusion, this chapter describes the isolation of HPCs and GCTM-5+ve cells under 

various conditions and up to 72 hours of cold ischemic exposure. The GCTM-5 

expression is lost soon after culture, and as such the tumorigenicity of GCTM-5+ve cells 

could not be ascertained. 
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CHAPTER 7: Concluding Remarks and Future 

Directions 
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The projects described in this thesis have made significant and novel contributions to the 

field of HPC and liver research and generate substantial original knowledge of the 

GCTM-5+ve cell population. The data presented in this thesis support further research into 

the potential of using GCTM-5 as a prognostic biomarker. 

The study reported in Chapter 4 generates new knowledge of HPCs in acute hepatitis; a 

context in which HPCs have not been extensively studied. The data suggest that the 

scoring of the frequency of GCTM-5+ve cells in biopsies may aid in determining the 

severity of pathology and therefore establishes GCTM-5 as a biomarker of interest in 

acute hepatitis. Future work should examine GCTM-5 expression in a longitudinal cohort 

of acute hepatitis patients for which long-term clinical outcome is available, in order to 

contrast the clearance of disease versus progression to CLD.  

The work shown in Chapter 5 suggests that the scoring of the frequency of GCTM-5+ve 

cells may aid in the identification of patients at risk of carcinogenesis or poor prognosis, 

and establishes GCTM-5 as a biomarker of interest in HCC. The use of GCTM-5 as a 

potential biomarker has several advantages. Firstly, this work reports the detection of 

GCTM-5 in 75% of HCCs (Chapter 5), regardless of underlying aetiology, which is a 

higher detection rate compared to other prognostic HPC-markers investigated to date 

(Table 7). Secondly, GCTM-5 is a cell surface marker, which facilitates the isolation of 

GCTM-5+ve cells. Chapter 6 describes the isolation of GCTM-5+ve cells, and ongoing 

work is focussed on the development of a stable GCTM-5+ve cell line to allow for further 

in vitro characterisation and mechanistic studies. Thirdly, the GCTM-5 epitope can also 

be detected in sera (Yeoh, unpublished), and as such opens up the possibility of a blood-

based assay, rather than necessitating liver biopsies. 

The data presented in this thesis has led to the development of future studies to validate 

the prognostic potential of GCTM-5 in a larger longitudinal cohort. The computerised 

approach for the quantification of GCTM-5+ve cells in situ, described in Chapter 3, will 

facilitate high throughput data analysis of the large cohorts required for our validation 

study. This study will also include validation of the algorithms designed for scoring of 

disease severity. Once validated, it is envisioned that the CIA approach can be widely 

utilised by researchers for large cohort studies, and by pathologists as a support tool aiding 

in clinical decision making. We further seek to investigate any correlation of the in situ 

profile of GCTM-5 with the GCTM-5 levels detected in sera. Our long-term goal is the 
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development of a new assay for the detection and prognostication of liver disease and 

malignancy, based on sera GCTM-5 levels.  

In conclusion, this work reports a high positive correlation between the frequency of in 

situ GCTM-5+ve cells in liver biopsies and disease severity or clinical parameter. This 

underpins our future research for the development of utilising GCTM-5 as a novel 

diagnostic and prognostic assay for liver disease and malignancy, and may aid earlier 

detection of HCC.  
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9.2 APPENDIX B: SUPPLEMENTARY INFORMATION FOR INFORM 

PUBLICATION 

 

For clarity and consistency, the figure numbering and page layout of the original 

publication has been reformatted for this thesis.  

 

InForm software: a semi-automated research tool to identify presumptive human 

hepatic progenitor cells, and other histological features of pathological significance 

Anne S. Kramer1,2,3, Bruce Latham4, Luke A. Diepeveen1, Lingjun Mou5, Geoffrey J 

Laurent3, Caryn Elsegood6, Laura Ochoa-Callejero7 and George C. Yeoh1, 2,3,*  

 

 

9.2.1 Supplementary results 

 

 

Supplementary Figure S1 

A comparison of manual counting to two automated methods; PerkinElmer’s InForm software package 

(v2.0.4743.16069) to calculate the percentage of positive cells and Aperio ImageScope software (V12.0) 

to calculate the percentage of positive pixels. (A) InForm was used to calculate the number of presumptive 

HPCs as a percentage of total cells, and we report a high correlation to manual counting with both PCK 

(r2=0.9202) (Ai) and GCTM-5 (r2=0.9609) (Aii). Pixel counting using ImageScope software has a high 

correlation for PCK (r2=0.8000) (Bi) but not with GCTM-5 (r2=0.5543) (Bii). This suggests that area output 

is not as accurate compared to counting the number of positive cells as a percentage of total cells.  
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Supplementary Figure S2 

InForm can be utilised to examine HPCs and the inflammatory response in mouse studies. Mice were placed 

on a long-term choline-deficient, ethionine supplemented (CDE) diet to induce chronic liver damage, and 

stimulate HPC-mediated repair. Mice were treated with a drug and the HPC and immune response was 

assessed by PCK, CD45 and F4/80 immunohistochemical staining and analysed using InForm algorithms 

(A-C). Preliminary data shows a trend for a reduction of the HPC and immune response in mice with CDE 

+ drug, compared to CDE diet alone. Representative images of CDE control (i) and CDE + drug of PCK, 

CD45 and F4/80 are shown in D-F. Scale bar 200 μm.  
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9.2.2 Supplementary methods 

9.2.2.1 Pixel counting using Aperio ImageScope 

Liver sections stained with PCK or GCTM-5 immunohistochemically were used for 

automatic quantitation. The sections were scanned using an Aperio Digital Scanscope XT 

(Leica) at 40x magnification, and analysed using Aperio ImageScope software (V12.0). 

