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Abstract 

Hepatitis C virus (HCV) infection is the leading cause of liver transplantation, cirrhosis and 

cancer. HCV genotype 3 (GT3), the second most common genotype worldwide, shows a high 

level of resistance to direct-acting antivirals and a more rapid progression to chronic liver 

disease. Currently, tools available to study GT3 are limited and needed to achieve a greater 

understanding of the mechanisms driving disease pathology. Molecular biology techniques 

include modification of subgenomic replicons and infectious cell culture virus clones by inserting 

epitope tags into domain III of NS5A to assess protein plasticity, alluding to different functional 

roles of NS5A in different GTs, and comparison of GT2 and GT3 NS5A interactome to host 

proteins. Contradictory to GT2, assessment of tagged GT3 clones for genome replication and 

virus production showed that tags are best tolerated at the very C terminus of NS5A, suggesting 

that GT3 NS5A domain III may have different functions compared to other HCV GTs. 

Recapitulating the complexity of HCV interactions in vitro has been investigated by infecting 

monolayer and spheroid cultures of Huh7 (hepatocyte), LX-2 (stellate) and THP1 (monocyte) 

cells. Maintenance of liver architecture and the gold standard for studying liver fibrosis was 

investigated by infecting human precision cut liver slices (PCLS). Altering the complexity of 

possible HCV-cell interactions (monolayer vs spheroid infections), exposes the difficulty of 

recapturing cell-cell interactions in vitro and the mechanisms required for the progression of 

fibrosis. The data suggests differences between GT2 and GT3 capabilities to infect in the 

presence of Huh7, LX-2 and THP1 cells that may be indicative of the poor PCLS infection 

observed for GT3. By independently investigating the viral genome separately from altering the 

composition of cell culture experiments, various layers of the human liver physiology during HCV 

infection can be investigated. This is a crucial requirement for studying the progression of 

fibrosis in HCV patients.  
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Chapter 1. Introduction 

1.1. Introduction to hepatitis C virus  

 Impact of HCV discovery  

Since its discovery in 1989, hepatitis C virus (HCV) remains a global health burden with 

an estimated 1% of the global population (equating to 71.1 million viraemic individuals) 

currently suffering from persistent HCV infection. Despite developments in antiviral treatments, 

only 12 of 194 countries in 2018 were on target to accomplish the WHO goal of eliminating HCV 

infection by 2030. By 2030, WHO strategy to eliminate infection include reduction of HCV 

infections by 80 %, reduced HCV-related mortality by 65 %, diagnose 90 % of HCV patients and 

treat 80 % of HCV infections (Spearman et al., 2019). Despite efforts to eradicate the infection, 

which can cause liver pathology such as fibrosis, cirrhosis, steatosis and hepatocellular 

carcinoma (HCC), an estimated 1.5 million people were infected globally in 2015 (Spearman et 

al., 2019). The most common route of transmission is intravenous drug injection. However, 

invasive procedures or injection based therapies using contaminated instruments are a common 

route of transmission (Hauri et al., 2004). Other modes of HCV infection include mother-to-child 

and sexual transmission routes (Spearman et al., 2019). Since the discovery of the virus over 30 

years ago, major advancements in treating the infection have been made. However, key 

biological questions underpinning the mechanisms which HCV induces pathogenesis have still 

to be fully elucidated.  
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 HCV molecular biology and replication 

1.1.2.1. Replication 

The Flaviviridae family contains four genera, HCV is a member of the Hepacivirus genus. 

Similar to other Flaviviridae viruses, HCV is enveloped in a lipid bilayer which holds a 

nucleocapsid containing a positive-sense single stranded RNA genome (ssRNA) (Tan, 2006). The 

nature of the RNA genome allows it to serve directly as messenger RNA (mRNA).  The presence 

of an internal ribosomal entry site (IRES), mediates binding to the ribosomal subunits and 

initiation of viral genome translation (Fukushi et al., 1994; Morozov & Lagaye, 2018). The 

ƎŜƴƻƳŜ Ŏƻƴǘŀƛƴǎ ŎƻƴǎŜǊǾŜŘ рΩ - оΩ ƴƻƴ-coding regions flanking a single open reading frame (ORF) 

of approximately 9030 - 9099 nucleotides. A polyprotein, approximately 3010 - 3033 amino acids 

(aa) dependent on the GT, is translated from the single ORF and co- and post-translationally 

cleaved by viral and cellular proteases (Dustin et al., 2016; Fraser & Doudna, 2007; Morozov & 

Lagaye, 2018) (Figure 1.1, Table 1.1). Viral entry into the cell can be described in two phases. 

Primarily, viral glycoproteins E1 and E2 alongside host derived lipids and apolipoproteins (Apo) 

allowing the first interaction with ApoE with the cell surface heparan sulphate proteoglycans 

(HSPGs) or with the scavenger receptor, class B type 1 (SR-BI). Secondly, the E1-E2 complex is 

primed by a chain of interactions/co-interactions involving different components such as SR-BI, 

cluster of differentiation 81 (CD81) and tight junction proteins; claudin-1 (CLDN1) and occludin 

(OCLN) (Alazard-Dany et al., 2019).  
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Figure 1.1 Hepatitis C virus life cycle.  

The hepatitis C virus (HCV), surrounded by lipoprotein, attaches to a hepatocyte cell via various receptors. 

(2) After viral attachment, the virus enters the cell through clathrin-mediated endocytosis. (3) Uncoating 

of the viral particle is triggered by low pH in the endosome. This results in virus and host membranes 

fusion followed by disintegration of the viral capsid. Consequently, the positive (+) single stranded (ss) 

RNA viral genome is released into the cytoplasm (4). (5) The genomic viral RNA is directly translated into 

a polyprotein which undergoes cleavage into single proteins by viral and host proteases (6). HCV genome 

can be categorised into structural and non-structural proteins. Triangles refers to the method of protein 

cleavage; yellow ς signal peptide peptidase, black ς signal peptidase, blue NS2/NS3 protease and red - 

NS3 protease. (7) A membranous web forms via the synthesis of virus proteins, particularly NS4A and 

NS5B, interacting with host factors causing the reorganization of host membranes. The membranous web 

promotes the replication of the virus RNA genome via the production of a negative (-) sense RNA 

intermediate. (8) Viral progeny obtain E1 and E2 glycoproteins (the envelope) as it is packaged inside the 

endoplasmic reticulum (ER). The progeny mature and obtain endogenous lipoproteins to complete the 

formation of lipoviral particles. (9) The newly synthesised virus can then leave the hepatocellular cell via 

exocytosis prior to the infection of a new cell. Abbreviations; CD81 - cluster of differentiation 81, SR-B1 ς 

scavenger receptor, class B type 1, CLDN1 ς claudin 1, - OCLN1 ς occludin 1 and LDL-R ς low density 

lipoprotein receptor. Figure was created by information from Dustin et al. (2016), Lange et al. (2014) and 

Alazard-Dany  et al. (2019). 
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Protein Function 
Core ¶ Aggregates to form the viral capsid. 

¶ Once mature, promotes the binding to host-derived lipid membrane 
and HCV RNA.  

E1, E2 ¶ Highly glycosylated transmembrane proteins which are tightly 
associated together to form a E1-E2 heterodimer. This forms the viral 
envelope. 

¶ Believed to play multiple roles in the HCV replication cycle; attachment 
to host cell, endosome-lipid membrane fusion and assembly. 

P7 ¶ Hydrophobic transmembrane protein involved in viral assembly and 
release. 

¶ Characterised as a viroporin due to ability to oligomerize as hexamers 
to form ion channels in host cell membranes. 

NS2 ¶ Acts as a cysteine protease; catalyses a single cleavage between NS2 
and NS3.  

¶ Co-factor in viral assembly.  

NS3 ¶ Bi-functional enzyme activity; serine protease and helicase activity. 

¶ Serine protease cleaves most of the viral polyprotein into free non-
structural proteins.  

¶ Helicase activity unwinds viral RNA promoting viral replication.  

NS4A ¶ Attaches the NS3-4A complex to the outer shell of the ER and outer 
mitochondrial membrane. 

¶ Co-factor for NS3 serine protease.  

¶ Enhances NS3 helicase activity. 

¶ Regulates NS5A hyperphosphorylation. 

¶ Interacts with NS4B to control genome replication. 

NS4B ¶ Promotes changes to the cytoplasmic membrane of the host cell. 

¶ Mediates virus-host interactions.  

¶ Component of the replication complex and formation of membranous 
web. 

NS5A ¶ Essential component of replication complex.  

¶ Key protein regulating the interaction of viral and host cell proteins.  

¶ Crucial in the formation of double membrane vesicles originating from 
the ER.  

¶ Believed to play a key role in HCV pathogenesis.  
NS5B ¶ Essential for viral replication; RNA-dependent RNA polymerase.  

 
Table 1.1 Summary of HCV protein functions.  

Outlines the roles of HCV viral proteins. Abbreviations; NS ς non-structural, ER ς endoplasmic reticulum. 

Table was created by information gathered from Dubuisson (2007).  

 

1.1.2.2. Defining genotypes and subtypes  

Lengths of the viral genome differ depending on the genotype and subtype of HCV being 

investigated. Additionally, nucleotide sequence identity varies by 30-35% between genotypes 

(GT), and 20-25% between subtypes. Subtypes act as a more detailed classification within each 
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GT, for example, GT1 is known to have several subtypes with differences in genetic makeup.  

Subtypes are designated by a lowercase letter following the GT number; GT1a and GT1b. 

Sequence variability is scattered evenly throughout the viral genome, apart from the highly 

ŎƻƴǎŜǊǾŜŘ рΩ ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜŀŘƛƴƎ ŦǊŀƳŜ όрΩ¦¢wύ, core regions and the hypervariable envelope 

proteins (Takamizawa et al., 1991; Zein, 2000). Complex genetic variants with 10% differing 

nucleotide sequence identity from a host are ǘŜǊƳŜŘ ŀǎ ŀ ΨǉǳŀǎƛǎǇŜŎƛŜǎΩΦ vǳŀǎƛǎǇŜŎƛŜǎ Ŏŀƴ ƻŎŎǳǊ 

in an individual host as a result of an accumulation of mutations during viral replication 

(Okamoto et al., 1992; Zein, 2000).  

 

1.1.2.3. Global distribution of HCV genotypes 

The number of HCV GT isolates identified is currently debated. As many as 11 GTs have 

been identified with some scientists suggesting isolates should be grouped and regarded as 

variants. This was discussed for GT7 through to GT11 which was previously described as GT6 

ǾŀǊƛŀƴǘǎ ƛƴ ǘƘŜ ƭŀǘŜ мффлΩǎ (de Lamballerie et al., 1997; Zein, 2000). However, as HCV research 

has advanced, more GTs have been discovered such as GT7 and GT8 (Borgia et al., 2018; Murphy 

et al., 2015). Geographic distribution of HCV can split GTs and subtypes HCV into two groups; 

epidemic and endemic strains.  

Epidemic strains are widely distributed on a global scale and are specific to GT1a, 1b, 3a 

and 4a. These strains account for a high portion of HCV infections worldwide. Epidemic strains 

ŀǊŜ ōŜƭƛŜǾŜŘ ǘƻ ƘŀǾŜ ǎǇǊŜŀŘ ŜȄǘŜƴǎƛǾŜƭȅ ŀƴŘ ǊŀǇƛŘƭȅ ŘǳǊƛƴƎ ǘƘŜ мфтлΩǎ ŀƴŘ улΩǎ ǘƘǊƻǳƎƘ ōƭƻƻŘ 

products, transfusions, intravenous injecting drug abusers and human migration (Messina et al., 

2015; Simmonds, 2013). Despite a global presence, their prevalence differs between different 

geographic areas (Figure 1.2). Epidemic strains only account for a small part of HCV diversity. 

9ȄǘŜƴǎƛǾŜ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ǿƛǘƘƛƴ ŀ ǊŜƎƛƻƴ ƛǎ ǘŜǊƳŜŘ ŀǎ άŜƴŘŜƳƛŎέΦ 9ƴŘŜƳƛŎ ǎǘǊŀƛƴǎ ŀǊŜ ōŜƭƛŜǾŜŘ 

to be the result of the long-term presence of a HCV GT which has diversified within a region 

(Messina et al., 2015; Simmonds, 2013).  



 

6 

 

Figure 1.2 Global geographic distribution of HCV genotypes.  

Numbers and colour outline the genotype present in that region. Lowercase letters outline the subtype 

of that genotype present. Figure was adapted from Messina et al. (2015). 

 

1.2. Hepatic pathogenesis of HCV 

 Defining HCV pathology 

The crucial mechanisms of HCV pathology are still to be determined, particularly in 

relation to specific GTs and subtypes. However, it is speculated to have two arms; host mediated 

pathology and viral mediated pathology. It is believed that both the inflammatory immune 

response and metabolism of the host is affected, independent of which arm is driving the 

pathology. As a result, livers may be described as having various grades of fibrosis, cirrhosis, and 

steatosis. Additionally, chronic infection increases the risk of HCC (Li et al., 2018). Multiple 

factors are believed to play a role in the severity of liver pathology such as age, gender, co-

infection with human immunodeficiency virus (HIV) or hepatitis B virus (HBV), alcohol intake and 

the HCV  GT also plays a role (Chan et al., 2017). Additionally, HCV infection may be described 

ŀǎ άŀŎǳǘŜέ ƻǊ άŎƘǊƻƴƛŎέΣ ǘƘƛǎ ŀƭǎƻ ŀƭǘŜǊǎ ǇŀǘƘƻƭƻƎȅ ƻŦ ŘƛǎŜŀǎŜ ŀǎ ǘƘŜ ƛƴŦŜŎǘƛƻƴ Ƴŀȅ ōŜ ǊŜǎƻƭǾŜŘ ōȅ 

the host naturally (Figure 1.3). 
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Figure 1.3 Disease progression of HCV. 

HCV infection induces mitogenic, angiogenic, epithelial/mesenchymal transition (EMT) and metastatic 

pathways resulting in persistent inflammation, reactive oxygen species (ROS), dysregulation of host lipid 

metabolism and inhibition of cell death. Disease progression of HCV without therapeutic interference can 

result to fibrosis and steatosis progression prior to development of hepatocellular carcinoma (HCC). Figure 

was created by information gathered from Chen and Morgan (Chen & Morgan, 2006), Vescovo et al. 

(2016) and Axley et al.  (2018).  

 

1.2.1.1. Steatosis 

Commonly described as a fatty liver, steatosis is the accumulation of fat in the liver 

triggering an inflammatory response. Importantly to note, steatosis itself does not induce an 

inflammatory state but instead reflects the presence of lipogenic pathways which enhance pro-
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fibrogenic stimuli (Chan et al., 2017).  While it can be mediated metabolically as a result of 

obesity, raised fat blood levels, insulin resistance and type 2 diabetes, it may also be directly 

associated with the presence of HCV. Both steatosis types can simultaneously be present in an 

individual which increases the risk of HCV disease progression, reduces the response to HCV 

therapeutics and promotes the progression of HCC (Chan et al., 2017; Yoon & Hu, 2006). The 

accumulation of fat in the liver results to increased oxidative stress, increased cell susceptibility 

to apoptosis by immune cells and abnormal liver cell regeneration (Yoon & Hu, 2006). The 

precise mechanisms of HCV inducing steatosis is unknown, but it is believed that the virus 

modulates lipid and fat metabolism as well as transportation. It is advantageous for the virus to 

interfere with the host lipid and fat metabolism as lipids play an essential role in several aspects 

of the HCV lifecycle; formation of the virion structure, cell receptor recognition, membrane 

fusion, viral replication, assembly and export.  

Viral components prompting steatosis have been demonstrated by the anchoring of the 

core protein to the ER of hepatocytes gaining virus access to lipid droplets (Boulant et al., 2006) 

as well as overexpression of the core protein sufficiently inducing steatosis in mice (Moriya et 

al., 1997). Shimizu et al. (2018) further demonstrates virus mediated steatosis as treatment of 

chronically infected HCV patients decreased steatosis severity after eradication of the virus. 

However, steatosis was not completely eliminated suggesting the contribution of a host 

mediated steatosis process. Unlike steatosis, the direct association of HCV infection and fibrosis 

progression is limited. 

1.2.1.2. Fibrosis and cirrhosis  

Fibrosis is defined as an accumulation of scar matrix, characterised by excessive 

production and accumulation of extracellular matrix (ECM) proteins because of persistent injury. 

As well as scar tissue performing no function in the liver, the condition is typically non-

symptomatic with patients only experiencing symptoms with complications and end-stage liver 

disease.  This is known as cirrhosis and typically occurs in 10 -20 % of chronically infected HCV 
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patients (Chen & Morgan, 2006). Cirrhosis is the presence of widespread and severe fibrosis 

whereby the scar matrix destroys the internal structure which impairs the livers ability to 

function and regenerate (Chen & Morgan, 2006). The major cell types promoting fibrosis in the 

liver included human stellate cells (HSC), hepatocytes and Kupffer cells (resident liver 

macrophages) (Figure 1.4). 

 

Figure 1.4 Comparison of a healthy and fibrotic liver architecture.  
A) Healthy liver. B) Associated with chronic liver damage. Stellate and Kupffer cells become activated 

resulting in increased inflammation and increased production of the extracellular matrix. Due to 

increased resistance to blood flow in the hepatic sinusoid, hepatocyte access to oxygen is reduced 

resulting in cell death. Figure adapted from Bataller et al. (2005). 

 

A)

B)
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HSC play a key role in fibrosis progression as both the activation of the cell type by cytokines and 

chemokines as well as liver injury result to transdifferentiation of quiescent stellate cells to their 

activated phenotype, myofibroblast-like cells, namely hepatic myofibroblasts (HM). Persistence 

of HM results in fibrosis progression due to the secretion of ECM proteins after complete 

transformation into myofibroblasts expressing alpha smooth muscle actin (aSMA) (Akil et al., 

2019; Y. A. Lee et al., 2015; Morozov & Lagaye, 2018). It is believed HCV may indirectly activate 

HSC by oxidative stress and steatosis which is induced directly by viral proteins (Clément et al., 

2010; Ming-Ju et al., 2011). HCV promotes apoptosis which drives the activation of HSC through 

the presence of apoptosis bodies which increases damage-associated molecular pattern 

molecules (DAMPs) resulting in HSC activation (Ignat et al., 2020). Additionally, there is evidence 

that HCV promotes the release of transforming growth factor beta 1 (TGF- b1), the most potent 

pro-fibrotic cytokine, by infecting hepatocytes (Figure 1.5). TGF-b1 acts by modulating the 

expression of key genes controlling liver fibrosis in hepatic stellate cells (HSC) (Shin et al., 2005). 

Akil et al. (2019), successfully demonstrated an increased expression of HCV-dependent 

fibrogenic genes in stellate cells during the infection of a three cell co-culture model system 

containing hepatocytes (Huh7), HSCs (LX-2) and primary macrophages with HCV (H77, GT1a). 
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Figure 1.5 Summary of human hepatic stellate cells activation resulting in fibrosis.  
Hepatocytes drive the activation of human stellate cells (HSC) through cell death resulting in increased 

expression of damage associated molecular patterns (DAMPs) which activates Kupffer cells and HSC. 

DAMPs may also promote cell death of inflammatory cells, known as pryoptosis. Soluble factors 

released by hepatocytes and activated Kupffer cells also contribute to the activation of HSC (tumour 

necrosis factor- alpha ς TNF- a, transforming growth factor-beta ς TGF-B and interleukins ς IL). Kupffer 

cells can remain activate through the excretion of their soluble factors as well as communicate to other 

cell types. Activated HSC results to an increased production of fibrogenic markers (fibronectin, Collagen 

type 1 ς Col1A, metalloproteinase ς MMPs, tissue inhibitor of metalloproteinases ς TIMP-1) and 

accumulation of the extracellular matrix (ECM). Figure adapted from Ignat (2020). 

 

1.2.1.3. Hepatocellular carcinoma 

HCV infection is a major risk factor to developing hepatocellular carcinoma (HCC), the 

leading cause of liver-related death worldwide and fifth most common cancer. The disease 

comes hand-in-hand with advanced HCV induced fibrosis and steatosis pathogenesis, with the 

risk of HCC development occurring despite successful treatment of HCV infection (Luna-Cuadros 

et al., 2022; Marrero et al., 2018). The development of HCC after HCV infection may span 

between 20 to 40 years, and like fibrosis and steatosis, advanced by both viral-induced factors 
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and host-induced immunological response. Viral proteins trigger host cell signalling pathways 

involved in the upregulation of cell growth and division in addition to inhibiting tumour 

suppression genes and cell cycle check points (Axley et al., 2018; Vescovo et al., 2016) (Figure 

1.3). Virus induced mechanisms specifically promoting HCC development, independent of 

fibrosis and steatosis, include the interaction of the core and NS3 protein with tumour 

suppression genes such as protein 53 (p53) and retinoblastoma protein which significant 

increases HCC progression.  It was suggested HCV core protein regulates the expression and 

ŦǳƴŎǘƛƻƴ ƻŦ ǇроΣ ŀƭǘŜǊƛƴƎ ǘƘŜ ŎŜƭƭΩǎ ǊŜǎǇƻƴǎŜ ǘƻ ƎŜƴƻƳƛŎ ŘŀƳŀƎŜ ŀƴŘ ǇǊƻƳƻǘƛƴƎ ƛƳƳƻǊǘŀƭƛȊŀǘƛƻƴ 

of infected hepatocytes. The expression levels of p53 fluctuate during HCV infection depending 

on the levels of HCV core expression; low levels endorsed p53 expression, high levels suppressed 

p53 expression (Poole et al., 2018). The presence of NS3 supresses actinomycin D induced 

apoptosis which is believed to be connected to p53 interaction; described as NS3 sequence 

dependent demonstrated through site-specific mutagenesis experiments in the N terminus of 

NS3 (Deng et al., 2006; Tanaka et al., 2006). Research investigating HCV direct vs indirect 

carcinogenic mechanisms has been described as limited by experimental systems. For example, 

it remains unclear if infected proliferating hepatocytes are driving HCC or if it is driven by 

uninfected hepatocytes cells responding to hepatocyte stress signals. During HCV infection, it is 

estimated less than 30% of hepatocytes contain replicating HCV, observed by HCV genome copy 

number of livers from infected-chimpanzees (Bigger et al., 2004). In liver human tissue, frozen 

and non-malignant, only 2-20% expressed HCV antigen (Liang et al., 2009). Presence of HCV in 

malignment cells in HCC patients is not a reliable marker of infection driving the disease as there 

may be a high number of virions circulating in the blood. Due to the presence of HCV in the 

blood, any vascular tissue may test positive for HCV infection (McGivern & Lemon, 2011).  
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1.3. Treatment of HCV 

 Historic treatment 

HCV was primarily treated using pegylated interferon alpha (PEG-IFN) and ribavirin. The 

PEG-IFN stimulated the host immune response, rendering infected cells more susceptible to cell 

death. Ribavirin, a synthetic antiviral nucleoside analogue, acted alongside PEG-IFN, inhibits viral 

growth by being incorporated into the viral RNA during replication resulting in errors in viral RNA 

synthesis; disrupting the production of functional viral proteins and reducing the ability of the 

virus to replicate accurately (Feld & Hoofnagle, 2005). Despite the long treatment course, 

typically lasting 24 ς 48 weeks, a sustained virological response (SVR) of 45 ς 85% was 

accomplished with patients suffering a range of intolerable side effects such as psychiatric 

disturbances, anaemia and flu-like symptoms. (Hunyady et al., 2011; Liver, 2011). It was not until 

the development of directly acting antivirals (DAAs), that treatment for HCV was brought to the 

modern era.  

 

 Development of direct-acting antivirals 

There has been a dramatic advancement in the treatment for HCV, resulting in 

therapeutics which directly targets the replication of HCV (Table 1.2). Overall these treatments 

are safer, more effective than PEG-IFN and ribavirin, have a shorter treatment time of typically 

8 ς 12 weeks with more tolerable side effects (Kish et al., 2017). In theory, these treatments may 

be broadly used independently of the GT a person is infected by. However, SVR does differ 

depending on the GT, for example the combination of sofosbuvir/simeprevir/ribavirin (Lawitz et 

al., 2014) and the fixed-dose combinations of ledipasvir/sofosbuvir (Kowdley et al., 2014) results 

to SVR rates of 92 ς 100 % for GT1 infected patients and 85 ς 100 % for other GT infected 

patients. Additionally, the effect of some DAAs on harder to treat circumstances such as 

presence of cirrhosis and particular GTs, such as GT3, may determine the antiviral drugs used 
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and the treatment length. Treatments are typically regimented based on clinical trials such as 

FUSION (Jacobson et al., 2013) and ALLY-3 (Nelson et al., 2015). However, despite these 

advances, Chhatwal et al. (2018) predicted 7 % of patients will fail to achieve SVR and will have 

limited retreatment options. Treated individuals are also at risk of reinfection with the incidence 

varying between 7 ς 13 / 100 person-years reported among gay and bisexual men in Europe 

(Ingiliz et al., 2017). This highlights the requirement for further research into the GTs, natural 

polymorphisms and mutations circulating which are associated with drug resistance.  

 

Drug name ending Example of drug Target 

Ψ ς ǇǊŜǾƛǊ Ψ Simeprevir NS3/4 protease 

Ψ ς ōǳǾƛǊ Ψ Sofosbuvir NS5B polymerase 

Ψ ς ŀǎǾƛǊ Ψ Declatasvir NS5A 

 
Table 1.2 Breakdown of directly acting antiviral targets. 
Outlining of different drugs against HCV infection characterised by their targeted viral proteins. Table 

was created based on information provided by Kish et al. (Kish et al., 2017).  

 

1.4. Progress to HCV elimination 

The introduction of DAA treatments has provided greater confidence in the 

accomplishment of the WHO target of eliminating HCV infections by 2030. DAAs have been 

associated with a reduction in the number of HCV infected patients at liver clinics and an 

increase in treatment uptake (Samur et al., 2018). However, as HCV infection may only be tested 

in chronic patients exhibiting symptoms possibly >10 years after infection, DAA treatment may 

only result to minimal improvements contributing the WHO targets. Prior to the COVID-19 

pandemic, only 9 of 45 high-income countries where on track to accomplish the WHO target by 

2030 (Razavi et al., 2020). It is believed the COVID-19 pandemic has only worsened the 

progression of eliminating the infection. It has been suggested, at the current rate, the target 

may only be achieved by 2050. This has been credited to a lack of national screening 

programmes (Gamkrelidze et al., 2021). Until there is an increase in HCV screening and 
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diagnosis, the significance of DAA treatment will not be translated to the number of patients 

cured of HCV nor a reduction in the HCV-related morbidity and mortality (Manns & Maasoumy, 

2022; Razavi et al., 2014). Such an example of an effective screening programme and translation 

of DAA treatment success was observed in Egypt. In 2018, Egypt aimed to screen all citizens 

above 18 years of age or older within 1 year. After 7 months, 79% of the population was 

screened, 4.6% of patients tested were anti-HCV positive, therefore were further HCV RNA 

tested and linked to DAA treatment. The success of the programme was partially linked to the 

discount on DAA treatment provided by pharmaceutical companies (Waked et al., 2020). This 

suggests a hand-in-hand relationship between screening programmes and treatment costs 

required to accomplish the elimination of HCV. Despite changes to screening programmes and 

DAA treatment access, HCV resistance to treatment has not been factored into the WHO 2030 

targets. To eliminate the risk of HCV resistance increasing, there must be continual development 

of DAA treatment and a prophylactic vaccine. A vaccine to HCV would greatly improve the 

outcome of eliminating HCV infection, particularly for countries with lack of resources for 

screening programmes, to eradicate HCV DAA resistant infections and high-risk groups (such as 

needle injecting drug users) with a particular risk of reinfection.  

 

1.5. HCV GT3 halting HCV eradication 

GT3 is the second most common GT (after GT1) accounting for 22 - 30 % of all HCV 

infections. Geographically, GT3 accounts for 50% of cases in the UK, and up to 70% of all cases 

in low-income countries including Pakistan, India and Thailand (Messina et al., 2015). It is 

characterised as having a more rapid progression to chronic liver disease with higher rates of 

liver fibrosis, severity of steatosis and a higher frequency of HCC. Additionally, GT3 has a high 

level of resistance against DAAs. However, like the characterisation of HCV pathogenesis 

independent of HCV GT, the reasons for why HCV GT3 is harder to treat and results to a more 

rapid progression to liver disease are still to be fully determined. Furthermore, the development 
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of a GT3 SGR, in 2020, and cell-cultured virus clone, in 2016, were only recently produced 

(Ramirez et al., 2016; Ward et al., 2020), therefore the majority of GT3 studies are limited to 

analysing patient databases.  

 

 Promotion of steatosis 

Despite steatosis being both viral and host mediated, HCV GT3 is believed to promote 

the condition more so than other GTs. Severity of steatosis has been linked to the viral load of 

GT3 infection. For example, a link between HCV RNA levels in comparison to steatosis grades 

have not been linked to other GTs like it has been for GT3 (Adinolfi, Gambardella, et al., 2001). 

Adinolfi et al. (2001) also suggests GT3 infection plays a more direct role promoting steatosis 

than host mediated factors, such as obesity. This is suggested as obesity levels did not 

exaggerate steatosis progression in GT3 infection. Despite the exact mechanisms promoting 

steatosis remaining unknown, it is believed GT3 infection influences the steatosis progression 

by interacting with fat metabolism and transportation pathways within the liver (Chan et al., 

2017).  

1.5.1.1. Microsomal triglyceride transfer protein inhibition (MTTP). 

This pathway plays a key role modulating triglyceride secretion from the liver by 

production of ApoB. ApoB forms the very low density lipoproteins (VLDL) required to export the 

triglycerides into the bloodstream. The MTTP pathway is inhibited during HCV GT3 infection by 

restricting the transfer of lipid molecules to ApoB resulting in the degradation of ApoB and a 

decreased reduction in VLDL production (Figure 1.6) (Perlemuter et al., 2002). Research has 

shown this to be HCV-core protein mediated with all GTs capable of inhibiting the pathway. 

However, Jhaveri et al. (2008) expresses that particular polymorphisms in the core protein of 

GT3 may be the reason why the MTTP is more greatly affected during GT3 infection.  
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1.5.1.2. Peroxisome proliferator associated receptor alpha (PPAR-a).  

PPAR-a induces hepatic fatty acid oxidation and ketogenesis while upregulating hepatic 

glucose production. In brief, when PPAR-a is activated it acts on metabolic regulation of the liver 

(Chan et al., 2017). However, in the presence of the HCV GT3 core protein, the pathway is 

inhibited resulting in a reduction in triglyceride breakdown and the accumulation of intrahepatic 

fatty acids (Figure 1.6) (de Gottardi et al., 2006). Similar to the MTTP pathway, other GTs may 

inhibit this pathway, such as GT1. However, the extent by which the pathway is disrupted does 

not reach the same severity as when GT3 is present (Dharancy et al., 2005).  

 

1.5.1.3. Sterol regulatory element-binding protein 1c (SREBP-1c). 

SREBP-1c is a transcription factor which regulates lipogenic pathways such as fatty acid 

synthesis and cholesterol by the modulation of downstream enzymes, such as fatty acid 

synthase (FAS). FAS uses acetyl-CoA and malonyl-CoA catalysing reactions to modulate 

triglyceride accumulation and lipid synthesis in hepatocytes. It is believed presence of GT3 core 

protein, upregulates the SREBP-1 and FAS activation increasing the production of triglycerides 

in the liver (Jackel-Cram et al., 2007). The exact mechanisms of this is unknown however, it is 

speculated upstream factors may be affected such as phosphinsitide-3-kinase (PI3K) and protein 

kinase B (AKT) as well as the involvement of insulin receptors (Figure 1.6)(Chan et al., 2017; 

Jackel-Cram et al., 2007). The PI3K-AKT axis is highly conserved playing key roles in cell 

proliferation, genetic stability and apoptosis (Chan et al., 2017). 
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Figure 1.6 Summary of HCV GT3 influencing steatosis progression. 
HCV GT3 core protein influences the steatosis progression by interacting with fat metabolism and 

transportation pathways within the liver. Red lines indicate the blocking of pathways and red arrows 

indicate either a decrease (facing downwards) or increase (facing upwards) of pathway components. 

Abbreviations; MTTP - microsomal triglyceride transfer protein inhibition, PPAR-a - peroxisome 

proliferator associated receptor alpha, SREBP-1c - sterol regulatory element-binding protein 1c, ApoB ς 

apolipoprotein B, VLDL ς very low density lipoproteins, PI3K ς phosphoinositide 3-kinases, AKT ς protein 

kinase B, FAS ς fatty acid synthase.  

 

1.5.1.4. Promotion of fibrosis and cirrhosis  

The research elucidating the HCV specific mechanisms to fibrosis progression is 

currently lacking, especially in relation to why GT3 infection demonstrates a higher fibrosis 

progression in comparison to the other HCV GTs. Chan et al. (2017) reviews retrospective studies 

whereby an association of GT3 and fibrosis progression was observed. However, these studies 

were limited by small cohorts and/or inconsistencies involving patient characterisations, such 

as BMI index (Adinolfi, Gambardella, et al., 2001; Probst et al., 2011; Westin et al., 2002). 

Importantly, these studies did not take steatosis grades into account while associating fibrosis 
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to GT3. Multiple studies have suggested increased fibrosis progression is linked to increased 

steatosis grades (Adinolfi, Utili, et al., 2001).  When comparing GT3 mediated fibrosis and 

steatosis pathogenesis, research has predominantly only reported steatosis as being directly 

correlated to GT3 pathogenesis (Adinolfi, Gambardella, et al., 2001; Rubbia-Brandt et al., 2004).  

To determine whether GT3 directly impacts fibrosis progression, or whether it is 

steatosis driven, a direct experimental approach is required. Such research is demonstrated by 

Akil  et al. (2019), whereby five inflammatory and fibrogenic genes including C-C motif 

chemokine ligand 2 (CCL2), interleukin 1 alpha (IL1a), interleukin 1 beta (IL1b), interleukin 13 

receptor subunit alpha 2 (IL13Ra2) and matrix metalloprotease 1 (MMP1) may be monitored. 

Expression of these genes in comparison to other GTs could determine whether GT3 directly 

impacts fibrosis progression more so than other GTs. For example, GT1a (H77) upregulated 

these genes by more than 1.9 fold (Akil et al., 2019). Steatosis factors could also be monitored 

to greater understand the association between steatosis and fibrosis progression.  

 

1.5.1.5. Promotion of hepatocellular carcinoma  

HCC is believed to be driven by a multitude of factors, such as virus-specific, host 

genetics, immune-related (driven by the host and virus), and host environmental factors, but it 

remains undefined how HCV may promote HCC regardless of GT specific mechanisms. The 

evaluation of HCC large patient cohorts within America, France and Korean populations suggest 

patients infected with GT3 are at greater risk of developing HCC in comparison to other GTs, 

suggested by a higher prevalence of HCC patients infected by HCV GT3 (Kanwal et al., 2014; Lee 

et al., 2019; Nkontchou et al., 2011). Further investigation is required to define if GT3 patients 

are at greater risk due to HCV GT3 specific HCC-driven mechanism or if there is an association 

of greater HCC risk due to a more rapid progression of fibrosis and steatosis. There are 

conflicting reports that DAA treatment increases the risk of HCC development. Tayyab et al. 

