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Abstract 

In 1989, Choo and colleagues identified the hepatitis C virus (HCV) as the causative agent 

for non-A non-B hepatitis or hepatitis C. There is still no vaccine available to prevent HCV 

infection and the virus has continued to spread within the human population and today is a 

major global health problem. An estimated 170 million people worldwide are chronically 

infected with HCV with about three million people newly infected each year. In Australia, 

Hepatitis C is the most common blood-borne infection and is the leading cause of liver 

transplantation. 

Among the individuals exposed to HCV, only 20-45% will spontaneously clear the virus 

while the majority will develop viral persistence. Until recently, standard of care for chronic 

HCV infection involved the combination of pegylated interferon-alpha and ribavirin 

(pegIFN-/RBV). However, only 40-80% of chronic HCV-infected subjects treated with this 

combination clear the virus. As such, the limited efficacy of this treatment against the 

common genotype 1 strain and associated adverse side-effects has led to the development of 

numerous direct-acting antivirals (DAAs). DAAs represent new hope for the therapeutic 

management of individuals infected with the virus but these new treatment options (including 

regimens containing multiple DAAs with or without IFN currently in pre-clinical trials) do 

not prevent re-infection, which is common in high-risk HCV exposure populations. 

Furthermore, the expense of the new and future treatment regimens of DAAs make it unlikely 

these drugs will be readily available in developing countries with high prevalence rates. 

Accordingly, there is still a need for a preventative HCV vaccine. Importantly, unlike HIV, 

natural immunity exists in humans and numerous studies have shown that a broad and 

durable cellular immune response is the hallmark of an effective response against HCV and 
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should provide leads in the development of an effective universal HCV vaccine. Impairing 

the ability of researchers to develop such a vaccine is the inherent ability of HCV to rapidly 

evolve under selective pressures. HCV has a high mutation rate and the virus uses this 

characteristic as a strategy to escape the host’s immune response and treatment that aim at 

controlling the infection. The acute phase of the infection is an important phase where de 

novo mutations are observed within host T-cell targets (epitopes) as part of the adaptive 

immune pressure as well as sequence polymorphisms can be found characteristic of an NK 

cell immunity for the innate immune response. These variations can be maintained during the 

course of the infection suggesting a limited fitness cost associated with these variants or the 

presence of compensatory mutations. In this thesis, samples from subjects with recently 

acquired HCV infection were analysed using both low and high-resolution sequencing 

technologies to examine, firstly, how the host’s immune response affects viral diversity 

during the natural history of the infection and under IFN-based treatment; and secondly, how 

it influences infection outcome.  The results presented in this thesis suggest that HCV 

adaptation to host immune pressure (as indicated by viral adaptations to human leucocyte 

antigen (HLA)-restricted T-cell and NK cell immune responses) is likely to be relevant to 

infection and treatment outcomes. Such adaptation is dependent on the plasticity of the virus 

and its capacity to develop compensatory mutations to offset the fitness cost associated with 

its “strategic” variations. The use of high-resolution next generation sequencing technologies 

showed viral variants present at levels below the detectable threshold for sanger-based bulk 

or population sequencing (ie <20%). Additionally, a protective role for telomeric KIR genes 

against viral persistence was observed with B-haplotype-defining KIR genes more prevalent 

in spontaneous resolvers.  This provides a new approach for studying the complexity of the 

viral population within a host and identifying minor variants, which could potentially become 

dominant over the course of the infection. Furthermore, using high-resolution sequencing 



iv 
 

shows mutations likely to affect the efficacy of the new DAA drugs in circulating viruses 

within high-risk exposure populations but these strains typically occur at low frequencies. 

Finally, a better understanding of HCV adaptation to the host’s immune response is important 

in predicting infection outcomes, in the design of a universal vaccine and new therapies. 
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1 Introduction 

1. Introduction 

HCV is a ribonucleic acid (RNA) virus belonging to the Flaviviridae family that infects liver 

cells and can cause severe inflammation of the liver. Over the past decades, HCV has spread 

globally with transmissions predominantly occurring through blood-to-blood contact and has 

genetically evolved over time into seven major genotypes and more than 70 subtypes 

(Simmonds, 2004, Smith et al., 2014). To date it is estimated that 3% of the world’s 

population has been exposed to HCV with an estimated 170 million individuals chronically 

infected. The major routes of HCV transmission include, injecting drug use (IDU), unsafe 

therapeutic injections, unsterile medical or surgical procedures, and contaminated blood and 

blood products (Alter, 2007). With up to 80% of people infected with HCV developing 

chronic infection, HCV is one of the most successful of all persistent human viruses. Among 

chronic HCV-infected individuals, about 20% will develop liver cirrhosis and 3% will likely 

go on to develop hepatocellular carcinoma (HCC) (Bowen and Walker, 2005, Seeff, 2002). 

Accordingly, HCV constitutes a growing health concern as it has become a major cause of 

liver disease with approximately 350,000 to 500,000 individuals each year dying from 

hepatitis C-related liver diseases (WHO, 2014). 

Previous studies have demonstrated the importance of a strong and sustained CD4+ and CD8+ 

T-cell response in controlling infection especially within acute HCV-infected individuals in 

which the virus has not yet adapted to its new host (Cooper et al., 1999, Lauer et al., 2004, 

Lauer et al., 2005, Lechner et al., 2000, Lucas et al., 2007). During HCV infection, T cells 

aim at recognizing HCV peptides presented by HLA molecules via T cell receptors (TCRs). 

HLA molecules are the cell-surface proteins that regulate immune responses by presenting 

specific viral epitopes to T-cells, which subsequently mediate immunity against HCV. 

However, given that HCV is a rapidly evolving virus with an estimated mutation rate of 103 
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to 105 mutations per nucleotide per genomic replication (Duffy et al., 2008), de novo HCV 

adaptation or pre-existing adaptation within T-cell epitopes preventing HLA-peptide binding, 

impairing HLA-epitope and T-cell interaction or peptide processing, can lead to escape from 

HCV-specific immune responses. Such variants have been shown to be associated with viral 

persistence (Cox et al., 2005b, Tester et al., 2005). Similarly, with the development of new 

small molecule drugs that specifically inhibit HCV proteins (direct acting anti-virals; DAAs), 

the presence or emergence of specific HCV variations have been previously correlated with a 

significant decrease in drug sensitivity (Le Pogam et al., 2008, Lin et al., 2005a, Lin et al., 

2004, Sarrazin et al., 2007, Susser et al., 2009, Tong et al., 2006). These immune escape 

mutations and other mutations accumulate over time resulting in related viral strains (termed 

quasispecies) within an individual.   

 

Immune and drug pressure are two selective forces shaping HCV diversity. The diversity of 

viral isolates can present an advantage for the virus as strains will not be recognized by either 

the immune responses mounted to fight-off the infection or the new generation drugs directly 

targeting the virus. Under such pressures, viral variants will then undergo immune or drug 

selection, with isolates presenting advantageous mutations remaining while other variants are 

eliminated (Cooper et al., 1999, Weiner et al., 1995).  

 

Numerous questions remain regarding how viral diversity and immune/drug selective 

pressures influence the course of HCV infection: (i) How does HCV adapt and evolve in the 

setting of recently acquired hepatitis C? (ii) What is the impact of viral diversity on the HCV-

specific T-cell response and infection outcome? (iii) What is the prevalence of naturally 

occurring drug resistant mutants within treatment naïve subjects? Is the frequency of these 

variants affected by overlapping host immune pressure? (iv) Can NK-cell receptor gene 
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repertoire be used as a predictor of HCV infection outcome? Do these receptors and their 

cognate ligands influence viral evolution? 

 

In order to address these questions, large study populations of acute and chronic HCV-

infected subjects will be necessary to understand the complex evolutionary mechanisms 

undertaken by HCV. The answers to these questions could inform the development of a 

therapeutic or preventative vaccine.  

 

1.1 Aims of thesis 

Since the acute phase of HCV infection is often asymptomatic, subjects involved in research 

are usually in the chronic phase of infection. Additionally, the traditional Sanger-based 

sequencing technique only provides an overview of the complexity of quasispecies infecting 

the host (minor strains at ≥20% of the dominant strain are detected). Considering the 

plasticity of HCV, low frequency viral quasispecies can rapidly become dominant and 

ultimately impair the host immune responses or compromise treatment targeting the virus.  

 

The aim of this thesis is to gain a better understanding of the adaptations in the HCV genome 

occurring in the early phase of infection using a longitudinal analysis of HCV-infected 

subjects from their acute phase through resolution or chronic evolution. Furthermore, the 

study aims to examine quasispecies populations within a single individual using deep 

sequencing techniques to comprehend why some people will clear the infection without 

treatment while some will develop immune resistance. The study of such evolutionary 

mechanisms will allow observation of the impact of the host’s immune pressure on viral 

diversity.  
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1.2 Hypothesis 

The HCV population infecting an individual is subject to numerous factors influencing its 

evolution. This results in a viral diversity that will impact the course of the disease within the 

host and, on a larger scale, remain as a footprint in the circulating viral genomes within the 

infected population. The dynamics of the quasispecies are partly regulated by the immune 

response according to the HLA repertoire of the host. As such, The acute phase of HCV 

infection is a crucial step in which the virus is adapting to its new host. Therefore During the 

acute phase of infection, it is assumed that the pool of viruses infecting the individual will be 

reflective of the HLA characteristics of the individual transmitting the infection before the 

virus reverts to wild type and adapts to the new host. The subsequent adaptation will then 

reflect the recipient HLA's type. The emergence of these viral adaptations in addition to 

factors such as co-infection with HIV and initiation of treatment, can be decisive in the 

course of HCV infection. 