The total pixel count of each section was obtained by outlining their edge carefully using 

the layering tool. Holes in the tissue and lumen of ducts were excluded in the total pixel 

count. To obtain the area of PCK+ve or GCTM-5+ve cells, the Positive Pixel Count V9 

algorithm was used, which is based on colour thresholding. Parameters used are shown 

in Supplementary Methods Table S 6. The final result was expressed as the number of 

PCK+ve or GCTM-5+ve pixels as a percentage of the total pixel count.
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Supplementary Methods Table S 1. Algorithm parameters  

Name of 

algorithm 
Setting Category Settings 

P
C

K
 p

h
en

o
ty

p
e 

IH
C

 

Images analysed  PCK stained sections (IHC) 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>cell segmentation  

Score>Score 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectral library>Brightfield 

Spectra for unmixing>blue hematox, DAB 

Tissue segmentation 

settings 

Tissue categories>PCK, parenchyma, white 

Components for training>blue hematox, DAB 

Pattern scale>small 

Train tissue segmenter>99% 

Segmentation resolution>fine 

Trim edges>3pixels, PCK category 

Cell segmentation 

settings 

Compartments to segment>nuclei 

Edge rules>discard if touching edge  

Nuclei segmentation 

>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 

>Primary>blue hematox>min signal 0.25 

>size range 

>min size 150 pixels 

>max sixe 10000 pixels 

>clean-up 

>fill holes 

>refine splitting 

>roundness min circularity 0.3 

Scoring setting 

Tissue category>PCK 

Scoring>Positivity (2-bin) 

Compartment>Nuclei 

Component>DAB 

Threshold max>0.4 

Positivity threshold>0 

P
C

K
/G

C
T

M
-5

 f
lu

o
re

sc
e
n

ce
 

Images analysed  

PCK/GCTM-5 stained sections (fluorescence) 

PCK – green channel 

GCTM-5 – red channel 

Configuration settings 

Segment images>skip  

Find features>cell segmentation  

Score>Score 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Fluorescence 

Spectral library>Fluorescence 

Spectra for unmixing>red, green, blue 

Scaling for unmixed data counts>raw 
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Supplementary Methods Table S 1 cont. 

Name of 

algorithm 
Setting Category Settings 

P
C

K
/G

C
T

M
-5

 f
lu

o
re

sc
e
n

ce
 

Cell segmentation 

settings 

Compartments to segment>nuclei, cytoplasm, membrane 

Nuclei segmentation 

>approach>object based 

>signal scaling>auto scale 

>Primary>blue >min signal 0.23 

>size range 

>min size 20 pixels 

>max sixe 10000 pixels 

>clean-up 

>fill holes>max hole 50 pixels 

>refine splitting 

>roundness min circularity 0.15 

Cytoplasm segmentation 

>Inner distance to nucleus>0 pixels 

>outer distance to nucleus>15 pixels 

>Minimum size>1 pixel 

Membrane segmentation 

>primary>green>full scale counts 61.97 

>secondary>red>full scale counts 72.50 

>segmentation priority>assign to membrane 

>maximum cell size>distance to membrane>40 pixels 

Scoring setting 

Scoring>Double Positivity (2x2-bin) 

First marker setting (GCTM-5) 

>Compartment>Membrane 

>Component>red 

>Threshold max>80 

>Positivity threshold>18.4 

Second marker setting (PCK) 

>compartment>membrane 

>component>green 

>threshold max>12 

>positivity threshold>7 

C
D

4
5

 p
ie

ce
m

ea
l 

n
ec

ro
si

s 

Images analysed  CD45 stained sections (IHC) 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>cell segmentation  

Score>Score 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectral library>Brightfield 

Spectra for unmixing>blue hematox, DAB 

Tissue segmentation 

settings 

Tissue categories>CD45, parenchyma, white 

Components for training>blue hematox, DAB 

Pattern scale>medium 

Train tissue segmenter>94% 

Segmentation resolution>fine 

Trim edges>5pixels, CD45 category 
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Supplementary Methods Table S 1 cont. 

Name of 

algorithm 
Setting Category Settings 

C
D

4
5

 p
ie

ce
m

ea
l 

n
ec

ro
si

s 

Cell segmentation 

settings 

Compartments to segment>nuclei 

Nuclei segmentation 

>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 

>Primary>blue hematox>min signal 0.18 

>size range 

>min size 80 pixels 

>max sixe 10000 pixels 

>clean-up 

>fill holes 

>refine splitting 

>roundness min circularity 0.25 

Scoring setting 

Tissue category>CD45 

Scoring>Positivity (2-bin) 

Compartment>Nuclei 

Component>DAB 

Threshold max>0.5 

Positivity threshold>0.063 

Processing regions Set to 60-70μm margin around portal tracts. 

C
D

4
5

 l
o

b
u

la
r 

n
ec

r
o

si
s 

Images analysed  CD45 stained sections (IHC) 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>cell segmentation  

Score>Score 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectral library>Brightfield 

Spectra for unmixing>blue hematox, DAB 

Tissue segmentation 

settings 

Tissue categories>CD45 foci, parenchyma, white 

Components for training>blue hematox, DAB 

Pattern scale>medium 

Train tissue segmenter>93% 

Segmentation resolution>medium 

Trim edges>10pixels, CD45 foci category 

Min segment size>1200 pixels 

Cell segmentation 

settings 

Compartments to segment>nuclei 

Edge rules>discard if touching edge 

Nuclei segmentation 

>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 

>Primary>blue hematox>min signal 0.15 

>size range 

>min size 100 pixels 

>max sixe 500 pixels 

>clean-up 

>fill holes 

>refine splitting 

>roundness min circularity 0.25 

Scoring setting 

 

Tissue category>CD45 foci 

Scoring>Positivity (2-bin) 

Compartment>Nuclei 

Component>DAB 

Threshold max>0.25 

Positivity threshold>0 

Processing regions Set to exclude portal areas 
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Supplementary Methods Table S 1 cont. 