(2020) explores this possibility in GT3 patients, concluding that GT3 infected should be screened 
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earlier and more frequently for HCC in comparison to non-GT3 infected patients, especially if 

cirrhosis was present. However, this research was limited to a small non-GT3 cohort and did not 

validate the contribution of other possible HCC risk factors, such as non-alcoholic fatty liver 

disease. Additionally, data was collected on patients between 2014 and 2017, during a time 

period with treatment guidelines not conforming to the most recently required treatment 

guidelines of GT3 patients. Therefore, greater research is required to define GT specific 

mechanisms which may drive HCC.  

 

 HCV treatment plan manipulated by GT3 infection 

Prior to the development of the DAAs, GT3 was believed to be less pathogenic as it was 

readily cured by IFN-based treatments, in comparison to GT1. This was defined by differences 

in SVR rates after treatment; GT1 patients SVR between 38 to 52 % in comparison to GT3. 

Patients 66 ς 88% after IFN-treatment (Ferenci et al., 2005; Hadziyannis et al., 2004). This has 

been associated with the belief GT3 alters the immune response more than other GTs , however, 

the mechanisms for this are not fully understood ό½ŀǊťōǎƪŀ-Michaluk et al., 2016). Despite DAAs 

being a major advancement for the treatment of HCV, treatment of individuals infected by GT3 

are relatively harder to treat than other GTs. It was not until the advancement of daclatasvir and 

sofosbuvir, in 2015, that there was an effective treatment against GT3 (Chan et al., 2017). The 

precise reason for GT3 being harder to treat by DAAs has still not been resolved. There is 

evidence to believe GT3 is harder to treat due to the additional risk factors such as advanced 

fibrosis, cirrhosis and the presence of resistant associated substitutions (RASs) (Nelson et al., 

2015).  

Resistance associated substitutions ((RAS) or variants / polymorphisms) are defined as 

point mutations which are associated with drug resistance. The presence of a RAS does not 

directly relate to a phenotypic treatment failure, however, should be considered as an overall 

aspect of treatment outcome (Chan et al., 2017). There are two clinically relevant RASs 
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associated with GT3 found within NS5A; Y93H and A30K which are estimated to be present in 

8.3 % and 6.3 % of all GT3 patients. Presence of these RASs alongside cirrhosis alters the 

treatment plan for these patients; administration of ribavirin alongside DAAs has been 

suggested (Bhattacharya et al., 2023). Due to the continual emergence and persistence of RASs 

in DAAs failure, it has been suggested direct resistance testing is recommended prior to re-

treating treatment-failing patients (Mushtaq et al., 2022). In respect to future DAA therapies, 

research has now focused on harder to treat HCV infected patients such as GT3 infections 

involving second generation DAAs such as ABT-493, a NS3/4 protease inhibitor (Muir et al., 

2016), and MK-3682, an NS5B inhibitor (Gane et al., 2015).  

 

1.6. Role of NS5A promoting disease progression 

NS5A is an RNA binding phosphoprotein consisting of 3 domains separated by short-low 

complexity sequences (LSCs) (Tellinghuisen et al., 2004) (Figure 1.7). Domain I defined as a 

structured domain with an amphipathic alpha helix that hooks the protein to the cytoplasmic 

membrane. Domain II and III are defined as intrinsically disordered (Brass et al., 2002; Penin et 

al., 2004). Like the multi-functional ability of the protein, NS5A has been suggested to play a key 

role in facilitating HCV pathogenesis.  

 

 

Figure 1.7 Summary of NS5A organisation.  
NS5A consists of three domains. 5ƻƳŀƛƴ L Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ŀƳǇƘƛǇŀǘƘƛŎ ŀƭǇƘŀ ƘŜƭƛȄ ό!Iύ ŀǘ ǘƘŜ рΩ ǿƛǘƘ ŀ ƭƻǿ 

ŎƻƳǇƭŜȄƛǘȅ ǎŜǉǳŜƴŎŜ ό[/{ύ ŀǘ ǘƘŜ оΩ ŜƴŘΦ ¢ƘŜ ǇǊƻǘŜƛƴ ƛǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ псс ŀƳƛƴƻ ŀŎƛŘǎ όŀŀύΣ ǎƛȊŜ ǾŀǊȅƛƴƎ 

dependent on the genotype.  
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 NS5A modulating the host immune response. 

NS5A has been described as a protein crucial for the evasion of the host innate immune 

response required for HCV replication and chronic infection. Targeting of the host immune 

response may result in a range of different consequences as more than one pathway is required 

to be targeted for complete shut-down of an antiviral pathway. Relevant to this is NS5A targeting 

of PKR, double stranded RNA (ds-RNA)-dependent protein kinase, has had conflicting literature 

as the interaction has been described as both advantageous and disadvantageous to the virus 

life cycle. Pro-viral effects include the inhibition of host translation supporting HCV genome 

replication and diminishes the expression of antiviral effectors by blocking the interferon 

effector function (Arnaud et al., 2010; Garaigorta & Chisari, 2009). However, PKR may also 

inhibit virus assembly (Chen & Harris, 2023), host factors required for HCV replication and cell 

growth survival limiting HCV persistence and inducing IFN-  ̡and interferon stimulating genes 

(ISGs) (Noguchi et al., 2001; Pflugheber et al., 2002) (Pflugheber et al., 2002). PKR also drives 

anti-viral responses such as the activation of the interferon regulatory factor 3 (IRF3) and nuclear 

factor-kB (NF-kB) (Waris et al., 2003), despite research investigating HCV interaction with PKR 

functions and activation/suppression during HCV infection remains unclear.  

NS5A has also demonstrated the ability to supress STAT1 phosphorylation (pSTAT1) 

restricting the expression of ISGs however, the molecular mechanisms of which were not fully 

elucidated (Gong et al., 2007; Kumthip et al., 2012; Lan et al., 2007). Kumthip et al. (2012) used 

overexpression of NS5A from GT1 and GT3 and infectious virus clones (JFH-1) as well as an NS5A 

inhibitor to investigate the effect of HCV NS5A on the IFN- -hinduced Janus kinase/signal 

transducers and activators of transcription (Jak-STAT) signalling pathway, specifically the 

mechanism of pSTAT1 interaction with NS5A. Jak-STAT is a signalling pathway which mediates 

the cellular response to cytokines, interleukins, and growth factors. It was discovered HCV NS5A 

c-terminus binds to STAT1 reducing levels of pSTAT1, IFN-induced IFN-stimulated response 

element (ISRE) signalling, and ISG transcription. Additionally, inhibition of this pathway is an 
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independent mechanism for greater HCV replication. Furthermore, the interaction was 

compared to GT1 and GT3 NS5A constructs generated from HCV patients to recapitulate the 

possible differences between GT1 and GT3 HCV patients receiving IFN-treatment, GT3 patients 

associated with a greater SVR rate than GTм ǇŀǘƛŜƴǘǎ ŀǎ ŘŜǎŎǊƛōŜŘ ǇǊŜǾƛƻǳǎƭȅ ƛƴ ά1.5.2 HCV 

treatment plan manipulated by GT3 infectionέΦ wŜǎǳƭǘǎ ǎǳƎƎŜǎǘŜŘ GT1 NS5A has a higher binding 

affinity to STAT1 than GT3 NS5A. This further alludes to differences between HCV GTs and that 

the same interactions may occur but differences in binding affinities can lead to variations in 

disease progression.  

 

 NS5A promoting liver steatosis. 

An example of NS5A promoting steatosis is its interaction with AMP-activated protein 

kinase (AMPK), a major mediator of lipid metabolism including fatty acid synthesis and 

oxidation. AMPK is composed of h Σ ʲ ŀƴŘ ʴ ǎǳōǳƴƛǘs; phosphorylation of the threonine 172 

(Thr172) residue within the  hsubunit regulates AMPK activation (Willows et al., 2017). Once 

activated, AMPK promotes fatty acid oxidation and reduces lipogenesis by modulating the 

expression of lipogenic gene transcription levels (Smith & Steinberg, 2017; Zhang et al., 2018). 

The transcription factor sterol regulatory element binding protein-1c (SREBP-1c), is the main 

transcription factor promoting lipogenic enzymes in the liver. In a high glucose environment, 

AMPK phosphorylates SREBP-1c which supresses SREBP-1c cleavage and translocation to the 

nucleus in hepatocytes resulting in a reduction of the SERBP-1c target gene expression and a 

reduction in lipogenesis and lipid accumulation. Meng et al. (2019) investigated NS5A promotion 

of hepatic lipid accumulation through the AMPK/SREBP-1c pathway via recombinant lentivirus 

particles containing NS5A of GT3a and observing changes in the accumulation of lipid droplets 

and expression of lipogenic genes. It was suggested NS5A can promote lipid droplet 

accumulation by inhibiting the phosphorylation of AMPK allowing an increased expression of 

SERBP-1c (Figure 1.8).  
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Figure 1.8 NS5A manipulating the expression of lipogenic genes. 
A) The phosphorylation (P) of AMP-activated protein kinase (AMPK) results to phosphorylation of sterol 

regulatory element binding protein-1c (SREBP-1c) inhibiting translocation to the nucleus allowing 

regulation of lipogenic gene transcription and reducing the progression steatosis in a high glucose 

environment. B) Presence of the virus, specifically NS5A, inhibits the phosphorylation of AMPK allowing 

SREBP-1c cleavage and translocation to the nucleus. This promotes steatosis allowing increased 

expression of lipogenic genes and lipid droplet accumulation.  

 

1.7. NS5A promoting liver fibrosis. 

The progression of fibrosis has been greatly associated to a chronic HCV infection driving 

chronic inflammation. There is much debate about the progression of fibrosis and cirrhosis 

directly promoted by HCV proteins (Brenner, 2009). However, activation of stellate cells driven 

by oxidative stress and apoptosis are likely to be contributing factors, both of which may be 

driven by NS5A.  

 

1.7.1.1. Oxidative stress 

Oxidative stress is measured by reactive oxygen species (ROS), including superoxide 

anion, hydroxyl radical, and hydrogen peroxide, which when elevated promotes an excessive 

A)

B)
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production of the extracellular matrix by activated HSCs (Hao et al., 2022). Both core and NS5A 

are key promoters of ROSs, with the promotion of ROS being more elusive than the mechanisms 

demonstrated by core; induction of a calcium efflux from the endoplasmic reticulum to the 

mitochondria disrupting normal functioning of the mitochondria. Smirnova et al. (2016) 

demonstrated the inhibition of calcium flux from the endoplasmic reticulum did not impact the 

NS5A-induction of oxidative stress. Instead, NS5A mediated the induction of NADPH oxidases 1 

and 4 (NOX1 and NOX4), resulting in an increase in transforming growth factor-B (TGF-B) 

production, conducted utilising the expression of GT1a NS5A within Huh7 cells. As a result, TGF-

B may directly activate stellate cells in addition to the promotion of ROS production (Figure 1.9). 

 

Figure 1.9 NS5A promotion of fibrosis independent of a calcium efflux. 
In the presence of NS5A, within the endoplasmic reticulum (ER), NS5A induces the expression of NADPH 

oxidases 1 and 4 (NOX1 and NOX4) allowing increased expression of reactive oxygen species (ROS). HCV 

core protein induces the expression of ROSs via a calcium efflux impacting the mitochondria. Increased 

expression of ROS resulting in increased expression of TGF-B which activates stellate cells inducing 

fibrosis.  

 

1.7.1.2. Apoptosis 

An example of NS5A driving an anti-apoptotic pathway is the binding to FKBP38, a 

membrane -anchored member of the FK506-binding proteins (FKBPs), activated by calcium and 

calmodulin, playing a role in cell regulation of apoptosis via the intrinsic apoptosis pathway of 

mitochondria. Wang et al. (2006) demonstrated NS5A binding to FKBP38 and localisation to the 

mitochondria membrane. Direct mechanisms of inhibiting apoptosis were not explored 
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however, it may be suggested localisation of NS5A and FKBP38 to the mitochondria membrane 

results to the anchoring of B-cell lymphoma-2 (Bcl-2) to the membrane inhibiting apoptosis. It 

has been demonstrated that FKBP38 interaction with Bcl-2, inhibits apoptosis by anchoring Bcl-

2 to the mitochondria where Bcl-2 can prevent the mitochondrial permeability transition via 

inhibiting the actions of Bax, Bcl-2-associated X-protein (Chung et al., 2003; Shirane & 

Nakayama, 2003). The mitochondrial permeability transition results in the swelling of the 

mitochondria rupturing the outer membrane of the organelle leading to apoptotic cell death 

(Bernardi et al., 2023). Bax, another member of the family B-cell lymphoma family, promotes 

apoptosis by piercing the mitochondria membrane promoting the mitochondrial permeability 

transition. Bcl-2 binds Bax to the mitochondria membrane inhibiting rupturing of the membrane 

(Kale et al., 2018) (Figure 1.10). 

 

Figure 1.10 NS5A inhibiting mitochondria dysregulation.  

A) In the absence of HCV, FK506-binding proteins (FKBPs) FKBP38 does not inhibit cell apoptosis unless 

activated by calcium or calmodulin. B) NS5A binding to FKBP38 inhibits mitochondrial permeability 

transition via the binding of Bcl-2-associated X-protein (Bax) to B-cell lymphoma-2 (Bcl-2) on the 

mitochondrial surface.  

 

1.7.1.3. Hepatocellular carcinoma  

NS5A has been directly linked to alteration of the phosphatidylinositol 3-kinase-

mediated signalling pathways. PI3K are lipid kinases that regulate the proliferation, adhesion, 

survival, and motility of cells; its multitude of roles distinguishes dysregulation of the pathway 

A)

B)
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as important for the promotion of cancer. PI3K is composed of a p85 subunit and a p110 catalytic 

subunit which phosphorylates phosphatidylinositol-3,4-diphosphate (PIP2) into the second 

messenger PIP3. PIP3 may be bound by pleckstrin homology (PH) domains resulting in the 

recruitment of PH domain-containing proteins to the plasma membrane, such as PH domain-

containing kinase (PDK1). A downstream effector of the PI3K is the Akt/PKB pathway, 

serine/threonine kinase Akt, also known as protein kinase B (PKB), once activated can inhibit 

apoptosis and triggering of the cell cycle allowing cell proliferation via targeting of pro-apoptotic 

proteins (He et al., 2021; Macdonald & Harris, 2004). For example, a member of the Bcl-2 protein 

family Bad, and glycogen synthase kinase-3 (GSK-3) by cytosolic sequestration or inactivation by 

phosphorylation. GSK-3 is particularly associated with the progression of HCC (Lee et al., 2020). 

Akt/PKB activation can occur by PIP3 binding to Akt/PKB resulting in Akt/PKB phosphorylation 

by PDK1 (He et al., 2021; Macdonald & Harris, 2004).  

During HCV infection, it is believed NS5A binds to PI3K promoting PI3K activity, both in 

vivo and ex vivo, resulting in higher Akt/PKB activation. Street et al. (2004) demonstrated NS5A 

mediated activation of AKT resulted in the inhibition of Bad and GSK-3 via phosphorylation. 

Phosphorylation of GSK-3 promotes stabilisation of the proto-oncogene beta-catenin which has 

been associated with the inhibition of tumour necrosis factor-alpha induced apoptosis (Shang 

et al., 2004) which has been associated with a range of tumours (Kramer et al., 2023; Schön et 

al., 2014), in particular, HCC (Cui et al., 2003) (Figure 1.11).  

 



 

28 

 

Figure 1.11 NS5A influencing cell survival.  
NS5A binding to phosphatidylinositol 3-kinase (PI3K) promotes PI3K activity and downstream effectors 

of the Akt pathway; inhibiting phosphorylation of the member of the Bcl-2 protein family, Bad, and 

glycogen synthase kinase-3 (GSK-3). This alters the regulation of anti-apoptotic factors altering cell 

survival.  

 

1.8. Investigating HCV in the laboratory 

The establishment of sub-genomic replicon (SGR) and cell culture infectious clones 

allowed the development of new HCV therapy; antiviral efficacy and drug resistance profiles to 

DAAs, as well as the ability to study HCV molecular mechanisms promoting disease progression 

(Ramirez et al., 2016). Cell culture systems (SGR) and infectious virus) have now been developed 

for a range of HCV GTs, initially driven by the development of the GT1b SGR  (Lohmann et al., 

1999), and the GT2a (JFH-1) and 2B (J8) infectious cell-culture systems (Y. P. Li et al., 2012; 

Lindenbach et al., 2005; Wakita et al., 2005). Relevant to this research a GT3a cell culture 

infectious clone (Ramirez et al., 2016) from which an SGR was developed (Ward et al., 2020). 

These tools enabled the direct experimental comparison of GT2a (JFH-1) and GT3a (DBN3a).  

Both SGR and cell-cultured virus systems have been used in conjunction with molecular 

techniques to explore protein specific functions, exposing how individual HCV proteins play a 

role in HCV infection and disease progression.  
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 Infectious virus culture systems 

Development of infectious clones for in vitro experiments remain the only way to 

recapitulate the infectious HCV life cycle in vitro. As such, experiments are limited to the GTs of 

which cell culture adapted clones have been developed. Not all GTs have cell culture infectious 

clones due to lack of understanding of the mutations required allowing infection of in vitro cell 

lines and efficient virus production between different GTs. The infectious JFH-1 system, 

developed in 2005 (Lindenbach et al., 2005; Wakita et al., 2005), was the only available efficient 

infectious system of HCV allowing the full virus life cycle in vitro until 2012; the development of 

JFH-1-independent J6 cell culture system whose virus replication and propagation was as 

efficient as JFH-1 was published (Y. P. Li et al., 2012). Additionally, Li et al. (2012) developed the 

J8 (representative of GT2b) cell-culture virus, containing 9 adaptive mutations, 3 of which 

discovered through the development of the J6 clone. Infectious virus clones J6 and J8 differ in 

nucleotide sequence by 24%.  Relevant to this is the development of the Jc1 infectious clone, a 

chimeric virus containing J6 structural and JFH-1 non-structural (Steinmann et al., 2013). 

Chimeric viruses act as useful tools to determine GT specific protein functions such as, protein 

interactome and functions differing dependent on the HCV GT infected. The development of Jc1 

by Steinmann et al. (2013), demonstrated the HCV glycoproteins E1 and E2 important role during 

viral membrane envelopment and a cell-cultured HCV virus that can produce significantly higher 

virus titres than the parental JFH-1 virus.  

The GT3a infectious system with virus propagation mimicking that of JFH-1 with limited 

cell culture adaptions proved to be more difficult. For example, the infectious clone S52 clone, 

originally found to lack infectivity of Huh7.5 cells however fully functional in chimpanzees 

(Gottwein et al., 2010), was further developed to include cell and virus specific adaptions within 

NS5A  (Kelly et al., 2017). Due to the adaptions required, investigation of protein function and 

interaction, such as within NS5A, results to limitations of using the virus clone.  
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When developing a GT3a infectious clone, emphasis was placed on limiting the number 

of cell culture adaptions, to allow for greater comparisons to the clinical strain, and virus 

propagation efficiency like that of JFH-1. As such, a GT3a infectious clone only became available 

in 2016 (Ramirez et al., 2016). Prior to 2021, when utilising techniques used to develop other GT 

cell culture systems, GT1b cell cultured virus either failed to propagate or had too low a virus 

titre to support autonomous virus propagation in culture (Date et al., 2012; Mori et al., 2016; 

Pietschmann et al., 2009). Li et al. (2015), developed an infectious clone of the most prominent 

HCV GT, GT1b, by primarily utilising the HCV-1/SF9_A and H77C in vivo infectious clones and 

adapting the HCV-1 genome with of the 5'UTR-NS5A and the JFH-1 NS5B-3'UTR. HCV-1 

recombinant contains 17 cell-culture adapted mutations allowing the production of a high virus 

titre.  

Infectious clones developed for other GTs however, are deemed not to be viable or 

comparable to JFH-1 cell culture experiments due to poor virus replication levels (Ramirez & 

Bukh, 2018). Patient sera cannot be used directly as a method to study HCV GTs as it cannot be 

cultured in the laboratory unless using hepatoma cell lines with adaptive mutations, allowing 

only marginal virus production (Saeed et al., 2015). Saeed et al. (2015), hypothesised cell 

cultured cells lacked uncharacterised factors required for efficient HCV replication from clinical 

isolates. A single mutation was identified, SEC14L2, when expressed in Huh7.5 cells allowed HCV 

replication following inoculation with patient sera. It is believed SEC14L2 allowed HCV 

replication by enhancing the vitamin E-mediated protection against lipid peroxidation. There is 

potential to use cell cultured adapted cell lines to greater understand different HCV infectious 

clones and the mechanisms of the virus adapted mutations.  

  

 Sub-genomic replicons 

The SGR system allows research of the non-structural proteins of HCV.  By not containing 

all virus proteins (no structural proteins present), different components of the virus lifecycle can 
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be investigated, such as genome replication and virus-host protein interactions, without the risk 

of producing infectious virus. The first SGR system was established in 1999, for GT1b strain Con1 

(Lohmann et al., 1999), which accelerated the development of multiple SGR systems for 

different HCV GTs (Ramirez & Bukh, 2018). Respectively, the JFH-1 and DBN3a SGR systems were 

established by Kato et al. (2003) and Ward et al. (2020). In comparison to the development of 

infectious cell culture systems, SGR systems are much faster to develop after the establishment 

of an infectious clone containing the required cell culture mutations.  When developing an 

infectious clone there are greater limitations between in vivo and in vitro virus viability; 

infectious virus propagation from clinical patient samples without an accumulation of cell 

culture adapted mutations. (Ramirez & Bukh, 2018). 

 

1.9. Utilising in vitro models to greater understand HCV pathology 

The development of HCV infectious cell cultured clones and SGR systems allowed 

investigation of HCV infection in a plethora of different disease model systems. Research fixated 

on understanding molecular mechanisms of virus infection may not require recapitulation of 

organ characteristics, for example, investigating the entry of HCV in hepatocytes. However, 

recapitulation of organs and microenvironments is crucial when investigating the development 

of disease pathology. Particularly the development of fibrosis during HCV infection as the 

infection of hepatocytes and the activation of HSC are required for production and accumulation 

of the extracellular matrix is required.  

 

 Monolayer 

Primary hepatocytes are not typically used in laboratories due to difficulty isolating the 

cells, inability to maintain long-term culture and cell proliferation mimicking that of a human 

liver, due to rapid differentiating rate into mesenchymal phenotypes after 1-2 days of culture 
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(Duan et al., 2007). Stem cell derived hepatocytes show greater differentiation than primary 

hepatocytes, showing greater similarities to a fetal liver than an adult liver as well as a mixed 

phenotype displaying that of the intestines, fibroblasts and non-differentiated stem cells. 

Cancerous cell lines allow a limitless amount of biological material for the completion of in vitro 

experiments while maintaining their genetic properties (Mirabelli et al., 2019).  

HCV research changed dramatically after Blight et al. (2002) utilised the SGR system to 

identify Huh-7 cells susceptible to HCV replication. This resulted to the identification of Huh 7 

clones (Huh7 and Huh7.5) being discovered and much of our understanding of HCV infection can 

be attributed to these cells lines. Particularly the Huh-7.5 cell line allows for efficient HCV 

replication due to a defect to the retinoic-acid-inducible gene-I (RIG-I), which is part of the cell 

innate immune response, due to a missense mutation (Sumpter et al., 2005). In addition to high 

levels of HCV genome replication, Huh7 cell line clones allow the investigation of virus entry and 

release ensuring all components of HCV infection can be investigated. However Huh7 cell lines 

are HCC derived resulting in poor differentiation, abnormal proliferation and gene regulation as 

well as altered signally pathways in comparison to in vivo hepatocytes (Durantel & Zoulim, 

2007). Furthermore, Huh7 cell lines are phenotypically different between different laboratories. 

Sainz et al (2009) compared Huh7 cells lines from different laboratories, discovering cells 

differed in morphology, cell growth and permissiveness to infection suggesting an additional 

variable to consider when comparing HCV research.  

To mimic in vivo hepatocytes, Sainz et al. (2006) treated Huh7 cells with dimethyl 

sulfoxide (DMSO), a chemical shown to induce the differentiation of primary cell lines (Chang et 

al., 2006), including hepatocytes (Azuma et al., 2003; Cable & Isom, 1997) and tumour cell lines 

in vitro (Aninat et al., 2006; Cheung et al., 2006; Sainz Jr & Chisari, 2006). Culturing Huh7 cells 

with 1% DMSO resulted in altered cell differentiation, observed by a change in cell morphology, 

a non-dividing state confirmed by hepatocyte specific genes. Furthermore, cells remained 
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susceptible to long-term HCV infection concluding treatment of Huh7 cells with DMSO may 

more closely mimic in vivo hepatocytes.  

Other hepatoma cell lines have also been used to investigate HCV biology, differing from 

Huh7 cell clones by the susceptibility to HCV genome replication, expression of HCV receptors 

and origins (Table 1.3). Despite not all cell lines being fully susceptible to all stages of the HCV 

lifecycle, it is possible to explore specific elements of HCV infection in greater detail than if only 

fully susceptible cell lines were used. For example, Huh 6 cells are not submissive to HCV 

infection due to low expression levels of claudin-1, however Huh 6 cells allow HCV genome 

replication when transfected with the HCV SGR. Additionally, Huh 6 cell interferon resistance 

makes the cell line desirable for the research of anti-viral compounds (Haid et al., 2010) and 

PLC/PRF/5 cells were utilised to gain greater understanding of HCV internalization by clathrin-

mediated endocytosis (Blanchard et al., 2006).  

 

1.9.1.1. Hepatocyte polarisation 

In vivo hepatocytes demonstrate a high level of polarisation; forming tight protein 

junctions between two hepatocytes creating a narrow lumen acting as a site for bile secretion 

defining the apical canalicular domain (containing the bile duct) and the basolateral sinusoidal 

membrane required for correct functioning of the liver (Figure 1.12). Key functions of 

hepatocytes in the liver include; protein and bile secretion, detoxification, urea and cholesterol 

metabolism, glucose/glycogen metabolism and storage, and secretion of clotting factors.  
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Figure 1.12 Structure of the liver lobule and liver sinusoids.  

A) Hepatocytes are organised in a radial form allowing the exchange of materials within sinusoids; hepatic 

artery carrying oxygenated blood to hepatocytes, portal vein carrying blood with nutrients from the small 

intestine and, the bile duct carrying bile products away from hepatocytes to the larger duct and gall 

bladder. B) The sinusoids are lined with endothelial cells interspaced with Kupffer cells. The space 

between the endothelial cells and hepatocytes is known as the Space of Disse and contains extracellular 

matrix components such as stellate cells. Hepatocytes allow exchange of materials; basolateral domain 

shared between neighbouring cells or the sinusoids and the apical domain allowing formation of the bile 

canicular for bile secretion. Tight junctions seal the lumen of the bile canicular between adjacent 

hepatocytes.  

 

An essential challenge in translating HCV and hepatocyte biology in vivo is the 

completion of experiments using polarised cell types of hepatocyte origin with high 

susceptibility to HCV infection. Polarisation of hepatocytes during the conduction of in vitro 

experiments is particularly important to examine the full function of hepatocytes such as bile 

homeostasis and cholestatic toxicity. Non-hepatic polarising cell line Caco2, expressing HCV 

entry receptors and supporting HCV replication, demonstrated tight junctions acting as a barrier 

limiting HCV entry, nevertheless is not a hepatic cell line and so not desirable for further study 

A)

B)
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of HCV pathology mechanisms. The HepG2 cell line is polarising and of hepatoma cell origin 

however, must be grown with exogenous CD81 to allow virus entry and only allows a very low 

level of HCV infection. Therefore, HepG2 cells have been used to demonstrate HCV entry in a 

polarised cell architecture, particularly as the receptor distribution mimics that of the receptors 

expressed in human liver tissue. Promotion of polarised Huh7 cells was optimised by Saran et 

al. (2022), by culturing Huh7 cells with 0.5% dexamethasone and 0.5% DMSO prior to the 

addition of a Matrigel overlay, completed within 2 weeks. Dexamethasone is a known ligand of 

the glucocorticoid receptor, involved in the regulation of genes controlling cell development, 

metabolism and immune response. Treatment of Huh 7 cells with dexamethasone induces the 

expression of constitutive androstane receptor (CAR) and pregnane X receptor (PXR) ς two 

receptors required for sensing of endobiotic an xenobiotic substances, a crucial function of the 

liver to protect against bile acids as well as drug metabolism of the liver (Lickteig et al., 2019; 

Pascussi et al., 2000). Matrigel promotes Huh7 cells maturation resulting in a change in cell 

shape, from epithelium-like to cuboidal, expressing bile canaliculi structures (Kang et al., 2019). 

Research by Saran et al. resulted in a shorter and improved differentiation process of Huh7 cells 

in comparison to protocols using only dexamethasone and Matrigel requiring a 4 week culture 

(Kang et al., 2019; Saran et al., 2022).  
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Cell line Derived tissue Susceptibility to 
HCV lifecycle 

Comments Reference 

Study of HCV biology 

Huh 7 HCC Full lifecycle Interferon 
response to 
infection. 

(Blight et al., 
2002) 

Huh 7.5 HCC Full lifecycle Defective RIG-I 
pathway. 

(Blight et al., 
2002) 

Huh 6 Hepatoblastoma Entry/replication Interferon 
resistance. 

(Haid et al., 
2010; Windisch 

et al., 2005) 

PLC/PRF/5 Primary liver 
carcinoma 

Entry Low HCV 
replication. 

(Blanchard et 
al., 2006; Sainz 

et al., 2012) 

Study of HCV in polarised cells 
HepG2 Hepatoblastoma Entry/replication HCV entry 

requires 
exogenous 

CD81. Forms 
hepatic 
polarity. 

(Mee et al., 
2010; Mee et 

al., 2009; 
Wilson et al., 

2012) 

Caco2 Colorectal 
adenocarcinoma 

Entry/replication Non-hepatic 
origin. 

Demonstrates 
epithelial 
polarity. 

(Mee et al., 
2008) 

293-T Kidney Entry/replication HCV entry 
requires 

exogenous 
Claudin-1. Non-
hepatic origin. 

(Evans et al., 
2007) 

 

Table 1.3 Selection of in vitro hepatoma cell lines utilised in HCV research.  
Adapted from Wilson et al. (2012) 

 Mixed cell culture 

To better understand HCV pathogenesis in vitro, different elements of the hepatic 

microenvironment have been mimicked, allowing the crosstalk between particular cell lines to 

be distinguished. To fully recapitulate HCV pathology in vitro, mixed cell cultures are required as 

stellate cells are not susceptible to HCV infection (Florimond et al., 2015). Cell types of particular 

importance are hepatocytes, HSC and macrophages.  

Hepatocytes comprise up to 80% of the total cell population of the liver (Blouin et al., 

1977), HSC comprises 5-8% of total cells in a healthy liver (Friedman, 2008) and the rest of the 
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liver is comprised of endothelial cells, lymphocytes and Kupffer cells. Kupffer cells are liver 

resident macrophages that situate between liver sinusoids and are adherent to the endothelial 

cells lining the blood vessels. Kupffer cells differ from monocyte-derived-macrophages as they 

have a proliferative capacity, allowing replenishment of the cell population (Schulze et al., 2019). 

As liver fibrosis is a result of chronic hepatic injury, Kupffer cells play a crucial role in the liver 

wound-healing mechanisms. In the presence of HCV, Kupffer cells become activated expressing 

tumour necrosis factor alpha (TNF- )h, interleukins and chemoattractants (Fletcher et al., 2014; 

Mandal et al., 2010). As such immune cells, are recruited to the organ resulting in a pro-

inflammatory state driving the synthesis of profibrogenic factors such as TGF-B (Roth et al., 

1998). This defines both hepatocyte and Kupffer cells as capable of activating HSC. Additionally, 

the activation of macrophages resulting in an increased expression of TNF-  hdirectly impacts 

HCV entry into hepatocytes; TNF-  h relocalises occludin, disrupting the integrity of the tight 

junctions, and increases the lateral diffusion speed of CD81, promoting the entry of HCV into 

hepatocytes (Fletcher et al., 2014).  

To recapitulate these different cell lines, Huh7 cell clones are typically used to mimic 

hepatocytes, LX-2 cells behave as an immortalised cell line of HSC and, THP1, a non-activated 

immortalised monocyte-like cell line, may be used to mimic the function of Kupffer cells (Bility 

et al., 2016).  

 

1.9.2.1. Conditioned media 

Breakdown of crosstalk between cell types may be determined through conditioned 

media experiments which defines soluble factors required for the communication between cells. 

Lin et al. (2011) demonstrated crosstalk between hepatocytes and HSC via the treatment of LX-

2 cells with supernatant collected from Huh7.5 cells infected with JFH-1. Through the promotion 

of NF-kB, ROS generated during Huh7.5 cell infection resulted to the activation of LX-2 cells and 

an increased expression of fibrogenic genes; ǇǊƻŎƻƭƭŀƎŜƴ ʰмόLύ (ColA) and tissue inhibitor of 
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metalloproteinases-1 (TIMP1). These results were further supported by, Shi et al. (2016), 

utilising the same strategy, demonstrated HCV infection of Huh7.5 cells infected by J6/JFH-1 

drives the expression of epimorphin in LX-2 cells via the extracellular signal-regulated kinase 

(ERK) pathway. The ERK pathway allows fast communication between the surface membrane 

and the nucleus, allowing a genomic response to environmental signals (Wang et al., 2004).  

 

 3D spheroids 

The majority of in vitro assays, drug screening, toxicity, metabolism and studying of 

infectious agents, utilises the bidimensional (2D) cell culture models. To mimic the tissue 

microenvironment, particularly cell-cell and cell-extracellular matrix interactions, there has 

been an emergence of 3D cell culture models. 3D models are believed to contribute a greater 

understanding of cell and molecular mechanisms due to imitating the environment of human 

tissue physiology closer than that of 2D models. For example, recapitulation of hepatocytes 

polarised state using Huh7 cells in a 3D model has been explored by various groups, notably 

Sainz et al. (2009) utilising a rotating wall vessel and Molina-Jimenez et al. (2012) utilising 

Matrigel-embedded Huh7 cell culture system. Both adopted a hepatocyte polarised stated and 

supported HCV infection. Spheroids may be formed by various methods (Figure 1.13), depending 

on the technique used there may be variation in size variability that may impact the 

concentration and gradient of waste products oxygen and nutrient exchange.   
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Figure 1.13 Methods of scaffold-free spheroid formation. 

Both A) and B) require gravitational forces for the formation of cell aggregates; A) cells hanging within a 

droplet and B) pellet culturing via centrifugation. C) Relies on self-organisation of suspended cells on a 

low attachment surface ensuring cells cannot bind to the bottom. D), E) and F) Removes the requirement 

of gravitational force promoting cell-cell contact and cell aggregation. D) Magnetic forces facilitated by 

the incorporation of magnetic particles. E) and F) are examples of bioreactor systems promoting dynamic 

cultures producing spheroids of various sizes as cells are continuously mixed. Adapted from Kouroupis et 

al. (2021). 