 

1.3 Methodology 

The approach used in this thesis to study the evolution of HCV infection with or without IFN-

α/RBV treatment, was to perform a longitudinal analysis of individuals enrolled in the 

Australian Trial in Acute Hepatitis C (ATAHC cohort, ClinicalTrials.gov identifier: 

NCT00192569) initially using bulk sequencing techniques. The viral sequences were 

analysed in the context of the HLA repertoire of the subject at different time-points in order 

to evaluate the adaptation of the viral genome to immune pressure. This analysis included the 

NS3, NS5a and NS5b proteins, which are known to contain HLA-restricted epitopes as well 

as be targets for the development of new treatments.  
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Additionally, analysis of deep sequencing data was performed on samples from a subset of 

subjects from the ATAHC cohort using the 454 FLX platform. The sensitivity of the 454 

FLX technology allows the detection of isolates present at low frequency (>1%) within the 

quasispecies population. Consideration of the minor isolates in addition to the major strains 

allowed a better overview of the circulating HCV strains within an infected individual, as 

minor isolates may become dominant strains within an individual when under specific 

pressure. 

In parallel, additional cohorts including chronic HCV-infected individuals that were treated 

or untreated as well as spontaneous resolvers were studied in order to identify genetic factors 

such as the NK cell receptors, KIRs, that may be used as a predictor of infection outcome and 

finally evaluate how the plasticity of HCV may affect the development of new DAAs or a 

vaccine. 

 

1.4 Chapter summaries 

1.4.1 HCV adaptation to HLA-restricted T-cell immune pressure during early HCV 

infection (Chapter 4) 

The purpose of this chapter was to evaluate the viral adaptation dynamic of HCV and the 

impact of immune pressure during the early phase of the infection (utilising the ATAHC 

cohort) using Sanger-based methods and next generation sequencing (NGS) technologies. In 

this study, viral change appeared consistent and cumulative regardless of treatment or 

infection outcome. Viral adaptations observed within CD8+ T-cell epitopes were 

predominantly maintained throughout infection as suggested by the presence of numerous 

pre-adaptations (likely from the source) found in the first weeks of infection within T-cell 

epitopes and the limited reversion of these variants over the course of the disease. FLX data, 

using NGS technology allowed a more comprehensive study of the quasispecies 
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heterogeneity and demonstrated the presence of low level variants in early infection; some of 

these variants are putative T-cell escape variants. The finding of putative viral escape in late 

infection suggests ongoing viral adaptation occurring during the course of infection. 

 

1.4.2 Low levels of naturally occurring drug resistance mutations in the setting of 

recently acquired hepatitis C (Chapter 5) 

The development of resistance toward DAAs depends on several factors including the 

prevalence of the resistant virus prior to therapy, the number of mutations required for 

resistance to occur and the fitness of the viral strain relative to wild-type. The purpose of this 

chapter was to determine the presence and frequency of resistance-associated variants 

(RAVs) in HCV sequences from individuals with newly acquired HCV infection, as such 

variants are likely to be representative of circulating viruses in high-risk HCV exposure 

populations. Next generation sequencing technology allowed the identification of low 

frequency drug resistance mutations in treatment naive subjects below the threshold of 

traditional Sanger-based sequencing techniques.   

The results of the study suggest that drug resistance mutants are present in the quasispecies of 

most HCV-infected subjects prior to therapy but mainly as minor variants (typically less than 

1%). However, current bulk sequencing technology is unlikely to be sufficiently sensitive to 

accurately identify such variants in comparison to the high sensitivity of NGS techniques and 

accordingly may be used for the prediction of treatment failure.  

 

1.4.3 Influence of killer immunoglobulin-like receptor repertoire on HCV infection 

outcome (Chapter 6) 

It is well established that individuals developing strong and sustained HCV-specific T-cell 

responses are more likely to spontaneously clear HCV. However, an accumulation of 
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evidence suggests that the innate immune system can also play an important role in hepatitis 

C disease, with natural killer (NK) cells identified as an important element influencing HCV 

infection outcome. Killer immunoglobulin-like receptor (KIR) typing on a total of 227 HCV 

infected subjects with different HCV infection outcomes was performed in this study in an 

attempt to evaluate the impact of KIR genes on the progression of HCV infection. The 

analysis of 10 KIR genes - including six activatory and four inhibitory KIRs - present in the 

centromeric or telomeric region of the KIR complex on chromosome 19 showed no 

association between a specific haplotype and HCV infection outcome. However, sample size 

likely limited the power to detect a less than major genetic effect in this study. Moreover, the 

analysis of KIRs classified as centromeric versus telomeric revealed a protective role for 

telomeric KIR genes against viral persistence with B-haplotype-defining KIR genes more 

prevalent in spontaneous resolvers (p=0.03). Interestingly, a greater proportion of activatory 

KIRs among resolvers relative to chronic HCV-infected individuals were observed. This 

supports previous findings suggesting that the activation of level of NK cells is associated 

with a more favourable outcome of HCV infection. 

 

1.4.4 HCV adaptation to NK-cell-mediated immune pressure (Chapter 7) 

NK cells play an important role in viral infections due to their potential in recognizing and 

killing virally infected cells. To date, several association studies have demonstrated a role for 

the KIR-HLA interaction notably in HCV and HIV studies showing that these interactions 

can contribute to infection outcome and disease progression. However, the impact of NK-

cell-mediated immune pressure on HCV diversity has not yet been investigated. To evaluate 

such impact, HCV sequences and KIR genotypes from 53 HCV genotype 1a and 43 HCV 

genotype 3a -infected subjects were analysed. The results demonstrated a total of 30 sites 

within the non-structural proteins with evidence of viral polymorphisms statistically 
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associated with the presence of a specific KIR with little overlap between the two genotypes. 

Despite the small number of subjects included in this study, the results suggest that NK-cell-

mediated immune pressure can contribute to HCV diversity with evidence that HCV can 

evolve characteristic variations that modulate the recognition of infected cells by KIR to 

evade NK-cell-mediated immune pressure. 

 

1.5 Summary of outcomes 

With a high propensity to mutate and adapt to its host, HCV evolves through its ongoing 

replication by constantly incorporating new variants. The emergence and maintenance of 

such variants is highly dependent on the replicative fitness of the mutated virus as well as the 

selective forces relative to the environment in which the virus is spreading. The work in this 

thesis demonstrates how factors such as immune pressure and treatment can influence the 

genetic diversity of HCV and how HCV uses its plasticity to its advantage with the 

emergence of mutations that can circumvent the different pressures preventing the virus from 

replicating. The study of HCV sequences within CD8+ T cell epitopes revealed an 

accumulation of mutations over time with the presence of mutations that could affect the 

binding affinity between HLA molecules and HCV peptides. Additionally, KIR gene 

repertoire as part of the innate immune system were also shown to contribute to infection 

outcome with data suggesting a more favourable outcome associated with an activation of 

KIR profiles. Furthermore, adaptations along the viral genome were associated with NK-cell-

mediated immunity suggesting that HCV is behaving toward innate immune pressure in a 

similar manner as with adaptive immune pressure by evolving viral escape mutations, 

Although IFN-based treatment does not appear to affect HCV adaptation to T-cell immune 

pressure during early infection, deep sequencing revealed the presence of low frequency 
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variants in most HCV-infected subjects prior to therapy that can potentially impair the 

recently, or soon to be, released DAAs. 

Overall, when it comes to studying HCV populations and their evolution, multiple factors can 

influence viral diversity and contribute to determining outcome of infection. However, these 

factors should not only be considered as a single selective force but as a combination of 

selective forces shaping quasispecies. 
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2 Literature review 

2.1 Hepatitis C: an introduction 

During the Second World War (1939-45) two forms of hepatitis infection were identified that 

presented different clinical and epidemiological features. These distinctive infections were 

termed infectious hepatitis and homologous serum hepatitis, since their causative infectious 

agents were unknown. It was only in the 1970s, after sensitive and accurate tests became 

available that these diseases were named hepatitis A and hepatitis B, respectively (Fields et 

al., 2007, Jirillo, 2007, Prince et al., 1974). Surprisingly, it was found that many blood 

samples from individuals presenting with clinical signs of viral hepatitis, especially after 

transfusion, were negative when tested for these two viruses. Hence, the idea of a third agent 

responsible for viral hepatitis began to emerge and this was called non-A, non-B hepatitis 

(NANB). In 1989, Choo and co-workers (Choo et al., 1989) isolated the virus responsible for 

NANB hepatitis and called it hepatitis C virus (HCV) (Bartenschlager and Bühler, 2008).  

HCV infection is a major cause of cirrhosis, HCC and a significant risk factor for liver 

transplantation in the world. Hepatitis C affects 3% of the human population with an 

estimated 170 million people infected with the virus, constituting a global health problem 

(Alter and Seeff, 2000, Chisari, 2005, Tan, 2006). The number of infected individuals is 

expected to increase exponentially in the next two decades due to the typically asymptomatic 

nature of the disease for years after infection; many individuals infected with HCV are 

unaware of their condition until serious clinical symptoms appear. Accordingly, hepatitis C is 

referred to as the “silent epidemic” or the “silent killer” (Fabry and Narasimhan, 2006).  
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2.1.1 Epidemiological profile 

2.1.1.1 Modes of transmission 

Hepatitis C virus is a blood-borne virus. Transmission is commonly via mucosal exposure to 

infected blood or serum derived fluids via contaminated medical equipment (e.g. during 

haemodialysis, dental procedures or vaccination), or implements used for cultural practices 

(scarification, tattoos/body piercings), unsafe drug injecting practices or shared personal care 

items (e.g. razors). Transmission via sexual activity is less common  (0.07% per years) 

(Grady et al., 2013, Terrault et al., 2013) except in instances where mucosal damage 

facilitates percutaneous exposure (Danta et al., 2007, Matthews et al., 2007), as is mother to 

child transmission, which occurs in 3–10% of cases (Gentile et al., 2014, Murakami et al., 

2012). Among the population diagnosed with HCV in western countries, injecting drug use 

(IDU) is the most likely cause of HCV infection with 60 to 80% of newly identified cases 

attributed to IDU (Nelson et al., 2011, Grebely and Dore, 2011, Grebely and Dore, 2014). 