Name of 

algorithm 
Setting Category Settings 

C
D

4
5

 p
o

rt
a

l 
in

fl
a

m
m

a
ti

o
n

 

Images analysed  CD45 stained sections (IHC) 

Configuration settings 

Segment images>trainable tissue segmentation 

Find features>cell segmentation 

Score>Score 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectral library>Brightfield 

Spectra for unmixing>blue hematox, DAB 

Tissue segmentation 

settings 

Tissue categories>CD45, parenchyma, white 

Components for training>blue hematox, DAB 

Pattern scale>medium 

Train tissue segmenter>94% 

Segmentation resolution>fine 

Trim edges>2pixels, CD45 category 

Cell segmentation 

settings 

Compartments to segment>nuclei 

Nuclei segmentation 

>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 

>Primary>blue hematox>min signal 0.18 

>size range 

>min size 80 pixels 

>max sixe 10000 pixels 

>clean-up 

>fill holes 

>refine splitting 

>roundness min circularity 0.25 

Scoring setting 

Tissue category>CD45 foci 

Scoring>Positivity (2-bin) 

Compartment>Nuclei 

Component>DAB 

Threshold max>0.5 

Positivity threshold>0.063 

Processing regions Set around portal triads 

H
&

E
 c

o
n

fl
u

en
t 

n
ec

r
o

si
s 

Images analysed  H&E stained sections 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>cell segmentation  

Score>Skip 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectral library>Brightfield 

Spectra for unmixing>blue hematox, eosin 

Tissue segmentation 

settings 

Tissue categories>confluent necrosis, parenchyma, white 

Components for training>blue hematox, eosin 

Pattern scale>medium 

Train tissue segmenter>87% 

Segmentation resolution>fine 

Trim edges>10pixels, confluent necrosis category 

Min segment size>500 pixels 
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Supplementary Methods Table S 1 cont. 

Name of 

algorithm 
Setting Category Settings 

H
&

E
 c

o
n

fl
u

en
t 

n
ec

r
o

si
s 

Cell segmentation 

settings 

Compartments to segment>nuclei 

Nuclei segmentation 

>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 

>Primary>blue hematox>min signal 0.25 

>size range 

>min size 80 pixels 

>max sixe 1500 pixels 

>clean-up 

>fill holes 

>refine splitting 

>roundness min circularity 0.28 

Processing regions  Set to exclude portal regions 

S
ir

iu
s 

R
e
d

 

Images analysed  Sirius red stained sections 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>skip  

Score>Skip 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectra for unmixing>blue, green, red 

Tissue segmentation 

settings 

Tissue categories>Sirius Red, parenchyma, white 

Pattern scale>small 

Train tissue segmenter>99.2% 

Segmentation resolution>extra fine 

Trim edges>4pixels, Sirius red category 

Min segment size>500 pixels 

 

 

 

 

H
&

E
 s

te
a

to
si

s 

Images analysed  H&E stained sections 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>skip  

Score>Skip 

Image preparation 

settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 

Spectra for unmixing>blue hematox, eosin 

Tissue segmentation 

settings 

Tissue categories>macro steatosis, parenchyma 

Pattern scale>medium 

Train tissue segmenter>90% 

Segmentation resolution>extra fine 

Trim edges>10pixels, macro steatosis category 

Processing regions Set to exclude white space 
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Supplementary Methods Table S 2. Workflow of algorithm creation & verification 

Process  Steps 

Create Algorithm 1. Load at least 10 images that includes a representative range. 

‒ Includes samples from all groups 

‒ Includes samples that show high and low amount of 

feature of interest 

‒ Includes samples that have low and high background 

levels 

‒ Set parameters (given in Supplementary Methods Table 

S 1) 

2. Set training regions and processing regions (given in 

Supplementary Methods Table S 1) 

3. Train tissue segmenter. Ensure accuracy rate is above 80%.  

4. Save algorithm  

Verify Algorithm 1. In Adobe Photoshop, outline and crop individual cells/areas that 

have the feature of interest (e.g. clusters of inflammatory cells) 

and also outline and crop cells/areas that do not show this feature 

(e.g. normal parenchyma). At least 50 cells/areas should be 

outlined and saved as TIFs. Note by, these cells/areas should be 

different than images chosen for creation of algorithm.  

2. Upload TIFs into inForm, run algorithm and analyse output. 

Ensure algorithm can accurately distinguish positive from 

negative features 
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Supplementary Methods Table S 3. Modified HAI grading.  

Necroinflammatory scores for chronic viral hepatitis 

Category Score 
A. Piecemeal Necrosis  

Absent 0 

Mild (focal, few areas) 1 

Mild/moderate (focal, most portal areas) 2 

Moderate (continuous around <50% of tracts or septa) 3 

Severe (continuous around >50% of tracts or septa) 4 

B. Confluent Necrosis  

Absent 0 

Focal confluent necrosis 1 

Zone 3 necrosis in some areas 2 

Zone 3 necrosis in most areas 3 

Zone 3 necrosis + occasional portal-central bridging 4 

Zone 3 necrosis + multiple portal-central bridging 5 

Panacinar or multiacinar necrosis 6 

C. Focal lyptic necrosis, apoptosis and focal inflammation* (lobular necrosis)  

Absent 0 

One focus or less per 10x objective  1 

Two to four foci per 10x objective 2 

Five to ten foci per 10x objective 3 

More than ten foci per 10x objective 4 

D. Portal inflammation  

None 0 

Mild, some or all portal areas 1 

Moderate, some or all portal areas 2 

Moderate/marked, all portal areas 3 

Marked, all portal areas 4 

(adapted from Ishak et al. 1995 J. of Hepatology). (HAI = hepatic activity index). 