 

The method of spheroid formation may alter the characteristics of the spheroids formed 

which may be crucial to understand experiment results or limit the spheroid formation method 

used. For example, the hanging droplet technique removes all cell contact with solid surfaces 

ensuring the spontaneously secreted ECM proteins is the main factor regulating the spheroid 

formation, however, large scale formation of spheroids is limited by the careful burdensome 

A) B) C)

D) E) F)



 

40 

handling of the spheroids (Foty, 2011). The use of primary hepatocytes which undergo rapid 

differentiation when in contact with plastic will benefit from spheroid formation using the 

hanging droplet method. The size of spheroids may be regulated by the seeding of cells per 

droplet, tube or well, present within aggregated tube and low-attachment surface spheroid 

formation. Unlike dynamic formation of spheroids, continuous movement of cell cultures, failing 

to produce spheroid populations of the same size, phenotype and molecular profiles. Forced 

aggregation is particularly useful for the formation of high-density spheroids allowing rapid 

aggregation of many cells (Mackay et al., 1998). Despite magnetic levitation also allows rapid 

aggregation of cells, an abnormal gravity pull is believed to induce apoptotic pathways resulting 

in a reduction in cell size, membrane blebbing, reduction of cell viability, alteration to nuclear 

chromatin and increased caspase-3/7, a signature of mitochondria apoptosis induction (Meng 

et al., 2011). Microgravity also has negative effects on spheroid formation; disrupting F-actin 

stress fibres and increasing accumulation of lipids (Meyers et al., 2004). This is particularly 

important when studying liver fibrosis as F-actin is believed to promote HSC activation (Cui et 

al., 2014) and dysregulation of lipids homeostasis results to the generation of a toxic lipid 

environment, also promoting downstream HSC activation and fibrosis promotion (Ekstedt et al., 

2015).  

 

1.10. Utilising ex vivo models to exploit HCV pathogenesis.  

 Precision cut liver slices; gold standard for studying liver 

pathophysiology 

Despite mono-, co-, sandwich, organoid and spheroid cultures being used to study a 

range of liver tissue characteristics and pathophysiology mechanisms, they fail to recapitulate 

cellular interactions which are physiologically relevant.  In particular, mono- and co-cultures are 

very limited to cell types present and cell:cell interactions specifically lacking the ECM which 
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plays a critical role in fibrosis progression. Furthermore, cells cultured directly on plastic suffer 

excess levels of mechanical stress resulting in increased alteration to cellular behaviour (Paish 

et al., 2019). To combat this, sandwich cultures were developed. This system allows the 

interaction of primary hepatocytes as the cells are sandwiched between two layers of ECM 

scaffolds. These interactions have shown to slow the de-differentiation of hepatocytes (Gijbels 

et al., 2019). De-differentiation of hepatocytes is an important biological phenomenon as 

removal of cells from human tissue results to a loss of phenotype and specialised function in 

vitro, such as albumin secretion, toxicity assessment and drug disposition (Heslop et al., 2017). 

In addition to the dedifferentiation of hepatocytes in cell culture, other cell types can become 

dedifferentiated or transdifferentiated (conversion of one cell type to another). For example, 

when cultured on plastic stellate cells convert to a-smooth muscle actin resulting in the release 

of profibrotic genes and secretion of ECM (Olsen et al., 2011). 

 Three-dimensional (3D) free-floating spheroids cultures, derived from cell lines or 

tumour biopsies, and organoid cultures, derived from stem cells embedded in ECM soft matrix 

hydrogels, may contain multiple cell types and provide an alternative to growing hepatocytes 

and mixed cell cultures (Paish et al., 2019). However, as well as both failing to fully mimic 

complete cell structural organisation and all cell:cell interactions, the soft matrix hydrogels 

within organoid cultures result to hepatocyte de-differentiation, supresses profibrotic genes and 

downgrades albumin synthesis among other factors such metabolic enzymes (Elaut et al., 2006; 

Paish et al., 2019). Cell metabolism and profibrotic gene expression may also be altered by 

Matrigel; another substrate used for culturing cells (Novin & Nouri, 2007; Olsen et al., 2011).  As 

such, it becomes evident that PCLS are the gold-standard to exploring pathophysiological 

mechanisms as the liver 3D structure is maintained containing all cell:cell interactions and the 

physiological ECM composition (Olinga & Schuppan, 2013; Paish et al., 2019; Starokozhko et al., 

2017; Westra et al., 2013). Especially as cell cultures have emphasised the sensitivity of liver cells 

to different culture environments. 
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1.10.1.1. Advancement in bioreactor technology to studying fibrosis in 

PCLS  

A major hurdle to overcome in respect to maintaining PCLS to gain reliable results 

realistic of the native tissue is optimisation of the culture conditions to restrict alterations to cell 

functions and tissue artefacts. These include cell death, disruption of tissue organisation, 

significant reduction in albumin secretion, accumulation of cellular waste and spontaneous 

fibrosis (Koch et al., 2014; Lagaye et al., 2016; Olinga & Schuppan, 2013; Paish et al., 2019; 

Westra et al., 2013; Wu et al., 2018). As such, various aspects of culturing the PCLS were altered.  

Examples include advancements in the maintenance of the PCLS via the bioreactor controlling 

the movement of media either by rocking, shaking and rotating the media. These aid the 

removal of cellular waste and prevents PCLS experiencing deprivation of oxygen, known as a 

hypoxic state. Hypoxic states were also prevented by oxygen carriers such as perfluorodecalin 

(Koch et al., 2014), and by perfusion circuits (Kollmann & Selzner, 2017). Perfusion circuits, in 

particular normothermic perfusion circuits, have been used readily to rescue steatotic livers by 

introduction of pharmacological reagents (Aoudjehane et al., 2020; Nagrath et al., 2009).  Wu 

et al (2018) explored the introduction of an air-liquid interface whereby PCLS have contact with 

both the atmosphere and media through the use of Transwells and media movement by a 

rocking platform. This resulted to PCLS being viable for as long as 15 days. However, PCLS were 

still susceptible to acceleration of fibrosis and cell death.  

As such, it has become evident that a major setback to researching fibrosis in PCLS is the 

spontaneous fibrogenesis which establishes due to the culturing conditions of PCLS. Paish et al. 

(2019) describes a novel bioreactor which takes into account all the previous advancements in 

culturing PCLS to maintain viable PCLS to at least 6 days without tissue artefacts occurring, and 

elongation of normal metabolic activity. This has been accomplished by the creation of a 

bidirectional flow of media which mimics the sinusoidal flow within an intact liver and semi-
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permeable Transwell membranes which restrict PCLS direct contact to plastic and allows 

movement of media for an air-liquid interface. Lastly, the PCLS are maintained in an oxygen 

concentration relevant to the organ (Figure 1.14). Additionally, research by Paish et al. outlines 

how the PCLS and the novel bioreactor aids fibrosis research. For example, daily sampling of 

media can track fibrogenesis by monitoring hyaluronic acid, TIMP1 and MMPs. All of which have 

been monitored within HCV patients for either fibrosis grades or cirrhosis identification  

(Lichtinghagen et al., 2001; McHutchison et al., 2000). Measurement of these markers are an 

addition to an array of other experimental outputs which can be used to exploit the mechanisms 

of liver fibrosis.  

 

Figure 1.14 Step-to-step production of precision cut liver slices.  

Outlines the size and protocol for cutting the PCLS after receiving the healthy tissue from liver biopsies. 

(B) Illustrates the BioR plate. This plate has been specifically designed for optimal PCLS incubation. The 

plate contains six bioreactor chambers which constitutes two wells joined by a channel allowing the flow 

of media on a motor plate at a flow rate of 18.136 ml/sec. (C) PCLS in the BioR plates cultured in 8 mm 

transwells. Figure was taken from Paish et al. (2019). 

 

Fibrogenesis is a result of many etiologies, as such it displays many distinct patterns of 

development. As all the cells and tissue architecture are maintained in PCLS, fibrosis 

mechanisms can be investigated. In particular, Kupffer cells maintain the ability to induce an 

inflammatory response, stellate and myofibroblast cells are still susceptible to activation and 
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hepatocytes maintain metabolic functioning (Palma et al., 2019). Therefore, fibrosis can be 

induced in cells by fibrogenic chemicals such as ethanol (Schaffert et al., 2010), TGFb1 (Paish et 

al., 2019), lipopolysaccharides and palmitate (Sadasivan et al., 2015). Consequently, antifibrotic 

activity and pathways can be investigated (Huang et al., 2019). For example, Westra et al. (2014) 

investigated compounds inhibiting the TGFb1 pathway after activation of fibrosis by bile duct 

ligation. Additionally, PCLS can be used to depict the mechanisms of viral infections such as 

adenoviruses, adeno-associated viruses and, importantly to this project, viral hepatitis.  

 

 The use of PCLS to address HCV pathogenesis  

Studying the mechanism of HCV pathogenesis, specifically promoting fibrosis, was 

previously limited to cell-culture models. PCLS are a key model to understanding HCV 

pathogenesis as infection; viral replication, dynamics of viral propagation and testing of antiviral 

treatments can be conducted with all relevant cell interactions and functions present. Infection 

of PCLS by HCV has been accomplished by both cell cultured virus (HCV cc) and from HCV 

infected patient serum (HCV pc). Both HCV cc and HCV pc infections of PCLS were compared by 

Lagaye et al. (2012), where HCV pc was noted as having a higher infectivity due to the 

conformation of lipoprotein complexes ensuring they remain competent to VLDL. This is 

believed to be lost in HCV cc as the assembly and maturation of triglyceride-rich VLDL in Huh7.5 

cells is not processed the same (Lindenbach et al., 2006; Podevin et al., 2010). However, both 

HCV cc and HCV pc can infect PCLS with infectious particles being successfully produced. 

Additionally, Lagaye et al. demonstrates the use of PCLS as a tool to analyse HCV antivirals. 

However, to our knowledge there has been little use of PCLS to exploit the mechanisms of HCV 

pathogenesis.  

To depict HCV pathogenesis, many experimental approaches can be utilised. Many of 

these experiment outputs have been conducted while researching fibrosis with PCLS. Such as 

daily media sampling for fibrosis markers (as mentioned in 1.7.2), histological and 
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immunohistochemistry assessment, RNA isolation, cDNA synthesis and PCR. In respect to PCLS 

infected with HCV, Lagaye et al. (2012) determined expression of core and NS3 proteins by 

immunofluorescence (IF) in situ and co-localisation with mouse antibodies. Furthermore, 

internalised lipids droplets were visualised by BODIPY dye. Confirmation of the core and NS3 

proteins was accomplished by western blot analysis of PCLS cell lysates. To quantify the 

intracellular presence of HCV, used as a method to quantify the infection of PCLS, strand specific 

quantitative reverse transcription PCR was conducted. Additional experimental techniques have 

been outlined by Wu et al. (2018) as the use of PCLS was investigated as a tool to study the 

human innate immunity. As such, PCLS underwent; MTS cell viability assays, isolation of live 

hepatocytes and non-parenchymal cells prior to flow cytometry and cell sorting analysing 

detecting for various cluster of differentiation cell markers. These techniques can be used 

alongside chemical inhibitors targeting specific pathways such as the activin receptor-like kinase 

5 inhibitor which inhibits the TGFb1 pathway. This experimental approach can be used to 

investigate HCV pathogenesis as expression of TGFb1 has been observed in HCV-infected 

hepatocytes (Lin et al., 2010).  

 

1.11. Thesis Aims 

This thesis aims to greater understand the mechanisms of HCV pathogenesis by 

comparing GT2 and GT3. Two approaches were conducted to accomplish this. Firstly, differences 

between GT2 and GT3 were investigated by comparing infection efficiencies prior to exploring 

NS5A specific differences; the insertion of an epitope tag in corresponding amino acid sites and 

comparison of NS5A protein interactions. Secondly, exploration and comparison of different 

tissue culture models ranging in complexity from monolayer to mixed cell spheroids and finally, 

human precision cut liver slices, to greater understand the progression of fibrosis during HCV 

infection. 
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The genome specific approach is investigated utilising both the SGR and infectious virus 

(Chapter 3). Differences in infection efficiencies suggest altered abilities to manipulate the host 

cell, this may be due to differences in NS5A which is crucial for viral genome replication and host 

protein interactions. The plasticity of NS5A, exploring susceptible sites of insertion using an 

epitope tag within domain III, may allude to differences in protein function and interaction of 

GT2 and GT3. Introduction of an epitope tag allows further interrogation of GT2 and GT3 

differences by comparing NS5A interactomes through mass tandem tag protein analysis 

(Chapter 4).  

The secondary aim of this thesis was explored using a range of in vitro cell models, 

investigating the requirements of different cell types to greater understand the progression of 

fibrosis and changes to HCV infection efficiency (Chapter 5).  This was explored by completing 

monolayer infection of Huh7 cells and mixed co-cultures combining Huh7, LX-2 and THP1 cell 

types during virus infection. Comparisons of cell models, including monolayer, 3D spheroids and 

PCLS, allows recapitulation of the native liver at differing degrees. This exposes different cell 

model requirements for researching HCV pathology in vitro.  
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Chapter 2. Methods and Materials 

2.1. General materials 

 Cell culture 

2.1.1.1. Eukaryotic cell lines 

Mammalian cell lines include Huh7, Huh7.5 and LX-2 cells. Huh7 cells were generated 

from human liver carcinoma cells (Nakabayashi et al., 1982). Huh7.5 cells are a derivative of 

Huh7 cells with a defective innate immune response; Huh7 cells grown in the presence of IFN- 

,h acquiring an advantageous mutation within RIG-I believed to improve HCV replication in 

comparison to Huh7 cells (Blight et al., 2002). LX-2 cells, gifted from Prof.  Scott Freidman and 

sourced from the Oakley lab, are a highly transfectable human hepatic stellate cell line 

generated by spontaneous immortalisation under low serum conditions (Xu et al., 2005). THP1 

is a human leukaemia monocytic cell line used to investigate monocyte and macrophage 

modulation and functions (Chanput et al., 2014). 

 

2.1.1.2. Competent bacteria  

Cloning was conducted using Escherichia coli ό9Φ Ŏƻƭƛύ 5Iрʰ ƎŜƴƻǘȅǇŜ; F-˒улƭŀŎ½ɲaмр 

ɲόƭŀŎ½¸!-argF) U169 recA1 endA1 hsdR17(rk-, mk+) phoA supE44 thi-м ƎȅǊ!фс ǊŜƭ!м ˂-

(Invitrogen). 

 

2.1.1.3. Virus strains  

DNA constructs contained either the pJFH-1 (Wakita et al., 2005) or pDBN3a (Ramirez 

et al., 2016), full-length infectious clones, or the SGR containing a firefly luciferase or neomycin 

phosphotransferase reporter. Wild-type (WT) plasmids, virus and SGR, were modified to contain 

containing the twin streptavidin tag (TST) or fluorescent proteins. pJc1-JFH-1 chimera 
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(representative of GT2, structural genes from Jc1 and non-structural genes from JFH-1 infectious 

clones), containing a RFP or GFP tag fusion was gifted by Ralf Bartenschlager (Schaller et al., 

2007). 

 

Virus Genotype Accession number 

JFH-1 2a AB047639 

Jc1-JFH-1 Chimera 2a AF177036 and AB047639 
(Pietschmann et al.) 

DBN3a 3a KX280712-14 

 
Table 2.1 Details of HCV infectious clone DNA constructs.  

 

2.1.1.4. Antibodies 

Target Target (species) Source Dilution 

NS5A (sheep) Polyclonal serum (Macdonald et al., 2003) WB: 1 in 1000 
IF: 1 in 2000 

-̡Actin Rabbit polyclonal Abcam; cat. No.: ab8227 WB: 1 in 2000 
 

Mouse monoclonal Abcam; cat. No.: ab6276 WB: 1 in 20,000 

Streptavidin Mouse monoclonal IBA: 2-1507-001-IBA WB: 1 in 2000 

NAP1L1 Mouse monoclonal 
 

Santa Cruz; cat. No.: sc-
81328 

WB: 1 in 500 

GRP78 Rabbit polyclonal ThermoFisher Scientific; 
cat. No.: PA585169 

WB: 1 in 500 

Phospho-S225 Rabbit polyclonal Goonawardane et al. 2018 WB: 1 in 500 

Anti-!ŎǘƛƴΣ ʰ-
Smooth Muscle ς 

FITC antibody 

Mouse Sigma; cat. no.: F3777-2ML IHC: 1 in 1000 

 
Table 2.2 Primary antibodies. 
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Target 
(species) 

Target Source Dilution 

Alexa Fluor 
594 nm 

conjugated 

Goat Sigma-
Aldrich 

IF: 1 in 
650 

Biotinylated 
fluorescence 

Goat Vector 
Laboratories; 
cat. no.: BA-

0601 

IHC: 1 
in 300 

 
Table 2.3 Secondary antibodies 
 

2.1.1.5. Cell viability  

Target Dye Source Dilution Comments 

DNA Hoechst 
33342 

Thermo 
Fisher cat. 
no.: H1399 

1 in 
1000 

Detection 
of live cells 

DNA Propidium 
iodide (PI) 

Invitrogenϰ 
cat. no.: 

P1304MP 

1 in 
1000 

Detection 
of dead 

cells 

 
Table 2.4 Cell viability markers. 
 

 Molecular biology  

2.1.2.1. Oligonucleotides 

A list of all oligonucleotides used throughout this project is provided in the supplementary 

material.  Supplied by Integrated DNA Technologies resuspended in dH2O to 10 mM 

concentration. Stored at -20̄ C.  
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2.1.2.2. Plasmids 

Plasmid Description Reference 

pSGR JFH-1 ς WT 
 

Plasmid encoding cell culture 
adapted derivative of HCV GT2a 

SGR driven by a T7 promoter 
containing firefly luciferase as a 
reporter gene. Plasmid used as a 

backbone for NS5A cloning. 

Wakita et al. (2005). 

pSGR JFH-1 - GND Plasmid encoding for cell culture 
adapted HCV GT2 non-structural 
proteins under a T7 promoter. 

Contains a GND amino acid point-
specific mutation to GNN within 

the active site. As such, inactivating 
the polymerase. Firefly luciferase 

used as a reporter gene. 

Wakita et al. (2005). 

pVir JFH-1 ς WT 
 

Full length viral HCV genome 
encoding for cell culture adapted 

derivative of HCV GT2a. 

Wakita et al. (2005). 

pVir JFH-1 - GND Full length viral HCV genome 
encoding cell culture adapted HCV 

GT2. Contains a GND -  GNN 
inactivating mutation within the  

RNA-dependent RNA polymerase. 

Wakita et al. (2005). 

pVir JFH-1 ς TST NS5A 
amino acid insertion site 

(Isn) 
 

Isn418 
Isn426 
Isn431 
Isn463 

 

Full infectious virus genome JFH-1 ς 
WT plasmid encoding twin 

streptavidin tag within NS5A. 

Generated during this 
project. 

pSGR JFH-1 ς NS5A eGFP 
flanked by linkers amino 
acid insertion site (Isn) 

 
Isn463 

 

SGR JFH-1 ς WT plasmid encoding 
enhanced green fluorescent 

protein flanked by linkers within 
NS5A. 

 

Generated during this 
project. 

pVir JFH-1 ς NS5A 
eGFP flanked by linkers  

 
Isn463 

Full infectious virus genome JFH-1 
encoding enhanced green 

fluorescent protein within NS5A. 

Generated during this 
project. 

pVir JFH-1 ς eGFP FMDV 2A 
 

Full infectious virus genome JFH-1 ς 
WT plasmid downstream of the 
рΩ¦¢w ŘŜƭǘŀ ŎƻǊŜ ǊŜƎƛƻƴ ŜƴŎƻŘƛƴƎ 

enhanced green fluorescent 
protein flanked by unique 

restrictions sites, Mlul and BsiWI, 
followed by insertion of the foot 

Generated during this 
project. 
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and mouth disease 2A protein prior 
to encoding the core protein. 

pVir JFH-1 NS5A mCherry 
 

Isn418 

Full infectious virus genome JFH-1 
encoding mCherry fluorescent 

protein within NS5A. 

Produced by previous 
lab member, Douglas 

Ross-Thriepland. 
pVir JFH-1 NS5A eGFP 

 
Isn418 

Full infectious virus genome JFH-1 
encoding enhanced green 

fluorescent protein within NS5A. 

Produced by previous 
lab member, Douglas 

Ross-Thriepland. 
pVir Jcl NS5A RFP 

 
Isn396 

Full infectious virus genome Jcl 
encoding red fluorescent protein 

within NS5A. 

Schaller et al. (2007) 

pVir Jcl NS5A GFP 
 

Isn396 

Full infectious virus genome Jcl 
encoding green fluorescent protein 

within NS5A. 

Schaller et al. (2007) 

pSGR DBN3a ς WT 
 

Plasmid encoding for cell culture 
adapted HCV GT3 non-structural 
proteins under a T7 promoter. 
Contains a CPG low luciferase 
whereby, firefly luciferase was 
inserted as a reporter gene. 

Plasmid used as a backbone for 
NS5A cloning. 

Provided by Ward et 
al. (2020) 

pSGR DBN3a - GNN Plasmid encoding for cell culture 
adapted HCV GT3 as described by 

DBN3a ς WT non-structural 
proteins under a T7 promoter. 

Contains a GDD amino acid point-
specific mutation to GNN within 

the active site. As such, inactivating 
the polymerase. Contains a CPG 
low luciferase whereby, firefly 

luciferase was inserted as a 
reporter gene. 

Provided by Ward et 
al. (2020). 

pVir DBN3a ς WT 
 

Full length viral HCV genome. Constructed be 
Ramirez (2016). 

pSGR DBN3a ς TST NS5A 
amino acid insertion site 

(Isn) 
 

Isn423 
Isn431 
Isn436 
Isn449 

SGR DBN3a ς WT plasmid encoding 
twin streptavidin tag within NS5A. 

Generated during this 
project. 

pVir DBN3a ς TST NS5A 
amino acid insertion site 

(Isn) 
 

Isn423 
Isn431 
Isn436 
Isn449 

Full infectious virus genome DBN3a 
ς WT plasmid encoding twin 
streptavidin tag within NS5A. 

Generated during this 
project. 
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pSGR DBN3aς NS5A eGFP 
amino acid insertion site 

(Isn) 
 

Isn423 
Isn431 
Isn436 
Isn449 

SGR DBN3a ς WT plasmid encoding 
enhanced green fluorescent 

protein within NS5A. 

Generated during this 
project. 

pSGR DBN3a ς NS5A eGFP 
flanked by linkers amino 
acid insertion site (Isn) 

 
Isn423 
Isn431 
Isn436 
Isn449 

SGR DBN3a ς WT plasmid encoding 
enhanced green fluorescent 

protein flanked by linkers within 
NS5A. 

Generated during this 
project. 

pSGR DBN3a ς NS5A 
methionine at the start of 

eGFP 
 

Isn449 
 

SGR DBN3a ς WT plasmid encoding 
methionine upstream of enhanced 
green fluorescent protein within 

NS5A. 

Generated during this 
project. 

pSGR DBN3a ς NS5A 
hrGFP 

 
Isn449 

SGR DBN3a ς WT plasmid encoding 
humanised green fluorescent 

protein within NS5A. 

Generated during this 
project. 

pVir DBN3a ς eGFP FMDV 
2A 

 

Full infectious virus genome DBN3a 
ς WT plasmid downstream of the 
рΩ¦¢w ŘŜƭǘŀ ŎƻǊŜ ǊŜƎƛƻƴ ŜƴŎƻŘƛƴƎ 

enhanced green fluorescent 
protein flanked by unique 

restrictions sites, SpeI and SnaBI, 
followed by insertion of the foot 

and mouth disease 2A protein prior 
to encoding the core protein. 

Generated during this 
project. 

pMK0.1-Ac5Ps-hrGFP-du6 Used as a template for the 
amplification of humanised renilla 

(hr) GFP. 

 

 
Table 2.5 Description of plasmids. 
 

2.1.2.3. Enzymes 

2.1.2.3.1. Modifying enzymes  

Polymerase chain reaction (PCR) was conducted using Phusion® High-Fidelity DNA Polymerase 

(New England BioLabs, cat. No.: M0530). 
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2.1.2.3.2. Restriction enzymes 

¶ Restriction enzymes were purchased from New England BioLabs.  

¶ Quick CIP for stable storage of dephosphorylated DNA post enzyme digestion (New 

England BioLabs, cat. No: M0525S).  

 

2.1.2.3.3. Quantitative PCR  

Reverse transcriptase was conducted using LunaScript® RT SuperMix (New England 

BioLabs, cat. No.: M3010). For quantitative PCR (qPCR), GoTaq® qPCR (Promega; cat. No: A6001) 

was used.  

 

2.1.2.4. Gel extraction 

/ƻƴŘǳŎǘŜŘ ŦƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ƻǳǘƭƛƴŜŘ ǿƛǘƘƛƴ ǘƘŜ DŜƭ 9ȄǘǊŀŎǘƛƻƴ Yƛǘ 

(New England Biolabs; cat. no.: T1020L). 

 

2.1.2.5. DNA purification 

/ƻƴŘǳŎǘŜŘ ŦƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ƻǳǘƭƛƴŜŘ ǿƛǘƘƛƴ aƻƴŀǊŎƘ DŜƴƻƳƛŎ 

DNA Purification Kit (New England Biolabs; cat. no.: T3010L). 

 

2.1.2.6. In vitro T7 transcription 

¶ RNAsecure (Invitrogen, cat. No.: AM7005). 

¶ RiboMAX Express T7 transcription (Promega, cat. No.: P1320). 

¶ To purify transcribed RNA the RNA Clean and Concentrator (Zymo; cat. No.: R1014) 

was used. 
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 Cell culture reagents 

2.1.3.1. Huh7 and Huh7.5 cell lines 

aŀƛƴǘŀƛƴŜŘ ƛƴ ŎƻƳǇƭŜǘŜ 5a9a ό5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳΣ DƛōŎƻϰ, cat. No.: 

41965039); DMEM supplemented with 10 % heat-inactivated fetal bovine serum (FBS) (Gibcoϰ, 

cat. No.: 16000044), non-essential amino acids 100 X (Gibcoϰ, cat. No.: 11140035), HEPES 1M 

(Gibcoϰ, cat. No.: 15630056) and 1 % penicillin and streptomycin 5000 units/mL (Gibcoϰ, cat. 

No.: 15070063).  

 

2.1.3.2. LX-2 cell line 

Maintained in complete DMEM; DMEM supplemented with 2% heat-inactivated FBS 

and penicillin and streptomycin 5000 units/mL. 

 

2.1.3.3. THP1 cell line 

Maintained in RPMI (Roswell Park Memorial Institute, Gibcoϰ, cat. No: 61870010), 1640 

Medium GlutaMAXϰ supplement, with 10 % FBS, 1 % heat-inactivated FBS 1 % penicillin and 

streptomycin 5000 units/mL (Gibcoϰ, cat. No.: 15070063). 

 

2.1.3.4. PCLS 

Maintained in completed Williams E media ({ƛƎƳŀπ!ƭŘǊƛŎƘΣ ŎŀǘΦ bƻΥ ²пмнуύΣ 2 % heat-

inactivated FBS (Gibcoϰ, cat. No.: 16000044), 1% l-glutamine (Thermo Fisher Scientific, cat. No.: 

25030024), 1 % pyruvate (Sigma-Aldrich, cat. No: S8636) and 1 % penicillin and streptomycin 

5000 units/mL (Gibcoϰ, cat. No.: 15070063). 
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2.1.3.4.1. Fibrosis stimulant 

Stimulant Concentration Source 

TGF- ̡  PCLS: 
3 ng/mL 

Monolayer and Spheroids: 
10 ng/mL 

Thermo 
Fisher cat. 
no.: H1399 

PƭŀǘŜƭŜǘπŘŜǊƛǾŜŘ 
growth factor (PDGF) 

PCLS: 50 ng/mL PeproTech 
cat. no: 
100-14B 

 
Table 2.6 Fibrosis stimulant reagents. 

 

2.1.3.5. Stable cell line antibiotic treatment  

¶ Neomycin phosphotransferase - Geneticinϰ Selective Antibiotic (G418 Sulfate), 

Powder (Gibcoϰ; cat. no.: 11811031) used at 400 ng/mL.  

¶ Puromycin N-acetyl transferase - Puromycin Dihydrochloride (Thermo Fisher Scientific; 

cat. no. A1113802) used at 1 mg/mL. 

 

2.1.3.6. Electroporation  

¶ Cells washed in DEPC-PBS v/v 0.01 % DEPC (BioBasic; cat. No.: DB0154) diluted in 1X 

PBS.  

¶ Cells were electroporated in SLS Flowgen Electroporation Cuvettes 4mm Long 

(Scientific Laboratory Supplies; cat. no.: FBR-204). 

 

2.1.3.7. Virus concentration 

¶ Polyethylene glycol (PEG) 8,000 (Thermo Scientific Chemicals; cat. no.: 043443.36) was 

diluted to 40 % (v/v) using 1X PBS. PEG solution was filtered using 0.45 mm MCE 

membranes (MF-Milliporeϰ; cat. no.: HAWP04700) using the VPS-200 Air Admiral 

Vacuum Pump Station (Cole-Parmer).  
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¶ Supernatant containing virus was filtered using 20 mL syringes (Thermo Scientific ϰ; 

cat. no.: S7510-20) and 0.20 mm syringe filter (Fisher Scientific; cat. no.: 10015301) 

 

2.1.3.8. Transfection reagents  

¶ Lipofectamineϰ 2000 (Invitrogenϰ; cat. no. 11668030). 

¶ Lipofectamine RNA iMax ϰ (Invitrogenϰ; cat. no. 13778100). 

¶ Transfections performed in Gibcoϰ Opti-MEMϰ Reduced Serum Medium (Fisher 

Scientific; cat. no.: 15392402) or complete DMEM media.  

 

 Bacterial cell culture 

¶ Ampicillin sodium salt (Amp) purchased from Fisher (cat. No.: 69-52-3). Ampicillin was 

reconstituted to 100 mg/mL concentration in dH2O and filtered through a 0.22 mm 

filter and stored in -20 ̄ C. Was used at a working concentration 100 mg/mL.  

¶ Luria-Bertani (LB) broth in 1 L constituted of 10 g tryptone (Millipore; cat. No.: T7293), 

5 g yeast extract (Millipore; cat. No.: 70161) and 0.1 M sodium chloride (Fisher 

Scientific; cat. No.: 10598630).  

¶ LB agar in 1 L constituted of 10 g tryptone, 5 g yeast extract, 0.1 M sodium chloride 

and 0.045 M agar (Millipore; cat. No.: 05040). 

 

 DNA/RNA analysis 

¶ Plasmid isolation from bacterial culture carried out using a Miniprep kit (Monarch®; 

cat. No.: T1010). 

¶ Agarose gel used in DNA gels: 1% (w/v) agarose (Sigma-Aldrich; cat. No: A9539) 

submerged in Tris-Acetate- EDTA (TAE) buffer; 10X TAE ς 0.4 M Tris (Santa Cruz; cat. 
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No.: 77-86-1), 0.1 % (v/v) glacial acetic acid (Santa Cruz; cat. No.: 64-19-7), 0.013 M 

EDTA (Millipore; cat. No.: 324503) and dH2O). 

¶ 1 kb ladder used in DNA gels; DNA HyperLadderϰ (Meridian Bioscience; cat. No.: BIO-

33053). 

¶ DNA samples visualised in gels by 6X gel loading dye (New England BioLabs, cat. No: 

B7024). 

¶ Agarose gel used in RNA gels; 1 % (w/v) agarose, 0.07 % (v/v) 10X MOPS (0.2 M MOPS 

(Sigma Aldrich; cat. No.: M1254), 0.5 M EDTA, 1 M sodium acetate (Sigma Aldrich; cat. 

No.: 127-09-3), 0.04% (v/v) formaldehyde (Sigma-Aldrich; cat. Non: F8775) and dH2O) 

submerged in DEPC- dH2O (0.001 % DEPC (BioBasic; cat. No.: DB0154)). 

¶ 500 bp used in RNA gels; ss RNA Ladder (New England BioLabs, cat. No: N0362S). 

¶ RNA samples visualised with 2X RNA Gel Loading Dye (New England BioLabs, cat. No: 

B0363S). 

¶ 10,000X SYBR Safe (Thermo Fisher Scientific, cat. No: S33102) used as gel stain. 

¶ Purification and extraction of DNA from agarose gels was performed using a Gel 

Extraction kit (Monarch®; cat. No.: T1020).  

 

 RNA extraction 

¶ Samples lysed by TRIzolϰ Reagent (Invitrogenϰ; cat. no.: 15596026).  

¶ RNA isolated using chloroform (Thermo Scientific Chemicals; cat. no.: 67-66-3). 

¶ RNA precipitation conducted using 100% isopropanol and glycogen (Thermo 

Scientificϰ; cat. no.: 11873933).  

¶ Wash competed using 75 % ethanol (v/v).  

¶ DNAase treatment: TURBO DNA-freeϰ Kit (Invitrogenϰ; cat. no.: AM1907).  

¶ Reaction conducted with the BIO-RAD CFX Connectϰ Real-Time System. 
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 Western blotting 

¶ Colour Prestained Protein Standard purchased form New England BioLabs (cat. No.: 

P7719). 

¶ Running buffer constituted of 5X SDS-PAGE: 0.25M Tris, 1.92 M glycine (Sigma-Aldrich; 

cat. No.: G8790) and 0.5 % (w/v) SDS (Sigma-Aldrich; cat. No.: 75746) . 

¶ Sample loading dye constituted 5x reducing SDS-PAGE Laemmli buffer; (5 mL) 2 mL 

10 % SDS, 2 mL glycerol (Sigma-Aldrich; cat. No.: 56-81-5), 0.5 mL ̡ -mercaptoethanol 

(Sigma-Aldrich; cat. No.: 60-24-2), 0.6 mL 1 M Tris-HCl (Promega; cat. No.: H5123) pH 

6.8, trace of bromophenol blue to colour (Sigma-Aldrich; cat. No.: 115-39-9). 

¶ SDS resolving gel was produced with 30 % acrylamide (Thistle Scientific; cat. No.: SBL-

20-2100-10), 1.5 M Tris-HCl, 10 % SDS, 10 % ammonium persulfate (APS) and 

Tetramethylethylenediamine (TEMED). SDS stacking gel was produced with 30 % 

acrylamide, 1 M Tris-HCl, 10 % SDS, 10 % ammonium persulfate (APS, Sigma-Aldrich, 

cat. no.: A3678) and TEMED.  

¶ PVDF membrane was purchased from Amershamϰ Hybond® Western blotting 

membranes (Cat. No.: GE10600023) and activated in methanol (Sigma-Aldrich; cat. 