 

2.1.1.1.1 Blood transfusion 

Before the discovery of the agent responsible for hepatitis C, as well as the appearance of 

efficient blood screening methods, blood transfusion was one of the main routes of HCV 

transmission. However, with the development of efficient screening tests (utilising enzyme 

immunoassays to detect anti-HCV antibodies) that are now routinely performed for each 

donated blood sample or body tissue, the chance of contracting HCV through blood 

transfusions has dramatically decreased (less than one per million transfused units in 

developed countries). Nevertheless, this route of transmission remains important within 

developing countries that do not have sufficient resources to implement adequate donor 

screening tests (Hladik et al., 2006, Kamal, 2008). 
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2.1.1.1.2 Injecting drug users (IDUs) 

People who inject illicit drugs have a higher risk of contracting HCV infection because they 

may expose themselves to contaminated needles and injecting equipment. Despite a decrease 

in the incidence of HCV among IDUs in the last decade due to educational programs and 

needle and syringe exchange programs, HCV prevalence among long-term IDUs (injecting 

for >6 years) remain high (64%–94%) (Shepard et al., 2005) and IDU remains the primary 

mode of transmission among newly infected individuals in western countries with high 

income (Hajarizadeh et al., 2013, Nelson et al., 2011). Furthermore, hepatitis C is becoming a 

major public health problem among IDUs in low and middle income countries as well 

(Grebely and Dore, 2014).  

 

2.1.1.1.3 Sexual transmission 

Sexual transmission of HCV is a controversial issue because it is difficult to be sure that the 

transmission has occurred during intercourse, given that many other situations could have 

been responsible for the transmission of HCV (such as household contact, blood to blood 

contact, IDU) (Tohme and Holmberg, 2010). However, there is increasing evidence that 

sexual transmission does occur (Rauch et al., 2005) but is considered to be infrequent. 

Studies have shown that the chance to contract HCV through the sexual act increases with the 

number of sexual partners, high-risk sexual exposure, and unprotected sex (Kamal et al., 

2004a).  

 

2.1.1.1.4 Nosocomial transmission 

Nosocomial transmission is rare in developed countries but needs to be considered as a 

possible transmission route in developing countries. Subjects in some countries undergoing 

hemodialysis present with a high prevalence of HCV infection (Finelli et al., 2005, Griveas et 
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al., 2007, Keur et al., 1997, Olmer et al., 1997). Indeed, hemodialysed subjects can face 

several risk factors during their treatment with numerous hospitalizations and blood 

transfusions. Additionally, the lack of appropriate cleaning and disinfection of equipment 

contribute to the emergence of new HCV cases (Kamal, 2008). 

 

2.1.1.1.5 Occupational exposure 

Many cases of HCV transmission via needle-stick or sharps injuries have been reported 

within the health-care worker population (Kubitschke et al., 2007, Lee et al., 2005, Sulkowski 

et al., 2002). Health-care workers can be at greater risk of contracting HCV depending on the 

country and the measures in place (infection control policies, occupational infection 

surveillance systems) in health facilities. Cases of occupational HCV exposures are rare in 

Australia, Europe and the US due to compliance with universal standard precautions. 

However, in developing countries HCV exposure in health care workers can be greater as 

several countries have not yet adopted appropriate measures of prevention (e.g. needle-stick 

prevention devices). 

 

2.1.1.1.6 Unidentified mode of transmission 

Sometimes it is difficult to identify the source of infection especially in people with no 

apparent risk factors, which occurs in more than 10% of cases. Identifying the source could 

not only prevent new infections but also help to determine the time elapsed since exposure to 

the virus; important features when it comes to the decision-making process regarding 

treatment.  

 

Overall the difference in HCV transmission risk factors appears to be due to socioeconomic 

differences rather than geographic variability. Additionally, cultural differences between 
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populations produce a different set of risk factors for HCV. In economically developed 

countries the major risk factor for contracting HCV is through IDU while in developing 

countries most of the new cases of HCV transmission are due to IDU or medical procedures 

and contaminated medical equipment (Lavanchy, 2011, Thursz and Fontanet, 2014).  

 

2.1.1.2 Genotypes and subtypes  

Due to a high mutation rate, many different strains of HCV exist worldwide.  Based on 

genetic heterogeneity, seven major genotypes and more than 70 subtypes have been described 

(Simmonds, 2004, Smith et al., 2014). These genotypes differ in their nucleotide sequences 

by more than 30%, while their subtypes differ from each other by 15-30% (Table 2-1). For 

the most part, the natural history of the infection is similar for all genotypes and subtypes 

with the exception of HCV genotype 3, which presents a higher prevalence of steatosis in 

comparison to other genotypes (Jirillo, 2007). Importantly, genotype is a significant predictor 

of therapy outcome with IFN-/RBV (Fabry and Narasimhan, 2006).  

Table 2-1. Genomic heterogeneity of HCV  

Classification % Nucleotide similarity over 
entire HCV genome  

Genotype 50-70 
Subtype 70-85 
Quasispecies 90-100 

Taken from Jirillo, 2007 (Jirillo, 2007). 
 

The transmission of HCV over several decades has generated a distribution pattern of varying 

HCV genotypes and subtypes that in some instances is specific to different regions of the 

world (Figure 2-1) (Simmonds, 2004). HCV genotype 4 is found mainly in Africa and the 

Middle East, genotype 5 in South Africa, genotype 6 in Southeast Asia, while genotypes 1 

and 2 are prevalent worldwide. Genotypes 1 and 3 are the most common genotypes in the 
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Australasian region comprising the subtypes 1a, 1b, and 3a (McCaw et al., 1997, Hussain, 

2013). 

 

 

Figure 2-1. Worldwide geographic distribution of HCV genotypes and subtypes. Taken from 
Hussain, 2013 (Hussain, 2013). 
 
 

2.1.2 Basic biology of HCV 

Hepatitis C virus is a small (50 nm in diameter), enveloped RNA virus of approximately 9600 

nucleotides (nt) in length, belonging to the Hepacivirus genus of the Flaviviridae family. The 

single-stranded RNA molecule of positive polarity consists of a large open reading frame 

(ORF) flanked by two short untranslated regions (UTRs). The ORF encodes a polyprotein 

precursor of approximately 3000 residues, which is processed during and after translation 

into three structural proteins (Core, E1, E2), a small protein p7 and six non-structural (NS) 

proteins (NS2, NS3, NS4A, NS4B, NS5A, NS5B) (Figure 2-2). 
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Figure 2-2. Schematic representation of the HCV genome and its encoded proteins (taken 
from Ishii, 2008 (Ishii and Koziel, 2008). HVR is the hypervariable region in E2.  
 

The structural proteins (core, E1 and E2) are encoded by the N-terminus of the ORF, 

preceding the viroporin protein p7, and the remaining portion of the polyprotein codes for the 

NS proteins (Fields et al., 2007, Jirillo, 2007). 

 

The HCV particle organisation consists of an envelope comprising a lipid bilayer of host 

cellular origin into which the glycoproteins E1 and E2 are anchored. The envelope surrounds 

a nucleocapsid forming an icosahedral protective shell of core proteins, which contains the 

RNA genome.  

 

2.1.2.1 Untranslated regions 

The 5’-untranslated region (UTR) is 341 nt in length and is the most conserved region of the 

HCV genome (Bukh et al., 1992, Han et al., 1991). This region is located upstream of the 
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ORF translation initiation codon and is composed of four distinct domains (I to IV) with 

several stem-loops and a pseudo-knot (Brown et al., 1992, Wang et al., 1995). While the 

secondary structure of this region is highly conserved, characteristic nt variations are 

observed between the different HCV strains within domain I and are commonly used in 

polymerase chain reaction (PCR)-based genotyping assays (Stuyver et al., 1996). The 

remaining domains (II, III and IV) together with the first 12-30 nt of the core-coding region 

form an internal ribosome entry site (IRES) necessary for protein synthesis. This complex 

directs the translation in a cap-independent manner thus avoiding the need for pre-initiation 

factors (Honda et al., 1996, Fukushi et al., 1994, Spahn et al., 2001).  

 

The 3’-UTR is variable in length of approximately 225 nt and is located after the ORF stop 

codon. The organisation of this region in the 5' to 3' direction presents a variable sequence of 

about 30-40 nt that differs between genotypes, followed by a polyuridine and polypyrimidine 

tract (poly(U)-poly(U/UC) tract) and a highly conserved 3'-terminal stretch of 98 nt 

(Kolykhalov et al., 1996, Taylor et al., 1999, Tanaka et al., 1995, Tanaka et al., 1996). It is 

suggested that the 3’-UTR region is involved in the mechanism of viral replication and 

possibly translation as studies have demonstrated that the 98nt-base sequence and the 52 

upstream nt of the poly(U/C) tract appear to be critical for replication and infectivity (Friebe 

and Bartenschlager, 2002, Ito and Lai, 1997, Yi and Lemon, 2003a, Yi and Lemon, 2003b, 

Walker, 1997, Ito and Lai, 1999, Kolykhalov et al., 2000). 

 

2.1.2.2 Structural proteins 

The structural proteins include the core protein and the envelope proteins (E1 and E2) (Figure 

2-2). The core region constitutes the first 191 amino acids of the HCV polyprotein, which 

forms the nucleocapsid of HCV. With its high degree of conservation (Bukh et al., 1994), the 
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core region is thought to have important function(s) through numerous interactions with 

cellular proteins and pathways suggesting an influence on the viral life cycle as well as 

contributing to pathogenesis (Reed et al., 1995, Shimizu et al., 1996, McLauchlan, 2000). 

Specifically, the core region has RNA binding activity at the N-terminus (Scheuer et al., 

1992), which has been found to play an important role in capsid assembly (Klein et al., 2005), 

and several nuclear localization signals (NLS) likely to be involved in cell-signalling 

pathways (Chang et al., 1994, Suzuki et al., 1995, Suzuki et al., 2005).  

 

Studies have also suggested that core and E2 may be involved in interferon (IFN) resistance. 

In 2005, Lin et al. (Lin et al., 2005b) demonstrated that the core protein could interfere with 

the Jak-STAT pathway through degradation of STAT1 thus preventing IFN signalling to the 

nucleus (Jirillo, 2007). The core region has also been found to be immunogenic with several 

T cell and B cell epitopes (Goeser et al., 1994, Kita and Imawari, 1995, Cerino et al., 1993). 

 
The envelope region is composed of two type I transmembrane glycoproteins (gp) E1 and E2, 

also referred to as gp31 and gp70, respectively. E1 and E2 are N-terminally glycosylated 

proteins and both present a hydrophobic C-terminal transmembrane domain including a polar 

region with charged residues (Dubuisson et al., 1994, Grakoui et al., 1993c, Ray et al., 1999).  