*Does not include diffuse sinusoidal infiltration by inflammatory cells.  

HAI = hepatic activity score. Calculated by obtaining the composite of each histological feature.  

 

  



Ch 9: Appendix B 

 

9-144 

 

Supplementary Methods Table S 4: Surrogate measures for Ishak-Knodell components 

Component Ishak-Knodell Surrogate InForm 

Measure 

Manual component 

Piecemeal 

necrosis 

Degeneration/loss of 

hepatocytes and associated 

inflammatory infiltrate within 

limiting plate. Scores 

represent the percentage of 

portal tracts that are affected 

either focally or continuously  

Percentage of CD45+ve 

cells within limiting plate 

Limiting plates must 

be delineated 

manually. 

Confluent 

necrosis 

Substantial area of cell death. 

Scores represent the lobular 

areas affected; “some” versus 

“most”, and further includes 

portal-central bridging in 

higher scores.  

Percentage of lobular 

necrotic tissue 

Lobular areas must be 

delineated manually 

Lobular 

necrosis 

The number of inflammatory 

foci present in x10 fields of 

view 

Percentage of lobular 

CD45+ve inflammatory 

cells that are present as 

clusters (foci) 

Lobular areas must be 

delineated manually 

Portal 

inflammation 

Amount of inflammatory 

cells present in “some” versus 

“all” portal tracts 

Percentage of portal 

CD45+ve inflammatory cell 

Portal areas must be 

delineated manually.  

HAI Hepatic Activity Score. 

Composite of the above 

scores.  

Composite of the above 

scores 

-- 
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Supplementary Methods Table S 5. Cohort Information.  

Patient ID Sex Notes Scoring 

System 

Category & Scores 

Hep1 M Liver biopsy with severe 

acute hepatitis and 

submassive hepatic necrosis. 

Aetiology: autoimmune. 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 5 

Lobular necrosis# 3 

Portal inflammation 4 

HAI$ 16 

Hep2 ?  Ishak-

Knodell 

Piecemeal necrosis 1 

Confluent necrosis 0 

Lobular necrosis# 0 

Portal inflammation 1 

HAI$ 2 

Hep3 M Liver biopsy with mild/ 

moderate acute hepatitis in 

HIV+, on TB treatment. 

Aetiology: most likely drug 

related 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 3 

Lobular necrosis# 3 

Portal inflammation 2 

HAI$ 10 

Hep4 M Liver biopsy with severe 

acute hepatitis and 

cholestasis. 

Aetiology: autoimmune. 

 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 4 

Lobular necrosis# 4 

Portal inflammation 4 

HAI$ 16 

Hep5 M Liver biopsy with 

moderate/severe acute 

hepatitis and cholestasis. 

Aetiology: autoimmune. 

 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 2 

Lobular necrosis# 2 

Portal inflammation 1 

HAI$ 7 

Hep6 M Liver biopsy with moderate 

acute hepatitis and mild 

cholestasis. 

Aetiology: most likely drug 

related. 

Ishak-

Knodell 

Piecemeal necrosis 1 

Confluent necrosis 0 

Lobular necrosis# 1 

Portal inflammation 1 

HAI$ 3 

Hep7 M Liver biopsy with acute 

hepatitis, marked 

parenchymal cholestasis and 

moderate portal 

inflammation. 

Aetiology: most likely drug 

related. 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 4 

Lobular necrosis# 1 

Portal inflammation 2 

HAI$ 9 

Hep8 F Liver biopsy with severe 

acute hepatitis. 

Ishak-

Knodell 

Piecemeal necrosis 3 

Confluent necrosis 5 

Lobular necrosis# 3 

Portal inflammation 2 

HAI$ 13 

Hep9 F Liver biopsy with moderate 

acute hepatitis in patient 

with IBD on mesalazine. 

Aetiology: most likely drug 

related 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 3 

Lobular necrosis# 2 

Portal inflammation 2 

HAI$ 9 

Hep10 F Liver biopsy with severe 

acute hepatitis, 6 days post-

partum. 

Aetiology unknown. 

 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 3 

Lobular necrosis# 3 

Portal inflammation 3 

HAI$ 13 
#focal lyptic necrosis, apoptosis and focal inflammation 
$Hepatic activity index 
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Supplementary Methods Table S 5 cont. 

Patient ID Sex Notes Scoring 

System 

Category & Scores 

Hep11 F Liver biopsy with severe 

acute hepatitis. 

Aetiology: viral CMV. 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 3 

Lobular necrosis# 3 

Portal inflammation 3 

HAI$ 13 

NAFLD1 ? Fine needle aspiration.     

NAFLD2 M Liver biopsy with severe 

steatosis in patient with 

NAFLD.   

   

NAFLD3 F Liver biopsy with mild 

steatosis in patient with 

NAFLD.  

   

#focal lyptic necrosis, apoptosis and focal inflammation 
$Hepatic activity index 
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Supplementary Methods Table S 6. Parameters of Aperio’s positive pixel count  

Parameter Input 

Mark-up compression type Same as processed image 

Compression quality 30 

Classified neighbourhood 0 

Classifier None 

Class list Blank 

Hue value 0.11 

Hue width 0.5 

Colour Saturation Threshold 0.18 

Iwp(High) 255 

Iwp(Low)=Ip(High) 180 

Ip(Low)=Isp(High) 179 

Isp(low) 0 

Inp(high) 255 
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9.3 APPENDIX C: SUPPLEMENTARY INFORMATION FOR HEPATITIS 

MANUSCRIPT 

 

For clarity and consistency, the figure numbering and page layout of the original 

publication has been reformatted for this thesis.  