No.: 67-56-1) 

¶ SDS-gels were transferred to PVDF membranes using thick filter paper (Thermo 

Scientificϰ; cat. No.: 88620). 

¶ Towbin transfer buffer constituted of 25 mM Tris, 192 mM glycine, 20 % (v/v) 

methanol.  

¶ TBS-T wash buffer constituted of 10X buffer (250 mM Tris, 1.37 M NaCl (Fisher 

Scientific; cat. No.: 10326390), 1 % Tween-20 (Sigma-Aldrich; cat. No.: 9005-64-5), pH 

to 7.5 with concentrated HCl (Sigma-Aldrich; cat. No.: 7647-01-0).  
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¶ Blocking buffer contained 50 % Intercept® (TBS) Blocking Buffer (LI-COR; cat. no.: 927-

60001) diluted in 1X TBS. 

¶ Protein transferred to membranes via the Trans-Blot Turbo (Bio-Rad). 

¶ Western blots visualised on the LICOR Odyssey Sa.  

 

 Immunofluorescence 

¶ Fixed in 4 % paraformaldehyde (v/v, Sigma Aldrich; cat. no.: 47608). 

¶ Blocking with 3 % bovine serum albumin (BSA, Roche: cat. no.: 3117057001) diluted in 

1X PBS.  

 

2.1.8.1. Focus forming assay quantification 

¶ Permeabilisation solution: 0.1 % (v/v) Triton X-100 (Sigma-Aldrich; cat. no.:  

9036-19-5) in 1X PBS.  

¶ Washing in 1X PBS. 

¶ Microscope: Sartorius IncuCyte S3 

 

2.1.8.2. Spheroids 

¶ Positioned onto glass slides using GeneFrames (Thermo Scientificϰ; cat. no.: AB0576). 

¶ VECTASHIELD® Antifade Mounting Medium (Vector Laboratories; cat. no.: H-1000-10). 

¶ Visualised using the Ziess LSM880 inverted confocal microscope.  

 

2.1.8.3. Precision cut liver slices 

¶ Antigen retrieval performed using 10 mM Tris (1.21 g), 1 mM EDTA (0.37 g), Tween 20 

(0.5 mL), 1000 mL dH20, pH 9. 

¶ Washing in 1X TBS with 0.1 % Triton X-100 (v/v). 
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¶ Prolong Gold Antifade mountant (Thermo Fisher: cat. no.: P36934). 

¶ Hoechst solution diluted in TBS-Triton. 

¶ Microscope: Ziess LSM880 inverted confocal and Carl Zeiss LSM980 MP AiryScan 2 and 

multiphoton.  

 

 Histology staining  

¶ Dehydrate in alcohol 100 % and Alcohol 70 %. 

¶ Counterstain in aŀȅŜǊ ǎ IŜƳŀǘƻȄȅƭƛƴ {ƻƭǳǘƛƻƴ (Sigma- Aldrich; cat. no.: MHS32). 

 

2.1.9.1. ʰ{a! 

¶ To block endogenous peroxides used methanol and 2 % Hydrogen peroxide (Sigma-

Aldrich; cat. no.: H1009). 

¶ Antigen unmasking solution, sodium citrate buffer (Vector Laboratories; cat. no.: 

H3300) and Vector ABC tertiary (Vector Laboratories; cat. no.: PK-7100); (4.96mL 

vector solution and 500 mL water. 

¶ Washes completed in 1X PBS. 

¶ Avidin/Biotin Blocking kit (Vector Laboratories; cat. no.: SP-2001). 

¶ Antibody blocking completed in 20% pig serum (Serotec; cat. no.: C15SB) diluted in 

PBS. 

¶ Monoclonal Anti-!ŎǘƛƴΣ ʰ-Smooth Muscle ς FITC antibody produced in mouse, 100 mL 

per slide. 

¶ Biotinylated anti-fluorescein made in goat (Vector Laboratories; cat. no.: BA-0601) 

diluted in 1 % pig serum. 

¶ DAB mix (Vector Laboratories; cat. no.: SK-410,) Mix 2 drops buffer, 4 drops DAB, 2 

drops hydrogen peroxide to 5 mL of dH2O. 
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¶ {ŎƻǘǘΩǎ ¢ŀǇ ǿŀǘŜǊ ǎƻƭǳǘƛƻƴ ό[ŜƛŎŀΤ ŎŀǘΦ ƴƻΦΥ 3802900) wash after counterstain. 

¶ Clearing conducted using Clearene Solvent ς (Leica; cat. no.: REF: 3803620e). 

¶ Mounted using Pertex (Leica; cat. no.: 08709E). 

 

2.1.9.2. Picro-Sirius Red 

¶ Wash in dH2O. 

¶ Hydrate treated with 0.2 % phospho molybdic acid (Supelco.; cat. no.: 79560). 

¶ Stained with Picro-Sirius Red (Abcam; cat. no.: ab246832) and rinsed in 0.01% HCI. 

¶ Wash in running tap water after counterstain.  

¶ Clearing conducted in Xylene (Thermo Scientific Chemicals; cat. no.: L13317.AP) 

¶ Mounted using DXP (Merck; cat. no.: 06522). 

 

 Lactate Dehydrogenase (LDH) 

¶ CyQUANT LDH Cytotoxicity Assay as per manufactures instructions (Invitrogen; cat. 

no.: C20300).  

¶ Absorbance was read on the Filter Max F5 Multi Mode Micro plate reader, measured 

at 490 + 680 nm wavelength.  

 

 Aspartate Aminotransferase (AST) 

¶ AST Activity Assay Kit as per manufactures instructions (Merck; cat. no.: MAK055). 

¶ Absorbance was read on the Filter Max F5 Multi Mode Micro plate reader, measured 

at 450 nm wavelength.  

 

 Enzyme-linked immunosorbent assay (ELISA) 

¶ Completed as per manufactures instructions R&D Systems. 



 

62 

¶ Wash solution; 1X PBS with 0.05 % Tween. 

¶ Stop solution; 26.7 mL of H2SO4 and 473.3 mL dH2O. 

¶ Reagent diluent; 1 % BSA in PBS. 

¶ Human Albumin detection (R&D Systems; cat. no.: DY1455). 

¶ Human Col1A1 detection (R&D Systems; cat. no.: DY6220-05). 

¶ Tecan Infinite 200 Pro plate reader between wavelengths of 450 nm ς 570 nm. 

 

 Resazurin cell viability 

¶ Completed as per manufacturers instructions (Abcam; cat. no.: ab145513). 

 

 Immunoprecipitation and protein purification 

¶ Cell lysed using Glasgow Lysis Buffer (GLB) prepared from 2X concentration; 20 mM 

PIPES (Sigma Aldrich; cat. no.: P6757), 240 mM KCl (Sigma Aldrich; cat. no: P9541), 60 

mM NaCl, 10 mM MgCl2 (Sigma Aldrich; cat. no.: M2670), 2% Triton X-100 (v/v) and 

20% glycerol (v/v), pH 7.2. Protease inhibitors include 1 mg/mL leupeptin (Sigma 

Aldrich; cat. no.: 62070), 1 mg/mL pepstain A (Roche; cat. no.: 10253286001), 2 mg/mL 

Aprotinin (Roche; cat. no.: 10236624001) and 0.2 mM Pefabloc® SC 9Roche; cat. no.: 

11429868001). Phosphatase inhibitors include 1 mM EDTA, 2 mM Na3VO4 (Sigma-

Aldrich; cat. no.: S6508) and 5 mM sodium pyrophosphate (Supelco.; cat. no.: 

PHR2205).   

¶ Wash buffer 10X Buffer W produced by IBA Lifesciences (cat. no.: 2-1003-100) 

containing 100 mM Tris-Cl, 150 mM NaCl and 1 mM EDTA diluted in dH2O.  

¶ High salt wash consisting of 10X Buffer W diluted in dH2O with 1 M NaCl and 2 % Triton 

X-100 (v/v). 

¶ Sepharose suspension beads: Strep-Tactinϰ Sepharoseϰ Resin (IBA Lifesciences; cat. 

no.: 2-1201-010). 
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¶ Magnetic beads: MagStrep "type 3" XT (IBA Lifesciences; cat. no.: 2-4090-002). 

¶ Eluted in 10 % SDS. 

 

 Luciferase assay 

¶ Firefly and Renilla Luciferase Single Tube Assay Kit (Biotium, cat. No.: 30081).  

¶ 5X Passive Lysis Buffer (Promega; cat. no.: E19410 diluted in dH2O.  

¶ FLUORstar Omega microplate reader (BMG LABTECH). 

 

 Software 

¶ Benchling used for sequence analysis.  

¶ Figures were created using BioRender.com 

¶ ImageStudio (LI-COR, 2017) were used for image processing of western blots.  

¶ GraphPad Prism (Version 10.1.0) used for graphic design and statistical analysis. 

¶ Sartorius Incucyte® S3 Live Cell Analysis System (v2018B) used for IncuCyte S3 image 

analysis.  

¶ ZEN software (Zeiss) was used for the analysis of immunofluorescence images.  

¶ ImageJ (Fiji) used to analysis spheroid segmentation using the SpheroidJ plug-in 

(Lacalle et al., 2021). 

¶ Proteome Discover (Version 2.4) was used to integrate all the data for quantitative 

analysis of LC-MS/MS results. Data was searched using Mascot against the human 

database (download from UniProt 05/03/23). 

¶ Tecan i-control to analyse ELISA results.  

¶ OPTIMA Software was used to perform luciferase assay readings.  

¶ SoftMax Pro 6.5.1 was used to perform AST assay readings.  
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2.2. Methods 

 Molecular cloning 

2.2.1.1. Restriction cloning 

Restriction cloning was accomplished using restriction enzyme sites within the JFH-1 and 

DBN3a WT SGR and virus plasmids. Oligonucleotide sequences are listed in the Appendix. For 

insertion into the C terminus of NS5A, restriction sites BsiWI and BspEI were used for DBN3a 

and, BamHI and AfeI was used for JFH-1 plasmids. Primers were produced by Integrated DNA 

Technologies.  

 

2.2.1.2. DNA amplification 

Polymerase chain reaction (PCR) was conducted using Phusion High-Fidelity (HF) DNA 

Polymerase and performed as per manufacturers instructions. PCR components and PCR cycling 

conditions are outlined for a 2-step and 3-step PCR primer amplification (Table 2.7, 2.8, 2.9, 

2.10). Successful PCR reactions were confirmed by visualising products by agarose gel 

electrophoresis and underwent gel extraction prior to restriction digestion and bacterial 

transformation. Restriction digest was performed using restriction enzymes flanking the region 

being cloned into the vector, outlined below. Quick CIP treatment was conducted on the DNA 

of the vector to inhibit self-ligation.  
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Component Volume (ml) 

Forward Primer 2.5 (10 mM) 

Reverse Primer 2.5 (10 mM) 

5X High Fidelity Buffer 10 

dNTPs (deoxyribonucleotide 
triphosphate) 

1 (10mM) 

Phusion 0.5 

Template DNA 1 (10 ng/ml) 

dH2O 32.5 
Total 50 

 
Table 2.7 Round 1 of 2-step PCR amplification.  

Forward PCR reaction; forward primer of oligonucleotides containing the upstream restriction site and 

the beginning of the twin streptavidin tag (TST) sequence and reverse primer being the oligonucleotides 

from the SGR containing the complementary restriction site sequence. Reverse PCR reaction; reverse 

primer of oligonucleotides containing the downstream restriction site and end of the TST sequence and 

the forward primer sequence being the oligonucleotides from the SGR containing the complementary 

restriction site sequence. In both cases the template DNA would be the TST sequence.  

 

Component Volume (ml) 

Forward Primer 2.5 (10 mM) 

Reverse Primer 2.5 (10 mM) 

Forward Template 1 (10 ng/ml) 

Reverse Template 1 (10 ng/ml) 

5X High Fidelity Buffer  10 
dNTPs (deoxyribonucleotide 
triphosphate) 

1 (10mM) 

Phusion 0.5 

dH2O 31.5 
Total 50 

 
Table 2.8 Round 2 of 2-step PCR amplification. 

Forward and reverse primers refer to the SGR oligonucleotides. Forward and reverse template refer to 

the PCR products from round 1.  
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Component Volume (ml) 

Forward Primer 2.5 (10 mM) 

Reverse Primer 2.5 (10 mM) 

Forward Template 1 (10 ng/ml) 

Reverse Template 1 (10 ng/ml) 

5X High Fidelity Buffer  10 

dNTPs (deoxyribonucleotide 
triphosphate) 

1 (10mM) 

Phusion 0.5 

dH2O 31.5 

Total 50 
 
Table 2.9 Round 3 of 3-step PCR amplification. 

Forward and reverse primers refer to the SGR oligonucleotides. Forward and reverse template refer to 

the PCR products from round 2 and the last individual product of step 1.  

 

 Step Temp Time 
Denature 98 ̄ C 30 secs 

 
Touchdown PCR 

5 cycles 

Denature 98 ̄ C 10 secs 

Anneal 72 ̄ C ς 62 ̄ C 30 secs 

Extend 72 ̄ C 1 minute per kb 

 
30 cycles 

Denature 98 ̄ C 10 secs 

Anneal 62 ̄ C 30 secs 

Extend 72 ̄ C 1 minute per kb 

 Anneal Primer dependent 30 secs 

Extend 72 ̄ C 1 minute 
per kb 

 
Table 2.10 PCR cycle conditions. 
 

2.2.1.3. Insertion of twin streptavidin tag  

2-Step PCR was completed for the insertion of TST, amplifying the regions downstream 

of the BsiWI through the TST tag, and upstream of the BspEI through the TST tag. This created 

an overlapping region with the TST nucleotide sequence allowing both PCR fragments to be 

combined (Figure 2.1). All PCR amplification concerning the cloning within NS5A was conducted 

using the WT SGR plasmids. Once a construct was successfully produced, NS5A from the SGR 

was cut out of the SGR and inserted into the viral plasmid due to the presence of the same 

restriction sites.  
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Figure 2.1 2-step PCR amplification.  

Diagram outlining the requirements of two different PCR amplifications in step 1; individual amplifications 

required for the forward and reverse primers. Step 2 outlining the combining of two PCR products from 

step-1 to one product due to the overlapping twin streptavidin sequences. 

 

2.2.1.4. Insertion of fluorescent protein tags 

A 3-step PCR amplification was conducted when inserting larger genes such as green 

fluorescent protein (GFP).  

 

2.2.1.5. Insertion into NS5A 

The primary PCR reactions created fragments amplifying the regions downstream of the BsiWI 

through to the start of GFP, a second fragment amplified the region upstream of the BspEI 

through to the end of GFP. A third fragment amplified the complete GFP ORF. Overlapping 

regions were created flanking GFP and allowing PCR fragments to be combined (Figure 2.2). PCR 

amplification step 1 and 2 are the same as PCR amplification of the TST. 
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Figure 2.2 3-step PCR amplification.  

Diagram outlining the requirements of three different PCR amplifications in step 1; individual 

amplifications of three products required for the forward and reverse primers. Step 2 outlining the 

combining of two PCR products from step-1 to one product due to the overlapping green fluorescent 

protein (GFP) sequences. Step 3 outlining the combining of three PCR products from Step 1 and Step 2 to 

one product due to the overlapping GFP sequences. 

 

2.2.1.6. Insertion of upstream of viral polyprotein translation 

¢ƘŜ ǇǊƛƳŀǊȅ t/w ǊŜŀŎǘƛƻƴǎ ŎǊŜŀǘŜŘ ŦǊŀƎƳŜƴǘǎ ŀƳǇƭƛŦȅƛƴƎ ǘƘŜ рΩ¦¢w ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ŘŜƭǘŀ 

core region (amplified from the SGR containing the luciferase reporter gene upstream of the 

non-structural proteins), enhanced GFP (eGFP) with flanking unique restriction sites between 

ƴǳŎƭŜƻǘƛŘŜǎ ŦǊƻƳ ǘƘŜ рΩ¦¢w ŘŜƭǘŀ ŎƻǊŜ ŀƴŘ ǎǘŀǊǘ ƻŦ ǘƘŜ Ca5± н! ǎŜǉǳŜƴŎŜΣ ŀƴŘ ŀ ǘƘƛǊŘ ŦǊŀƎƳŜƴǘ 

of the FMDV 2A with the unique restriction site before the core protein region (Figure 2.3). 

Restriction sites introduced varied dependent on the HCV GT; JFH-1 Mlul and BgIII and, DBN3a 

SpeI and BgIII. PCR amplification step 1 and 2 are the same as PCR amplification of the TST and, 

step 3 PCR amplification was the same as the step 3 amplification of GFP however, viral 

oligonucleotides sequences were used.  
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Figure 2.3 3-step PCR amplification to insert GFP and FMDV 2A sequences.  

Diagram outlining the requirements of two different PCR amplifications in step 1; individual amplifications 

of three products required for the forward and reverse primers. Product 2 introduced unique restriction 

sites flanking green fluorescent protein (GFP) and the foot and mouth disease virus (FMDV) 2A sequence 

ŀǘ ǘƘŜ оΩ ŜƴŘΦ {ǘŜǇ н ƻǳǘƭƛƴƛƴƎ ǘƘŜ ŎƻƳōƛƴƛƴƎ ƻŦ ǘǿƻ t/w ǇǊƻŘǳŎǘǎ ŦǊƻƳ ǎǘŜǇ-1 to one product due to the 

overlapping GFP sequences. Step 3 outlining the combining of three PCR products from Step 1 and Step 2 

to one product due to the overlapping GFP and FMDV 2A sequences. 

 

 DNA digest 

DNA was digested based on the existence of restriction sites and the use of restriction 

enzymes. When producing DNA to perform in vitro transcription, 5 ς 8 mg of DNA was digested 

utilising the restriction site Xbal to linearise the plasmid. The reaction was incubated at 37 ̄ C for 

3 h. When digesting PCR products, all DNA harvested from the PCR reaction was digested. 

Digested DNA products were visualised by agarose gel electrophoresis prior to DNA gel 

extraction. 
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2.2.2.1. Agarose gel electrophoresis  

PCR products and digested DNA were visualised on gels consisting of 1 ς 2 % (w/v) 

agarose, 10,000X SYBR Safe gel stain in 1X TAE. Samples were mixed with 6X gel loading dye and 

loaded into a gel submerged in 1X TAE. An additional well was loaded with GeneRule 1 kb DNA 

Ladder. Electrophoresis was performed at 80 V to allow appropriate separation of desired 

fragments. If required, gel extraction was completed using Monarch Gel Extraction Kit.  

In vitro transcribed RNA quality was assessed and visualised on gels consisting of 1 ς 2 % 

(w/v) agarose. Once components were dissolved 0.04 % (v/v) formaldehyde and 10,000X SYBR 

Safe gel stain were added. Ss RNA Ladder and 1mg of sample was mixed with 2X RNA Gel Loading 

Dye prior to denaturation at 85 ̄C for 5 minutes. All samples and ladder were loaded into a gel 

submerged in DEPC-dH2O and 0.1 % (v/v) 10X MOPS. Electrophoresis was performed at 60 V to 

allow appropriate separation.  

 

 Insert and vector ligation 

The PCR products (insert) and plasmids (vector) was digested by flanking restriction, 

sites BsiWI and BspEI with the restriction enzyme buffer 3.1 (NEB). After the digest incubation 

was complete, Quick CIP was added as per manufacturer instructions, for stable storage of 

dephosphorylated DNA. Ligation reaction requires a 3-fold molar excess of the insert with total 

DNA not exceeding 100 ng (Table 2.11). Reaction was pipetted 10-20 times prior to the addition 

of DH5a (50 ml) and completion of the bacterial transformation protocol. 
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Component Volume (ml) 

Instant Sticky-end Ligase Master Mix 
(New England BioLabs, cat. No.: 
M0370S) 

5 

Vector x 

Insert y 
dH2O z 

Total 10 

 
Table 2.11 Components of ligation reaction. 
 

 Bacterial transformation 

50 ml of Endura Competent or DH5a cells were incubated on ice for 30 minutes with a 

maximum 10 ng of DNA prior to heat shocking at 42 C̄ for 1 minute. Bacteria returned to ice for 

2 minutes prior to the addition of 360 ml of LB broth and 1 h recovery incubation at 37  ̄C with 

agitation at 180 revolutions per minute (rpm). Cells were plated on LB agar plates containing the 

appropriate antibiotic for a final incubation at 37 ̄C overnight. However, if transforming the 

HCV plasmids post ligation, 950 ml of LB broth was added after heat shocking, recovery 

incubation was extended to 3 h and the final incubation was 30 ̄C for 16 h.  

 

 In vitro transcription and RNA preparation 

Prior to in vitro transcription, linearized DNA was purified using the Monarch Genomic 

DNA Purification Kit. To inactivate RNases prior to in vitro T7 transcription, 1 mg of purified DNA 

(DNA template) was treated with RNAsecure. Once all components of the RNAsecure reaction 

were added, DNA templates were placed on a 60 ̄ C heat block for 10 minutes and then cooled 

on ice before completion of RiboMAX Express T7 transcription as per manufacturer instructions 

(Table 2.12). Note; an exception to the manufacturer instructions, the incubation at 37 ̄C was 

increased to 2 h instead of 30 minutes. The DNA template was digested via DNase (also included 

in the kit) whereby, 1 ml of DNase was added followed by a second incubation at 37 C̄ for 15 

minutes. RNA was further purified using the Zymo RNA Clean and Concentrator kit as per 
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manufacturer instructions. RNA concentration was determined by NanoDrop and were stored 

at ς 80 ̄ C.  

 

Component Volume (ml) 

RNAsecure 1 
RNase free water x 

DNA Template  y 

Total 8 
 
Table 2.12 RNAsecure reaction components. 

 

 Plasmid isolation 

Single colonies were selected from LB agar plates using a pipette tip and placed directly 

into 10 mL LB broth containing 100 mg/mL of the appropriate antibiotic and incubated overnight 

at 37 ̄ C (or 30 ̄C if HCV plasmid) and agitated at 180 RPM. Small-scale isolation of the plasmid 

was completed using the Monarch Plasmid Miniprep Kit (cat. No.: T1010S) as per manufacturer 

instructions. Successful cloning was confirmed by Sanger sequencing provided by Genewiz. 

Plasmid DNA concentration was determined by NanoDrop.  

 

 Maintenance of eukaryotic cell lines 

2.2.7.1. Adherent cell lines 

All adherent cell lines (Huh7/Huh7.5/LX-2) were maintained in either T25, T75 or T175 

flasks at 37 ̄C with 5 % CO2. Cells were grown to 80 % confluency prior to splitting. To detach 

cells from the flask, cells were washed with 10 mL PBS (Phosphate Buffered Saline) before 

incubating with 1 X trypsin (Gibcoϰ, cat. No.: 25200072) for 5 minutes at 37 ̄ C. Subsequently, 

cells were transferred into a falcon and pelleted by centrifuging at 1200 x RPM for 3 minutes. 

Cells were resuspended in fresh cell culture media. 
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2.2.7.2. Establishment of bi- monolayer cultures 

Bi- monolayer co-cultures were conducted with Huh7 and LX-2 cells only. All cultures 

were performed as a 1:1 ratio when seeding cells with cells cultured within LX-2 complete 

DMEM media. LX-2 completed DMEM media was used due to reduced presence of FBS (2%) in 

comparison to the Huh7 complete DMEM media (10% FBS). Number of cells was determined by 

the well size (Table 3), cells were mixed within the well prior to incubation for 4 h allowing 

adherence of cells (or 70-80% confluency) prior to performing experiments.  

 

2.2.7.3. Suspension cell lines 

Suspension cell line (THP1) were maintained in either T75 (maximum volume of 20 mL) 

or T175 (maximum volume of 35 mL) flasks at 37 ̄C with 5 % CO2 until roughly 1.5 x 106 cells/mL. 

Volume was monitored to ensure maximum gas exchange. Cells were transferred into a falcon 

and pelleted by centrifuging at 500 x RPM for 3 minutes. Cells were resuspended in fresh cell 

culture media (Table 2.13). 

 

 Cell seeding densities 

Culture plate size Seeding Density 
96 well plate 0.5 x 104 

48 well plate 0.03 x 106 

24 well plate 0.05 x 106 
12 well plate 0.1 x 106 

6 well plate 0.3 x 106 

 

Table 2.13 Monolayer seeding cell densities.  

Numbers of cells seeded dependent on the size of well used, unless otherwise stated.  
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 Precision cut liver slices (PCLS) 

2.2.9.1. Obtaining human liver tissue 

Obtained normal resection margin surrounding colorectal metastasis, surplus to 

pathology requirements, from adult patients undergoing surgical resection at the Freeman 

Hospital (bŜǿŎŀǎǘƭŜπǳǇƻƴπ¢ȅƴŜΣ ¦Y). Ethics approval: Human liver tissue was obtained under 

full ethical approval from the NovoPath Biobank Newcastle, (REC reference: 22/NE/0054, 

approved 12/04/2022) ŀƴŘ ǳǎŜŘ ǎǳōƧŜŎǘ ǘƻ ǇŀǘƛŜƴǘǎΩ ǿǊƛǘǘŜƴ ŎƻƴǎŜƴǘΦ PCLS was generated within 

2 h post-hepatectomy.  

 

2.2.9.2. Generating PCLS 

Conducted by Dr Hannah Paish as described within Paish et al. (2019). Liver tissue was 

cut into 8 mm cores embedded into low melting agarose allowing the cutting of tissue into 250 

mm slices. Slices were selected for further culturing if no tears were present.  

 

2.2.9.3. Maintaining PCLS 

Maintained within уπҡƳπǇƻǊŜ ¢ǊŀƴǎǿŜƭƭ ƛƴǎŜǊǘǎ, in a modified tissue culture plate (BioR 

plate) and rocked on the bioreactor platform (patent PCT/GB2016/053310) at a flow rate of 

18.136 µL/sec. Media was changed daily.  

 

 Production of spheroids 

Spheroids were produced using the low-attachment surface and static culture method 

(Kouroupis & Correa, 2021), in correspondence to the protocol conducted within Prof. Oakley 

research group. Prior to cell seeding, U-bottom 96 well plates were coated with low melting 

agarose by aliquoting 100 ml of agarose per well and knocking the agarose out of the 96 well 

plate within the tissue culture hood. Plates were left to dry within the hood for a minimum of 



 

75 

10 minutes prior to seeding cells. Spheroids were produced using 1 x 105 cells per well using LX-

2 preferred DMEM media. When producing mixed cell cultures, a 1:1 ratio of cells was seeded; 

5 x 104 cells of each cell type. All wells contained a final volume of 100 ml media.  

 

 Electroporation of eukaryotic cell lines  

Performed for the insertion of the viral genome; SGR to measure genome replication or, 

the full viral genome to propagate virus. Cells were trypsinised and resuspended in complete 

media prior to counting cells. Cells were washed twice by centrifugation at 1200 RPM for 3 mins 

using cold DEPC-PBS. After the final wash step, cells were resuspended to achieve 0.5 x 107 

cells/mL concentration. Utilising a cold electroporation cuvette, 400 ml of cells was added with 

RNA. Cells were electroporated using square wave 260V/25ms/1Pulse and immediately 

resuspended in 11.6 mL of warm complete media.  

 

2.2.11.1. Sub-genomic replicon 

Per electroporation, 2 mg of RNA was used. After resuspension, cells were seeded 

dependent on the downstream analysis. Luciferase assays and fluorescent protein observations 

were conducted within flat bottom 96 well plates with 100 ml per well. SGR stable cell lines were 

initially established in 6 well plates with 2 mL per well.  

 

2.2.11.2. Virus propagation  

Per electroporation, 5 mg of RNA was used. After resuspension cells from two 

electroporations were pooled and placed in a T175 flask before being immediately transferred 

to the BSL-3 facility. Media was replaced 72 h post electroporation and cells were further 

cultured to 144 h post electroporation. All media collected was stored at 4C̄ and titre analysed 

by focus forming assay (FFA) or was concentrated using PEG centrifugation.  
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 Transfection of eukaryotic cell lines 

Comparison of transfection reagents, Lipofectamine 2000 or RNA iMax, efficiency was 

compared for the siRNA knockdown experiments. At approximately 12 h post seeding 1 x 105 

cells per well of a 12 well plate (or 60-70% confluency), transfection was performed.  

Lipofectamine 2000 or RNA iMax lipofection, was performed as per manufacturers instructions. 

Volumes of Opti-MEM and transfection reagent was calculated for a 12 well-plate. If changing 

media 4 h post transfection, transfection reagent was performed in Opti-MEM. If media was not 

to be changed post-transfection, transfection reagent was performed in complete Huh7 cell 

DMEM media.  

 

 Luciferase reporter assays 

Cells were lysed using 1X Passive Lysis Buffer for a minimum of 10 minutes, long term 

storage of lysed cells at -20 ̄ C. 50 ml of cells lysed in passive lysis buffer were transferred to a 

white 96 well plate prior to the addition of the luciferase reagent (50 ml) directly before insertion 

into the FLUORstar Omega microplate reader at room temperature. Plates were read for a total 

of 3.5 seconds with 0.5 second intervals.  

 

 Fluorescent reporter assays  

Fluorescent assays were observed using the IncuCyte S3. Analysing the expression of 

protein fluoresce overtime, monolayer cells were visualised from 4 h post cell seeding and 

images acquired at 4-hour intervals maintained within the IncuCyte S3. If observing protein 

fluorescence at 24 hour intervals and collecting cell lysates to analyse the expression of 

luciferase, cells were imaged directly before lysing cells. Analysis of images was performed using 
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the Sartorius IncuCyte® S3 Live Cell Analysis System. Across different biological repeats the same 

software analysis parameters was used; IncuCyte parameters outlined in the Appendix.  

 

 Establishment of stable cell lines 

Cells were treated with antibiotic for 2 weeks to selectively grow cells containing the 

antibiotic resistance gene. If cells reached confluency, they were placed in a larger flask or split. 

Completion of siRNA transfections and cell harvests are conducted at least one week after initial 

ŀƴǘƛōƛƻǘƛŎ ǘǊŜŀǘƳŜƴǘ ƴƻǘ ǘƻ ƛƴǘŜǊŦŜǊŜ ǿƛǘƘ ǎƛwb! ǘǊŀƴǎŦŜŎǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. 

 

 Concentration of virus stocks 

Performed adapting the protocol outlined by Baktash et al. (2019). PEG 8000 was 

resuspended to a 40% concentration with 1X PBS (v:v) prior to filtration and storage of the 

solution at 4̄C. Within BSL-3, virus supernatant was filtered using 0.2 mm filters and syringes. 

Using 50 mL falcons and a maximum concentration of 40 mL, virus was concentrated using a 

final concentration of 8% PEG (v:v), which was mixed and stored at 4C̄ overnight prior to pellet 

formation the following day at 5000 RPM for 25 minutes at 4C̄. If pooling multiple virus pellets, 

10 mL of supernatant remained, and pellet was resuspended prior to pooling multiple pellets 

into one falcon. A final centrifugation was completed at 5000 RPM for 15 minutes at 4C̄. Final 

pellets were resuspended in 1 mL 1X PBS and stored at -80̄ C. Virus titre was determined by FFA.  

 

 Determining virus titre by focus forming assay 

FFAs were performed on monolayers of Huh7.5 cells seeded into 96 well plates. Serial 

dilutions of virus inoculum was performed in complete DMEM media for Huh7.5 cells. If 

performing a FFA using virus supernatant not concentrated, 100% of virus inoculum was added 
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as the highest titre. If performing a FFA on concentrated virus stocks resuspended in PBS, the 

highest virus titre was diluted to 25% (v:v) with complete DMEM prior to performing serial 

dilutions. The assay was incubated for 48 h, after which cells were washed with 1X PBS and 

formaldehyde fixed for 30 minutes. Detection of virus infected cells was conducted by 

immunofluorescence staining of cells, described below in section 2.2.5.1. Virus titres were 

calculated using the following equation:  

 

 

 Virus infections 

All completed in the biological safety level 3 laboratory (BSL-3).  

 

2.2.18.1. Mono- and bi- monolayer cultures 

Cells were seeded into the appropriate well size and incubated for 4 h allowing cell 

adherence. Virus (MOI 0.2) and TGF-ʲ (10 ng/mL) treatment dilutions were performed in 

complete DMEM, dependent to the cell types present, to an MOI 0.2. Treatment of cells with 

TGF-ʲ acted as a positive control to stimulate fibrosis pathways. When comparing HCV infection 

in the presence of LX-2 cells, all infections were conducted using LX-2 complete DMEM media. 

Virus inoculum was aliquoted into 100 ml (96 well plate), 200 ml (24 well plate) or 500 ml (12 well 

plate). If analysing the cell growth of the adherent monolayer, cells were incubated within the 

IncuCyte S3 and images were acquired at 4 hour intervals. Virus infected cells were incubated 

for 72 h. p. i prior to cell washing cells in 1X PBS and cell harvest via formaldehyde fixation or 

cell lysis methods for 30 minutes. 

When comparing differences between HCV GT infection efficiency, Huh7 cells were 

seeded into 24 well plates using Huh7 cell complete DMEM media. Prior to inoculation, media 

was removed and placed with 100 ml media per well. Virus (MOI 0.2) and TGF-ʲ (10 ng/mL) 

treatment dilutions were performed in complete DMEM for Huh7 cells and 200 ml aliquots were 
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placed in the relevant wells. Virus was adsorbed onto cells at 37 C̄ for 4 h prior to removal of 

virus inoculating media, replaced with fresh complete DMEM media. At each timepoint (4 h/ 8 

h/ 24 h/ 48 h/ and 72 h post infection). Supernatant was collected and stored at 4 C̄ to perform 

FFAs and cells were washed with 1X PBS prior to formaldehyde fixation or cell lysis methods for 

30 minutes.  

 

2.2.18.2. Tri- culture of mixed monolayer and suspension cultures 

All cells were cultured at a 1:1:1 ratio, within a 12 well plate, each cell type was seeded 

at a 0.5 x 106 cell density per well. To ensure all cells were cultured in the THP1 RPMI complete 

media, Huh7 and LX-2 cells were pelleted and resuspended in complete RPMI media. Adherent 

monolayer cells were directly placed into the 12 well plate, THP1 suspension cells were placed 

in a 24 well plate, all cells were incubated at 37 C̄ for 4 h allowing cell adhesion of monolayer 

cultures. Prior to cell infection, THP1 cells were combined to the monolayer culture and the total 

volume per well 1 mL. Virus (MOI 0.2) and TGF-ʲ (10 ng/mL) dilutions were performed in 

complete RPMI media and virus inoculum was aliquoted into 200 ml per well. If analysing the cell 

growth of the adherent monolayer, cells were incubated within the IncuCyte S3 and images 

were acquired at 4 hour intervals. Virus infected cells were incubated for 72 hpi prior to removal 

of media and THP1 cells. Adherent cells were in 1X PBS and cells harvested via formaldehyde 

fixation or cell lysis methods. 