These two envelope proteins are critical for viral entry and fusion (Bartosch et al., 2003, 

Nielsen et al., 2004) as they contribute to membrane binding, endoplasmic reticulum (ER) 

localization and heterodimer assembly (Cocquerel et al., 1998, Cocquerel et al., 2000).  

 

The envelope region presents a high degree of amino acid variation especially in the N-

terminus of the E2 protein designated as the hypervariable regions 1 and 2 (HVR1 and 

HVR2). The amino acid sequence within these HVRs can vary up to 80% between HCV 
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genotypes (Weiner et al., 1991). Additionally, the envelope region is a known immunogenic 

region for neutralizing antibodies (NAbs). It is assumed that the immune pressure exerted on 

this region is the main driving force of the observed envelope sequence variation resulting in 

the emergence of escape mutants (Forns et al., 1999, Farci et al., 1996, Zibert et al., 1997, 

Dowd et al., 2009), as studies have shown that HCV-specific antibodies to HVR1 epitopes 

change during the course of chronic HCV infection. 

 

2.1.2.3 Non-structural proteins 

The NS proteins include p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Figure 2-2).  

 

P7 is a 63 amino acid transmembrane protein belonging to the viroporin protein family. 

Although its function  remains unclear, p7 appears to be an ion-channel protein and could 

also play a role in the infectivity of the virus since mutations in its overall structure can 

suppress the infectivity of the virus (Gonzalez and Carrasco, 2003, Sakai et al., 2003). It has 

also been suggested that p7 is essential for the assembly and release of HCV from cells 

(Brohm et al., 2009). 

 

The HCV NS2 protein is a hydrophobic transmembrane protein. While the protein is cleaved 

from the polyprotein by a cellular signal peptidase at its N-terminus, the C-terminus is 

processed by a NS2-3 protease comprising NS2 and the amino-terminal domain of the NS3 

protein, which undergoes autocatalytic cleavage to yield mature NS2 and NS3 proteins 

(Bartenschlager and Bühler, 2008, Grakoui et al., 1993b, Hijikata et al., 1993).  

 
The overall conformation of the polypeptide NS2/NS3 appears to be essential for its 

autoproteolytic activity because studies have shown that variation at specific residues, such as 

His-952 and Cys-993, can affect the cleavage (or auto-proteolysis) of the NS2–NS3 junction 
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while changes outside of the active site could be tolerated (Grakoui et al., 1993a, Hijikata et 

al., 1993, Hirowatari et al., 1993, Reed et al., 1995, Grakoui et al., 1993b). In addition to its 

protease activity, NS2 could play a role in viral assembly as it forms a complex with the 

envelope proteins (Dubuisson et al., 1994, Ma et al., 2011). NS2 is also known to interact 

with host cell proteins but the role or implication of such interactions on the HCV life cycle is 

still unclear (Dumoulin et al., 2003, Erdtmann et al., 2003). 

 

 

The NS3 region encodes a multi-functional protein including a protease localized to the 

amino-terminus (181 amino acids) as well as an RNA helicase and an NTPase at the C-

terminus end. The protease plays a critical role in the processing of the HCV polyprotein as it 

first mediates the cleavage of the NS2/3 site as discussed above and subsequently the 

cleavage of the other junctions NS3/NS4A, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B 

(Bartenschlager et al., 1993, Grakoui et al., 1993b, Hijikata et al., 1993). While the protease 

is critical for the release of mature proteins, the NS3 helicase-NTPase domain is essential for 

the HCV lifecycle due to its role in the unwinding of double-stranded RNA (dsRNA) and 

RNA–DNA heteroduplexes (Gwack et al., 1997, Tai et al., 1996).  Studies examining protein 

interactions suggest NS3 helicase activity is modulated by the NS3 protease domain and the 

NS5B RNA-dependent RNA polymerase (RdRp) (Zhang et al., 2005, Bazan and Fletterick, 

1989, Miller and Purcell, 1990, Bartenschlager et al., 1994, Tanji et al., 1994, Failla et al., 

1995, Han et al., 1995). 

 

NS4 encodes two proteins identified as NS4A and NS4B. The NS4A protein (54 amino 

acids) acts as a cofactor for the HCV protease via its binding to NS3 and stabilises the 

protease activity of the protein. This complex activates NS3 and enhances protease cleavage 

between the NS proteins (Bartenschlager et al., 1995, Failla et al., 1995, Lin et al., 1995, 
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Tanji et al., 1995, Bartenschlager et al., 1994, Failla et al., 1994, Lin et al., 1997, Wolk et al., 

2000). NS4B is a 261 amino acid hydrophobic protein containing several transmembrane 

domains. Although the precise role of this protein is still unclear, NS4B appears to be 

essential for the induction of the membranous web (Bartenschlager et al., 2004) and serves as 

a membrane anchor for the replication complex (Egger et al., 2002, Elazar et al., 2004, 

Gretton et al., 2005). Furthermore, its interaction with the NS5B RdRp appears to modulate 

the RNA polymerase activity (Piccininni et al., 2002). 

 
 
Although the function of NS5A remains unclear, this phosphoprotein (p56) (also referred to 

as phosphorylated zinc-metalloprotein) seems to play a role in RNA replication as well as 

regulation of cellular pathways. Mutational studies have shown that changes occurring within 

the NS5A sequence can affect or impair RNA replication (Elazar et al., 2003, Penin et al., 

2004b, Tellinghuisen et al., 2004). Furthermore, structural studies identified several protein, 

RNA and membrane interaction sites along the NS5A region, which appear to be essential for 

membrane localization and viral assembly (Moradpour et al., 2005, Tellinghuisen et al., 2005, 

Brass et al., 2002, Elazar et al., 2003, Penin et al., 2004a). It has also been found that NS5A 

may affect IFN resistance via its binding to the IFN-induced cellular protein kinase PKR 

(Gale et al., 1999, Gale et al., 1998b, Heim et al., 1999), suggesting a potential effect on the 

host’s immune responses and IFN-α therapy outcome. Finally, NS5A can interact with NS5B, 

however its impact on the RdRp activity is still unknown (Shimakami et al., 2004). 

 

 
NS5B is a membrane protein identified as an RdRp containing a GDD motif (amino acid 

2737 to 2739) common in all RNA polymerases (Hwang et al., 1997, Ivashkina et al., 2002, 

Schmidt-Mende et al., 2001). RdRp activity mediates virus replication using the positive-

stranded HCV RNA as a template to translate the virus polyprotein (Koonin, 1991, Buck, 
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1996). Structural studies revealed that the conformation of NS5B is essential for RNA 

synthesis (Ago et al., 1999, Bressanelli et al., 1999, Lesburg et al., 1999) while mutational 

studies showed that variations within the GDD motif can impair NS5B function (Yamashita 

et al., 1998, Lohmann et al., 1997). Due to its importance to the HCV lifecycle and 

corresponding functional constraints the HCV RdRp constitutes an important target for the 

development of anti-HCV drugs (Di Marco et al., 2005, Ma et al., 2005, Pawlotsky and 

McHutchison, 2004, Pawlotsky, 2006). 

 

2.1.2.4 HCV life cycle 

The first step in the HCV life cycle is the attachment of the virus to the host cell via the 

interaction of the HCV envelope and host cell receptor(s) (Figure 2-3). Initially, the human 

CD81 protein found on the surface of hepatocytes (and other cells) was identified as the HCV 

receptor (Pileri et al., 1998), however it was later found that the interaction between the HCV 

protein E2 and CD81 was not sufficient for HCV entry into the cell. The human scavenger 

receptor class B type 1, also binding to E2, and the low density lipoprotein (LDL) receptor 

were identified as other putative receptors for HCV (Scarselli et al., 2002, Agnello et al., 

1999).  

 

Once the virus has attached to the host cell viral entry can proceed. After cell entry, the virus 

‘uncoats’ itself to release its single-stranded RNA molecule into the cytoplasm. 

Subsequently, the virus is translated at the surface of the ER via a cap-independent IRES-

mediated process. The product of translation is a large precursor polyprotein. The polyprotein 

is then processed into mature proteins by both cellular and virus-encoded proteases. A 

replication complex rapidly forms to undertake replication of the viral RNA genome. The 

replication starts with synthesis of a complementary negative-stranded RNA that then serves 
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as a template to generate positive-stranded RNA. This step is catalysed by the NS5B RdRp. 

Following this step, the viral cycle terminates with viral assembly, a step that involves the 

encapsulation of genomic RNA via the oligomerization of capsid proteins and the addition of 

envelope by budding through ER membranes. Finally, HCV particles are released from the 

cell by exocytosis (Suzuki et al., 2007, Crofts et al., 2001).  

 

Figure 2-3. HCV replication cycle. The HCV life cycle starts with the binding of HCV 
particles to the host cells. Bound particles are then internalized via receptor-mediated 
endocytosis. Inside the host’s cell, the virus uncoats and is translated (at the rough ER) to 
generate a single large polyprotein that is processed into the 10 mature HCV proteins. Once 
amplified, virions are assembled and released from the cell to complete the life cycle. The 
upper right panel is an illustration of the HCV particle. The middle panel represents a 
schematic model of the mechanism of replication showing the replicative form (RF) and a 
replicative intermediate (RI). The bottom panel shows a membranous web (specific 
membrane alteration where HCV RNA replication occurs) with HCV replicons. Electron 
micrograph in Huh7 cell, bar: 500 nm; N: nucleus; ER: endoplasmic reticulum; M: 
mitochondria. Taken from Tan, 2006 (Tan, 2006). 
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2.1.2.5 HCV diversity and quasispecies 

The HCV infecting an organism circulates in the blood and liver as a heterogeneous 

population. This population consists of a pool of closely related viral strains referred to as 

quasispecies. The presence of such viral diversity within an infected subject is mainly due to 

the high mutable nature of HCV (Choo et al., 1991, Domingo et al., 1985).  Changes in the 

viral sequence arise because of the error-prone polymerase, RdRp, that does not have a 3’-

5’exonuclease proof-reading activity. This 3’-5’ exonuclease activity has the function to 

recognise and cleave mismatches that are incorporated into newly synthesized RNA during 

virus replication. The absence of this proof-reading activity results in a high rate of mutation 

that has been estimated to be around 10-3 to 10-5 misincorporations per nucleotide site per 

year depending on the genomic region (Diamond, 2003). Among the mutations produced 

during viral replication, many are likely to disappear or remain at low frequency because they 

are either lethal or they present a disadvantage for the virus (are either defective for viral 

replication or have a fitness cost) (Fishman and Branch, 2009b). 