 

The numbers of GCTM-5-positive cells correlate with the severity of acute hepatitis 

Anne S. Kramer1,2,3, Bruce Latham4, Lingjun Mou5, and George C. Yeoh1,2,3,*  

 

9.3.1 Supplementary Methods 

 

Supplementary Methods Table S 7. Cohort information.  

Patient ID Sex Notes Scoring 

System 

Category & Scores 

Hep1 M Liver biopsy with severe 

acute hepatitis and 

submassive hepatic necrosis. 

Aetiology: autoimmune. 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 5 

Lobular necrosis# 3 

Portal inflammation 4 

HAI$ 16 

Hep2 ?  Ishak-

Knodell 

Piecemeal necrosis 1 

Confluent necrosis 0 

Lobular necrosis# 0 

Portal inflammation 1 

HAI$ 2 

Hep3 M Liver biopsy with mild/ 

moderate acute hepatitis in 

HIV+, on TB treatment. 

Aetiology: most likely drug-

related 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 3 

Lobular necrosis# 3 

Portal inflammation 2 

HAI$ 10 

Hep4 M Liver biopsy with severe 

acute hepatitis and 

cholestasis. 

Aetiology: autoimmune. 

 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 4 

Lobular necrosis# 4 

Portal inflammation 4 

HAI$ 16 

Hep5 M Liver biopsy with 

moderate/severe acute 

hepatitis and cholestasis. 

Aetiology: autoimmune. 

 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 2 

Lobular necrosis# 2 

Portal inflammation 1 

HAI$ 7 

Hep6 M Liver biopsy with moderate 

acute hepatitis and mild 

cholestasis. 

Aetiology: most likely drug-

related. 

Ishak-

Knodell 

Piecemeal necrosis 1 

Confluent necrosis 0 

Lobular necrosis# 1 

Portal inflammation 1 

HAI$ 3 
#focal lyptic necrosis, apoptosis and focal inflammation 
$Hepatic activity index 
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Supplementary Methods Table S 7 cont. 

Patient ID Sex Notes Scoring 

System 

Category & Scores 

Hep7 M Liver biopsy with acute 

hepatitis, marked 

parenchymal cholestasis and 

moderate portal 

inflammation. 

Aetiology: most likely drug-

related. 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 4 

Lobular necrosis# 1 

Portal inflammation 2 

HAI$ 9 

Hep8 F Liver biopsy with severe 

acute hepatitis. 

Ishak-

Knodell 

Piecemeal necrosis 3 

Confluent necrosis 5 

Lobular necrosis# 3 

Portal inflammation 2 

HAI$ 13 

Hep9 F Liver biopsy with moderate 

acute hepatitis in patient 

with IBD on mesalazine. 

Aetiology: most likely drug-

related 

Ishak-

Knodell 

Piecemeal necrosis 2 

Confluent necrosis 3 

Lobular necrosis# 2 

Portal inflammation 2 

HAI$ 9 

Hep10 F Liver biopsy with severe 

acute hepatitis, 6 days post-

partum. 

Aetiology unknown. 

 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 3 

Lobular necrosis# 3 

Portal inflammation 3 

HAI$ 13 

Hep11 F Liver biopsy with severe 

acute hepatitis. 

Aetiology: viral CMV. 

Ishak-

Knodell 

Piecemeal necrosis 4 

Confluent necrosis 3 

Lobular necrosis# 3 

Portal inflammation 3 

HAI$ 13 
#focal lyptic necrosis, apoptosis and focal inflammation 
$Hepatic activity index 
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9.4 APPENDIX D: SUPPLEMENTARY INFORMATION FOR HCC 

MANUSCRIPT 

 

For clarity and consistency, the figure numbering and page layout of the original 

publication has been reformatted for this thesis.  

 

Prognostic potential of immunohistochemical expression of GCTM-5 in patients 

with hepatocellular carcinoma 

Anne S. Kramer1,2,3, Andrew Redfern4, Lingjun Mou5, Paul Rigby6, and George 

Yeoh1,2,3,*. 

 

9.4.1 Supplementary methods 

 

Supplementary Methods Table S 8. Patient cohort information 

Study ID Sex Age Specimen Notes 

HCC001 F 39 HCC + HBV, poorly differentiated. Surgical Resection 

HCC002 M 43 HCC + HBV, moderately differentiated. Surgical resection 

HCC003 M 58 HCC + HBV, moderately differentiated, post hepatitis cirrhosis, surgical resection 

HCC004 M 33 HCC + HBV, right lobe, poorly differentiated, surgical resection 

HCC005 M 40 HCC + HBV, poorly differentiated. Surgical Resection 

HCC006 M 51 HCC + HBV, moderately differentiated. Surgical Resection 

HCC007 M 38 HCC + HBV, poorly differentiated. Surgical Resection. Post hepatitis cirrhosis 

HCC008 M 61 HCC + HBV, well differentiated. Surgical Resection. right lobe 

HCC009 F 41 HCC + HBV, moderately differentiated. Surgical Resection,  right lobe 

HCC010 M 43 HCC + HBV, poorly differentiated, nodular cirrhosis. Surgical Resection,  right lobe 

HCC011 M 67 HCC + HBV, moderately differentiated. Surgical Resection 

HCC012 M 47 HCC + HBV, poorly differentiated. Post HBV cirrhosis. Chemotherapy. 