 

2.2.18.3. Spheroid  

Post seeding, cells were directly taken to BSL-3. Virus (MOI 0.2) and TGF-ʲ (10 ng/mL) 

dilutions were performed in complete RPMI media and inoculum was aliquoted into 50 ml per 

well. Cells directly incubated within the IncuCyte S3 and images were acquired at 4 hour 

intervals. Post-infection, live cell staining of spheroids was performed or media was removed 



 

80 

and spheroids washed in 1X PBS prior to spheroid harvest via formaldehyde fixation or cell lysis 

methods. 

 

2.2.18.4. PCLS 

Prior to infection of PCLS, the slices were rested for 12 h post slice generation to reduce 

mechanical stress from cutting the tissue altering results observed within PCLS. Virus (MOI 0.06) 

dilution was performed in 1X PBS and fibrotic stimulated (Fib. Stim) control treatments (TGF-ʲ 

(10 ng/mL) and PDGF (3 ng/mL) dilutions were performed in complete Williams E media. To 

control for the addition of PBS to the infected PCLS, all dual wells of PCLS were cultured in PBS 

for 4 hour virus inoculation incubation. Concerning infected PCLS, all media was removed and 

replaced with 2.5 mL media, slices were inoculated with 500 ml virus containing PBS. Fib. Stim 

PCLS had all media removed and replaced with the TGF-  ̡and PDGF containing media (2.5 mL) 

and 500 ml 1X PBS. The mock control had complete media replacement of 2.5 mL and the 

addition of 500 ml 1X PBS. During the inoculation, PCLS returned to the rocker until 4 h.p.i, when 

all media was replaced on PCLS with 3 mL complete Williams E, except the Fib. Stim sample 

which was cultured in the presence of TGF-  ̡and PDGF for the reminder of the experiment. 

Media was changed daily. PCLS were harvested 72 h.p.i. via TriZol for 30 minutes or 

formaldehyde fixation. PCLS were directly formaldehyde fixed and inactivated for 48 h prior to 

removal from BSL-3. PCLS fixation was completed by collecting transwells containing the PCLS, 

dabbing excess media off the bottom of transwells with tissue prior to submerging the full 

transwell containing PCLS in 1X PBS to wash the slice. Excess PBS was removed by dabbing the 

transwell on tissue and following by inactivation by submerging the transwell and slice in 

formaldehyde. 
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 Determining soluble factors by conditioned media 

experiments 

To investigate soluble factors released by Huh7 cells during HCV infection, Huh7 cells 

were pelleted and resuspended in completed DMEM for LX-2 into a 12 well plate. Huh7 cells 

were infected with HCV or treated with TGF-  ̡within BSL-3, 4 h post seeding. Supernatant of 

Huh7 cells was collected 72 h.p.i and cell debris was removed from the supernatant via a syringe 

and 0.20 mm filter. Media was removed from LX-2 cells, which had been seeded into a 48 well 

plate 4 h prior, and directly treated with 100 % supernatant collected from Huh7 cells termed 

as conditioned media. To control for media quality and a direct fibrosis stimulated control 

sample, LX-2 cells were cultured in fresh DMEM complete media, and TGF-  ̡diluted in DMEM 

complete media. LX-2 cells were incubated in the IncuCyte S3 allowing cell growth analysis, 

images acquired at 4 hour intervals.  

 

 Immunofluorescence  

2.2.20.1. Monolayer  

After fixation, cells were washed with PBS three times and permeabilization solution 

was applied to the monolayer for 7 mins prior to washing cells and incubation of sheep anti-

NS5A serum in BSA blocking buffer for 1.5 h. Prior to the addition of the Alexa Fluor 594 nm 

conjugated secondary antibody, cells were washed three times. After a 40-minute incubation, 

cells were washed 3 times prior to covering the monolayer in PBS and long-term storage at 4 ̄C 

in the dark. The number of virus infected cells was analysed within the IncuCyte S3.  

 

2.2.20.2. Spheroid cell viability 

Prior to live cell staining, doxorubicin (200 nM) diluted in complete DMEM media for LX-

2 cells was used to treat spheroids as a positive control for cell death, 12 h before spheroid 



 

82 

staining. At 72 h.p.i, media was removed from all spheroids, Hoescht 33342 and propidium 

iodide (PI) were diluted in complete DMEM for LX-2 cells and 100 ml of stain containing was 

added to each well containing a spheroid. Spheroids were incubated at 37 C̄ for 30 mins. 

Spheroids were harvested by removing all media and washing cells twice in 1X PBS prior to 

formaldehyde fixation for 30 mins. Prior to mounting spheroids to glass slides within gene 

frames and glass cover slips, spheroids were washed three times with 1X PBS. Mounted 

spheroids were stored at 4 ̄C. Spheroids were visualised using the Zeiss LSM880 inverted 

confocal microscope.  

 

2.2.20.3. PCLS 

Fixed PCLS were washed in 1X PBS three times prior to performing tissue antigen 

retrieval. PCLS were transferred into histology cassettes lined with sponges to inhibit folding of 

the tissue slice during the 15 minute antigen retrieval in the microwave (800 W at P80) using 

500 mL of antigen retrieval buffer. The solution was cooled at room temperature with the 

addition of 300 mL tap water prior to removing slices from the histology cassettes and 

transferring PCLS to a 24 well plate for the remainder of the protocol.  All wash steps were 

conducted as washing PCLS in TBS-Triton three times for 5 mins and all incubations were 

conducted at room temperature on a rocker. Prior to the addition of the primary antibody, PCLS 

were blocked in 3% BSA for 1 hour, blocking solution was removed and primary antibody (sheep 

anti-NS5A serum, 1 in 200 diluted in 3% BSA) was directly added to the PCLS and incubated for 

2 h. PCLS were washed prior to incubating PCLS with the secondary antibody (Alex Fluro 594, 1 

in 600 diluted in 3% BSA) for 1 hour, from which point PCLS was protected from light. Staining 

of nuclei was conducted with Hoechst 33342, diluted in TBS-Triton incubated for 30 mins after 

washing the PCLS to remove all secondary antibody. Before mounting slices to glass slides 

secured using Geneframes and glass cover slices, a final wash step of PCLS was completed. Slides 
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were stored at 4 ̄C for long term storage prior to visualising slices using the Zeiss LSM880 

inverted confocal microscope, Carl Zeiss LSM980 MP AiryScan 2 utilising two photons.   

 

 Measurement of soluble factors released by PCLS 

All longitudinal media samples was collected during the course of PCLS experiments and 

was stored at -80 ̄ C.  

 

2.2.21.1. AST 

All reagents of the AST Activity Assay Kit, except the AST positive control, were thawed 

at room temperature protected from light. The AST positive control, included within the kit, was 

thawed on ice. Glutamate standards were performed as outlined (Table 2.14). All samples were 

diluted 1:4 in assay buffer prior to transferring to a flat bottom 96 well plate and the addition of 

the master mix solution (Table 2.15). Once the master mix was added to all samples, the 

standards and AST positive control wells, the plate was wrapped in aluminium and mixed for 30 

seconds prior to incubating at 37 ̄C for 2 minutes and completion of the initial absorbance 

measurement using the on FilterMax F5 MultiMode Micro using the software SoftMax Pro 6.5.1 

measured at 450 nm wavelength. Continue to incubate the plate at 37°C taking absorbance 

measurements every 5 minutes. Take measurements until the value of the most active sample 

is greater than the value of the highest standard (10 nmole/well). At this time the most active 

sample is near or exceeds the end of the linear range of the standard curve.  
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Standard 
name 

Concentration 
mM 

Volume of Standard 

(mL) 

Volume of Assay Buffer 

(mL) 
A 1 5 uL of standard stock 495 

B 0.8 400 of A 100 

C 0.6 375 of B 125 

D 0.4 333 of  C 167 
E 0.2 250 of D 250 

F 0 0 500 

 
Table 2.14 AST dilution of glutamate standards.  
 

Reagent Master Reaction Mix 
(per well (uL)) 

Master Reaction Mix 
(per plate (uL)) 

AST Assay Buffer 20 2000 

AST Enzyme Mix 0.5 50 

AST Developer 2 200 

AST Substrate 2.5 250 

 
Table 2.15 Preparation of AST master mix solution. 
 

2.2.21.2. LDH 

All reagents of the CyQUANT LDH Cytotoxicity Assay kit were thawed at room 

temperature protected from the light. The reaction mixture consisted of 1 vial of substrate 

dissolved in 11.4 mL dH2O. The LDH positive control, included in kit, was diluted with 200 ml 10% 

Triton (v/v) and made up to 1.5 mL with PCLS media. The assay was performed in a flat bottom 

96 well plate with 25 ml of either the sample, positive control or blank sample (media only 

control) and, 25 ml of the reaction mixture per well. All samples were performed in duplicate. 

The reaction was incubated for a maximum of 30 minutes in the dark prior to the addition of 25 

ml of the stop solution. Absorbance was measured between 490 nm - 680nm wavelength 

measured on the Tecan plate reader.  

 

2.2.21.3. ELISAs 

tŜǊŦƻǊƳŜŘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όwϧ5 {ȅǎǘŜƳǎύΦ {ǘŀƴŘŀǊŘ ǎƻƭǳǘƛƻƴǎ 

were diluted as outlined (Table 2.16). Assay was performed in flat bottom 96 well plates and 
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read at 450 nm ς 570 nm wavelength on the Tecan plate reader. Concentrations were 

determined by mean OD values via standard curve.  

 

 Alb (pg/mL) Col1A1 (pg/mL) 

Tube 1 1600 2000 

Tube 2 800 1000 

Tube 3 400 500 

Tube 4 200 250 

Tube 5 100 125 

Tube 6 50 62.5 

Tube 7 25 31.25 

Blank 0 0 

 

Table 2.16 Standard concentration of albumin and collagen 1A1 for ELISA analysis. 
 

 PCLS viability 

Testing the cell viability of PCLS post a 4 hour incubation with 1X PBS diluted in complete 

Williams E media to ensure infection of virus resuspended in PBS would not introduce additional 

cell damage. PCLS rested for 24 hour post generating slices, were incubated with complete 

Williams E media or 1X PBS 17 % or 33 % (v:v) diluted in complete media. Incubation was 

completed at 37 ̄C on a rocker. Post 4 hour incubation, all media was replaced with fresh 

complete media and changed daily for 3 days. PCLS were harvested and directly used to 

ŎƻƳǇƭŜǘŜ ŀ ǊŜǎŀȊǳǊƛƴ ŀǎǎŀȅ όŎƻƳǇƭŜǘŜŘ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎύΦ  

 

 Cellular RNA extraction 

2.2.23.1. Monolayer cell harvest 

At time of harvest, all media was removed and cells were washed with 1X PBS. Cells 

were scraped into an 1.5 mL Eppendorf and cells were pelleted by centrifugation at 5000 RPM 
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for 5 minutes. Supernatant was removed and 1 mL TRIzol was used to lyse all cells for 30 minutes 

prior to long term storage at -80 ̄ C.  

 

2.2.23.2. Spheroids cell harvest 

Pooling of 48 spheroids per experimental condition was required to acquire a sufficient 

amount of extracted RNA. Spheroids were collected into a 15 mL Eppendorf prior to pelleting all 

spheroids via centrifugation at 5000 RPM for 5 minutes. Supernatant was removed and 

spheroids were resuspended in 1 mL 1X PBS and transferred into a 1.5 mL Eppendorf. Cells were 

pelleted by centrifugation at 5000 RPM for 5 minutes prior to the addition of 1 mL TRIzol used 

to lyse all cells for 30 minutes prior to long term storage at -80 ̄ C. 

 

2.2.23.3. PCLS cell harvest 

Slices from adjoined wells were pooled to acquire a sufficient amount of RNA. A 

transwell containing a PCLS was collected from media and dabbed onto tissue to remove excess 

media and liquid tension prior to completely submerging the transwell in 1X PBS to wash the 

PCLS prior to using plastic tweezers to place the slice directly into a 1.5 mL Eppendorf containing 

1 mL TRIzol and inactivated for 30 minutes prior to storing in -80̄ C.  

 

2.2.23.4. RNA extraction protocol 

Prior to manual RNA extraction, TRIzol samples were defrosted at room temperature 

and heat treated at 55 ̄C shaking at 300 RPM agitation for 10 minutes. After which, 200 ml 

chloroform/mL was added to TRIzol, samples were vortexed to ensure completing mixing of 

solutions and incubated for 2 minutes at room temperature prior to centrifugation for 15 

minutes at 12,000 x G at 4 ̄C. The upper aqueous phase was transferred to a clean Eppendorf 

in addition to 500 ml isopropanol and 1 ml RNAse free glycogen (10 mg/ml). The sample was 

vortexed briefly and incubated at room temperature for 10 minutes before centrifugation for 
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10 minutes at 12,000 x G at 4 C̄. The supernatant was removed and the RNA pellet was washed 

with 75% ethanol (v:v) and centrifuged for 7 minutes at 7,500 x G at 4 C̄. The ethanol wash was 

removed and the RNA pellet air dried before resuspending in 20 ml nuclease free dH2O and 

heating the sample for 10 minutes at 60 ̄C. DNAse treatment was performed as per 

manufacturers instructions utilising the TURBO DNAse kit. Long term storage of RNA at -80 ̄ C.  

 

 cDNA synthesis 

Reverse transcription of cDNA from cellular RNA extraction was used for Real-time qPCR 

analysis. LunaScript Supermix was used to synthesis cDNA as per manufacturers instructions.  

 

 mRNA gene expression  

Completion of qRT-PCR was conducted following GoTaq® qPCR Master Mix (2X) 

tǊƻƳŜƎŀ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŎƻƳǇƭŜǘŜŘ ƻƴ ŀ .ƛƻ-Rad CFX Connect Real-Time PCR 

Detection System including a melt curve cycle analysis post detection for 35 cycles.  

 

 RT-qPCR calculating virus titre 

To quantify all virus particles released during virus propagation compared to viable virus 

particles produced and quantified by FFA, the number of viral genome copies released into the 

supernatant 72 h.p.e was quantified by qRT-PCR. Supernatant was collected virus inactivated by 

TRIzol LS reagent prior to removal of samples from BSL-3. RNA was extracted as per previously 

outlined protocol (LINK) however the full RNA extract was used for downstream cDNA synthesis; 

16 ml of RNA was used for all samples within the LunaScript Supermix reaction. The number of 

virus genomes released was calculated via a standard curve created by DNA of JFH-1 and DBN3a 

extracted from WT viral plasmids, the number of DNA copies accounting for double stranded 
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DNA was calculated creating a standard curve used to quantify the number of viral genome 

copies per mL of supernatant.  

 

 Protein analysis  

Proteomic analysis conducted utilising SGR stable cell lines or infectious virus; SGR; 72 

h post seeding 2.2 x 106 cells in a 10 cm dish, in the presence of infectious HCV virus; either 72 h 

post-electroporation or post-infection. Virus infection was conducted after seeding 0.3 x 106 

cells into a 6 well plate. At time of harvest, cells were washed with 1X PBS prior to scraping cells 

into a 1.5 mL Eppendorf and pelleting cells by centrifugation at 5000 RPM for 5 minutes. Cells 

were lysed with Glasgow Lysis buffer and long termed stored at -80 C̄. Prior to conducting 

protein analysis, samples were centrifuged at 13,000 x G for 5 minutes to pellet cell debris and 

transferred to a clean Eppendorf.  

 

2.2.27.1. Co-immunoprecipitation 

Streptavidin sepharose suspension beads were primarily used to pulldown NS5A 

containing a twin streptavidin tag (TST). Beads were prepared by taking 100 µl of 50% Streptactin 

resin suspension (in sepharose), resuspended by inverting the vial 10 times. Beads were 

separated from resin via centrifugation for 5 minutes at 3000 x G in 4 °C (conditions of all 

centrifugation steps) and supernatant was removed. Beads were further washed in 500 ml wash 

buffer incubated on a rotator wheel for 5 minutes (all incubation steps completed on rotator 

wheel at 4 ̄ C) prior to centrifugation. Beads were incubated with 500 ml lysis buffer and 

centrifuged prior to the addition of 500 ml cell lysate samples. Beads were incubated with 

samples overnight at 4 ̄C prior to removal of unbound protein via centrifugation. Beads were 

primarily washed with a high salt wash buffer prior to completing the wash steps another four 

times using the standard wash buffer. The beads were transferred to a fresh tube prior to 

centrifugation of the last wash step to remove the presence of unbound protein coating the 
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Eppendorf potentially contaminating the samples. The sample was eluted in 10% SDS prior to 

heating at 95 ̄C for 10 minutes to denature the proteins. A final centrifugation step was 

completed prior to transferring supernatant to a fresh 1.5 mL Eppendorf.  

Co-immunoprecipitation utilising MagStrep "type 3" XT magnetic beads was initially 

conducted as per the manufacturers instructions. Optimisation of the protocol to reduce 

unbound protein was conducted following steps outlined within the protocol of sepharose 

suspension beads, in particular the addition of beads washed with lysis buffer prior to the 

addition of cell lysates, the addition of a high salt wash after incubation of cell lysates with the 

beads, and transferring beads to a fresh Eppendorf during the final wash step. All wash steps 

were conducted using the same volumes outlined in the sepharose suspension bead protocol.  

All samples were stored at -80 ̄ C.  

 

2.2.27.2. Western blotting analysis  

5X Laemmli buffer was diluted into samples and protein was denatured by heating 

samples at 95 ̄C for 10 minutes prior to loading into a 12 % SDS- polyacrylamide gels prepared 

with 5 % stacking gel. Gels were assembled in a gel tank filled with running buffer. 

Polyacrylamide gel electrophoresis (PAGE) was conducted at 180 V until required protein 

resolution was achieved. Using a Trans-Blot Turbo (Bio-Rad) semi-dry trans-blotter, proteins 

were transferred on to a PVDF membrane by soaking thick filter paper in Towbin transfer 

solution and subjected to a constant voltage of 15 V for 30 minutes. Following transfer, 

membranes were blocked in LI-COR-TBS blocking buffer for a minimum of 40 minutes, rocking 

at room temperature. Primary antibody was diluted in LICOR-TBS blocking buffer diluted in TBS 

overnight at 4 ̄C. Prior to the addition of secondary antibody, membranes were washed in TBS-

T for 5 minutes on a rocker at room temperature, three times. Secondary antibody was diluted 

in LICOR-TBS blocking buffer diluted in TBS for 40 minutes protected from the light at room 
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temperature on a rocker. Membranes were washed three times prior to drying membranes on 

clean filter before visualisation on the LICOR Odyssey Sa.  

 

2.2.27.3. Mass-spectrometry analysis  

Huh7 cells were electroporated as previously described and seeded into T175 flasks in 

addition to 100 ml of pooled electroporations seeded onto a 96 well plate. To reduce changes in 

host protein expression as a result of the presence of dead cells, media was changed 24 h post 

electroporation. To reduce changes in host protein expression if Huh7 cells overgrown, once 

cells reached 80% confluency all cells were harvested. Supernatant was collected from all flasks 

and cell lysates were collected as previously described. Cells within the 96 well plate were fixed 

and stained to confirm the presence of NS5A. Supernatant was collected and virus was titred by 

FFA to confirm the production of virus particles. Co-immunoprecipitation was conducted via 

MagStrep "type 3" XT magnetic beads using the optimised protocol as described.  

Mass tandem tag proteomics was conducted by the Centre for Proteome Research (CPR) 

with the University of Liverpool. As per instructions sent by the CPR, all samples were eluted in 

40 ml and quality checked for the presence of tagged protein, using 10 ml of eluted sample, prior 

to conduction of LC-MS/MS. Four technical repeats were performed for each experimental 

group (WT virus not containing a TST within NS5A, JFH-1 WT and DBN3a WT, and samples 

containing a TST within NS5A JFH-1 TST and DBN3a TST). TMT labelling of samples was 

conducted with the CPR facility prior to completion of the LC-MS/MS analysis conducted using 

the Ultimate 3000 RSLCϰ nano-system (Thermo Scientific, Hemel Hempstead) coupled to a Q 

Exactive HF Quadrupole-Orbitrapϰ mass spectrometer (Thermo Scientific). The sample was 

ƭƻŀŘŜŘ ƻƴǘƻ ǘƘŜ ǘǊŀǇǇƛƴƎ ŎƻƭǳƳƴ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎΣ tŜǇaŀǇмллΣ /муΣ олл ˃Ƴ · р ƳƳύΣ ǳǎƛƴƎ 

ǇŀǊǘƛŀƭ ƭƻƻǇ ƛƴƧŜŎǘƛƻƴΣ ŦƻǊ ǎŜǾŜƴ ƳƛƴǳǘŜǎ ŀǘ ŀ Ŧƭƻǿ ǊŀǘŜ ƻŦ п ˃[κƳƛƴ ǿƛǘƘ лΦм҈ όǾκǾύ C!Φ ¢ƘŜ ǎŀƳǇƭŜ 

was resolved on the analytical column (Easy-Spray C18 75 µm x 500 mm 2 µm column) using a 

gradient of 96.2% A (0.1% formic acid) 3.8% B (79.95% acetonitrile, 19.95% water, 0.1% formic 
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acid) to 50% A 50% B over 90 minutes, in the 2-hour program at a flow rate of 300 nL min-1. The 

data-dependent program used for data acquisition consisted of a 60,000-resolution full-scan MS 

scan in the orbitrap (AGC set to 3e6 ions with a maximum fill time of 100ms). The 12 most 

abundant peaks per full scan were selected for HCD MS/MS (60,000 resolution, AGC set to 1e5 

ions with a maximum fill time of 100 ms) with an ion selection window of 2 m/z and normalised 

collision energy of 30 %.  Ion selection excluded singularly charged ions and ions with a greater 

than +6 charge state. To avoid repeated selection of peptides for fragmentation the program 

used a 60-second dynamic exclusion window. 

Analysis of the LC-MS/MS data was initially performed using Proteome Discover 2.4 to 

ascertain labelling efficiency. Data were searched using Mascot against the human database 

(download from UniProt 05/03/23). Data were searched with dynamic modifications of 

Oxidation (M) and TMT label (N-term and K) and with the static modification of 

carbamidomethylation (C). The labelling of samples was assessed and recorded at 87% fully 

labelled. A further 10% of peptides have at least one site labelled. Therefore 97% of peptides 

have a TMT label. Proteome Discover 2.4.was used to integrate all the data for quantitative 

analysis. Data were searched using Mascot against the human database (download from UniProt 

05/03/23) and the supplied fasta file containing proteins of interest. Data were searched with 

dynamic modifications of Oxidation (M) and TMT label (N-term and K) and with the static 

modification of carbamidomethylation (C). 
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Chapter 3. Utilising molecular tools to expose 
different HCV NS5A plasticity and functions in 
comparison to other HCV genotypes  

 
 

3.1. Introduction 

In a clinical setting, it has been well researched and practised for patients to receive 

different treatment depending on the HCV GT they have been infected with (Keikha et al., 2020; 

NHS, 2021). As discussed previously, this is due to different clinical manifestations and disease 

outcomes presented by each genotype. It is therefore important to study the molecular 

differences between the HCV GTs to better inform these treatments.  It is believed NS5A may 

play a crucial role in driving disease pathology due to its multi-functional role. To investigate this 

further, and in direct relation to the primary aim of this thesis, insertion of a protein tag into the 

NS5A of both JFH-1 and DBN3a was performed. By directly comparing JFH-1 and DBN3a, clear 

distinctions can be drawn between the GTs due to the comparable virus propagation 

characteristics previously described by Ramirez et al.  (2016) and an extensive amount of 

literature available based on JFH-1 research. 

Domain III of NS5A is uncharacterised and removal of domain III or insertion by GFP has 

no significant effect on RNA replication (Appel et al., 2005; Moradpour et al., 2004). However, 

some functions have been ascribed to this domain.   For example, Hughes et al. (2009) 

demonstrated that an insertion of 19 amino acid sequence near the C-terminus in all GT2 

isolates enhances the rate of RNA replication and virus production. Contributing to the 

functional role of domain III, Appel et al. (2008) demonstrated that the C-terminus of domain III 

was a determinant for NS5A particle formation. By deleting various regions of domain III in the 

GT2a clone, NS5A co-localisation with the core protein can be disrupted, stopping particle 

formation and resulting in an accumulation of the core protein on the surface of lipid droplets 

(Figure 3.1). Therefore, as different regions of the domain play a role in the production of virions, 
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levels of virion fitness may vary depending on which part of the domain is disrupted which may 

impact pathogenesis, particularly as domain III is one of the more variable regions of the HCV 

genome (Appel et al., 2008).  

 

 

Figure 3.1 Summary of known NS5A domain III functions. 

A diagram compiling the regions of domain III important for RNA replication, virus assembly and 

production, and co-localisation of NS5A and core protein on the surface of lipid droplets.  Annotations; 

amino acid number of JFH-1 NS5A; aa. Information compiled from (Appel et al., 2008) and (Hughes et al., 

2009). 

 
Protein tags can have a multitude of applications. Depending on the tag inserted, they 

may confer increased stability and solubility characteristics to the protein; glutathione S-

transferase (GST) can be used for one-step purification with glutathione protecting against 

proteolysis, small ubiquitin-related modifier (SUMO) helps the stability and folding of a protein, 

as does maltose-binding protein (MBP) that can also be inserted to help protein solubility (Butt 

et al., 2005; Freitas et al., 2022). As NS5A, in particular domain III is uncharacterised, fusing an 

affinity tag to the C terminus of domain III was determined to be least disruptive. Affinity tags 

tend to be small sequences of amino acids allowing detection, immunoprecipitation and 

purification of the fused protein. Such tags include FLAG, hemagglutinin antigen (HA) and 

streptavidin tags (ST). By inserting multiple copies of epitope tags, affinity can be increased 

which may optimise downstream analysis of the protein (Freitas et al., 2022; Keeble et al., 2019). 
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Fluorescence tags may be inserted as a direct method of subcellular localisation experiments 

however, are considerably larger than epitope tags. Regardless of the tag inserted, each tag also 

presents disadvantages; they may disrupt the function and structure of the protein, may need 

to be removed depending on downstream application, possible instability of the protein after 

tag removal, and larger tags may impose a heavy metabolic burden within the host cell (Bell et 

al., 2013). 

This chapter introduces the differences between HCV GT2 and GT3, at both a genome 

replication and a virus propagation level using both the SGR and cell culture virus systems, JFH-

1 and DBN3a, due to their ability to replicate well in cell culture. Protein plasticity is a general 

characterisation of a protein; the ability to alter the structural arrangement of a protein and 

potential protein interactions determined through the identification of tolerable insertion sites 

(Atwell et al., 1997). For example, by comparing the insertion of an epitope tag at corresponding 

aa sites within JFH-1 and DBN3a, it is possible to determine if NS5A plasticity is the same 

between HCV GTs. To explore possible differences of NS5A plasticity and function between GT2 

and GT3, the insertion of an epitope tag and fluorescent tag into multiple sites of the C-terminus 

of domain III was conducted.  
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3.2. Results 

 Limitations of using the IncuCyte S3 to analyse fluorescent 

cells 

Throughout this project, the IncuCyte S3 was used to visualise and quantify cell growth assays 

as well as to define HCV positive cells via fluorescence; direct live cell imaging or in-direct 

staining of cells with sheep anti-NS5A. It is important to note that, depending on the number of 

ǇƻǎƛǘƛǾŜ ŎŜƭƭǎ ƛƴ ŀ ǿŜƭƭ ƻǊ ǘƘŜ ŜƴǘƛǊŜ ǇƭŀǘŜΣ ǘƘŜ LƴŎǳ/ȅǘŜ Ƴŀȅ άƻǾŜǊ-ŜȄǇƻǎŜέ ƛƳŀƎŜǎ ǘƻ ŦƛƴŘ 

fluorescent objects (Figure 3.2). This can occur predominantly when there is little to no 

fluorescence within the plate. Therefore, depending on the analysis parameters set by the user, 

false positives may obscure experiment results. As such, throughout this thesis only three 

analysis parameters are used for the counting of fluorescent cells (Table 3.1). In conjunction 

with using different parameters, when calculating the number of fluorescent positive cells, the 

ƴǳƳōŜǊ ƻŦ ƻōƧŜŎǘǎ ŎƻǳƴǘŜŘ ƛƴ άƳƻŎƪέ ƛǎ ǎǳōǘǊŀŎǘŜŘΣ ŀǎ ǘƘŜȅ ŀǊŜ ŘŜŜƳŜŘ ǘƻ ōŜ ŦŀƭǎŜ ǇƻǎƛǘƛǾŜǎ ƻǊ 

auto-fluorescent cells (a side effect of cell death). When quantifying cell growth, phase is 

calculated by defining the space free with no cells present. As no fluorescence is detected, over-

exposure and risk of false positives is eliminated. Therefore, the same confluency parameter is 

used regardless of the number of fluorescent objects counted or well size used.  
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Figure 3.2 Autofluorescence of cells.  

Shown is an example of mock images taken from an experiment using a 96 well plate with a low amount 

of surrounding fluorescence (NS5A not present in any well on plate) compared to an experiment with an 

adequate to high amount of surrounding fluorescence (NS5A present in multiple wells on plate). Red 

objects were determined using the general HCV analysis ς refer to methods. Images were taken at 10 x 

magnification and scale bars = 400 microns. 

 

Analysis Type When analysis is used 

General Experiment contained lots of positive cells therefore fluorescent 
objects easily defined. Most used analysis type. 

High background There are not many or no fluorescent cells observed. Cells looked 
over-exposed defined by lots of positive cells within the mock 

control. 

Large area There are not many or no fluorescent cells observed in a larger 
ǿŜƭƭ όҔнп ǿŜƭƭ ƛƴ ǎƛȊŜύΦ  tŀǊŀƳŜǘŜǊǎ ŘƛŦŦŜǊ ǎƭƛƎƘǘƭȅ ŦǊƻƳ άƘƛƎƘ 

ōŀŎƪƎǊƻǳƴŘέ analysis. 

 

Table 3.1 Rational of using different IncuCyte analysis parameters.  

wŜŦŜǊ ǘƻ άAppendices: IncuCyte Parametersέ for a breakdown of each analysis parameter. 
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 Differences between JFH-1 and DBN3a virus production 

An in depth, direct comparison of JFH-1 and DBN3a virus production has yet to be 

conducted. Deciphering key differences between JFH-1 and DBN3a cell culture propagated virus 

is important prior to conducting proteomic analysis and comparing virus infection in different 

cell culture models. The HCV cell culture infectious clones JFH-1 and DBN3a were used for the 

completion of in vitro experiments. Ramirez et al. (2018) states that JFH-1 and DBN3a have 

comparable replication and propagation characteristics. To confirm these characteristics with 

our own virus production protocol, either Huh7 cells or Huh7.5 cells were electroporated with 

RNA derived from each respective infectious clone. Supernatant was collected 72 and 144 h post 

electroporation (h.p.e). Virus titration via focus forming assay (FFA) was performed on Huh7.5 

cells to calculate the number of infectious particles per millilitre (focus forming units (FFU)/mL) 

by staining cells with sheep anti-NS5A 48 h post infection (h.p.i). Virus titre was quantified using 

the IncuCyte S3 and red objects count from mock infection was subtracted from experiment 

group results (Figure 3.3 A). No significant differences were noted between the virus titre 

produced from Huh7 cells and Huh7.5 cells for both JFH-1 and DBN3a (Figure 3.3 B). However, 

when Huh7.5 cell supernatant was collected at both 72 and 144 h.p.e, DBN3a virus titres 

increased significantly at 144 h.p.e. (Figure 3.3 C). A trend of increasing virus titre was noted for 

JFH-1 however, was not statistically significant. This suggests that virus propagation of both JFH-

1 and DBN3a is comparable when analysing the derivatives of Huh7 cell lines however, DBN3a 

is producing more infectious virus particles than JFH-1 at 144 h.p.e.  
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Figure 3.3 Characteristics of JFH-1 and DBN3a virus production.  

A) Schematic of the virus production protocol. B) Both Huh7 cells and Huh7.5 cells were electroporated 

with either JFH-1 or DBN3a. C) Supernatants were harvested 72 h.p.e and the virus titre was calculated. 

Only Huh7.5 cells were used to produce virus. Supernatant was collected at 72 and 144 h.p.e and 

normalised to the FFU/mL calculated at 72 h.p.e. A mutation in the GDD amino acid sequence active site 

inactivation polymerase acts a replication negative control; JFH-1 ς GND, DBN3a ς GNN. Virus titre was 

normalised to the WT at 72 h.p.e. Data are presented as mean with standard deviation. Statistical 

significance was tested using one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ 

single pooled variance. P values; ns, P җ0.05;  **, P <0.005.  

B)

C)

A) 72 h.p.e 144 h.p.e

48 h.p.i
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 Differences between JFH-1 and DBN3a virus infection.  

To further compare JFH-1 and DBN3a, infection efficiency of the two viruses was 

investigated. Huh7 cells were infected with either JFH-1 or DBN3a at an MOI of 0.2. At 72 h.p.i, 

cells were stained with sheep anti-NS5A and visualised using the IncuCyte S3 (Figure 3.4 A). 

Visualisation of infected Huh7 cells suggests possible differences between the two infectious 

clones by the localisation of NS5A. JFH-1 appears to flood the cytoplasm of the Huh7 cell. 

Contrary to DBN3a, which appears to be less universal in the cytoplasm with a speckled effect. 

This observation has previously been described in Ward et. al. (2020). In addition, the number 

of cells infected by JFH-1 appears less than the number of cells infected by DBN3a at 72 h.p.i 

despite using the same MOI. Quantitative analysis of the infection was performed (Figure 3.4 B), 

revealing a significant difference in the number of cells infected by DBN3a. The amount of NS5A 

within a cell can be quantified by averaging the red intensity of all infected cells, noted as the 

red calibrated unit (RCU). Results suggest that despite JFH-1 not infecting as many cells as 

DBN3a, there appears to be a greater accumulation of NS5A within JFH-1 infected cells (Figure 

3.4 C), corroborating the differences seen in Figure 3.4 A. These results suggest that there is a 

possible difference in NS5A localisation and accumulation in Huh7 cells during JFH-1 and DBN3a 

infection. Despite JFH-1 not infecting as many cells during the 72 h time course, there is a greater 

accumulation of NS5A resulting in a higher RCU per infected cell.   
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Figure 3.4 Comparison of JFH-1 and DBN3a virus infection.  

A) Representative images of sheep anti-NS5A staining 72 h.p.i. Images acquired on the IncuCyte S3, taken 

at 10 x magnification and scale bars = 400 microns. B) Percentage of infected cells. Quantification of the 

numbers of Huh7 cells infected by either JFH-1 or DBN3a normalised to the number of cells infected by 

DBN3a. C) Quantification of the mean object intensity red calibrated unit (RCU) of each NS5A positive cell. 