 

The HCV population is a complex and dynamic mixture of viral variants that undergoes 

change over time. These changes may affect the virus at different levels including replicative 

fitness, pathogenicity, immune escape and response to viral treatment (Fishman and Branch, 

2009b). It is therefore crucial to understand the evolution of such complex populations in 

order to reach a better understanding of the virus itself, the disease and its outcomes but also 

in order to track HCV transmission networks or patterns.   

 

The observed diversity across the HCV genome is not uniform and is mainly due to 

differences in functional and structural constraints across the viral polyprotein. Thus some 
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regions that code for important proteins for the virus’ lifecycle present a restricted number of 

changes. These regions include the 3’ and 5’ ends that encode proteins required for the 

translation and replication of the HCV genome (Choo et al., 1991, Ogata et al., 1991, 

Okamoto et al., 1992) Similarly, IRES consists of a highly conserved secondary structure 

necessary for the mechanism of translation (Honda et al., 1999). Despite the necessity to 

preserve these portions of the sequence, synonymous changes can be observed as there is no 

amino acid change and these changes are unlikely to affect the tertiary structure of the protein 

and inturn its function. 

 

Regions encoding NS5A, NS3 or the RdRp appear to be more likely to accept mutations, 

however, due to their function, the mutations observed in these portions of the viral genome 

tend not to affect protein folding or the active sites of these proteins (Manzin et al., 1997). In 

contrast, the HVR1 region of the glycoprotein E2 is highly mutable.  

 

Many studies have attempted to establish a correlation between quasispecies complexity and 

disease progression or treatment outcome with IFN-and ribavirin (RBV) but results are 

contradictory (Martell et al., 1992, Farci et al., 1997, Manzin et al., 1997, Farci et al., 2000). 

Some studies have shown that the degree of variation within the quasispecies population can 

be associated with higher likelihood of viral clearance or progression to chronic infection. 

However, to date, viral complexity and diversity present within an individual cannot be used 

as a predictor for disease or treatment outcome. 

 

2.1.3 Natural history of infection 

Following initial exposure to HCV, the virus rapidly replicates and infects the hepatocytes of 

its host to eventually affect the integrity and function of the liver. Following infection with 
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HCV about 25-30% of individuals can spontaneously resolve infection, but in the majority of 

cases the infection persists to establish chronic infection (Tan, 2006). Chronic HCV infection 

is usually associated with slow and silent progression for decades with only about 20% of 

cases developing end-stage liver disease (Figure 2-4) (Fabry and Narasimhan, 2006). 

 

 

Figure 2-4. Schematic representation of the natural course of HCV infection. Taken from 
(Gershwin et al., 2008). 
 

The acute phase of HCV infection in the first six months post-exposure is generally 

asymptomatic therefore infection is rarely diagnosed during the acute phase. Only a minority 

(20-33%) of acute HCV-infected individuals will develop symptoms within three to 12 weeks 

following the transmission event.  

 

The acute phase is a crucial step in the infective process, since the virus must adapt to a new 

environment while the host has to identify and fight the pathogen. As a consequence, many 
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changes occur in the first months of infection with the appearance of detectable HCV RNA in 

the serum of the individual 1-2 weeks after first contact with the virus; an increase in alanine 

aminotransferase (ALT; a marker of hepatocyte damage) reaching levels more than 10 times 

the upper limit of normal levels 2-8 weeks post-exposure; and seroconversion (initial 

presence of anti-HCV antibodies) within 2-6 months depending on the host’s immune system 

(Figure 2-5) (Bowen and Walker, 2005). 

 

 

Figure 2-5. Clinical spectrum of the disease for (A) spontaneous resolvers and (B) chronic 
evolvers. HCV RNA is detectable in the serum by PCR within approximately 2 weeks post-
exposure to HCV (+ indicates detection of HCV RNA, - indicates undetectable RNA). ALT 
levels indicative of liver cell injury generally increase within two to eight weeks after 
infection. The rapid elevation of ALT levels then decline and the adaptive immune response 
specific to HCV becomes detectable with the presence of antibodies detected by enzyme 
immunoassay (EIA) and recombinant immunoblot assay (RIBA) (dark shade indicates 
detectable anti HCV antibodies). (A) During the evolution of acute to resolution of infection 
ALT levels drop to normal values (indicated by grey shade) and HCV RNA remain 
undetectable. (B) During the evolution of acute to chronic infection, ALT levels fluctuate and 
HCV RNA remains detectable.  Taken from (Hoofnagle, 1997). 
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Since the transition from the acute to chronic phase of infection is difficult to delineate an 

individual is considered chronically infected if HCV RNA can be detected more than six 

months after the initial exposure to the virus. 

 

During chronic HCV-infection inflammation and scarring of the liver is likely to occur. Other 

symptoms may progressively develop such as yellowing of the eyes or skin (jaundice), 

persistently dark urine, light-coloured stools, swelling in the abdomen or legs, confusion, 

bleeding, itching, and fatigue. The development of these symptoms usually reveals a more 

serious condition with evident signs of advanced liver complications. In the worst scenario, 

people with chronic HCV infection will develop cirrhosis and can eventually die of liver 

failure or HCC. However, these complications affect a small percentage of the population 

infected by the virus (Figure 2-4) (Fabry and Narasimhan, 2006).  Why infection persists in 

some subjects but resolves spontaneously in others is not clear. However, numerous studies 

have shown that host and viral factors can influence infection outcome as well as the rate of 

progression of disease. 

 

2.1.3.1 Viral-related factors associated with HCV infection outcome 

Among the viral-related factors associated with infection outcome, viral load, inoculum size, 

and HCV genotype have been investigated.  

HCV genotypes not only differ in their geographic distribution but can also be associated 

with different disease progression as well as different susceptibility to IFN-based therapies 

(Table 2.2) (Nunez and Soriano, 2005, Hadziyannis and Koskinas, 2004). As such, 

individuals infected with HCV genotype 3 are at higher risk to develop steatosis, however 

they tend to respond well to IFN-based therapies (Rubbia-Brandt et al., 2004, Hezode et al., 
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2004, Lehmann et al., 2004). On the other hand, subjects infected with HCV genotype 1 tend 

to be more likely to experience chronicity (especially subtype 1b) compared to other 

genotypes (Kobayashi et al., 1996, Pozzato et al., 1994, Dusheiko et al., 1994, Silini et al., 

1995, Nousbaum et al., 1995, Tassopoulos et al., 1998) and poor response to IFN-based 

therapies are generally observed within these individuals. 

Table 2.2. Differential characteristics of HCV genotypes. 

HCV genotype Main feature(s) 

1 Predominant genotype in developed countries 
Shows the poorest response to IFN-based therapies 

2 Increased risk of ALT flares in healthy HCV carriers 
Shows the best response to IFN-based therapies 

3 

Liver steatosis more frequent, which leads to faster progression of 
liver fibrosis 
Shows good response to IFN-based therapies 
Highest rate of spontaneous clearance after acute infection 
 

4 

Chronification more frequent after acute infection 
Generally poor response to IFN-based therapies 
Predominant genotype in North Africa but constitutes only 10% of 
infections in southern Europe 

*ALT: alanine aminotransferase; IFN: interferon. 
Taken from (Nunez and Soriano, 2005). 
 

Additionally, studies have suggested that the heterogeneity of the viral quasispecies present 

in the inoculum or in the infected organism might play a role in the evolution of the disease 

since complex viral populations require stronger immune responses to eradicate the virus. 

HCV quasispecies diversity was used as an indicator of declining host immune function by 

Chang-Wook Park and colleagues (Park et al., 2014) where NGS analysis of 49 chronic 

HCV-infected subjects showed 14 amino acid positions that differentiated between subjects 

with chronic HCV infection and those with HCC suggesting that mixtures within these sites 

could be relevant in the prediction of HCV progression to HCC. However, a recent study 

failed to show a significant association between genetic variations in the full viral protein 

http://www.hindawi.com/42093836/
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coding region of 107 HCV genotype-1-infected subjects and the rate of disease progression or 

development of HCC (Donlin et al., 2014). Overall, evidence of viral-related factors 

influencing progression have been demonstrated, however controversy remains and such 

factors to date are more reliable as indicators of disease progression rather than predictors as  

disease progression is not universal among the different groups of subject presenting a 

specific viral factor.  

 

2.1.3.2 Host-related factors associated with HCV infection outcome 

Age and gender are well-established host characteristics known to be associated with 

infection outcome. The results of numerous studies have shown that young individuals have a 

greater chance of recovering from HCV infection as they present lower chronicity rates (30% 

in individuals less than 20 years old and 76% for those above this age) (Alter et al., 1999, 

Thomas et al., 2000, Seeff et al., 2000, Costa et al., 2002). Additionally, studies have shown 

that males present a higher rate of progression to chronic disease (Poynard et al., 1997, 

Freeman et al., 2001). Ethnicity may also affect outcome as it appears that African-American 

individuals are more likely to be anti-HCV antibody positive as shown by the National Health 

and Nutrition Examination Survey (NHANES III) with a higher prevalence of detectable 

viremia among African Americans (86.2%) compared with 67.6% of non-Hispanic whites 

and 73.6% of Mexican. Furthermore, it was found that African Americans tend to present 

lower rates of spontaneous clearance than Caucasians (Alter et al., 1999) as well as lower 

response rates to IFN-based treatment (Howell et al., 2000, Reddy et al., 1999). 