HCC013 M 46 HCC + HBV, moderately differentiated. Liver transplant 

HCC014 M 40 HCC + HBV, poorly differentiated, post hepatitis cirrhosis 

HCC015 M 42 HCC + HBV, moderately differentiated, post hepatitis cirrhosis 

HCC016 M 61 HCC + HBV, moderately differentiated, post hepatitis cirrhosis 

HCC017 M 55 HCC + HBV, poorly differentiated, post hepatitis cirrhosis 

HCC018 F 70 HCC + HBV, moderately differentiated, nodular cirrhosis 

HCC019 M 45 HCC + HBV, poorly differentiated, cirrhosis 

HCC020 M 48 HCC, rupture and bleeding, moderately differentiated. Alcohol-related 

HCC021 M 58 HCC + HBV, well-moderately differentiated, early cirrhosis. Surgical resection 

HCC022 M 49 HCC + HBV, moderately differentiated, nodular cirrhosis. 

HCC023 M 48 HCC, rupture and bleeding, moderately differentiated. Alcohol-related. Surgical resection 

HCC024 M 40 HCC + HBV, moderately differentiated, surgical resection 

HCC025 M 55 HCC + HBV, moderately differentiated, cirrhosis 
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Supplementary Methods Table S 8 cont. 

Study ID Sex Age Specimen Notes 

HCC026 F 55 HCC + HBV, poorly differentiated 

HCC027 M 61 HCC + HBV, moderately differentiated, cirrhosis 

HCC028 M 44 HCC + HBV, moderately differentiated, cirrhosis 

HCC029 M 69 HCC + HCV, moderately differentiated 

HCC030 M 54 HCC + HBV, moderately differentiated, cirrhosis 

HCC031 M 53 HCC + HBV, moderately differentiated 

HCC032 F 40 HCC + HBV, moderately differentiated, cirrhosis 

HCC033 M 57 HCC + HBV, moderately differentiated, cirrhosis 

HCC034 M 58 HCC + HBV, moderately differentiated, cirrhosis 

HCC035 M 63 HCC, poorly differentiated, survival <1 year 

HCC036 M 64 HCC + HBV, survival after diagnosis <1 year 

HCC037 M 49 HCC, survival after diagnosis <2 years, poorly differentiated 

HCC038 M 74 HCC, cirrhosis, , moderately differentiated, survival after diagnosis <2 years, alcohol-related 

HCC039 F 36 HCC, moderately differentiated, liver resection, survival after diagnosis <1 year 

HCC040 M 77 HCC, survival after diagnosis <2 years 

HCC041 F 74 HCC, survival after diagnosis <2 years 

HCC042 M 49 HCC + HBV, right lobe liver, survival after diagnosis >2 years 

HCC043 M 43 HCC 

HCC044 M 77 HCC, core biopsy, poorly differentiated, survival after diagnosis <1 year, alcohol-related 

HCC045 M 53 HCC, unresectable, survival after diagnosis <1 year 

HCC046 M 49 HCC, survival after diagnosis <1 year 

HCC047 ? ? HCC + HCV 

HCC048 M 60 HCC, survival after diagnosis <2 years 

HCC049 M 85 HCC, survival after diagnosis <2 years 

HCC050 F 53 HCC, well differentiated, survival after diagnosis <1 year 

HCC051 M 78 HCC, well differentiated, survival after diagnosis >2 years 

HCC052 M 74 HCC, poorly differentiated, survival after diagnosis >2 years 

HCC053 M 76 HCC, poorly differentiated, survival after diagnosis <2 years 

HCC054 M 71 HCC, poorly differentiated, survival after diagnosis >2 years 

HCC055 M 82 HCC, survival after diagnosis >2 years 

HCC056 M 61 HCC + HBV, left lobe liver, survival after diagnosis >2 years, poorly differentiated 

HCC057 M 73 HCC, core biopsy, hemihepactomy, poorly differentiated,  survival after diagnosis <1 year 

HCC058 F 87 HCC, early cirrhosis, survival after diagnosis <2 years 

HCC059 M 79 HCC, survival after diagnosis <1 year 

HCC060 M ? HCC 

HCC061 M 80 HCC, well differentiated, survival after diagnosis <2 years, alcohol-related 

HCC062 M 72 HCC + HBV, segment 6 liver, survival after diagnosis <1 year 

HCC063 M 55 HCC + HCV, segment 2 liver, survival after diagnosis <1 year 

HCC064 M 53 HCC, poorly differentiated, survival after diagnosis >2 years, NAFLD background 

HCC065 M 59 HCC + HBV, well differentiated, survival after diagnosis <1 year 

HCC066 M 78 HCC, survival after diagnosis <1 year 

HCC067 M 86 HCC, survival after diagnosis <1 year 

HCC068 M 81 HCC, poorly differentiated, survival after diagnosis >2 years, alcohol-related 

HCC069 M 53 HCC, survival after diagnosis <1 year 

HCC070 M 66 HCC, liver biopsy segments 2 and 3,  survival after diagnosis <1 year 

HCC071 M 82 HCC, survival after diagnosis <1 year 

HCC072 M 67 HCC, well differentiated, survival after diagnosis <1 year 

HCC073 M 79 HCC, survival after diagnosis >2 years 

HCC074 M 59 HCC + HCV 

HCC075 M 73 HCC 
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Supplementary Methods Table S 8 cont. 