Data are presented as mean with standard deviation. Statistical significance was tested using unpaired t 

test assuming both populations have the same standard deviation. P values; ƴǎΣ t җлΦлрΤ ϝϝϝϝΣ t ғлΦллллрΦ 

B)

JFH-1 DBN3a

A)

C)

Mock

400 ́ m

400 ́ m 400 ́ m
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 Evaluation of particle: infectivity ratios for JFH-1 and DBN3a 

To investigate the discrepancy between the number of Huh7 cells infected by JFH-1 and 

DBN3a, despite infecting using the same MOI, two virus quantification methods were evaluated 

for JFH-1 and DBN3a virus produced in Huh7 and Huh7.5 cells. Both cell lines were 

electroporated with the respective full infectious virus genome. Supernatant was collected 72 

h.p.e. The specific infectivity of each virus was calculated; defined as the ratio between the 

number of infectious viruses, measured in FFAs, and the total amount of viral RNA, determined 

by quantitative RT-PCR (Figure 3.5 A). FFA provides quantification of the number of infectious 

virions produced; the number of virions deemed to be successful at infecting naïve cells, 

ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ άŦǳƴŎǘƛƻƴŀƭ ǘƛǘǊŜέΦ RT-qPCR was performed after extraction of RNA in the 

supernatant using a primer set specific for ǘƘŜ ǾƛǊǳǎ рΩ¦¢w. By calculating the number of virus 

genomes in the supernatant by RT-qPCR, the total number of virions produced by either the 

Huh7 or Huh7.5 cells can be calculated, described ŀǎ ǘƘŜ άǇƘȅǎƛŎŀƭ ǘƛǘǊŜέΦ wŜǎǳƭǘǎ ǎǳƎƎŜǎǘ ǘƘŜǊŜ 

is a significant difference between the number of JFH-1 virions released into the supernatant 

when produced in Huh7.5 cells, this difference is a greater during the production of DBN3a 

(Figure 3 B). However, despite a comparable trend, there is no significance between the number 

of virus particles produced and infectious virions when virus is produced in Huh7 cells (Figure 

3.5 C). A ratio between the number of virus particles released and infectious virions during virus 

production shows no significance between JFH-1 and DBN3a for both Huh7.5 cells (Figure 3.5 D) 

and Huh7 cells (Figure 3.5 E) producing virus. For both viruses, there is roughly 1 viable virion 

for every 10,000 virus particles produced. Results suggest that despite DBN3a releasing a larger 

amount of virus particles than JFH-1, both viruses produce a large amount of non-infectious 

virions. Results demonstrate no differences in the ratio of physical and functional virus titres of 

JFH-1 and DBN3a.  
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Figure 3.5 Quantification of the production of viable virus particles.  

A) Schematic of virus quantification methods. The concentration of virus produced by B) Huh7.5 cells or 

C) Huh7 cells determined by RT-qPCR or by FFA. Ratio determined between the number of virus particles 

detected by RT-qPCR and by FFA D) Huh7.5 cells and E) Huh7 cells. Data are presented as mean with 

standard deviation. Statistical significance was tested using unpaired t test, assuming both populations 

have the same standard deviation, if only one condition was compared. If multiple conditions were 

compared statistical significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ 

comparison test, with a single pooled variance. P values; ƴǎΣ t җлΦлрΤ ϝϝΣ t ғлΦллрΤ ϝϝϝϝΣ t ғлΦллллрΦ 

A)

B) C)

D) E)

72 h.p.e

48 h.p.i
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 Temporal analysis of DBN3a and JFH-1 infection kinetics   

One explanation for the more efficient infection exhibited by DBN3a could be that this 

virus established a productive infection more rapidly than JFH-1. To test this, a time course 

evaluating the number of cells infected and the number of virions produced was conducted. 

Huh7 cells were infected with either JFH-1 or DBN3a (MOI=0.2). Media was changed 4 h.p.i to 

remove the inoculum. At each timepoint, Huh7 cells were directly stained with sheep anti-NS5A 

and visualised by the IncuCyte S3 to determine the number of virus infected cells and 

supernatant was collected to perform a virus titration via FFA on Huh7.5 cells to detect the 

number of virus particles produced during each time point.  Red objects count from mock 

infection was subtracted from experiment group results (Figure 3.6 A). Results suggest that the 

first round of virus replication, 4 h.p.i, the number of cells infected is not significantly different 

between JFH-1 and DBN3a virus. There is a general trend of the number of DBN3a infected cells 

increasing between 8, 24 and 48 h.p.i in comparison to JFH-1 infected cells. The number of cells 

infected by JFH-1 compared to DBN3a only becomes significantly different at 72 h.p.i. The 

significant increase in the number of DBN3a virus positive cells between 48 and 72 h.p.i is not 

comparable to JFH-1 infection and was found to be non-significant (Figure 3.6 B). Despite the 

difference in the number of cells infected by JFH-1 and DBN3a at 72 h.p.i, the amount of NS5A 

present within an infected cell, calculated by the average RCU of all positive cells, suggests a 

larger amount of NS5A in JFH-1 infected cells than DBN3a at the later timepoints; 48 and 72 h.p.i 

(Figure 3.6 B). To determine if the possible accumulation of NS5A by JFH-1 is linked to the 

number of virions released, the virus titre produced at each time point was calculated (Figure 

3.6 C). Results suggest that the amount of DBN3a virus produced at 72 h.p.i is higher than the 

amount of virus produced by JFH-1. This data further supports the hypothesis that differences 

between the number of cells infected by JFH-1 and DBN3a at 72 h.p.i are not due to a 

significantly higher number of cells infected by DBN3a during the first round of virus infection. 

These results suggest DBN3a has greater efficiency producing virus particles than JFH-1, 
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resulting in a greater number of cells infected at 72 h.p.i for DBN3a than JFH-1. Virus production 

efficiency between the two cell culture virus clones has not been previously defined. 

Investigating the difference of HCV genome replication dependent on HCV GTs may have clinical 

implications altering treatment outcome during human infection. 
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Figure 3.6 Assessing HCV monolayer infection.  

A) Schematic of virus infection and sample collection. B) The number of Huh7 cells infected by JFH-1 or 

DBN3a. C) Quantification of the mean object intensity red calibrated unit (RCU) of each NS5A positive cell. 

D) FFU/mL calculated for the supernatant collected at each timepoint. Data are presented as mean with 

standard deviation. Statistical significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ 

comparison test, with a single pooled variance. P values; ƴǎΣ t җлΦлрΤ ϝϝΣ t ғлΦллрΤ ϝϝϝϝΣ t ғ0.00005. 

All media changed

4 h.p.i

4 h.p.i

8 h.p.i

24 h.p.i

48 h.p.i

72 h.p.i

48 h.p.i

A)

B) C)

D)
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 Comparison of the genetic plasticity of NS5A domain III 

between JFH and DBN3a 

The second objective of this chapter was to facilitate future research into GT3 NS5A 

function through the insertion of a TST epitope tag. This was conducted by assessing various 

insertion sites to give a greater understanding of permissive and flexible cloning sites which can 

be utilised for further genetic modification of NS5A. Furthermore, it was intended to use the TST 

to facilitate the identification of potential NS5A binding partners through an 

immunoprecipitation and mass spectrometry approach, as previously performed for GT2a 

(Goonawardane et al., 2017). Furthermore, the TST tag was chosen as the presence of two 

epitopes increases the affinity of antibody binding and has previously been inserted into a range 

of viruses; such as RNA virus; SARS-CoV-2 (Demone et al., 2022), DNA virus; varicella zoster virus 

(González-Motos et al., 2017)and, retrovirus; HIV (Ananthaswamy et al., 2019). NS5A protein 

tags already exist in other HCV GT for both SGRs and cell culture infectious clones 

(Goonawardane et al., 2017; McCormick et al., 2006; Ross-Thriepland et al., 2015) (Figure 3.7 

B).To directly compare between GT3 and other HCV GTs, three sites tested in DBN3a directly 

correlate to these previously used sites within other GTS. In addition, a novel site is located at 

the furthest possible point of domain III within the C terminus, without interfering with the 

proteolytic cleavage site between NS5A and NS5B, to further reduce the risk of altering protein 

function (Figure 3.7).  
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Figure 3.7 JFH-1 and DBN3a susceptible insertion sites.  

A) Diagram representing the corresponding insertion sites (Isn) of JFH-1 and DBN3a NS5A insertion sites 

B) Table depicting insertion sites used to tag NS5A in other HCV GTs. Insertion sites are noted by the amino 

acid location in reference to the synthetic construct clones of JFH-1 (GenBank: KY427259.1) and DBN3a 

(GenBank: KX280714.2).  

  

  



 

108 

All of the sites tested in DBN3a were also tested in JFH-1. Initially, the insertion of the 

TST sites were tested in the SGR system (SGR), a system used to isolate and assess RNA 

replication in a containment level 2 environment. Huh 7.5 cells were transfected with 2 ug of in 

vitro transcribed SGR RNA for JFH-1 or DBN3a containing a luciferase reporter. Replication was 

measured by the firefly luciferase reporter by relative light units (RLU) at various time points 

post electroporation; 4, 24 48 and 72 h.p.e (Figure 3.8 A). As expected, all sites tested in JFH-1 

were tolerable to the insertion of TST with no significant changes to RNA replication when 

compared to the wild-type (WT) clone (Figure 3.8 B). However, the C terminal site within DBN3a 

appeared to be the site of highest tolerance, allowing efficient RNA replication with a 1.6-fold 

increase of RNA replication in comparison to WT at 72 h.p.e. Sites further upstream performed 

poorly, with RLU at 72 h.p.e accounting for less than 12% of WT RNA replication (Isn423 ς 7%, 

Isn431 ς 1% and Isn436- 12%) (Figure 3.8 C). If the function and plasticity of NS5A in DBN3a is 

the same as JFH-1, the sites which tolerated in JFH-1 should also be tolerated in in DBN3a. 

However, only the C terminus insertion site within DBN3a allowed RNA replication. Therefore, 

results suggest the plasticity of NS5A domain III differs between HCV infectious cell culture 

clones, JFH-1 and DBN3a.   
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Figure 3.8 Testing tolerable insertion sites of TST in the SGR of JFH-1 and DBN3a.  

SGR replication of A) JFH-1 and B) DBN3a analysed by luciferase assay. Data presented as mean with 

standard deviation. Statistical significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ 

comparison test, with a single pooled variance. P values; ƴǎΣ t җлΦлр. 

 

A)

B)
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RNA replication results suggest that all insertion sites in JFH-1 should be tolerated in the 

virus clone and furthest downstream insertion site will allow the production of viable virus for 

DBN3a. The ultimate aim of this approach was to develop infectious DBN3a clones containing 

TST tags. To this end, the TST tag was inserted into all four sites within NS5A domain III for both 

the JFH-1 and DBN3a infectious clones. After electroporation of in vitro transcribed RNA into 

Huh7.5 cells, virus titration via FFA was performed on naïve Huh7.5 cells to calculate the virus 

titre (FFU/mL) as described previously (Figure 3.9 A). An insertion site was deemed tolerable if 

infectious virions were produced. Despite all insertion sites being tolerated within the SGR of 

JFH-1, only the upstream insertion sites were tolerated with a general decline in virus titres as 

the TST was inserted closer to the C terminus in comparison to WT; Isn418 ς 37%, Isn426 ς 32%, 

Isn431 ς 16% and Isn436 ς 1% (Figure 3.9 B). Interestingly, the opposite results was observed 

for DBN3a, the sites inserted closer to the C terminus of NS5A are most tolerable to the presence 

of the TST in comparison to WT virus titre; Isn423 - <1%, Isn431 - <1%, Isn436 ς 20%, Isn449 ς 

60% (Figure 3.9 C). Results suggest that the tolerated sites for the insertion of an epitope tag 

within the SGR can be suggestive of potential tolerable sites in the infectious virus however, not 

fully representative. In addition, the tolerated sites vary between JFH-1 and DBN3a, alluding to 

the idea that NS5A, in particular domain III, plasticity and potential the function varies between 

the GTs. 
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Figure 3.9 Testing tolerable insertion sites of TST in the C terminus of NS5A domain III for JFH-
1 and DBN3a.  

Virus titre of A) JFH-1 and B) DBN3a collected at 144 h.p.e. Data are presented as mean with standard 

deviation. Statistical significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ 

comparison test, with a single pooled variance. P values; ƴǎΣ t җлΦлрΤ ϝϝϝΣ t ғлΦлллрΤ ϝϝϝϝΣ t ғлΦллллрΦ 

 

B)

A)
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To further analyse potential differences in the functions of NS5A between JFH-1 and DBN3a, 

cell lines stably expressing SGRs were established. The SGR of both JFH-1 and DBN3a containing 

the TST inserted into the most tolerated sites were chosen to be maintained in Huh7 cells (Figure 

3.10 A).  To allow for selection and maintenance of SGR harbouring cells, a neomycin 

phosphotransferase (NPT) gene was cloned in place of the luciferase reporter.  In order to 

provide a functional HCV internal ribosome entry site (IRES), the coding sequence for the first 

12 amino acids of the Core protein (D-Core) (Shimoike et al., 2006) was cloned in frame at the 

рΩ ŜƴŘ ƻŦ bt¢ όCƛƎǳǊŜ 3.10 B). Confirmation of the established stable cell line was completed by 

western blot analysis. Presence of the TST fused to NS5A can be confirmed by the molecular 

weight of the protein, 56-58 kDa depending on the phosphorylation status of NS5A. Additionally, 

scanning the membrane at 700 nm and 800 nm wavelength, displays the NS5A (green) and TST 

(red) at the same apparent molecular weight (Figure 3.10 C). Further confirmation that the 

stable cell line containing the TST can be used for NS5A purification, performed by co-

immunoprecipitation using streptavidin sepharose suspension beads and analysed by western 

blot (Figure 3.10 D). A weak NS5A band is present in the elution of the JFH-1 pull down, 

suggesting a low amount of NS5A is present in the final elution in comparison to DBN3a where 

a strong NS5A band is present.  
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Figure 3.10 Establishment of TST SGR stable cell line.  

A) Diagram outlining the SGR structure containing the neomycin resistance gene. B) Diagram representing 

the corresponding twin streptavidin tag (TST) insertion sites in the NS5A C terminus of JFH-1 and DBN3a. 

Insertion sites are noted by the amino acid location in reference to the synthetic construct clones of JFH-

1 (GenBank: KY427259.1) and DBN3a (GenBank: KX280714.2). C) Confirmation western blot of HCV NS5A 

and TST fusion. D) Confirmation blot of HCV NS5A pull down by presence of TST using streptavidin 

sepharose suspension beads.  
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 Insertion of eGFP into the novel C terminal site of NS5A within 

the DBN3a SGR 

As the insertion of the TST within DBN3a at insertion site Isn449 was tolerated allowing 

RNA replication and the production of infectious virus progeny, the insertion of eGFP was 

investigated. eGFP constructs would be useful for functional analysis of NS5A by conventional 

and newly developed super-resolution imaging technologies. As fluorescent proteins have 

previously been inserted into JFH-1 (Isn418 and Isn426 (Ross-Thriepland et al., 2015; Sahuc et 

al., 2019)) and have proven to be tolerated allowing efficient RNA replication, this was 

performed in the SGR as previous data suggests if an insertion is not tolerated within the SGR, 

it is unlikely to be tolerated in the viral genome. As performed previously, eGFP was inserted 

into the SGR containing the firefly reporter gene upstream of the non-structural HCV proteins 

to test RNA replication (Figure 3.11 A). Huh7.5 cells were transfected with 2 mg of in vitro 

transcribed RNA. SGR replication was measured by the firefly luciferase reporter and relative 

light units (RLU) at various time points post electroporation; 4, 24, 48 and 72 h.p.e (Figure 3.11 

B). Both eGFP alone (Figure 3.11 C), and eGFP flanked by linkers (Figure 3.11 D), was inserted 

into all four previously tested sites. This was investigated to determine if previously deemed 

άƴƻƴ-ǘƻƭŜǊŀǘŜŘέ ǎƛǘŜǎ ǿƻǳƭŘ ōŜ ƳƻǊŜ ǎǳǎŎŜǇǘƛōƭŜ ŀƴŘ ŜȄǇŜǊƛŜƴŎŜ ƭŜǎǎ ŘƛǎǊǳǇǘŜŘ wb! ǊŜǇƭƛŎŀǘƛƻƴ 

when a larger gene is inserted in comparison to insertion at the C terminus site proximal to the 

NS5A-NS5B cleavage site.  Regardless of the presence or absence of linkers, none of the tested 

sites tolerated the insertion of eGFP.  Experiments focussed on the insertion of a fluorescent 

gene into site Isn449 due to previous toleration shown in the presence of the TST, unlike the 

other three upstream sites. To increase the stability of the eGFP and potentially increase the 

translation initiation of the gene, a start codon was placed in front of the eGFP. As such, an eGFP 

was fused without linkers and a start codon was inserted at the start of eGFP sequence to test 

the cloning strategy. Regardless of the addition of the start codon, RNA replication was not 

observed (Figure 3.11 E). To determine if the form of GFP was inhibiting RNA replication, by 
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eGFP inducing a cytotoxic environment, a humanised renilla (hr) form of GFP was inserted 

(Figure 3.11 F). HrGFP originated and optimised from sea pansy Renilla reniformis, unlike eGFP 

which was optimised and derived from the jellyfish Aequorea victoria (Lengler et al., 2005). 

Results suggest, independent of the type of GFP inserted, Isn449 cannot tolerate the insertion 

of eGFP and hrGFP. For all cloning techniques conducted, RLU expression was observed 4 h.p.e. 

This relates in direct translation of the RNA suggesting all cloning strategies did not introduce a 

detrimental fault inhibiting translation. As such, these results suggest the insertion site Isn449 

cannot tolerate as large an insertion as GFP in comparison to the toleration observed with the 

insertion of TST.  
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Figure 3.11 Assessing insertion of GFP into the SGR DBN3a.  

A) Diagram outlining the SGR genome containing the firefly luciferase gene and fluorescent protein 

insertion sites. Insertion sites are noted by the amino acid location in reference to the synthetic construct 

clones of DBN3a (GenBank: KX280714.2). B) Schematic of the SGR replication assay. Luciferase assay was 

conducted on different SGR constructs; C) eGFP inserted into all four sites of interest, D) eGFP flanked by 

linkers inserted into all four sites of interest, E) inserted eGFP into site Isn449 either with or without a 

methionine at the start of eGFP and F) hrGFP inserted only into site Isn449. Data are presented as mean 

with standard deviation. Statistical significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ 

multiple comparison test, with a single pooled variance. P values; ƴǎΣ t җлΦлрΤ ϝϝΣ t ғлΦллр. 

A) B)

C) D)

E)
F)

4 h.p.e

24 h.p.e

48 h.p.e

72 h.p.e
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 Insertion of a large fluorescent protein tag (eGFP) into the 

novel C terminal site of NS5A within the JFH-1 SGR  

As the insertion of the TST was well tolerated in all sites within SGR JFH-1, specifically 

the furthest downstream site proximal to the C terminus, it was of interest to compare our 

DBN3a SGR results to determine whether a larger gene insertion was compatible with genome 

replication and therefore, GT specific. Focus was placed on the insertion of eGFP at amino acid 

location Isn463. As all previous insertions of fluorescent proteins with JFH-1 were flanked by 

linkers to provide flexibility (McCormick et al., 2006; Ross-Thriepland et al., 2015; Schaller et al., 

2007), eGFP was cloned with flanking linkers into Isn463 of the SGR containing the luciferase 

reporter upstream of the HCV non-structural proteins. (Figure 3.12 A). To analyse RNA 

replication, Huh7.5 cells were transfected with 2 ug of in vitro transcribed RNA, followed by 

assessment of luciferase and eGFP expression. SGR replication was measured by the firefly 

luciferase reporter relative light units (RLU) at various time points post electroporation; 4, 24, 

48 and 72 h.p.e, and eGFP expression was analysed for 72 h.p.e by visualisation using the 

IncuCyte S3 (Figure 3.12 B). Typically, the SGR JFH-1 peak replication is reached at 48 h.p.e 

however, as I inserted a large gene, I was cautious the RNA replication time may be delayed. 

Thus, the time course was completed to 72 h.p.e. Initial results suggested the NS5A-eGFP 

containing SGR was not replicating as no eGFP expression could be detected (Figure 3.12 B). To 

further confirm these results, the plate visualised for eGFP was stained for NS5A (Figure 3.12 C) 

as well as performing a luciferase assay to indirectly measure SGR RNA replication (Figure 3.12 

D). Luciferase assay was not performed on the eGFP positive control plasmid as it did not contain 

a luciferase reporter. These results suggest that despite the Isn463 site being tolerant to the 

presence of TST, the length and structure of the insertion may play a role in amino acid site 

susceptibility to insertions.  
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Figure 3.12 Assessing insertion of linker eGFP into the SGR JFH-1.  

A) Diagram outlining the SGR genome containing the firefly luciferase gene and eGFP insertion flanked by 

linkers on either side. B) Time course of eGFP expression after electroporation. C) The cells visualised for 

eGFP were stained with sheep anti-NS5A to determine the number of cells with successful SGR replication 

72 h.p.e. Red object count from mock electroporated cells was subtracted from experiment group results. 

D) SGR of JFH-1 was analysed by luciferase assay. Data are presented as mean with standard deviation. 

Statistical significance was tested by one-way !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ 

with a single pooled variance. P values; ƴǎΣ t җлΦлрΤ ϝΣ t ғлΦлрΤ ϝϝϝϝΣ t ғлΦллллрΦ 

A)

C)

D)

B)



 

119 

 Insertion of eGFP at the novel C terminal site of NS5A within 

the JFH-1 infectious clone  

Although the JFH-1 SGR did not tolerate the larger insertion of eGFP at the C terminal 

site (Isn463), it was formally possible that this insertion of GFP could be tolerated in the 

infectious clone. In addition to this, existing GT2 infectious clones containing fluorescent 

proteins fused to NS5A within domain III were tested (Figure 3.13 A). Schaller et al. (2007) 

demonstrated that the insertion of RFP and GFP flanked by linkers at amino acid site Isn396, was 

compatible with both genome replication and the production of infectious virions. In addition, 

JFH-1 infectious clone derivate with the insertion of eGFP or mCherry flanked by linkers at the 

amino acid site Isn418 were provided by Dr Christopher McCormick (University of Southampton) 

(Figure 3.13 B). Huh7.5 cells were electroporated with 5 mg RNA of the full infectious virus 

infectious virus genome. Fluorescent protein expression and cell growth was analysed for 72 

h.p.e by visualisation using the IncuCyte S3. Initial results demonstrate cells after 

electroporation, testing RNA replication only, without the completion of FFA which determines 

production of infectious virions (Figure 3.13 C). Results suggest the Isn396 and Isn418 insertion 

sites are susceptible to the expression of both eGFP/GFP and RFP/mCherry. Both insertion sites 

follow a trend where the number of fluorescent cells increase until 48 h.p.e and then plateau. 

Interestingly, Isn396 appears to have a greater number of fluorescent positive cells than Isn418; 

Isn418 only exhibits 35-36% fluorescent cells at 72 h.p.e in comparison to Isn396 (Figure 3.13 D, 

E). To determine if the number of positive fluorescent cells is limited due to cells reaching 

confluency, the confluency of cells per well measured 72 h.p.e was measured (Figure 3.13 E). 

Interestingly, all wells, independent of the expression of fluorescent proteins, become confluent 

by 40 h.p.e.  In addition to this, supporting SGR JFH-1 results, insertion of eGFP at the Isn463  

amino acid site does not allow eGFP expression (Figure 3.13 D).  
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Figure 3.13 Assessing expression of fluorescent proteins in the viral genome of JFH-1.  

A) Diagram representing the insertion sites within genotype 2 (GT2) where a fluorescent protein has been 

inserted. B) A table outlining the amino acid sites that had previously been used for insertion of protein 

tags in HCV genotypes. Insertion sites are noted by the amino acid location in reference to the synthetic 

construct clones of JFH-1 (GenBank: KY427259.1). C) Schematic of the protocol to determine virus genome 

replication and expression of the fluorescent proteins after electroporation. Time course of D) GFP and 

eGFP expression and E) RFP and mCherry expression 72 h.p.e. F) Cell growth quantified by the phase 

percentage confluency per well. Data are presented as mean with standard deviation. Statistical 

significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ ǎƛƴƎƭŜ 

pooled variance. P values; ƴǎΣ t җлΦлр.  

Site in JFH1 
(NS5A AA)

TagAuthorGenotype

Isn396Linker 
GFP/RFP

Schaller et al.
(2007)

Jc1
(GT2)

Isn418Linker 
eGFP/ 

mCherry

Christopher 
McCormick

JFH-1 
(GT2)

Isn463Linker 
eGFP

NovelDBN3a 
(GT3)

A)

B) C)

D) E)

F)
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To further quantify the differences in replication between the Isn396 and Isn418 

insertion sites, the mean intensity of each fluorescent positive cell after electroporation was 

investigated; this is indicative of the amount of NS5A present within a fluorescent cell and does 

not measure the number of fluorescent cells.  Due to the inability to subtract background 

fluorescent cells (using the mock control) without using different software parameters per 

sample, the number of green, and especially red, calibrated units being averaged for all 

άǇƻǎƛǘƛǾŜέ ŎŜƭƭǎ Ƴŀȅ ƻōǎŎǳǊŜ ǊŜǎǳƭǘǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ Db5 ǎŀƳǇƭŜΣ ƛƴŎŀǇŀōƭŜ ƻŦ ŜȄǇǊŜǎǎƛƴƎ 

fluorescent protein has a RCU average of 0.5 ς 1 during the 72 h time course, similar to that of 

the fluorescent positive control sample; Jcl Isn396 RFP (Figure 3.14 B). However, GND had less 

than 100 cells identified as positive for RFP expression. The positive control sample, Jcl Isn396 

RFP, had approximately 20,000 cells identified as positive for RFP.  As such green and red 

calibrated units are displayed for all samples (Figure 3.14 A, B), as well as displaying only the 

fluorescent protein inserted samples (Figure 3.14 C, D). Interestingly, when the fluorescent 

protein is inserted into Isn396, results mirror the number of fluorescent cells counted; a peak 

fluorescence intensity per object reached by 48 h.p.e. When the fluorescent protein is inserted 

into Isn418, no peak is reached. These results suggest differences in the expression of 

fluorescent proteins is dependent on the insertion site.  
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Figure 3.14 Assessing the dependence of NS5A expression based on the insertion site of a 
fluorescent protein post electroporation.  

Quantification of the mean object intensity A) green (GCU) and B) red calibrated unit (RCU) calculated for 

all samples. C) GCU and D) RCU for samples expressing fluorescent protein. Data are presented as mean 

with SEM. Statistical significance was tested using one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ 

comparison test, with a single pooled variance comparing the change fold in confluency of cells at 72 

hours. P values; ƴǎΣ t җлΦлр. 

 

  

A) B)

C) D)
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Post electroporation results suggests the expression of the fluorescent protein and the 

number of positive fluorescent cells are dependent on the amino acid insertion site. No 

fluorescence is detected when RFP or GFP is inserted into Isn463. Additionally, results allude to 

differences in the expression of NS5A dependent of the insertion site used as Isn396 expresses 

a greater number of fluorescent cells and calibrated units than Isn418. To confirm NS5A is not 

expressed when eGFP is inserted into Isn463, the cells used to determine fluorescent protein 

expression were also stained with sheep anti-NS5A to determine genome replication 72 h.p.e 

and visualised using the IncuCyte S3. Red object count from mock electroporated cells was 

subtracted from experiment group results (Figure 3.15).  Results confirm NS5A is not expressed 

in in JFH-1 eGFP Isn463. Therefore, RNA replication was occurring when a fluorescent gene was 

inserted into Isn396 and Isn418 however, not when a fluorescent gene is inserted into Isn463. 

These results also highlight that the number of fluorescent/NS5A positive cells are the same 

regardless of the type of fluorescent protein inserted; if eGFP or mCherry is inserted into the 

same site, similar rates of RNA replication will occur.  

 

Figure 3.15 Assessing the expression of NS5A when fused to a fluorescent protein post-
electroporation.  

Data are presented as mean with standard deviation. Statistical significance was tested using one-way 

!bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ ǎƛƴƎƭŜ ǇƻƻƭŜŘ ǾŀǊƛŀƴŎŜ. P values; ns, P 

җлΦлрΤ ϝϝΣ t ғлΦллрΦ 
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Results thus far are limited to investigating RNA replication. To determine the 

production of viable virus progeny, a FFA was performed. Huh7.5 cells were electroporated with 

5 mg RNA of the full infectious virus genome. Supernatant may be collected 72 and 144 h post 

electroporation (h.p.e). Virus titration was performed via FFA on Huh7.5 cells to calculate 

number of virus particles per millilitre (FFU/mL) by staining cells with sheep anti-NS5A. 

Fluorescent protein expression was observed for 48 h.p.i, visualised using the IncuCyte S3, prior 

to staining cells with sheep anti-NS5A. Red object count from mock infection was subtracted 

from experiment group results (Figure 3.16 A). By visualising cells prior to the staining for the 

detection of NS5A, I can confirm all infectious virions contain the fluorescent protein (Figure 

3.16 B, C). Virus titres prior to staining with anti-NS5A suggest only the fluorescent genes 

inserted into the Isn396 site can produce infectious virions expressing a fluorescent protein. To 

confirm WT virus was produced and fluorescent genes inserted into sites Isn418 and Isn496 are 

not capable of propagating virus, FFA plates are stained to detect NS5A (Figure 3.16 D). This 

provides confirmatory results that only Isn396 insertion site can tolerate the insertion of a 

fluorescent gene allowing both RNA replication and the production of viable infectious virus 

progeny; confirming the results of GFP/RFP expression in Figure 3.16 B, C. By comparing 

insertion of fluorescent protein into sites Isn396 and Isn418, I have compared how the IncuCyte 

S3 may be used to greater understand virus genome replication and virus propagation after 

electroporation.  
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Figure 3.16 Assessing insertion of linker eGFP in the viral genome of JFH-1 by production of 
virions.  

A) Schematic of the protocol to determine virus assembly and release. Prior to staining cells for the 

detection of NS5A, cells were visualised for the detection of green (B) and Red (C) fluorescent proteins. 

D) The cells visualised for fluorescent protein expression was stained with sheep anti-NS5A to determine 

the presence of NS5A 48 h.p.i. Virus titre from supernatant collected 144 h.p.e is shown. Data are 

presented as mean with standard deviation. Statistical significance was tested by one-way ANOVA with 

ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ ǎƛƴƎƭŜ ǇƻƻƭŜŘ ǾŀǊƛŀƴŎŜ. P values; ƴǎΣ t җлΦлрΤ ϝϝϝϝΣ t 

<0.00005. 

A)

B) C)

D)



 

126 

 Utilising the foot-and-mouth disease virus 2A sequence to co-

express eGFP and the HCV polyprotein 

The aim of this work was to express NS5A with an eGFP fusion for co-localisation studies; 

ability to analyse NS5A localisation at a sub-cellular level and in conjunction with live-cell 

imaging. However, due to the inability to find a tolerated site within the NS5A of DBN3a 

compatible with RNA replication and production of infectious virions, it was deemed to be 

advantageous to derive a method by which DBN3a positive cells could be identified by 

fluorescence methods.  As an alternative approach therefore, the 2A sequence, derived from 

foot-and-mouth disease (FMDV), was utilised in an attempt to express eGFP independently of 

the HCV polyprotein. This technique has been readily used in a range of different model systems; 

in vitro and in vivo (Lewis et al., 2015; Minskaia & Ryan, 2013). eGFP was flanked by the HCV 

delta core, allowing the correct formation of the IRES, and the 2A sequence results in ribosomal 

skipping and therefore separation of the eGFP protein from the downstream HCV polyprotein 

during translation (Figure 3.17 A). Restriction sites flanking eGFP were introduced to aid 

potential downstream cloning experiments, insertion of RFP for example. This was performed 

in both JFH-1 and DBN3a, to maintain direct comparison of the two HCV GTs. Huh7.5 cells were 

electroporated with 5 mg RNA of the full infectious virus genome. eGFP expression was observed 

at 72 h.p.e, visualisation using the IncuCyte S3, prior to staining cells with sheep anti-NS5A. 

Supernatant was collected 72 h.p.e. Virus titration via FFA was performed on Huh7.5 cells to 

calculate the virus titre by staining cells with sheep anti-NS5A 48 h.p.i (Figure 3.17 B). To 

determine RNA replication post electroporation, cells were visualised for eGFP expression prior 

to staining for NS5A. Interestingly, eGFP was able to express in JFH-1 and not DBN3a (Figure 3.17 

C). This suggests possible differences in HCV protein functions required for RNA replication and 

virus production upstream of NS5A. However, despite expression of eGFP post-electroporation, 

JFH-1 FMDV 2A eGFP was not able to propagate virus suggesting the presence of eGFP and the 

2A sequence is disrupting virus production. 
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Figure 3.17 Effect of inserting eGFP FMDV 2A upstream of the translation of the viral 
polyprotein.  

A) Diagram depicting the viral genome whereby the eGFP was inserted flanked with unique restrictions 

ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŘŜƭǘŀ ŎƻǊŜ ǊŜƎƛƻƴΣ ŀǘ ǘƘŜ рΩ end, and the foot and mouth disease (FMDV) 2A sequence, at 

ǘƘŜ оΩ end. To indicate ribosomal skipping, a line has been inserted between FMDVA 2A and the HCV core 

protein. B) Schematic of the protocol to determine virus assembly and release. C) To determine genome 

replication 72 h.p.e, cells were stained and visualised for both NS5A and eGFP expression. D) Calculated 

virus titre 72 h.p.e. red and green object count from mock infection was subtracted from experiment 

group results. Data are presented as mean with standard deviation.  

A)

B)

C)

D)

72 h.p.e

72 h.p.e

48 h.p.i
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3.3. Discussion 

The work described in this chapter aimed to discover differences between HCV GT2 and 

GT3 both related to infection dynamics as well as genetic plasticity of NS5A domain III. 

Experiments were conducted in vitro using both SGR and cell culture infectious clones, JFH-1 

and DBN3a, allowing a distinction between RNA replication and virus assembly/release between 

the two viruses.  

 

 Exploring IncuCyte S3 image analysis abilities 

As both the SGR and the cell culture virus experiments benefited by the visualisation of 

cells using the IncuCyte S3, the ability to set-up user defined analysis parameters is highly 

advantageous. However, absence of fluorescent objects or variation of well sizes may result in 

the software collecting false positive results. Over-exposed images cannot be controlled by the 

user, however false positives may be removed by altering the analysis parameters and 

subtraction of negative control samples (Figure 3.2). By setting three analysis parameter sets 

used throughout my project, consistency between experiments can be maintained (Table 3.1). 

Verification of IncuCyte results could be conducted by comparing results to other cell counting 

methods; manually counting infected cells or the use of flow cytometry. Flow cytometry,in 

particular, could easily generate the percentage of infected cells and mean fluorescence 

intensity analysis which would be particularly useful when comparing differences between JFH-

1 and DBN3a infected cells. Use of the same the IncuCyte software, or any algorithmic tool 

reduces user bias and ensures the same experiment parameters are set for all samples and all 

biological repeats. This is particularly important to note for the analysis of fluorescence objects 

which is crucial to this project for the quantification of virus titres by FFA.  
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 Efficiency of virus production differs between JFH-1 and 

DBN3a  

As previously mentioned, Ramirez et al. (2016) established a cell culture virus clone of 

HCV GT3a which had comparable RNA replication and virus propagation characteristics to JFH-

1. These characteristics were confirmed during the production of both cell culture viruses using 

the in-house protocol (Figure 3.3). By comparing propagation of virus in both Huh7 cells and 

Huh7.5 cells (Figure 3.3 B), concludes that both viruses follow a similar trend and respond the 

same to the presence of RIG-1 that differs between the two cell lines; Huh7.5 cells, a derivative 

of Huh7 cells, are believed to be more submissive to HCV infection due to a missense mutation 

in RIG-1, involved in the host intracellular antiviral defence (Sumpter et al., 2005). For both JFH-

1 and DBN3a, there is a trend of greater virus propagation in Huh7.5 cells than Huh7 cells. 