The host’s immune response is an important correlate of infection outcome and several 

studies have examined variations in candidate genes involved in the immune system and 

HCV infection outcome (Rauch et al., 2009a) (Figure 2-6). These association studies, either 

candidate gene or genome wide association studies (GWAS), underline the crucial role 
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played by the host’s immune response in the control of HCV infection. However, the impact 

of host factors associated with the immune response to HCV is still incompletely defined as 

genetic associations are not always confirmed in independent cohorts and the issue of sample 

size or demographics can also contribute to discrepancies in the results obtained between 

studies (Rauch et al., 2009a).  

One group of molecules investigated are the polymorphic human leucocyte antigens (HLA). 

These molecules present specific areas of the virus to T-cells as part of the host’s immune 

response against the pathogen. Critical studies on single source outbreaks in Germany and 

Ireland have shown an association between infection outcome and specific HLA alleles. In 

both cases, the adaptation potential of the source virus is likely to have influenced the specific 

HLA alleles associated with infection outcome (Merani et al., 2011, Neumann‐Haefelin et al., 

2006). For example, in the study of Irish women who were infected through the 

administration of anti-D immunoglobulin contaminated with a HCV genotype 1b strain, 

HLA-B8 was associated with poor outcome and sequencing the source strain revealed viral 

adaptation within an immunodominant HLA-B8-restricted T cell epitope (Merani et al., 2011, 

Ray et al., 2005) suggesting the virus was adapted to new hosts that expressed HLA-B8. 

Similarly in the same cohort, Fitzmaurice and colleagues (Fitzmaurice et al., 2011) found a 

novel T cell epitope restricted by HLA-A3 in the NS3 protease: TVYHGAGTK (position 

1080-1088), which was targeted by 60% of women in this cohort and associated with a strong 

‘HLA footprint’ in that women who carried HLA-A3 and became chronically infected with 

HCV tended to exhibit a mutation within this target (K1088R). The HLA-A3 allele was 

found to be protective, which could be explained by the requirement of a second substitution 

(T1087A) to offset the significant loss of fitness associated with the K1088R change also 

found in HLA-A3 chronic HCV-infected women in this cohort. In another single source 

outbreak cohort of German women who had received HCV contaminated Rh immune 
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globulin showed that spontaneous HCV clearance was associated with HLA B-27 (Neumann-

Haefelin et al., 2006) and the source sequence showed no evidence of viral adaptation in an 

immunodominant HLA-B27 T cell epitope. Mutations in this epitope are commonly observed 

in chronic HCV-infected subjects with HLA-B27. 

 

More recently, several GWAS have found a strong association between single nucleotide 

polymorphisms (SNPs) near the IL-28B gene and HCV infection and treatment outcome 

(Thomas et al., 2009, Ge et al., 2009, Rauch et al., 2010b, Tanaka et al., 2009, Suppiah et al., 

2009). IL-28B encodes for interferon lambda III, a type III interferon, and is likely to have a 

role in the host’s immune response to HCV. Similarly, IFN-λ4, encoded by the IFNLλ gene is 

an additional member of the IFN-λ family that has recently been discovered and which shows 

similar antiviral activity like IFN-λ3 as well as comparable genetic association with improved 

spontaneous and treatment-induced HCV clearance (Prokunina-Olsson et al., 2013, Aka et 

al., 2014, Bibert et al., 2013).   
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Figure 2-6. Illustration of the host genes associated with hepatitis C resolution. Boxes 
indicate the host factors for which polymorphisms have been associated with a favourable 
outcome in the literature. HLA: Human leukocyte antigen; ISG: Interferon-stimulated gene; 
KIR: Killer cell immunoglobulin-like receptor; LDL: Low-density lipoprotein; NK: Natural 
killer; OAS: 2´5´-oligoadenylate-synthetase directed ribonuclease L; PKR: Protein kinase R; 
TLR: Toll-like receptor. Taken from (Rauch et al., 2009a). 
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2.1.3.3 Environmental factors associated with HCV infection outcome 

Other factors are associated with HCV infection outcome and progression to disease 

including co-morbidities and lifestyle choices. Heavy alcohol use accelerates disease 

progression and increases the risk of developing cirrhosis and HCC (Mason et al., 1999, 

Hassan et al., 2002, Adinolfi et al., 2001). However, controversies remain concerning how 

light or moderate alcohol drinking affects HCV infection outcome or disease progression. 

Additionally, studies have shown that obesity and diabetes mellitus are associated with more 

severe fibrosis and a greater risk of developing HCC (This, 2002, Winter et al., 1998, 

Adinolfi et al., 2001, Ahlenstiel et al., 2008). Supporting these studies are data showing that 

individuals who managed to lose weight through diet and exercise demonstrated a decreased 

frequency of steatosis and fibrosis (Romero et al., 2008, Cochrane et al., 2002). Furthermore, 

studies have shown that cigarette or cannabis smoking may influence the risk of developing 

fibrosis (Hezode et al., 2005, Hezode et al., 2003, Pessione et al., 2001). Similarly, it is 

believed that diet and toxic contaminants could impact HCV infection, however these issues 

need further investigation. 

 

Understanding of the natural history of HCV infection is limited since acute infection often 

passes unnoticed by the infected person who, consequently, does not present for medical care. 

Accordingly, individuals with true acute HCV infection are underrepresented in research 

studies.   

 

2.1.4 Diagnosis 

 The absence of clinical symptoms during early HCV infection makes the diagnosis of acute 

hepatitis C difficult. Additionally, this feature makes the estimation of time since exposure 

difficult except in cases where the individual can identify a risk of exposure. Albeit certain 
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subjects might develop mild symptoms in the early time post-exposure, these symptoms are 

usually non-specific (e.g. fatigue) to the disease thus making diagnosis of acute hepatitis C 

challenging (Thomas and Seeff, 2005, Heller and Rehermann, 2005, Chung, 2005). 

 

The standard anti-HCV antibody test is an enzyme immunoassay (EIA). A recombinant 

immunoblot assay (RIBA) can be used for confirmation of a positive result. A positive anti-

HCV antibody test result reflects active infection or is a sign of previous exposure in a person 

who has spontaneously resolved the infection. Consequently, other tests are required to 

confirm the presence of active infection. A HCV RNA PCR-based test is the most reliable 

test to confirm active infection and monitoring of HCV RNA levels is done during HCV-

specific antiviral treatment. This test is therefore important as it can help in the decision-

making process concerning treatment options (particularly in the IFN therapy era) and 

whether treatment should be continued (Mondelli et al., 2005, Fabry and Narasimhan, 2006, 

Bartenschlager and Bühler, 2008). Liver function tests are performed to evaluate liver 

damage and inflammation. They consist of a variety of blood tests involving the assessment 

of aspartate aminotransferase (AST), alanine aminotransferase (ALT), bilirubin, albumin 

levels and alkaline phosphatase levels that tend to rise in many liver conditions. Fibrosis and 

necroinflammation constitute the best markers of ongoing fibrosis and progression to 

cirrhosis as they determine the severity and stage of infection and contribute to the evaluation 

of the risks of long-term complications associated with chronic HCV infection such as 

cirrhosis and HCC. At present, biopsy remains the best way to monitor the evolution of the 

disease, although the use of Fibroscans are increasing in Australia and elsewhere as an 

informative assessment of liver fibrosis (Shaheen et al., 2007, Salkic et al., 2014, Fabry and 

Narasimhan, 2006). 
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2.1.5 Mixed infection and re-infection 

An HCV infection that has been spontaneously cleared by the immune system of the host or 

that has been successfully eradicated through treatment does not necessarily prevent the 

individual from reinfection. The detection of one or more HCV strains at a given time-point 

is referred to as mixed infection. Mixed infections are the result of re-exposure to the virus or 

simultaneous exposure (superinfection) (e.g. sharing of contaminated injecting equipment). 

Studies of superinfection and reinfection have demonstrated that HCV RNA and ALT levels 

increase at the time of re-exposure to the virus; and can be used as markers to determine the 

time when an individual has been re-exposed (Grebely et al., 2012, Bukh et al., 2008, Wyatt 

et al., 1998, Shoukry et al., 2003, Major et al., 2002, Bassett et al., 2001, Grebely et al., 2010, 

Asselah et al., 2003, Okamoto et al., 1994, Kao et al., 1996, Widell et al., 1995).  

The main limitations of studies analysing reinfection are that it cannot be excluded that the 

second strain of the virus was already present when first diagnosed with HCV as the second 

strain could have been present at low frequency at that time. Another limitation involves the 

possibility of rapid viral clearance followed by a reinfection between two sampling time 

points, which would underestimate the rate of reinfection; particularly if the new viral strain 

is similar to the initial infecting strain. A recent paper by an Australian group examining 

high-risk HCV exposure subjects indicated that the viral subtype/genotype occurring at a 

lower viral load is typically cleared over-time in mixed infections (Pham et al., 2010). 

In a study conducted by Grebely and colleagues (Grebely et al., 2012), some subjects who 

had previously cleared the virus either spontaneously or with treatment, went on to clear a 

new infection, which suggests some evidence of protective immunity against HCV.  
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Overall, re-infection and superinfection are not uncommon in the HCV-infected population as 

populations at risk share common behaviours or common connections such as injecting drug 

use or men having sex with men thus resulting in transmission networks.  

 

2.1.6 Treatment for HCV infection  

Not long after the identification of HCV in 1989, IFNα was trialled as a treatment regimen 

against HCV, and has remained an essential component of anti-HCV therapy (Figure 2-7) 

(Heim, 2013). However, the limited efficacy of this treatment reported in the 1980s 

encouraged the scientific community to understand and improve HCV therapy. As a result of 

these studies, the covalent attachment of a polyethyleneglycol molecule (process referred to 

as pegylation) to IFNα introduced in 2001 lead to improved therapy regimens with longer 

interval between intakes as well as increased antiviral efficacy (Zeuzem et al., 2000, Lindsay 

et al., 2001). Despite this progress, the efficacy of IFN-based therapies even when combined 

with ribavirin (RBV; a nucleoside analogue presenting a broad range of antiviral activities) 

remains limited with 40-80% success rate depending on HCV genotype (Manns et al., 2001, 

Fried et al., 2002, Ghany et al., 2011). More recently, the development of direct-acting 

antivirals (DAAs) targeting specific HCV proteins are promising for the future thus opening a 

debate on whether IFNα-free combination therapies will become the new standard of care for 

HCV. 
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Figure 2-7. Illustration of the rapid evolution of treatment strategies for HCV infection. 
Taken from Markus H. Heim, 2013(Heim, 2013). 