Study ID Sex Age Specimen Notes 

HCC076 M 75 HCC, HCV + HBV, left hepatectomy, survival after diagnosis >2 years 

HCC077 M 36 HCC, poorly differentiated 

HCC078 M 43 HCC 

HCC079 M 45 HCC 

HCC080 M 77 HCC + HCV, liver segment 2 biopsy 

HCC081 M 47 HCC, poorly differentiated 

HCC082 M 75 HCC 

HCC083 M 74 HCC, liver core biopsy, NAFLD background 

HCC084 M 59 HCC 

HCC085 M 67 HCC 

HCC086 M 68 HCC 

HCC087 M 54 HCC + HBV + HCV 

HCC088 M 41 HCC 

HCC089 M 72 HCC + HBV 

HCC090 M 62 HCC 

HCC091 M 51 HCC 

HCC092 M 53 HCC + HCV, liver segment 6 

HCC093 F 20 HCC, liver resection 

HCC094 F 72 HCC + HBV + fatty liver, core biopsy, poorly differentiated 

HCC095 F 79 HCC 

HCC096 ? ? HCC 

HCC097 ? ? HCC 

HCC098 ? ? HCC 

HCC099 ? ? HCC + HCV and alcohol-related. Cirrhotic liver with lesion 

HCC100 M ? HCC + HBV + HCV 

NOR01 ? ? Normal liver biopsy used for organ donation 

NOR02 ? ? Normal liver biopsy used for organ donation 

NOR03 ? ? Normal liver biopsy used for organ donation 

NOR04 ? ? Normal liver biopsy used for organ donation 

NOR05 M 45 Normal liver biopsy used for organ donation 

NOR06 ? ? Normal liver biopsy used for organ donation 

NOR07 ? ? Normal liver biopsy used for organ donation 

NOR08 M 51 Normal liver biopsy used for organ donation 

NOR09 F 34 Normal liver biopsy 

NOR10 F 29 Normal liver biopsy 

NOR11 ? ? Normal liver biopsy 

NOR12 ? ? Normal liver biopsy 

CLD01 M 68 Primary biliary cholangitis, pre HCC biopsy (11 years pre HCC diagnosis)  

CLD02 M 59 HCV + cirrhosis, pre-HCC biopsy (8 years prior HCC diagnosis) 

CLD03 M 35 HBV, Pre-HCC biopsy (1 year prior HCC diagnosis)  

CLD04 M 53 HBV, Pre-HCC biopsy (6 years prior HCC diagnosis) 

CLD05 M 64 HBV, Pre HCC biopsy   (4 months prior HCC diagnosis) 

CLD06 M 61 HBV, Pre-HCC biopsy (2 years prior HCC diagnosis) 

CLD07 F ? Chronic active hepatitis, fibrosis, no cirrhosis, no malignancy  

CLD08 M ? Chronic HBV, fibrosis and early cirrhosis, no malignancy 

CLD09 F ? Chronic active hepatitis, cirrhosis, no malignancy 

CLD10 M ? Chronic active hepatitis, chronic cholestasis, no malignancy 

CLD11 M ? Chronic active hepatitis, fibrosis, no cirrhosis, no malignancy 

CLD12 M ? Chronic HBV, no malignancy 

CLD13 F ? Chronic hepatitis B. fibrosis. Early cirrhosis, no malignancy.  
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Supplementary Methods Table S 9. Primary antibody information.  

Primary antibody Dilution Product ID  

Pan Cytokeratin (PCK) 1:400 for IF 

1:800 for IHC 

Dako, Cat. Z0622 

CD45 1:50 DAKO, Cat. M0701 

GCTM-5 1:100 for IF 

1:200 for IHC 

Millipore, Cat. MAB4365 

OV-6 1:100 R&D Cat. MAB2020 

CK-19 1:100 Abcam, Cat. ab15463 

EpCAM 1:200 Abcam, Cat. ab20160 

Albumin 1:50 Sigma Immunochemicals, Cat. A-3293 

All primary antibodies were diluted in antibody diluent (DAKO, Cat. S2022). Abbreviations: IF = 

immunofluorescence, IHC = immunohistochemistry.  
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Supplementary Methods Table S 10. Algorithm parameters 

Name of 

algorithm 
Setting Category Settings 

P
C

K
 I

H
C

 

Images analysed  PCK stained sections (IHC) 

Configuration settings 
Segment images>trainable tissue segmentation  
Find features>cell segmentation  

Score>Score 

Image preparation settings 

Image format>RGB 
Sample resolution>Brightfield 

Convert to optical density>select white 

Spectral library>Brightfield 
Spectra for unmixing>blue hematox, DAB 

Tissue segmentation settings 

Tissue categories>PCK, parenchyma, white 

Components for training>blue hematox, DAB 

Pattern scale>small 
Train tissue segmenter>99% 

Segmentation resolution>fine 

Trim edges>3pixels, PCK category 

Cell segmentation settings 

Compartments to segment>nuclei 

Edge rules>discard if touching edge  

Nuclei segmentation 
>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 
>Primary>blue hematox>min signal 0.25 

>size range 

>min size 150 pixels 
>max sixe 10000 pixels 

>clean-up 

>fill holes 
>refine splitting 

>roundness min circularity 0.3 

Scoring setting 

Tissue category>PCK 
Scoring>Positivity (2-bin) 

Compartment>Nuclei 

Component>DAB 
Threshold max>0.4 

Positivity threshold>0 

P
C

K
/G

C
T

M
-5

 f
lu

o
re

sc
e
n

c
e 

Images analysed  

PCK/GCTM-5 stained sections (fluorescence) 

PCK – green channel 
GCTM-5 – red channel 

Configuration settings 

Segment images>skip  

Find features>cell segmentation  

Score>Score 

Image preparation settings 

Image format>RGB 

Sample resolution>Fluorescence 

Spectral library>Fluorescence 
Spectra for unmixing>red, green, blue 

Scaling for unmixed data counts>raw 

Cell segmentation settings 

Compartments to segment>nuclei, cytoplasm, membrane 
Nuclei segmentation 

>approach>object based 

>signal scaling>auto scale 
>Primary>blue >min signal 0.23 

>size range 

>min size 20 pixels 
>max sixe 10000 pixels 

>clean-up 

>fill holes>max hole 50 pixels 
>refine splitting 

>roundness min circularity 0.15 

Cytoplasm segmentation 
>Inner distance to nucleus>0 pixels 

>outer distance to nucleus>15 pixels 

>Minimum size>1 pixel 
Membrane segmentation 

>primary>green>full scale counts 61.97 

>secondary>red>full scale counts 72.50 
>segmentation priority>assign to membrane 

>maximum cell size>distance to membrane>40 pixels 
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Supplementary Methods Table S 10 cont. 