However, DBN3a virus has a significant increase in virus titre between the 72 h.p.e and 144 h.p.e 

which is not comparable to JFH-1 virus propagation (Figure 3.3 C). Further differences in virus 

propagation are highlighted when comparing JFH-1 and DBN3a infection of Huh7 cells (Figure 

3.4). As both viruses perform in a similar manner under the stresses presented by Huh7 cells 

(Figure 3.3 B), a significant difference in the number of cells infected by JFH-1 is not due to the 

infection occurring in Huh7 cells instead of Huh7.5 cells. By using the average intensity of 

fluorescence as a measure of the level of NS5A expression there is more NS5A within JFH-1 

infected cells than DBN3a infected cells. However, as less cells are infected by JFH-1, it is 

reasonable to suggest that NS5A is accumulating within an infected cell potentially due to an 

inefficiency of JFH-1 releasing virus progeny (Figure 3.4). 

The difference in the number of infected cells might have been explained by differences 

in specific infectivity of the two viruses. To assess this, two methods of virus quantification were 

used (Figure 3.5ύΦ ¢Ƙƛǎ ŀƭƭƻǿǎ ǳǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ άǇƘȅǎƛŎŀƭ ǘƛǘǊŜέΣ ǘƘŜ ƎŜƴƻƳŜ ŎƻǇƛŜǎκƳL 

calculated by qRT-t/wΣ ŀƴŘ ǘƘŜ άŦǳƴŎǘƛƻƴŀƭ ǘƛǘǊŜέΣ ƛƴŦŜŎǘƛƻǳǎ ǳƴƛǘǎκƳL calculated by FFA 

(Ojosnegros et al., 2011). Interestingly, these ratios change depending on the virus. Lentivirus 
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can have a functional to physical ratio of 1 in 100, SARS -CoV2 can range between 1 in 1000 to 1 

in 1,000,000 and SARS can be 1 in 360 (Despres et al., 2022; Duke et al., 2020). Despres et al. 

(2022) investigated the changes in functional and physical virus titres for different strains of 

SARS -CoV2, linking ratio variations between strains as a potential reason for increased spread. 

This ratio can suggest how efficient an infected cell is at producing infectious virions and 

concludes that both JFH-1 and DBN3a produce roughly 1 functional unit for every 10,000 

physical units produced in Huh7.5 cells (Figure 3.5 D). Critically, the protocol conducted to 

measure the functional to physical ratio of JFH-1 and DBN3a virus did not include treatment to 

remove non-capsulated RNA. Thus, qRT-PCR results are not specific to virions produced and 

include released viral genome that is not capsulated from host cells. Non-capsulated RNA may 

be removed by completing a pre-treatment of propidium monoazide (PMA) prior to RNA 

extraction. PMA is an intercalating dye with a photo-inducible azide group that covalently binds 

to nucleic acids that are non-ŎŀǇǎǳƭŀǘŜŘΣ άǳƴǇǊƻǘŜŎǘŜŘέΣ ǇǊŜǾŜƴǘƛƴƎ ǘƘŜƛǊ ŀƳǇƭƛŦƛŎŀǘƛƻƴ ŘǳǊƛƴƎ 

PCR (Purves et al.). Based on qRT-PCR results gathered in this project, I hypothesise that JFH-1 

is unable to infect as many cells as DBN3a during a 72 h infection as DBN3a is able to release 

more virus particles during the course of infection thereby increasing the likelihood of DBN3a 

releasing more functional units.  

To confirm this hypothesis, samples measuring the number of cells infected and the 

production of virions during the course of a 72 h infection was conducted (Figure 3.6). As there 

is no difference between the number of cells infected at 4 h.p.i, virus entry does not differ 

between JFH-1 and DBN3a. The number of cells infected by JFH-1 and DBN3a virus at 4 h.p.i 

supports our hypothesis that as the infection length increases, there is a greater difference in 

the number of cells infected as there is a greater length of time for DBN3a to produce more 

functional unit virions than JFH-1 (Figure 3.6 B). This is supported by the increasing number of 

virions produced over the course of infection based on the virus titre calculated, in particular 72 

h.p.i (Figure 3.6 D). Additionally, these results mimic the initial investigation into JFH-1 and 
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DBN3a virus propagation; DBN3a producing significantly more virus at 144 h.p.e than JFH-1 

when comparing to the 72 h.p.e virus titre (Figure 3.3 C). However, it is important to note, that 

the virus titre during this infection will increase at 72 h.p.i not only because DBN3a infected cells 

may be producing more virions, but because more cells are infected at this timepoint. To confirm 

if there is a greater number of physical units being released by DBN3a at 72 h.p.i, a qRT-PCR 

ŘŜǘŜŎǘƛƴƎ ǘƘŜ I/± рΩ¦¢w ǎƘƻǳƭŘ have been conducted to compare physical and functional titres.  

Supporting this theory that JFH-1 is unable to release as many virus particles as DBN3a, 

the fluorescence intensity is trending higher for JFH-1 infected cells than DBN3a infected cells 

particularly at the 72 h.p.i (Figure 3.6 C). To gain greater confidence that JFH-1 is maintaining 

virus particles within cells, intracellular virus titres could be compared between JFH-1 and 

DBN3a by freeze thawing infected cells allowing release of virus particles within the cytoplasm. 

Virus titre could be calculated by qRT-PCR and FFA, to determine functional and physical units. 

The buoyancy of intracellular virus could also be investigated to determine if virus particles have 

high-density, reflecting an immature precursor, or low-density, reflecting a mature infectious 

particle due to be released (Gastaminza et al., 2008). If JFH-1 infected cells contain more high-

density particles than DBN3a, it could be suggested that JFH-1 ability to release mature particles 

is restricted. The presence of very low density lipoproteins (VLDL) is associated to lipid droplets, 

which may be hijacked during HCV infection to promote virus production (Miyanari et al., 2007). 

The number of lipid droplets present during JFH-1 and DBN3a infection could be compared by 

confocal microscopy. Fundamentally, if DBN3a can release more virions, the ability of DBN3a to 

manipulate the host cell may differ from JFH-1.  

Multiple virus-host cell factors are involved to ensure successful release of virus 

particles. For example, Diacylglycerol acyltransferase-1 (DGAT1) and cytosolic phospholipase 

A2 (PLA2G4A) are crucial to recruiting the core protein to lipid droplets. DGAT1 interacts with 

both core and NS5A HCV proteins allowing localisation on lipid droplets and ensuring particle 

assembly (Herker et al., 2010; Li et al., 2021). PLA2G4A is essential to produce virus particles as 
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it cleaves lipids containing arachidonic acid. Cleaving of arachidonic acid is crucial for 

establishing a membrane environment that allow efficient incorporation of both host and virus 

factors for the construction of highly infectious virus particles (Menzel et al., 2012). This is 

believed to play a role in membrane homeostasis by altering the phospholipid composition and 

the release of VLDL. This hypothesis is supported by Su et al. (2017), demonstrating PLA2G4A 

increased expression by HCV infection promotes lipid droplet formation. In relation to this 

project, NS5A plays a crucial role in the assembly and envelopment of HCV however I was 

interested in the NS5A progressive role in disease pathology linked to GT3. For example, both 

the VLDL and microsomal triglyceride transfer protein inhibition (MTTP) are involved in HCV 

assembly through interaction with NS5A and disease pathology pathways in GT3.  

During HCV assembly, HCV utilises cell-death-inducing DFFA-like effector B (CIDEB), a 

key regulator of VLDL, to promote the NS5A:ApoE interaction (H. Cai et al., 2016). This 

interaction is required for efficient production of HCV particle assembly and release (Benga et 

al., 2010). The assembly and secretion of hepatic VLDL is regulated by MTTP, which also 

modulates the production of ApoB and ApoE.  Jiang and Lou (2009) performed a knockdown 

ApoE proving its interaction with NS5A as crucial for the assembly of HCV. ApoB is not involved 

in HCV assembly however forms the VLDL required to export the triglycerides into the 

bloodstream. In terms of GT3 pathology, HCV has been reported to inhibit the MTTP pathway 

during HCV GT3 infection by restricting the transfer of lipid molecules to ApoB resulting in the 

degradation of ApoB and a decreased reduction in VLDL production (Perlemuter et al., 2002). 

Research has shown this to be HCV-core protein mediated with all GTs capable of inhibiting the 

pathway. However, Jhaveri et al. (2008) expresses that particular polymorphisms in the core 

protein of GT3a may be the reason why the MTTP is more greatly affected during GT3 infection. 

This is suggestive of a link between NS5A interactions required for particle assembly and release 

within these pathways. The result of this would be disease progression that differs between JFH-

1and DBN3a.  
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As such, it may be suggested that JFH-1 is unable to release virus to the capability of 

that of DBN3a due to a reduction in infection at 72 h.p.i and an accumulation of NS5A in 

comparison to DBN3a. This may be because JFH-1 is unable to manipulate host factors affecting 

virus assembly to the same extent as DBN3a.  This warrants further research specifically 

investigating differentiation of NS5A plasticity, alluding to potential functional differences 

between JFH-1 and DBN3a.  

 

 Insertion of TST demonstrates different plasticity of JFH-1 

and DBN3a NS5A domain III 

To investigate differences between JFH-1 and DBN3a NS5A, an insertion of an epitope 

tag would be greatly advantageous. Insertion of the tag in the C terminus was favoured due to 

the short structural elements present within the N terminus, suggested by Hanoulle et al. (2009), 

as well as an interest in characterising the C terminus domain. Data has been published negating 

the theory as domain III being dispensable to RNA replication; domain III plays a role in virus 

assembly and production (Appel et al., 2008). In addition to this, the amino acid locations within 

the C terminus have been well documented in GT1 and 2 as being susceptible to the insertion 

of epitope tags as well as fluorescent proteins. To directly compare the plasticity of NS5A in JFH-

1 and DBN3a, the same sites were used to insert a TST (Figure 3.7). Despite domain III being 

characterised as tolerant to large heterologous insertions and deletions with no impact on RNA 

replication (Foster et al., 2010), this was only true for JFH-1 (Figure 3.8 A). For SGR DBN3a only 

the C-terminal site (lsn449) was compatible with RNA replication (Figure 3.8 B). This suggests 

that there are significant differences between the plasticity and function of JFH-1 and DBN3a 

RNA replication within domain III. 

To decipher if Isn449 of DBN3a plays a crucial role in the production of virus particles, 

the quantification of virus titres of both JFH-1 and DBN3a containing the TST in all four sites was 
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investigated (Figure 3.9). Within JFH-1, as the TST is inserted closer to the C terminus, there is a 

decline in virus titre, notably with site Isn431. This could be linked to the crucial area required 

for virus production, amino acid location 427 ς 458, due to interaction of NS5A with the core 

protein of HCV (Appel et al., 2008). Failure to produce virus particles with the TST inserted at 

site Isn463 is not surprising as this site is proximal to the cleavage of NS5A to NS5B and the 

amino acid area 427 ς 458, as such the area between these two important areas may be less 

tolerant to the insertion of even a small epitope tag. These insertions within the SGR of JFH-1 

can allow predictions of insertion sites within the virus genome that will successfully produce 

virus particles. However, as the insertion of the TST only worked at the furthest downstream 

point of NS5A in DBN3a, Isn449, and no other insertion sites produced virus particles, there is 

the suggestion that the areas of function discovered in JFH-1 NS5A domain III cannot be 

extrapolated to GT3.  

To summarise, by inserting the TST into all four sites in both the SGR and virus genomes, 

I can conclude that the plasticity and functional areas of domain III NS5A of DBN3a does not 

mirror that of JFH-1. As insertion site Isn418 in JFH-1 and Isn423 in DBN3a has been cited as a 

tolerable site in GT1 via the FK5.1 SGR clone, domain III in GT1 and GT2 may retain similar 

functions. To test this fully, all four insertions should be tested in GT1 in vitro cell culture 

systems. This further alludes to the idea of NS5A domain III within DBN3a as having different 

plasticity and potential functions, yet to be defined. It is important to note, only virus production 

was tested, the presence of the TST in the virus genome and localisation with NS5A and RNA 

replication post electroporation was not tested. Further work would allow this assessment by 

staining the electroporated cells for NS5A as well as a streptavidin antibody for the visualisation 

of NS5A and TST co-localisation by confocal microscopy. 
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 Potential use of stable cell line expressing TST allowing 

proteomic analysis 

  As an alternative approach to understand the differences between JFH-1 and DBN3a 

stable cell lines harbouring the SGR were produced for potential proteomic analysis by co-

immunoprecipitation of NS5A to investigate host protein interactions (Figure 3.10). The TST 

inserted into amino acid site Isn426 within SGR JFH-1 was used as proteomics analysis had 

previously been conducted by Goonawardane et al. (2017) using this site and epitope tag. This 

would allow us to directly compare our results, using the results from Goonawardane et al. 

(2017) as a control to our proteomic protocol and JFH-1 results. Insertion site Isn449 was used 

for the establishment of the DBN3a stable cell line as it maintained the best RNA replication in 

comparison to wild-type.  

Despite confirmation of the established stable cell line by western blot, the elution of 

the co-immunoprecipitation assay suggests a poor pull down of JFH-1 NS5A-TST. As the stable 

cell line was a polyclonal population, the TST coding sequence may have been compromised by 

deletion or point mutation in some cells, resulting in a mixed population. The poor presence of 

the TST tag present in the western blot may provide evidence for this. To eliminate the risk of 

knocking-out the TST during the establishment of the stable cell line, a monoclonal cell line could 

be established after confirmation of the presence of the TST by Sanger sequencing. 

 

 Viral genome replication is impacted by large amino acid 

insertions in previously tolerated TST insertion sites 

3.3.5.1. GFP insertion into DBN3a SGR 

The tolerance of previously tested insertion sites to fluorescent genes, in particular 

Isn449, in the SGR clone of DBN3a (Figure 3.11) was investigated. Primarily all four sites were 

tested, eGFP was inserted with and without linkers, with all sites deemed as non-tolerable 
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(Figure 3.11 C, D). The linkers used, providing structural flexibility, was the same amino acid 

sequence as the linkers used when inserting the TST. When a fluorescent gene has been inserted 

into JFH-1, linkers appear to always be present and the linker type can vary depending on the 

clone produced (McCormick et al., 2006; Ross-Thriepland et al., 2015; Schaller et al., 2007). As 

such, I believe the sequence of the linker used is not the determinant allowing RNA replication 

when a fluorescent gene is inserted, however, I did not test different linkers.  

As expected, the three upstream insertion sites that did not tolerate the insertion of TST 

within the SGR clone did not tolerate the insertion of eGFP, efforts were focussed on the 

susceptible TST insertion site Isn449 when conducting further attempts to express a NS5A fusion 

with eGFP (Figure 3.11 E, F). The insertion of a start codon at the start of eGFP was conducted 

in an attempt to increase the protein structure stability (Aledo, 2019; Valley et al., 2012). 

Additionally, the stability and potential toxicity of eGFP was explored by replacing eGFP with 

hrGFP (Figure 3.11 F). hrGFP is codon-optimised, mutant version of GFP from Renilla reniformis,  

specifically designed for mammalian cell expression (Heim et al., 1995). The potential of eGFP 

inhibiting RNA replication by inducing cellular cytotoxicity during DBN3a expression but not 

during JFH-1 expression was a premature hypothesis; the expression eGFP is not affected during 

co-expression of the DBN3a SGR as noted by the eGFP reporter present in the SGR DBN3a 

established by Ward et al. (2020). This suggests the cellular stress of HCV RNA replication in a 

cell does not exhibit an environment rendering eGFP expression as unstable. I believe the 

fundamental problem inhibiting eGFP expression and RNA replication may be due to the large 

amino acid sequence and structure disrupting the cleavage of NS5A to NS5B. By inserting hrGFP 

instead of eGFP, it could be suggested that hrGFP consists of a slightly different structure than 

eGFP. However, structural differences in hrGFP and eGFP has not been well documented or 

suggested as a factor promoting GFP expression in previous plasmids. To test if it is the structure 

of eGFP inhibits RNA replication, a different fluorescent gene should be inserted. eGFP was not 
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inserted into the virus genome of DBN3a, however, as RNA replication was not achieved in the 

SGR, virus particle production is not likely to occur in any of the four insertions sites. 

 

3.3.5.2. eGFP insertion into JFH-1 SGR 

As the insertion site Isn463 was tolerated during the insertion of a small epitope tag, I 

investigated if this site was also tolerable to a larger insertion; eGFP. If the insertion was 

tolerated, I can conclude that this area of domain III is very susceptible to insertion despite its 

proximity to the NS5A-NS5B cleavage site (Pawlotsky & Germanidis, 1999). Three methods were 

used to test RNA replication, confirming that insertion of eGFP was not tolerated in Isn463 

(Figure 3.12). This was expected due to the increase in size and structure of eGFP in comparison 

to the TST. eGFP consists of 249 amino acids and forms a very distinct structure containing a 

classical b-barrel fold with a helix running through the core of the structure containing the 

chromophore (Arpino et al., 2012). However, TST consists of only 28 amino acids and contains 

two binding units each comprising an eight residue helical confirmation. The ninth amino acid, 

at the C terminus, forms a salt bridge to streptavidin (Schmidt & Skerra, 1993; Wu & Wong, 

2013). By initially cloning eGFP into the SGR in site Isn463, disruption of RNA replication was 

observed. This suggests both RNA replication and virus production will be disrupted by the 

presence of eGFP in site Isn463 of the JFH-1 virus genome.  

 

3.3.5.3. Fluorescent protein insertion into JFH-1 virus 

JFH-1 NS5A fused fluorescent viruses have already been successfully established; Isn396 

allows RNA replication and the production of virus particles (Schaller et al., 2007) and Isn418 

cloned by Christopher McCormick allows RNA replication however, virus production assays had 

not been conducted. Initially, RNA replication of the virus genome with fluorescent proteins 

inserted was tested (Figure 3.13). Corresponding to the literature and suggestive of our previous 

results, eGFP inserted into Isn463 disrupted RNA replication, fluorescent proteins inserted into 
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Isn396 and Isn418 allowed successful RNA replication. Interestingly, expression of fluorescent 

proteins inserted in Isn418, plateaued at a lower number of fluorescent cells per well than 

Isn396 (Figure 3.13 D, E). I hypothesised that Isn418 had a lower number of fluorescent positive 

cells per well as the site was tolerable for RNA replication, allowing cells with electroporated 

RNA to express the viral genome, however, was incapable of producing virus particles and 

therefore did not spread through the cell population during the 72 h time course. This was 

confirmed by analysing cell confluency kinetics, suggesting the plateau of fluorescent positive 

cells for insertion site Isn396 is defined by the number of naïve cells present. 

Fluorescence intensity was analysed to confirm RNA replication and accumulation of the 

viral genome within an electroporated cell. When displaying all samples (Figure 3.14 A, B), a 

fluorescent negative sample may contain false positives after performing the IncuCyte software 

analysis. Interestingly, the analysis parameters for green fluorescence appears to better 

distinguish between positive and negative cells (Figure 3.14 A) than parameters set to identify 

red fluorescence (Figure 3.14 B) based on the clarity of results presented with all samples 

present. This may be due to Huh7.5 cells auto-fluorescing more within the red fluorescent 

channel than green making the distinguishing of false positive objects more difficult.   

Replicating similar results to JFH-1 inefficiency of producing virions compared to DBN3a 

infection, the intensity unit of the fluorescent proteins did not reach a plateau. Contrary to 

Isn418, the intensity unit plateaus by 60 h.p.e for fluorescent proteins inserted into Isn396. I 

believe this is due to a saturation of HCR RNA replication within virus producing cells. A longer 

time course is required to observe peak fluorescence intensity for Isn418 which is not producing 

virus and therefore, may be less efficient at RNA replication (Figure 3.14 C, D). By confirming the 

presence of NS5A within electroporated cells, I  can confirm fluorescence expression is indicative 

of RNA replication (Figure 3.15) and Isn463 is definitively not expressing NS5A. 

By confirming Isn418 is incapable of producing virions, by expression of protein 

fluorescence (Figure 3.16 B, C) and expression of NS5A within infected cells (Figure 3.16 D), I can 



 

139 

conclude that the insertion of TST does not confirm an amino acid site as being tolerable to all 

insertions whether in the SGR or the virus genome. This is probably due to the difference in size 

and structure of eGFP and TST, as mentioned previously. As such, unlike the insertion of the TST, 

the Isn418 insertion site not being tolerable to the presence of a fluorescent gene does not 

deem this amino acid location as crucial to the production of virus particles. However, the 

production of virus particles was only tested by the number of NS5A expressing cells after FFA. 

I cannot exclude the possibility that the insertion of eGFP/mCherry into Isn418 produces virions 

that may be non-infectious; incapable of infecting naive cells. To test this, I would perform qRT-

t/w ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ƻŦ ŜƭŜŎǘǊƻǇƻǊŀǘŜŘ ŎŜƭƭǎ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ I/± рΩ¦¢wΦ  

The insertion of a fluorescent gene into the virus genome and RNA replication and virus 

production assessment may be determined by multiple methods. I suspected site Isn418 was 

not producing infectious virions prior to the completion of the FFA. This highlights the diverse 

range of quantitative analysis the IncuCyte can provide, allowing a higher out-put of results and 

multiple methods of result confirmations.  

As I know, by the insertion of a TST, domain III of DBN3a plasticity is not parallel to JFH-

1. Insertion of eGFP in the corresponding Schaller et al. (2007), amino acid position Isn396 within 

JFH-1, should be tested in DBN3a to confirm if this site is potentially tolerated in other HCV GTs. 

It could also allude to further potential differences or similarities of domain III functions in JFH-

1 and DBN3a. Our results demonstrate that despite differences in tolerated TST insertion sites, 

insertion of eGFP into JFH-1 and DBN3a SGRs follows the status-quo that toleration of insertion 

sites can be dictated by size of the gene inserted. 

 

 Differences of tolerated insertion sites of JFH-1 and DBN3a 

are not limited to NS5A 

By being unable to fuse eGFP onto NS5A, other reporter systems were explored to 

establish a fluorescent reporter within the DBN3a virus genome.  Possibilities considered 
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included the insertion of two NS5A genes; one with a fused eGFP, allowing co-localisation 

studies, and the second allowing cleavage of NS5A to NS5B, which is possibly the inhibiting factor 

of RNA replication. This system was not explored, as downstream studies included specific focus 

of NS5A inducing and promoting HCV disease pathology. Having a system which overexpressed 

our protein of interest could obscure these results, creating a further divide between in vitro 

and in vivo HCV analysis. Producing NS5A fused to a split eGFP system was also discussed, as the 

full eGFP sequence would not be fused onto NS5A; only 16 amino acids constituting the C 

terminus of the b strand would be inserted, and the larger N-terminus 10 b strand would be 

transfected into the cell separately (Dáder et al., 2019). However, downstream experiments 

include a range of different cell culture models trying to recapitulate the architecture of liver, 

including 3D models and PCLS, transfection of cells was not desirable as would place more stress 

on cells and would not mimic a natural HCV infection.  As the length of eGFP was deemed as the 

limiting factor within the genome, inserting eGFP upstream of the HCV genome with 

independent translation of the genes using the FMDV 2A system was investigated (Figure 3.17).  

Minskaia et al. (2013) demonstrates the various factors should be considered and 

adapted when cloning using the FMDVA 2A system, outlining the different sequences of 2A that 

Ŏŀƴ ōŜ ǳǎŜŘ ŀƭǘŜǊƛƴƎ ŎƭŜŀǾŀƎŜ ŜŦŦƛŎƛŜƴŎȅΦ άн!-ƭƛƪŜέ ǎŜǉǳŜƴŎŜǎ Ƴŀȅ ŀƭǎƻ ōŜ ŀŘƻǇǘŜŘ ǎǳŎƘ ŀǎ ǘƘŀǘ 

from Thosea asigna virus (Liu et al., 2017). In our system, RNA replication, but not virus 

production, of the JFH-1 virus genome suggests that despite eGFP being expressed before the 

translation of the HCV polyprotein, there is still disruption to the production of infectious virions. 

No RNA replication or virus production of DBN3a suggests there could be a more systemic 

difference between JFH-1 and DBN3a virus genomes not restricted to NS5A. There is also limited 

output from IncuCyte analysis as there was no visualisation of electroporated cells throughout 

the 72 h.p.e to detected eGFP expression, in particular average intensity unit of a fluorescent 

cells which can decipher limited RNA replication and virus production. Virus production was only 
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assessed 72 h.p.e and not 144 h.p.e despite the possibility of RNA replication and virus 

production efficiency rate declining and requiring a longer time course. 

The identification of differences between JFH-1 and DBN3a at an infection level, by the 

completion of monolayer experiments and a genomic level, specific to NS5A by the insertion of 

small epitope tags and larger fluorescent genes, highlights fundamental differences between 

the two HCV GTs. These differences support future investigation of in vitro HCV infection 

specifically exploring the function of NS5A during DBN3a infection and comparing to JFH-1.  
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3.4. Summary 

¶ IncuCyte S3 allows the in-depth analysis of RNA replication and HCV infection. User 

subconscious bias can be eliminated by using the same analysis parameters consistently 

between biological repeats.  

¶ Despite the same number of Huh7 cells infected by JFH-1 and DBN3a at 4 h.p.i, data 

suggests DBN3a is more efficient at producing virus particles in comparison to JFH-1 

based on a greater number of Huh7 cells infected by DBN3a than JFH-1 at 72 h.p.i.  

¶ Insertion of a small epitope tag, TST, alludes to different plasticity and function of NS5A 

within DBN3a when directly comparing tolerated insertion sites to JFH-1.  

¶ The size of gene insertions can impact RNA replication and virus particle production of 

previously discovered tolerable amino acid insertion sites.  
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Chapter 4. Comparing NS5A host-protein 
interactions between JFH-1 and DBN3a 

 

4.1. Introduction 

Viruses are defined as obligate intracellular pathogens which rely on host cell machinery 

to successfully complete their life cycle. Upon entry, host cell surface receptors and trafficking 

factors are required. Virus genome replication and translation relies on host translation factors. 

Host organelles are required for virus assembly and, virus egress relies on host trafficking 

factors. However, host cell defences have evolved to combat the threat of viral infection via 

pathogen-associated molecular patterns (PAMPs) which triggers the innate antiviral response 

(Shah et al., 2022). During an infection, a virus must combat the antiviral response while 

exploiting host cellular factors to provide efficient virus replication. By understanding virus-host 

protein interactions, I can identify novel drug treatment targets. For example, virus-host 

interactions of influenza virus provide proof-of-concept to targeting host protein interactions 

for viral therapeutics. Inhibition of protein kinase C (PKC) and the Raf-MEK-ERK signalling 

cascade resulted in a reduction in virus production. Since then, more than 80 compounds have 

been identified directly targeting the pathway inhibiting influenza virus replication (de Chassey 

et al., 2014).  

Determining protein interaction networks by proteomic approaches provides a detailed 

understanding of cellular biology. Proteomics provides direct measurements of cellular states 

that cannot be determined by genomic and transcriptomic data where alterations may not result 

to protein changes or reveal post-translational modifications (Wilhelm et al., 2014). A map of 

molecular systems, networks and pathways can generate and directly link to cellular activities 

such as cell proliferation, differentiation and apoptosis. This increases the complexity of sample 

collection as protein expression is altered by time and environmental conditions (Cui et al., 

2022). Protein expression may be analysed using conventional methods such as western blot, 
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immunohistochemistry and enzyme-linked immunosorbent assay (ELISA). High-throughput 

analysis allows greater accuracy and depth of analysis and includes methods such as tissue 

microarray and mass spectrometry (Aslam et al., 2017).  

Mass spectrometry (MS) outperforms immunoassays due to its ability to detect intact 

protein or a subset of composite peptides by utilising the ionisation of protein molecules 

allowing their mass to be calculated based on the mass-to-charge ratio. This allows rapid 

detection and provides quantitative analysis of proteins involved in a complex. Liquid 

chromatography uses a liquid mobile phase for continuous separation of all the proteins in a 

complex and can be combined with mass spectrometry (LC-MS) allowing the separation of a full-

length protein and its fragments in addition to peptide identification. MS qualitative and 

quantitative analysis can be improved by performing LC-MS/MS which uses tandem mass 

spectrometry to gather information on molecular and fragment ion peaks (W. Cai et al., 2016). 

MS data is matched to a protein sequence database and peptide scores, protein scores and 

protein inference results can be provided (Cui et al., 2022; Matthiesen & Bunkenborg, 2013).  

Proteomics has been used widely to expand our knowledge of the HCV life cycle, liver 

pathogenesis, host-altered metabolism, and host immune responses. Expression proteomics 

identifies changes to protein expression in different conditions. Such an analysis was performed 

by Vravas et al. (2022), utilising a Huh7.5 cell line stably expressing the Core+1/Long isoform of 

HCV-1a, an Alternative Reading Frame Protein (ARFP), which is conserved in different HCV 

genotypes. Isoforms of ARFP of the HCV core protein uncovered a molecular signature found to 

be important for the progression of HCV liver disease to cancer by triggering oncogenesis and 

metastasis pathways.de Chassey et al. (2008) suggests a multi-functional role for HCV NS3 and 

NS5A proteins. As well as being involved in RNA replication, NS3 and NS5A interactions were 

found to play a role in the regulation of cellular focal adhesions. This function leads to the 

hypothesis of NS3 and NS5A involvement in liver pathology; promoting tumorigenesis and cell 

detachment from extracellular matrix components. Structural proteomics exposes 3D structures 
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and complexities such as protein interactions with cell organelles, typically using nuclear 

magnetic resonance spectroscopy and X-ray crystallography. Structural proteomics aided 

Lussignol et al. (2016) discovery of the HCV capsid protein interacting with nucleoporin Nup98 

as essential for virion assembly. In addition, HCV mediating replication of the viral genome was 

discovered by Kim et al. (2017) by HCV inducing lipid raft localisation to autophagosomes. 

Functional proteomics identifies the biological role of a protein through the identification of 

protein complexes leading to roles in cellular pathways. Exploiting this method, Kumar et al. 

discovered the interaction of NS2 with the ubiquitin proteasome system, specifically MARCH8, 

a member of the membrane-bound E3 ubiquitin ligases family. MARCH8 mediates K63-linked 

ubiquitination, a type of post-translational modification that regulates the interaction, 

translocation, and activation of proteins, of HCV NS2 which promotes recruitment of the host 

endosomal sorting complex binding to NS2 allowing HCV envelopment.  

Specific to NS5A, many protein interactions have been described in the literature. Ross-

Thriepland et al. (2015), reviewed more than 130 interactions in 2015. Since, then further 

interactions have been described, such as interaction with the nucleosome assembly protein 1-

like protein 1 (NAP1L1) (Goonawardane et al., 2017; Çevik et al., 2017) and apoptosis-

stimulating of p53 protein 2 (ASPP2) (Smirnov et al., 2023). A high number of NS5A to host 

protein interactions supports the hypothesis of NS5A acting as a multi-functional protein. As a 

phosphoprotein, NS5A may be present in two forms, a hyperphosphorylated form, molecular 

weight of 58 kDa, or a hypophosphorylated form, molecular weight at 56 kDa. It is suggested 

that NS5A is able to facilitate a large number of host protein interactions by presenting itself in 

these different forms, acting at spatially and temporally distinct patterns in a host cell, with 

functionally different roles and protein interactions. As such, proteomic analysis of NS5A 

interactions may focus on the phosphorylation status of NS5A. Multiple groups have shown 

phosphorylation sites of NS5A to be crucial for genome replication (Chong et al., 2016; Cordek 

et al., 2014; Lee et al., 2016). Cordek et al. (2014) proposed that phosphorylation and other post-
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translational modifications allow expansion of the viral proteome under limited coding capacity. 

Chon et al. (2016) demonstrated that serine-235 phosphorylated by casein kinase 1a (CK1a) 

promotes HCV replication by increasing NS5A interaction with vesicle-associated membrane 

protein-associated protein A (VAP-A). Goonawardane et al. (2017), demonstrated that the 

phosphorylation status of NS5A, specifically serine 225, plays a crucial role in NS5A to host 

protein interactions within the SGR; NAP1L1, bridging integrator 1 (Bin1), and VAP-A. Based on 

the phosphorylation status of the protein, genome replication and the subcellular localisation 

of replication complexes were altered.  

Smirnov et al. (2023) performed similar proteomic analysis, a streptavidin tag inserted 

into the C terminus of NS5A within the infectious JFH-1 clone, unlike the use of the SGR by 

Goonwardane et al. (2017). Similar to Goonawardane et al., proteomic analysis identified 

previously described interactors of NS5A, Bin1 and NAP1L1, identifying protein interactions as 

occurring in both the SGR and infectious clone. Smirnov et al. (2023) characterises the 

interaction of ASPP2 to NS5A, an interaction not previously identified in SGR proteomic analysis, 

however previously identified in a yeast two-hybrid assay (de Chassey et al., 2008). During HCV 

infection, ASPP2 is described as binding to NS5A via its SH3 domain promoting HCV RNA 

replication and spread of HCV transmission. Unlike research by Goonwardane et al. (2017), there 

was no association of NS5A-ASPP2 interaction being specific to the phosphorylation state of 

NS5A. As ASPP2 binds to the polyproline motif of NS5A, Smirnov et al. (2023) describe the 

interest in understanding the influence NS5A-ASPP2 complex influencing the serine/threonine 

NS5A phosphorylation status, which requires interaction of the proline rich region to the SH3 

domain.  