 

2.1.6.1 Interferon alpha and ribavirin 

As no vaccine is yet available against HCV, treatment for HCV infection for the last few 

decades has involved the combination of pegylated IFN-α (PEG-IFN-α) and RBV. IFNs can 

promote the host’s immune response to a viral infection (Kamal et al., 2002, Cramp et al., 

2000) as IFNα can regulate dendritic cells (DCS) (Dalod et al., 2003), natural killer (NK) 

cells (Nguyen et al., 2002, Lee et al., 2000) and T cells (Havenar-Daughton et al., 2006, 

Kolumam et al., 2005, Aichele et al., 2006) (important cells involved in the resolution of 

HCV infection) as well as inhibiting viral replication with IFN-stimulated genes (ISGs) such 

as the PKR, and the IFN-induced proteins ISG56 and ISG54, which block the translation of 

numerous viral mRNAs (Sadler and Williams, 2008, Terenzi et al., 2006) or 

2ʹ-5’-oligoadenylate synthetase (OAS) (antiviral IFN-stimulated effector), which once 

activated leads to the activation of a latent ribonuclease L (RNase L), resulting in the 

degradation of viral RNAs (Sadler and Williams, 2008). On the other hand, the exact role of 

RBV in increasing the success of treatment when combined to IFNα is still unclear. Many 

mechanisms of action have been suggested for RBV such as inhibition of the biogenesis of 
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GTP resulting in the inhibition of viral replication; increased mutation rate of HCV leading to 

an ‘error catastrophe’; modulation of T cells or enhancement of IFN signalling, however none 

of the existing studies has yet clearly identified the mode of action of RBV during HCV 

infection (Feld and Hoofnagle, 2005, Paeshuyse et al., 2011). Until recently, the combination 

of these two drugs was the standard-of-care treatment for HCV infection, however, 

combination PEG-IFN-a/RBV treatment is effective in only 40-50% for individuals infected 

with genotype 1 (the most frequent HCV genotype worldwide) and around 80% for 

genotypes 2 and 3 (Manns et al., 2001, Fried et al., 2002, Ghany et al., 2011). 

 

This treatment aims to “eradicate” (decrease viremia to an undetectable level) the virus and 

improve liver histology in HCV-infected subjects. The therapy length varies depending on 

the genotype and level of viremia with 24 weeks of treatment for subjects with genotype 2 or 

3 while subjects with genotype 1 need 48 weeks as this HCV strain is less responsive to PEG-

IFN-a/RBV therapy (WHO, 2014). The success of therapy is measured via the level of HCV 

RNA present in the serum following the course of treatment. Treatment outcome can be 

classified into three general groups: non-response (including null-response and partial 

response); relapse (decrease of viremia during treatment but increase observed shortly after 

cessation of therapy); and sustained virological response (SVR) (SVR is confirmed if there is 

no detectable HCV RNA six months after the end of therapy). Due to a limited efficacy and 

associated adverse effects, the decision on whether a subject should be treated for hepatitis C 

relies on several considerations. Because there is no accurate way to predict an individual’s 

risk for developing cirrhosis and liver-related complications the decision to undergo hepatitis 

C therapy used to be mostly reliant on the results of a liver biopsy. If the biopsy revealed 

significant inflammation and scarring then treatment had to be considered or recommended as 

long as the subject fulfilled the required criteria to comply with the therapy. However, due to 
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the limitation of percutaneous liver biopsy (i.e. costly, carry a small risk for complication, 

sampling error as the small sample might not reflect the general stage of the organ) this 

procedure is no longer a pre-requisite for treatment. As such, non-invasive techniques are 

now used to assess liver histology and evaluate liver fibrosis including fibrosis biomarker 

(FibroTest) and elastography (FibroScan) (Salkic et al., 2014, Shaheen et al., 2007). 

Furthermore, GWAS have shown a strong association between genetic variants found near 

the IL28B gene and response to IFNα treatments (Ge et al., 2009, Suppiah et al., 2009, 

Tanaka et al., 2009, Rauch et al., 2010b). Today, the strongest predictors of good outcome 

with IFN-based treatment are viral load, HCV genotype and IL28B genotype. 

 

Peg-IFN-a/RBV therapy involves many side-effects and is usually associated with symptoms 

such as fatigue, fevers, muscle aches, dry skin, rash, loss of appetite, sleeping problems and 

hair loss. As a consequence, the National Institutes of Health (NIH) produced guidelines for 

therapy with PEG-IFN-a/RBV in order to determine if therapy can be given safely to a 

subject. These guidelines display a range of criteria that are favourable for therapy but also 

indicate all the contraindications or conditions that are not felt to be appropriate for hepatitis 

C treatment (Table 2-3).  

Table 2.3. List of contraindication to HCV treatment. 

Severe or uncontrolled psychiatric disease  
Poorly controlled epilepsy 
Active serious infection  
Pregnancy or inadequate contraception  
Advanced renal failure  
Hemoglobinopathy 
Uncontrolled serious medical condition (e.g. severe heart disease)  
Hepatic decompensation  
Solid-organ transplant (except liver)  
Autoimmune disease  
Low white blood cell or platelet count  
Severe anemia  
Ongoing alcohol or substance abuse  
Documented poor compliance and/or other absolute contraindications 

Source: NIH website  
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2.1.6.2 New Anti-HCV drugs 

Until now, standard treatment for HCV involved PEG-IFN-a/RBV, however due to its limited 

efficacy against the common genotype 1 strain, cost and associated side-effects, the 

combination therapy is not suitable for many subjects and not optimal for the cure of HCV 

infection.  HCV genotype 1 is the major genotype circulating in the United States, Europe 

and Asia and therefore it is crucial to develop more effective drugs against this strain. The 

increasing knowledge acquired about the HCV life cycle has revealed new targets for 

antiviral therapies. At present, direct acting antiviral or DAAs, are now in clinical practice 

and over 30 drugs are currently at different stages of clinical development (Jensen, 2011). . 

However, clinical trials have raised concerns about these DAAs regarding the development of 

drug resistance mutations. Drug mutations are selected variations that emerge within drug 

targets. The main difficulty in the design of novel antiviral drugs is that selection of resistant 

variants when treatment is initiated can be observed within a few days.  These mutations can 

affect signal transduction pathways, receptors and drug binding sites circumventing drug 

action.  

The development of antiviral drug resistance depends on multiple factors, including the 

genetic barrier (defined as the number of mutations required to overcome drug selective 

pressure) and the fitness of viral variants. Depending on the risk to develop drug resistance, a 

specific DAA or combination of DAAs can be associated with low or high genetic barriers 

(Rong et al., 2010, Condra, 1998, Luber, 2005, Zhang et al., 2004). As such the more 

mutations required to impair drug efficacy, the higher is the genetic barrier associated with 

the drug or drug regimen and inversely for low genetic barrier treatment(s). In addition to the 

genetic barrier, viral fitness (defined as the ability of a virus to adapt under selective 

pressures) is another factor to consider in the selection of variants (De Luca, 2006). Both 
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parameters have a role in the development to drug resistance (Figure 2-8) (Gotte, 2012, 

Welsch, 2014).  

 
Figure 2-8. Genetic barrier and variant fitness are important parameters for drug resistance 
development. Illustration of the genetic barrier (upper panel) and viral fitness (lower panel) 
showing their distinct but complementary roles in the emergence of drug resistant variants. 
After initiation of treatment the selective drug can compromise the fitness of the wild type 
(WT, green) and reduce its fitness as demonstrated by the elevated blue bar. The mutants 
emerging under such pressure (A’, yellow and B’, red) can present different levels of fitness 
as shown by this figure with a fitness advantage for mutant B’ when compared to ΔF(A’)is 
compared with ΔF(B’). After generation of adapted variants the establishment of the resistant 
population can be prevented or delayed by the genetic barrier as population A’ will rapidly 
be selected due to the higher fitness of this variant (fast generation),which translates to a low 
genetic barrier, contrary to population B’, which could be selected later. Taken from (Gotte, 
2012). 
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So far, the development of drugs has involved targeting regions of the non-structural proteins 

such as the NS3/4A protease, NS5A and NS5B RdRp, which are known to have important 

roles in the HCV life cycle and are less prone to mutations, particularly the enzyme active 

sites, in comparison to the rest of the genome, which is more tolerant toward variations 

(Figure 2-9). 

 

 
Figure 2-9. New DAA drug targets in HCV. Schematic representation of the HCV life cycle 
including the different drug targets of the new DAAs currently being developed. Taken from 
(Manns and von Hahn, 2013). 
 
 
Other HCV inhibitors currently in development target proteins involved at different steps of 

the virus’ life cycle with viral entry inhibitors, HCV RNA translation inhibitors, post 
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translational processing inhibitors, HCV replication inhibitors, virus assembly and release 

inhibitors.  

 

2.1.6.2.1 NS3 protease inhibitor 

Ciluprevir (or BILN-2061) was the first NS3 protease inhibitor tested. At first, clinical 

studies were promising as it induced a rapid decline of HCV RNA levels (Hinrichsen et al., 

2004, Lamarre et al., 2003, Reiser et al., 2005), however, the trial was rapidly stopped 

because of reported myocardial toxicity (Hinrichsen et al., 2004).  

In May 2011, the Food and Drug Administration (FDA) approved the first direct-acting 

antiviral agents, boceprevir (or SCH 503034) and telaprevir (or VX-950) for the treatment of 

chronic HCV infection. Both are given in combination with PEG-IFN-a/RBV. The rapid 

decline of HCV RNA with the use of the inhibitors supported the idea that post-translational 

processing inhibitors could inhibit HCV replication. Studies reported a SVR achieved in 

more than 75% of subjects infected with the difficult to treat HCV genotype 1 strain for 

telaprevir and 67% for boceprevir (Poordad et al., 2011, Jacobson et al., 2011, Au and 

Pockros, 2014). Albeit the first data were encouraging for telaprevir, the success of this agent 

is hindered by the emergence of resistant variants that impair the efficacy of the drug (Lin et 

al., 2005a, Lin et al., 2004, Sarrazin et al., 2007). Similar problems were faced with 

boceprevir with the emergence of amino acid substitutions that affected the efficacy of the 

agent (Susser et al., 2009, Tong et al., 2006). 