Name of 

algorithm 
Setting Category Settings 

P
C

K
/G

C
T

M
-5

 

fl
u

o
re

sc
e
n

c
e 

Scoring setting 

Scoring>Double Positivity (2x2-bin) 

First marker setting (GCTM-5) 
>Compartment>Membrane 

>Component>red 

>Threshold max>80 
>Positivity threshold>18.4 

Second marker setting (PCK) 

>compartment>membrane 
>component>green 

>threshold max>12 

>positivity threshold>7 

G
C

T
M

-5
/O

V
-6

 f
lu

o
r
e
sc

e
n

ce
 

Images analysed  
OV-6/GCTM-5 stained sections (fluorescence) 
OV-6 – green channel 

GCTM-5 – red channel 

Configuration settings 
Segment images>skip  
Find features>cell segmentation  

Score>Score 

Image preparation settings 

Image format>RGB 

Sample resolution>Fluorescence 
Spectral library>Fluorescence 

Spectra for unmixing>red, green, blue 

Scaling for unmixed data counts>raw 

Tissue segmentation settings 

Compartments to segment>nuclei, cytoplasm, membrane 

Nuclei segmentation 

>approach>object based 
>signal scaling>auto scale 

>Primary>blue >min signal 0.23 

>size range 
>min size 20 pixels 

>max sixe 10000 pixels 

>clean-up 
>fill holes>max hole 50 pixels 

>refine splitting 

>roundness min circularity 0.15 
Cytoplasm segmentation 

>Inner distance to nucleus>0 pixels 

>outer distance to nucleus>15 pixels 
>Minimum size>1 pixel 

Membrane segmentation 

>primary>green>full scale counts 61.97 
>secondary>red>full scale counts 72.50 

>segmentation priority>assign to membrane 

>maximum cell size>distance to membrane>40 pixels 

Cell segmentation settings 

Compartments to segment>nuclei, cytoplasm, membrane 

Nuclei segmentation 

>approach>object based 
>signal scaling>auto scale 

>Primary>blue >min signal 0.23 

>size range 
>min size 20 pixels 

>max sixe 10000 pixels 

>clean-up 
>fill holes>max hole 50 pixels 

>refine splitting 

>roundness min circularity 0.15 
Cytoplasm segmentation 

>Inner distance to nucleus>0 pixels 

>outer distance to nucleus>15 pixels 
>Minimum size>1 pixel 

Membrane segmentation 

>primary>green>full scale counts 61.97 

>secondary>red>full scale counts 72.50 

>segmentation priority>assign to membrane 

>maximum cell size>distance to membrane>40 pixels 
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Supplementary Methods Table S 10 cont. 
G

C
T

M
-5

/O
V

-6
 

fl
u

o
re

sc
e
n

c
e 

 Scoring setting 

Scoring>Double Positivity (2x2-bin) 

First marker setting (GCTM-5) 

>Compartment>Membrane 

>Component>red 

>Threshold max>80 
>Positivity threshold>18.4 

Second marker setting (OV-6) 

>compartment>membrane 
>component>green 

>threshold max>10 

>positivity threshold>7 

H
&

E
 t

u
m

o
u

r
 d

if
fe

r
e
n

ti
a

ti
o

n
 g

ra
d

e
 

Images analysed  H&E stained sections 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>cell segmentation  
Score>Skip 

Image preparation settings 

Image format>RGB 

Sample resolution>Brightfield 

Convert to optical density>select white 
Spectral library>Brightfield 

Spectra for unmixing>blue hematox, DAB 

Tissue segmentation settings 

Tissue categories> poor differentiated, well differentiated, parenchyma, 
white 

Components for training>blue hematox, DAB 

Pattern scale>medium 
Train tissue segmenter>90% 

Segmentation resolution>fine 

Cell segmentation settings 

Compartments to segment>nuclei 

Nuclei segmentation 
>Tissue category>all categories 

>approach>object based 

>signal scaling>auto scale 
>Primary>blue hematox>min signal 0.18 

>size range 

>min size 60 pixels 
>max sixe 10000 pixels 

>clean-up 

>fill holes 
>refine splitting 

>roundness min circularity 0.2 

S
ir

iu
s 

R
e
d

 

Images analysed  Sirius red stained sections 

Configuration settings 

Segment images>trainable tissue segmentation  

Find features>skip  

Score>Skip 

Image preparation settings 

Image format>RGB 
Sample resolution>Brightfield 

Convert to optical density>select white 

Spectra for unmixing>blue, green, red 

Tissue segmentation settings 

Tissue categories>Sirius Red, parenchyma, white 

Pattern scale>small 

Train tissue segmenter>99.2% 
Segmentation resolution>extra fine 

Trim edges>4pixels, Sirius red category 

Min segment size>500 pixels 
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9.5 APPENDIX E: PUBLICATIONS CO-AUTHORED DURING THE 

CANDIDATURE 
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