To date, proteomic analysis of HCV has only used patient samples, HCV SGR or the JFH-1 

infectious clone. As I hypothesise NS5A in GT3 promotes liver pathogenesis, allowing a more 

rapid progression of liver disease and increased severity, I utilised the insertion of a TST within 

NS5A of JFH-1 and DBN3a to directly compare NS5A virus to host proteins interactions. This was 
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utilised to directly analyse functional differences between GT2 and GT3 NS5A which have not 

been accomplished to date. 
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4.2. Results 

 Evaluating NS5A immunoprecipitation by sepharose 

suspension beads  

As I have established cell culture infectious clones of JFH-1 and DBN3a containing a TST 

in domain III of NS5A, amino acid insertion site JFH-1 Isn426 and DBN3a Isn449, I evaluated the 

immunoprecipitation of NS5A with any interacting proteins from these infectious clones. To 

confirm efficient immunoprecipitation of HCV NS5A, visualisation of NS5A from infectious clones 

via SDS-PAGE and western blotting was performed. At 72 h.p.e, cell lysates of Huh7 cells 

electroporated with HCV infectious clones were harvested (Figure 4.1 A). The control 

immunoprecipitation was performed on Huh7 cells electroporated with the WT HCV infectious 

clones without the TST tag. Following pulldown, 10 mL of the elution was visualised by SDS-PAGE 

and western blot analysis (Figure 4.1 B). Presence of NS5A can be confirmed by the apparent 

molecular mass of protein, NS5A at 56-58 kDa. Input samples confirm the presence of NS5A in 

cell lysates (WT and TST). NS5A for both the control pulldown (WT) and TST containing infectious 

clones is absent in the elution samples. This suggests the pulldown does not contain sufficient 

enrichment of NS5A for proteomic analysis. To further evaluate the presence of NS5A in 

pulldown elution samples, the remaining 30 mL of elution was analysed by western blot (Figure 

4.1 C). Results suggest the protocol is capable of JFH-1 NS5A-TST pulldown however, not in a 

sufficient quantity to be visualised by using 10 mL of elution. Pulldown of DBN3a NS5A-TST was 

unsuccessful, as evidenced by a lack of NS5A within the elution of the immunoprecipitation 

despite presence of NS5A within input sample. All pulldown controls did not contain NS5A in 

elution samples. Results suggest efficiency of TST pulldown is low thus requiring optimisation of 

the protocol either through increased concentration of input virus to ensure sufficient pulldown 

or altering the stringency of wash/elution conditions.  
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Figure 4.1 HCV TST virus immunoprecipitation utilising sepharose suspension beads.  

A) Schematic of cell lysate production protocol. Immunoprecipitation was completed using streptavidin 

sepharose suspension beads and visualised by western blot.  Western blot visualised by the LI-COR Sa 

Odyssey. Inputs show cell lysate controls. Elution samples were collected after immunoprecipitation B) 

10 mL of sample. C) 30 mL of sample. 
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 Optimisation of NS5A immunoprecipitation by sepharose 

suspension beads 

To gain a more concentrated sample of NS5A in the elution from immunoprecipitation 

by sepharose suspension beads, I attempted to increase the concentration of NS5A within the 

input cell lysate. I hypothesised that by increasing the amount of RNA electroporated into Huh7 

cells this would increase NS5A expression. Thus, to increase the presence of NS5A within cell 

lysates either 5, 7.5 or 10 mg of in vitro transcribed JFH-1 or DBN3a WT RNA was electroporated 

into Huh7 cells. Cell lysates were collected 72 h.p.e to investigate the relative amounts of NS5A 

via western blot and densitometry analysis (Figure 4.2 A). Western blot confirms the presence 

of NS5A and housekeeper control actin for all cell lysates collected. Despite increasing the 

amount of RNA electroporated into Huh7 cells, there was no significant difference in the 

expression levels of NS5A present in cell lysates for both JFH-1 and DBN3a. Virus titres were 

calculated from supernatant collected at 72 h.p.e (Figure 4.2 B C). Virus titre was normalised to 

the titre calculated from Huh7 cells electroporated with 5 mg HCV RNA at 72 h.p.e, as this was 

the standard amount of RNA electroporated into cells. There was no significant difference in the 

virus titres when increasing the amount of RNA electroporated into Huh7 cells. Reflecting 

western blot analysis, the amount of virus produced does not increase in a linear trend to the 

increasing amount of RNA electroporated into Huh7 cells. These results suggest 

immunoprecipitation via sepharose suspension beads cannot be optimised by increasing the 

presence of NS5A present in cell lysates through the amount of RNA electroporated into Huh7 

cells.  
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Figure 4.2 Detection of NS5A in Huh7 cell lysates.  

Huh7 cells were electroporated with either 5, 7.5, or 10 mg RNA of the infectious virus clones. Supernatant 

and cell lysates was collected 72 h.p.e. A) Cell lysates were visualised by western blot allowing 

densitometry analysis of NS5A to actin. Representative western blot visualised by the LI-COR Sa Odyssey 

and densitometry results normalising NS5A expression to actin housekeeper control. Virus titre at 72 h.p.e 

B) JFH-1 and C) DBN3a. Data presented as mean with standard deviation. Statistical significance was 

tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ single pooled variance. 

P values; ƴǎΣ t җлΦлр. 
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ǵ ǵ ǵ ǵ
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ǵ

ǵ
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 Immunoprecipitation of NS5A via MagStrep magnetic beads 

As I was unable to increase the expression of NS5A within cell lysate samples, it was 

deemed sepharose suspension beads were not able to provide the adequate amount of NS5A 

required to perform proteomic analysis. I hypothesised magnetic beads may provide a higher 

binding capacity to the streptavidin and reduce sample loss during wash steps, providing higher 

specificity and thus would provide an adequate pulldown of NS5A. To investigate this, Huh7 cells 

were electroporated with 5 mg in vitro transcribed HCV RNA (WT and TST infectious clones). Cell 

lysates were collected 72 h.p.e and iƳƳǳƴƻǇǊŜŎƛǇƛǘŀǘƛƻƴ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ōȅ aŀƎ{ǘǊŜǇ άǘȅǇŜ оέ 

XT beads. All elution samples were visualised with 10 mL of the total 40 mL elution collected. 

Immunoprecipitation was conducted following the protocol outlined by manufacturers 

protocol. The presence of NS5A for both WT and TST clones was visualised by western blot 

(Figure 4.3 A). The control immunoprecipitation, WT JFH-1 infectious clone, suggests inadequate 

wash steps as NS5A is present in the elution sample, which would not be acceptable for 

proteomic analysis. Therefore, the iba Ltd. protocol was optimised by introducing a primary high 

salt concentration wash after the incubation of cell lysates with magnetic beads and changing 

of Eppendorfs prior to the final wash step to remove unbound protein presence on the walls of 

the Eppendorfs (Figure 4.3 B). As control samples, JFH-1 and DBN3a WT, contain NS5A in the 

eluted samples, results suggest the optimised protocol is sufficient to remove non-specific 

ǇǊƻǘŜƛƴ ŎƻƴǘŀƳƛƴŀǘƛƻƴΦ ¢Ƙƛǎ ǇǊƻǾƛŘŜǎ ŎƻƴŦƛŘŜƴŎŜ aŀƎ{ǘǊŜǇ άǘȅǇŜ оέ ·¢ ōŜŀŘǎ Ƴŀȅ ōŜ ǳǎŜŘ ŦƻǊ 

the immunoprecipitation of samples required for proteomic analysis without further 

optimisation.  
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Figure 4.3 Optimisation of immunoprecipitation utilising magnetic beads.  

Input refers to cell lysate prior to immunoprecipitation. Elution refers to samples collected after 

immunoprecipitation. Samples were analysed by western blot and visualised by the LI-COR Sa Odyssey. 

Two immunoprecipitation protocols were completed. A) As outlined by the manufacturers protocol.  The 

presence of NS5A and TST was visualised, scanning the membrane at 700 nm and 800 nm wavelength, 

displays the NS5A (green) and TST (red).  B) Optimised protocol using a high salt concentration wash and 

changing of Eppendorfs. The presence of NS5A and TST was visualised, scanning the membrane at 700 

nm and 800 nm wavelength, displays the NS5A (red) and TST (green).   
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 HCV proteomic analysis reveals similar NS5A interactions of 

JFH-1 and DBN3a 

To investigate the interaction partners of HCV NS5A, a immunoprecipitation of NS5A-

TST was performed at 72 h.p.e in Huh7 cells. To confirm the presence of NS5A in eluted samples 

all technical repeats were analysed by western blot to confirm the presence of NS5A (Figure 

4.4). Following pulldown and western blot confirmation, technical samples were analysed by LC-

MS/MS to identify proteins captured by HCV NS5A. Using a tandem mass tag quantification 

approach, protein abundance was analysed by Proteome Discover 2.4 (Figure 4.5). Proteome 

Discover defines a protein as present within an experimental group if 3 of the 4 technical repeats 

express that a particular protein. Overall, a total of 330 proteins were identified with high 

confidence (false discovery rate 1%). Protein abundances were normalised to the median across 

each channel and scaled to the control (pooled) samples. Many protein interactions are 

unchanged and therefore it is hypothesised that there would be an even distribution of protein 

intensities across all the channels. Normalisation and scaling are more challenging in pull-down 

experiments because the background proteome has been depleted. The median of each channel 

should be the same post-normalisation. Therefore, the pre-normalised data has been exported 

out of the Proteome Discover and further analysis was conducted in Perseus. Presented in this 

data, strict analysis parameters were set by logging the P values, the analysis may be relaxed by 

removing the log which may allow more proteins being identified as significantly different. I 

identified 4 potential interactors of HCV NS5A as being significantly altered in their abundance 

between JFH-1 and DBN3a. Volcano plots distinguish between significantly different protein 

abundances, P value of 0.5 or lower, as well as variable mean change between technical repeats, 

-log P. Volcano plots outlines the comparisons of protein abundance between each 

experimental group (JFH-1 WT/JFH-1 TST/DBN3a WT/DBN3a TST) (Figure 4.6). Comparing WT - 

TST samples, suggests NAP1L1 is the only host protein interactor of NS5A in JFH-1 that was 

significantly enriched as the protein is present in the TST sample and not the WT 
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(immunoprecipitation negative control). Comparison of the WT-TST of DBN3a suggests there 

are no potential protein interactions of the host proteins to HCV NS5A of DBN3a. Comparison 

of WT ς WT samples (JFH-1 and DBN3a virus without TST tagged NS5A) suggests the expression 

of the 40S Ribosomal Protein S7 and S24 may be defined as background binding and not specific 

to NS5A (Figure 4.6 A B C). Comparison of the TST only samples (Figure 4.6 D), suggests NAP1L1 

interacts with the NS5A of JFH-1 but not NS5A of DBN3a. A list of the potential top 9 different 

protein interactors of NS5A between JFH-1 TST and DBN3a TST (Table 4.1) provides further 

insight into other protein interactions that may differ between JFH-1 and DBN3a NS5A, however, 

were not deemed as significantly different using the strict metric analysis. These proteins include 

endoplasmic reticulum chaperone protein (GRP78) and aldo-keto reductase family 1 member 

C2 (AKR1C2). Interestingly, JFH-1 NS4A protein interaction is not noted as significant when 

comparing JFH-1 TST and DBN3a TST. In addition to this, the presence of other HCV poly protein 

products interacting with NS5A of either JFH-1 or DBN3a have not been noted.  

When comparing our results to Goonwardane et al.(2017), 12 out of the 29 significantly 

different proteins between WT to TST JFH-1 samples were found in our proteomic results. When 

comparing our identified proteins to Smirnov et al. (2023) hits, only 7 out of 268 proteins were 

identified. Of all the proteins identified in both the Goonwardane et al. (2017) and Smirnov et 

al. (2023) data, only one was significantly different between WT and TST in our analysis (for both 

relaxed and strict analysed data parameters); NAP1L1. GRP78 and AKR1C2 were not identified 

in either protein interactome results. Our results suggest few differences between potential 

interactors of NS5A JFH-1 and DBN3a and inability to identify previously noted NS5A interacting 

partners in our model.  
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Figure 4.4 Representative image of immunoprecipitation samples sent for proteomic analysis.  

Input refers to cell lysate prior to immunoprecipitation. Using 10 mL of the 40 mL eluted volume, elution 

refers to samples collected after immunoprecipitation using aŀƎ{ǘǊŜǇ άǘȅǇŜ оέ ·¢ ōŜŀŘǎ. Samples were 

analysed by western blot and visualised by the LI-COR Sa Odyssey.  
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Figure 4.5 Proteomic samples protein abundances.  

Protein abundances were calculated in PD and then imported into Perseus. Entries were filtered on having 

a minimum of 3 valid values in at least one condition. Channels were normalised by dividing by the median 

of the channel. Missing values were imputed based on a normal distribution with a downward shift of 1.2 

and a width of 0.5. Results were log2 transformed.  
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Figure 4.6 Volcano plot of NS5A interactions between JFH-1 and DBN3a.  

Potential protein interactors were determined by LC-MS-MS analysis. To confirm protein interactions are 

specific, multiple samples were compared A) JFH-1 TST vs JFH-1 WT, B) DBN3a TST vs DBN3a WT, C) DBN3a 

TST vs JFH-1 TST D) WT DBN3a vs WT JFH-1. The x-axis represents the difference of protein expression 

between experimental groups. The y-axis outlines the abundance of the protein in the sample. Red 

signifies a protein in significance abundance. E) A summary table of protein defined as significantly 

different in abundance between samples. Black lines indicate q-value significances; p-value <0.05 defined 

as significant and -Log P defining variance between technical repeats.  
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Table 4.1 Differences between JFH-1 TST and DBN3a TST NS5A protein interactions.  

NS5A protein interactions identified by LC-MS/MS. Protein abundance was calculated in Proteome 

Discover, the average of four experimental repeats is shown. Protein analysis was completed in Perseus 

where entries were filtered by having a minimum of 3 valid values in at least one condition. ++ signifies 

significance calculated by strict matrix analysis. + signifies significance calculated by relaxed matrix 

analysis. 

DBN3a 
Average 

Abundance

JFH-1 
Average 

Abundance
DescriptionAccessionDifference

-LOG(P-
value)

Significant

1.9804814.95380378
JFH1_Cleaved_NS5A_Ta

gged

JFH-1 
Cleaved 

NS5A 
Tagged

-2.97332283.949859
++

-0.32876961.97407952

Nucleosome assembly 
protein 1-like 1 

OS=Homo sapiens 
OX=9606 GN=NAP1L1 

PE=1 SV=1

P55209-2.30284913.214686
++

3.269965531.47461371
DBN3A_Cleaved_NS5A_

Tagged

DBN3a 
Cleaved 

NS5A 
Tagged

1.795351823.159318
++

1.537792772.25136679

Endoplasmic reticulum 
chaperone BiP

OS=Homo sapiens 
OX=9606 GN=HSPA5 

PE=1 SV=2

P11021-0.7135742.506537
+

0.05316050.46005125

Aldo-keto reductase 
family 1 member C2 

OS=Homo sapiens 
OX=9606 GN=AKR1C2 

PE=1 SV=3

P52895-0.40689072.470161
+

3.870133224.51557267

Heat shock cognate 71 
kDa protein OS=Homo 

sapiens OX=9606 
GN=HSPA8 PE=1 SV=1

P11142-0.64543942.418328
+

-1.964975-0.9983589

Heat shock 70 kDa 
protein 1A OS=Homo 

sapiens OX=9606 
GN=HSPA1A PE=1 SV=1

P0DMV8-0.96661612.220295
+

-0.8747625-0.1715905

Protein disulfide-
isomerase A3 OS=Homo 

sapiens OX=9606 
GN=PDIA3 PE=1 SV=4

P30101-0.7031722.172311

1.320512321.87283948

Pyruvate kinase PKM 
OS=Homo sapiens 

OX=9606 GN=PKM PE=1 
SV=4

P14618-0.55232721.899176
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 Confirmation of NS5A proteomic analysis  

To confirm the results of the proteomic analysis, the presence of NAP1L1 and GRP78 

within our eluted samples was investigated. Primarily, expression levels of NAP1L1 and GRP78 

were investigated in samples sent for proteomic analysis by utilising western blots confirming 

NS5A presence prior to sending samples (Figure 4.7 A). The membrane was re-probed with 

antibodies to the two proteins, NAP1L1 (dual band detected 52 and 60kDa) and GRP78 (78 kDa) 

both visualised in green. NS5A was previously probed and shown in red. Neither NAP1L1 nor 

GRP78 were detected in any elution samples, however, both were detected in all input samples. 

To determine if the presence of NAP1L1 and GRP78 was below the limit of western blot 

detection in the 10ml sample analysed, the remainder of the sample (30 ml) was also analysed 

by western blot (Figure 4.7 B) however, there was no detection of NAP1L1 or GRP78 in elution 

samples. As the positive control failed to indicate efficient antibody binding, it was 

undetermined whether NAP1L1 or GRP78 had a specific interaction with NS5A.  
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Figure 4.7 Confirmation of NAP1L1 interacting with HCV NS5A.  

A) Western blot originally used to confirm protein samples prior to running LC-MS/MS analysis. Western 

was re-probed for NAP1L1 and GRP78. Input refers cell lysate that did not undergo immunoprecipitation. 

Elution refers to samples collected after immunoprecipitation. 10 mL of sample was visualised. B) Eluted 

samples for proteomics analysis was visualised on a western blot containing 30 mL elution.   
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As I was unable to detect NAP1L1 and GRP78 in elution samples of infectious virus, I 

hypothesised the potential interaction of NS5A JFH-1 to these host proteins may be dynamic 

during the virus life cycle. To test our hypothesis, immunoprecipitation of NS5A in JFH-1 and 

DBN3a was conducted in Huh7 cells stably expressing the SGR HCV (WT and TST clones). Huh7 

cells expressing the WT and TST clones of JFH-1 and DBN3a were harvested and underwent 

immunoprecipitation via aŀƎ{ǘǊŜǇ άǘȅǇŜ оέ ·¢ ōŜŀŘǎ. All elution were analysed by western blot 

for the detection of NS5A, NAP1L1 and actin (Figure 4.8 A).  Results are consistent with 

immunoprecipitations containing infectious virus. The elution of SGR HCV containing TST 

successfully immunoprecipitated NS5A however, did not contain NAP1L1, and all input samples 

contained NS5A and NAP1L1. These results suggest proteomic analysis is more sensitive in 

detecting protein expression in comparison to western blot analysis. 
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Figure 4.8 Comparing HCV NS5A NAP1L1 interaction in HCV SGR.  

A) Huh7 cells stably expressing the HCV SGR. Cell lysates underwent immunoprecipitation completed 

using MagStrep άǘȅǇŜ оέ ·¢ ōŜŀŘǎΦ LƴǇǳǘ ǊŜŦŜǊǎ ŎŜƭƭ ƭȅǎŀǘŜ ǘƘŀǘ ŘƛŘ ƴƻǘ ǳƴŘŜǊƎƻ ƛƳƳǳƴƻǇǊŜŎƛǇƛǘŀǘƛƻƴΦ 

Elution refers to samples collected after immunoprecipitation NS5A interactions were analysed by 

western blot and expression of NS5A and NAP1L1 visualised by the LI-COR Sa Odyssey.  
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 Optimisation of siRNA silencing of NAP1L1 gene expression 

As the interaction of NAP1L1 with NS5A of JFH-1 has been previously described 

(Goonawardane et al., 2017; Çevik et al., 2017), to further investigate the importance of NAP1L1, 

I initially used an siRNA approach to ablate NAP1L1 expression and determine the effect on 

replication of the two isolates.  I expected a reduction of JFH-1 genome replication and infection 

of cells in the presence of reduced NAP1L1 expression. Contrary to JFH-1, I expected to see no 

change in DBN3a genome replication or infection in the presence of reduced NAP1L1 presence. 

Primarily, I focused on the optimisation of NAP1L1 siRNA silencing. Huh7 cells were transfected 

with a pool of siRNA targeting NAP1L1; transfection was completed using Lipofectamine 2000 

or RNA iMax containing either 10 nM or 40 nM of siRNA in addition to varying the change in 

media 6 h post transfection. A negative control scrambled (Scr) RNA, comprising of a human 

non-targeting nucleotide sequence, distinguishes sequence-specific RNA silencing from non-

specific effects. At 48 h post transfection, cells were visualised by IncuCyte S3 determining cell 

growth and harvested for western blot analysis to detect protein expression (Figure 4.9 A). 

Protein expression visualised by western blots detecting for NAP1L1 (52-60 kDa) and actin (45 

kDa), were analysed by densitometry (Figure 4.9 B). NAP1L1 protein expression was normalised 

to the housekeeper control, actin, and compared to the NAP1L1 expression in the scrambled 

control of the same performed under the same transfection method.  Results suggest adequate 

silencing of NAP1L1 when using Lipofectamine 2000. When changing media 6 h post transfection 

there was a 67% silencing of NAP1L1 using 10 nM siRNA, and there is suggestion of a greater 

silencing effect (72%) when transfecting 40 nM siRNA. The optimal condition of siRNA silencing 

was determined to be transfection of 10 nM siRNA without a media change (95% silencing). RNA 

iMax may provide greater silencing efficiency than Lipofectamine 2000 as both the 10 nM 

transfection and 40 nM transfection provides a greater silencing in comparison to Lipofectamine 

2000 (10 nM ς 89%, 40 nM ς 87%. Contrary to Lipofectamine 2000, not changing the media post-

transfection using RNA iMax appears to negatively impact siRNA expression as there was an 8% 
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reduction of gene expression in comparison to the scrambled control. To determine the health 

of the cells post-transfection, the confluency of cells was analysed by imaging the wells using 

the IncuCyte S3. For both Lipofectamine 2000 (Figure 4.9 C) and RNA iMax (Figure 4.9 D), there 

is suggestion the confluency of cells decrease when a higher amount of siRNA is transfected (10 

nM vs 40 nM) and cell confluency appears to be greatly negatively affected when media is not 

changed post-transfection regardless of the transfection reagent used. In addition to this, the 

confluency of cells does not appear to be dependent on the siRNA or scrambled control groups 

suggesting changes in cell confluency is not dependent on the siRNA target.  By using cell 

confluency as an indication of cell health in addition to protein expression analysis by 

densitometry, results suggest RNA iMax can silence cells more efficiently than Lipofectamine 

2000 while maintaining healthy cell division.  
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Figure 4.9 Optimisation of NAP1L1 siRNA silencing.  

A) Schematic of siRNA silencing evaluation experiment. Cell lysates were collected for western blot 

analysis. B) Protein expression was visualised by western blot allowing densitometry analysis. 

Representative western blot visualised by the LI-COR Sa Odyssey and densitometry results normalising 

NAP1L1 (highlighted in green box of western blot) expression to actin (highlighted in red box of western 

blot), housekeeper control and compared to the corresponding scramble control of that experiment 

condition. Cell growth was analysed for the different transfection reagents used, C) Lipofectamine 2000 

and D) RNA iMax.   
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 NAP1L1 impact on HCV genome replication 

Evaluation of previous literature suggests contradictory requirements of NAP1L1 for 

efficient HCV genome replication (Goonawardane et al., 2017; Çevik et al., 2017). To investigate 

the requirement of NAP1L1 interacting with HCV proteins for genome replication, Huh7 cells 

stably harbouring the SGR of JFH-1 or DBN3a were transfected with siRNA targeting NAP1L1 

mRNA. 48 h post transfection, cells were harvested (Figure 4.10 A), and RNA expression was 

analysed via qRT-PCR (Figure 4.10) and protein expression analysed via western blot (Figure 

4.11). wb! ƭŜǾŜƭǎ ƻŦ b!tм[м ŀƴŘ I/± рΩ¦¢w ǎǳƎƎŜǎǘǎ ƳŀǊƎƛƴŀƭ ǎƛƭŜƴŎƛƴƎ ƻŦ b!tм[м ƛƴ ŀƭƭ ŎŜƭƭ 

types 48 h post transfection (mock ς 35%, SGR JFH-1 ς 25%, SGR DBN3a ς 32%). To account for 

ǘƘŜ ƴƻǊƳŀƭƛǎŀǘƛƻƴ ƻŦ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ōȅ ǘƘŜ ƘƻǳǎŜƪŜŜǇŜǊ ƎŜƴŜΣ Itw¢мΣ I/± рΩ¦¢w ŀōǳƴŘŀƴŎŜ 

of mock was normalised to JFH-1 (Figure 4.10 C) and DBN3a (Figure 4.10 D), demonstrating mock 

Huh7 cells were not contaminated with the HCV genome. Despite NAP1L1 mRNA showing 

moderate silencing, there was no change in HCV genome replication, based on the presence of 

ǘƘŜ I/± рΩ¦¢w wb! ό{Dw WCI-1 ς 97% and SGR DBN3a ς 111%).  
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Figure 4.10 SiRNA silencing of NAP1L1 effect on HCV SGR NS5A RNA expression.  

A) {ŎƘŜƳŀǘƛŎ ƻŦ ǎŀƳǇƭŜ ŎƻƭƭŜŎǘƛƻƴΦ .ύ wŜƭŀǘƛǾŜ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ b!tм[м ŀƴŘ I/± рΩ¦¢w ƴƻǊƳŀƭƛǎŜŘ ǘƻ 

ǘƘŜ ƘƻǳǎŜƪŜŜǇŜǊ ŎƻƴǘǊƻƭ ƎŜƴŜΣ Itw¢мΦ DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ƳƻŎƪ I/± рΩ¦¢w ƴƻǊƳŀƭƛǎŜŘ ǘƻ /ύ WCI-1 and 

D) DBN3a. Data presented as mean with standard deviation. Statistical significance was tested by one-

ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ ǎƛƴƎƭŜ ǇƻƻƭŜŘ ǾŀǊƛŀƴŎŜ. P values; ns, P 

җлΦлрΤ ϝϝϝϝΣ t ғлΦллллрΦ 
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To determine if the mRNA silencing of NAP1L1 alters the expression of the functional 

unit, protein levels were analysed. Western blots detecting NS5A, NAP1L1 and actin were 

visualised, and densitometry analysis was performed normalising the expression of both NS5A 

and NAP1L1 to housekeeper control protein, actin (Figure 4.11 A). Comparison of NAP1L1 

silencing demonstrates a reduction of NAP1L1 in mock (61%), SGR JFH-1 (78%) and SGR DBN3a 

(87%). Despite a reduction of NAP1L1 protein expression, there is a reduction of NS5A 

expression in SGR JFH-1, an average of 15%, however this is not significant. There appears to be 

no reduction of NS5A expression within SGR DBN3a, maintaining 103% NS5A expression level in 

comparison to the scramble control. To determine if NAP1L1 is silenced in the HCV SGR stable 

cell line, relative expression of NAP1L1 was analysed by western blot and densitometry analysis 

of the scramble controls (Figure 4.11 B). There is no significant difference in NAP1L1 expression 

between cell lines during siRNA scrambled transfection. These results suggest the possible 

interaction of NAP1L1 with the SGR JFH-1 and SGR DBN3a does not significantly contribute to 

efficient HCV genome replication within GT2 and 3.  
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Figure 4.11 SiRNA of NAP1L1 effect on HCV SGR NS5A protein expression.  

A) Representative image of western blot and densitometry results normalising NAP1L1 and NS5A 

expression to housekeeper control, actin and scrambled control samples. B) Expression of NAP1L1 within 

scrambled controls normalised to Huh7 mock cell line. Data presented as mean with standard deviation. 

Statistical significance was tested by one-ǿŀȅ !bh±! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ 

with a single pooled variance. P values; ƴǎΣ t җлΦлр. 
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 NAP1L1 expression may be required for efficient HCV 

infection  

As the expression of NAP1L1 was not required for HCV SGR genome replication, the 

requirement for NAP1L1 expression during HCV infection was investigated. Huh7 cells were 

transfected with siRNA specifically targeting the mRNA of NAP1L1, 48 h post transfection, Huh7 

cells were infected with HCV (MOI 0.2) prior to harvesting cells for RNA and protein expression 

analysis (Figure 4.12 A). RNA expression suggests NAP1L1 mRNA expression was increased when 

normalised to the housekeeper control, HPRT1, and scrambled expression; Mock ς 47% 

overexpressed, JFH-1 ς 32% overexpressed, DBN3a ς 25% overexpressed. The expression of the 

I/± рΩ¦¢wΣ ǳǎŜŘ ŀǎ ŀ ƳŀǊƪŜǊ ŦƻǊ ǾƛǊŀƭ ƎŜƴƻƳŜ ŜȄǇǊŜǎǎƛƻƴΣ ŀǇǇŜŀǊǎ ƴƻǘ ǘƻ ōŜ ŀŦŦŜŎǘŜŘ ōȅ ǘƘŜ 

overexpression of NAP1L1 with the average expressiƻƴ ƻŦ I/± рΩ¦¢w ƭƛƪŜ ǘƘŜ ǎŎǊŀƳōƭŜ ŎƻƴǘǊƻƭ 

(JFH-1 ς 2% over expressed, DBN3a ς 0.5% reduced expression (Figure 4.12 B)). To confirm mock 

ŎŜƭƭǎ ǿŜǊŜ ƴƻǘ ŎƻƴǘŀƳƛƴŀǘŜŘ ǿƛǘƘ I/±Σ ƳƻŎƪ I/± рΩ¦¢w ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ǘƘŜ 

I/± рΩ¦¢w ŜȄǇǊŜǎǎƛƻƴ ƻŦ WCI-1 (Figure 4.12 C) and DBN3a (Figure 4.12 D).  
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Figure 4.12 SiRNA silencing of NAP1L1 effect on infectious HCV NS5A RNA expression.  

A) Schematic of sample collection. B) Relative gene ŜȄǇǊŜǎǎƛƻƴ ƻŦ b!tм[м ŀƴŘ I/± рΩ¦¢w ƴƻǊƳŀƭƛǎŜŘ ǘƻ 

ǘƘŜ ƘƻǳǎŜƪŜŜǇŜǊ ŎƻƴǘǊƻƭ ƎŜƴŜΣ Itw¢мΦ DŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ƳƻŎƪ I/± рΩ¦¢w ƴƻǊƳŀƭƛǎŜŘ ǘƻ /ύ WCI-1 and 

D) DBN3a. Data presented as mean with standard deviation. Statistical significance was tested by one-

way ANOV! ǿƛǘƘ ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ ǎƛƴƎƭŜ ǇƻƻƭŜŘ ǾŀǊƛŀƴŎŜ. P values; ns, P 

җлΦлрΤ ϝϝϝϝΣ t ғлΦллллрΦ   
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As RNA expression levels of NAP1L1 was not silenced 72 h post transfection, it was 

important to determine if protein expression was reduced.  Western blots detecting NS5A, 

NAP1L1 and actin were visualised, and densitometry analysis was performed normalising the 

expression of both NS5A and NAP1L1 to housekeeper control protein, actin (Figure 4.13 A). 

Despite no reduction of NAP1L1 gene expression 72 h post transfection, comparison of NAP1L1 

protein expression to the scrambled control demonstrates silencing of NAP1L1 in mock (75%), 

JFH-1 (44%) and DBN3a (44%). Results also indicate a reduction of HCV NS5A protein expression 

in both JFH-1 (63%) and DBN3a (57%) when NAP1L1 expression is reduced. To determine if 

NAP1L1 is expression is reduced during HCV infection, without the use of siRNA, relative 

expression of NAP1L1 was analysed by western blot and densitometry analysis of the scramble 

controls (Figure 4.13 B). There is a general trend of NAP1L1 expression being reduced during 

HCV infection. These results suggest NAP1L1 expression may play a partial role in HCV infection 

of both JFH-1 and DBN3a.  
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Figure 4.13 SiRNA of NAP1L1 effect on HCV NS5A protein expression by infectious clones.  

Representative image of western blot and densitometry results normalising NAP1L1 and NS5A expression 

to housekeeper control, actin and scrambled control samples. B) Expression of NAP1L1 within scrambled 

controls normalised to Huh7 mock cell line. Data presented as mean with standard deviation. Data 

presented as mean with standard deviation. Statistical significance was tested by one-way ANOVA with 

ǘƘŜ .ƻƴŦŜǊǊƻƴƛΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ǘŜǎǘΣ ǿƛǘƘ ŀ single pooled variance. P values; ƴǎΣ t җлΦлр. 
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 SiRNA transfection results to autofluorescence of Huh7 cells 

Optimisation of NAP1L1 silencing in Huh7 cells allows greater investigation of NAP1L1s 

effect on HCV infection and genome replication. As well as analysing HCV genome replication by 

qRT-t/w ŘŜǘŜŎǘƛƴƎ I/± рΩ¦¢w ŀƴŘ b{р! ǇǊŜǎŜƴŎŜ ōȅ ǿŜǎǘŜǊƴ ōƭƻǘΣ ƛǘ ǿŀǎ ŀƭǎƻ possible to 

quantify the number of NS5A positive cells by staining infected Huh7 cells with sheep anti-NS5A 

allowing visualisation and analysis via IncuCyte S3. However, post siRNA transfection and HCV 

infection, quantification of mock and NS5A-positive cells showed increased levels of cell auto-

fluorescence (Figure 4.14). Representative images demonstrate the IncuCyte S3 software 

inability to decipher non-infected cells from NS5A positive cells; almost all cells are identified as 

positive in both mock and HCV infected samples. As a result of this, a comparison of NS5A 

positive cells between siRNA and scrambled control groups was not conducted.   
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Figure 4.14 Auto-fluorescence of cells post siRNA transfection.  

Huh7 cells expressing HCV SGR 48 hours post transfection were stained with sheep anti-NS5A and 

ǾƛǎǳŀƭƛǎŜŘ ōȅ LƴŎǳ/ȅǘŜ {оΦ wŀǿ ƛƳŀƎŜǎ ŀƴŘ ƛƳŀƎŜǎ ŘŜǇƛŎǘƛƴƎ ǊŜŘ ƻōƧŜŎǘǎ ŎƻǳƴǘŜŘ ōȅ άƘƛƎƘ ōŀŎƪƎǊƻǳƴŘέ 

analysis parameters. Images were taken at 10 x magnification and scale bars = 400 microns. 
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 Phosphorylation status of NS5A varies between HCV cell 

models 

These results have suggested NAP1L1 does not contribute to HCV genome replication 

however, does contribute to the HCV infectious life cycle. This was tested using two different 

HCV cell models; Huh7 cell line stably expressing HCV SGR and infecting Huh7 cells with 

infectious clones. It has been previously published the phosphorylation status of NS5A plays a 

crucial role in NS5A interacting with host proteins, interactions may only occur in the presence 

of a particular phosphorylated state of NS5A (Chong et al., 2016; Evans et al., 2004; 

Goonawardane et al., 2017). To investigate if the phosphorylation status of NS5 within JFH-1 

and DBN3a differs in different HCV models, NS5A protein expression was analysed by western 

blot from different HCV cell models; Huh7 harbouring a stable SGR or infected with HCV (MOI 

0.2) harvested 72 h.p.i (Figure 4.15). Expression of NS5A within the SGR suggests both JFH-1 and 

DBN3a present a hyper- and hypo- phosphorylated form of NS5A based on the presence of a 56 

kDa and 58 kDa protein band (Figure 4.15 A). Interestingly, in the presence of HCV structural 

proteins, there appears to be no hyperphosphorylated form of NS5A (58 kDa) in DBN3a, 

confirmed by probing the western blot with anti-S225. This does not occur during JFH-1 infection 

which exhibits both phosphorylation forms (Figure 4.15 B). These results suggest there may be 

a different abundance of host and NS5A protein interactions depending on the HCV cell model 

investigated.  
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Figure 4.15 NS5A phosphorylation status of HCV in SGR stable cell line and infectious virus 
models.  

A) Huh7 cells either stable expressing the SGR expression of NS5A and actin. B) Huh7 cells were infected 

with either JFH-1 or DBN3a infectious virus. Cell lysates were collected 72 h.p.i. Cell lysates were analysed 

by western blot detected for NS5A, S225 and actin. Western blots visualised by the LI-COR Sa Odyssey. 
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