More recently, the second generation protease inhibitor simeprevir (Olysio) was approved by 

the FDA at the end of 2013, thus supplanting boceprevir and telaprevir. Simeprevir is given 

in combination with PEG-IFN-a/RBV for 12 weeks followed by 12 to 36 more weeks of 

PEG-IFN-a/RBV depending on whether or not the subject had been previously treated and 
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how the individual responded to treatment (relapse or non-responder). Although simeprevir 

showed SVR rates up to 75-85% (Zeuzem et al., 2011, Zeuzem et al., 2012, Jacobson et al., 

2013, Manns et al., 2013, Lawitz et al., 2013a), this drug should not be administered to 

individuals who previously failed the first-generation protease inhibitors boceprevir and 

telaprevir due to overlapping resistance. Indeed, the three compounds share a common drug 

resistance variant Q80K that compromises the efficacy of these drugs (Forns et al., 2014, 

Zeuzem et al., 2014, Morel et al., 2014). 

More second generation protease inhibitors such as Faldaprevir, Asunaprevir, ABT-450, 

Danoprevir, GS-9451, MK-5172 and ACH-2684 are at the preclinical stage (Manns and von 

Hahn, 2013). The development of these new protease inhibitors constitute a major step 

forward for HCV treatment as first generation compounds had a low genetic barrier to 

resistance and were limited to HCV genotype 1-infected subjects while the second generation 

protease inhibitors present a higher genetic barrier as well as better effectiveness against 

several genotypes (excluding genotype 3) and better tolerance (Ciesek et al., 2011, Fusco and 

Chung, 2011, Asselah and Marcellin, 2011).   

 

2.1.6.2.2 NS5a protein inhibitors 

Several NS5a inhibitors are currently being developed including daclastavir, ABT-267, ACH-

3102, ledipasvir, MK-8742 and PPI-668. DAAs targeting NS5a induce a significant reduction 

in HCV RNA and enhance SVR with combination of PEG-IFN-a/RBV (Gao et al., 2010). 

Albeit these compound are generally effective across genotypes, they have a low barrier to 

resistance resulting in the emergence of resistant variants after initiation of treatment (Guedj 

et al., 2013, Gao et al., 2010). Daclastavir (or BMS-790052) was the first NS5a inhibitor 

investigated in clinical trials. This drug was shown to be safe and effective within a study of 



46 
 

subjects infected with HCV genotype 1, however the development of resistant HCV strains 

was observed even though no cross-resistance between daclatasvir and other DAAs has been 

reported (Gao et al., 2010, Nettles et al., 2011, Hunt and Pockros, 2013). The lack of cross-

resistance is encouraging for the use of daclatasvir in combination with other DAAs or in 

IFN-free regimens as demonstrated with the QUAD study in which therapy among HCV 

genotype 1-infected subjects including daclatasvir combined with second generation protease 

inhibitor asunaprevir and PEG-IFN-a/RBV showed SVR rates up to 90-95% in non-cirrhotic 

individuals who were prior non-responders to the current standard of care (PEG-IFN-a/RBV) 

(Lok et al., 2012) or the DUAL study evaluating the combination of these two DAAs without 

PEG-IFN-a/RBV showing SVR rates between 64-91% in HCV genotype 1b-infected 

individuals (Suzuki et al., 2013).  

Ledipasvir (or GS-5885) is another NS5a inhibitor presently in phase ΙΙΙ clinical trials. In a 

recent study, the combination of four drugs including ledipasvir and the second-wave 

protease inhibitor GS-9451 with PEG-IFN-a/RBV showed SVR rates up to 98% (Thompson 

et al., 2013). Numerous studies are also investigating ledipasvir in combination with the 

recently approved nucleotide polymerase inhibitor sofosbuvir but results have not yet been 

published (Au and Pockros, 2014). 

 

2.1.6.2.3 NS5b Polymerase inhibitors 

The NS5b polymerase inhibitors can be classified into two classes: nucleoside or nucleotide 

inhibitors and the non-nucleoside inhibitors. The first class bind to the active site of the 

polymerase and results in chain termination while the non-nucleoside inhibitors bind to 

allosteric enzyme sites, resulting in a conformational protein change. NS5b inhibitors are 

generally efficient against multiple genotypes due to the highly conserved structure of the 
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polymerase across the different genotypes as substitutions in this location are generally 

poorly tolerated (Pockros, 2010). 

 

2.1.6.2.3.1 Nucleoside or nucleotide inhibitors 

Valopicitabine (NM283) was the first nucleoside polymerase inhibitor investigated in clinical 

studies. The first data showed that valopicitabine induced a dose-dependent HCV RNA 

decline in HCV genotype 1-infected subjects but monotherapy was associated with frequent 

gastrointestinal side-effects in addition to a few cases of viral resistance (Afdhal et al., 2007, 

Coelmont et al., 2006). Similarly, the NS5b polymerase inhibitor MK-0608 resulted in rapid 

decrease of HCV RNA levels within chimpanzees but resistance mutations shortly emerged 

(Pawlotsky et al., 2007). Numerous other polymerase inhibitors have been developed but all 

analogues appear to be able to select resistant variants or present severe side-effects. 

More recently, the nucleotide polymerase inhibitor sofosbuvir (Sovaldi) was approved by the 

FDA at the end of 2013, while mericitabine and VX-135 presently remain in clinical 

development. Sofosbuvir in combination with PEG-IFN-a/RBV reached an overall SVR of 

90% (among the different genotypes tested including genotypes 1, 4, 5 and 6) after 24 weeks 

of treatment in the NEUTRINO study (Lawitz et al., 2013b, Everson et al., 2012). Other data 

revealed a SVR of 95% for HCV genotype 1-infected subjects using the same combination of 

drugs (sofosbuvir and PEG-IFN-a/RBV) and a 100% SVR rate was observed in genotype 2 

and 3-infected treatment-naïve individuals after only 12 weeks of sofosbuvir and ribavirin, 

which could result in IFN-free treatment for these two genotypes. However, SVR rates were 

significantly reduced to 68% for treatment-experienced HCV genotype 2 and 3-infected 

subjects undergoing the same treatment course and HCV genotype 2 and 3-infected 

treatment-naïve individuals receiving only sofosbuvir for 12 weeks showed only 60% SVR 

(Rodriguez-Torres et al., 2012, Gane et al., 2012).  
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2.1.6.2.3.2 Non-nucleoside inhibitors 

Non-nucleoside inhibitors tend to present a lower antiviral potency compared to nucleoside 

(or nucleotide) inhibitors as the targeted region is away from the catalytic site with binding 

sites less conserved across HCV genotypes thus conferring a low genetic barrier to resistance 

for these drugs. Furthermore, non-nucleoside drugs tend to have an efficacy limited to HCV 

genotype 1 strains (Au and Pockros, 2014, Dabbouseh and Jensen, 2013, Sarrazin and 

Zeuzem, 2010). There are six compounds currently being investigated including ABT-333, 

deleobuvir, ABT-072, BMS-791325, GS-9669, setrobuvir and VX-222. While data have 

shown various SVR rates between the different compounds tested in combination with 

pegIFN/RBV: 86% for ABT-072, 63% for ABT-333, 58% for deleobuvir (Poordad et al., 

2012, Larrey et al., 2012), non-nucleosides inhibitors are expected to be promising as part of 

combination therapy for HCV genotype 1 strains (Jacobson et al., 2010).  

 

Many other DAAs have been investigated or are being developed. However, many of the 

trials have been interrupted due to severe side-effects. Of the DAAs that have satisfied 

clinical trial requirements, most are still facing the issue of potential mutational escape 

developed by HCV that can affect drug efficiency. 

 

2.1.6.3 Resistance to direct antiviral agents 

Viral mutations are naturally produced during the HCV life cycle. The emergence and 

maintenance of these variants is dependent on the nature of the change, viral fitness but also 

the environment in which the virus is evolving.  As the virus is subject to selective forces 

such as immune and drug pressures, the pattern of emerging variants can be reflective of such 

factors. Resistance-associated variants (RAVs) are commonly observed among treated 
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individuals but also within treatment-naïve subjects (Kuntzen et al., 2008). With the recent 

development of DAAs, the treatment of chronic HCV infection is evolving and changing at a 

rapid pace.  

Rapid viral adaptation of HCV in response to drug pressure is commonly observed for 

monotherapies. Studies showed that monotherapy with the protease inhibitor boceprevir 

(Susser et al., 2009) or telaprevir (Sarrazin et al., 2007) selected RAVs within one to two 

weeks after initiation of treatment. RAVs are generally associated with a fitness cost and are 

therefore present at small frequencies in the quasispecies population (Shimakami et al., 2011, 

Welsch and Zeuzem, 2012). However, due to their advantageous feature when treatment is 

initiated, resistance variants can become dominant and compromise treatment efficacy. 

Interestingly, reversion of these resistance mutations are observed after treatment cessation 

replacing the resistant variants by the wild-type virus (this was observed with telaprevir 

(Sarrazin et al., 2007, Sullivan et al., 2013), boceprevir (Barnard et al., 2012) and simeprevir 

(Lenz et al., 2013). As such, it was demonstrated that resistance mutations within individuals 

who had been treated with telaprevir or boceprevir disappeared in most subjects (>85%) after 

a median follow-up of 30 months (Sherman et al., 2011). 

 

Each DAA selects specific RAVs with a resistance specific profile associated with each 

compound or drug class (Tables 2-4, 2-5 and 2-6) (Poveda et al., 2014, Welsch and Zeuzem, 

2012, Vermehren and Sarrazin, 2012, Sarrazin and Zeuzem, 2010). This profile can be 

influenced by the HCV genotype or subtype as well as the genetic barrier associated with the 

drug. As such, due to different codon usage between HCV subtypes, the resistance site R155 

found in the HCV protease requires only one nucleotide change (R155K: AGG to AAG) in 

HCV subtype 1a to confer resistance against the protease inhibitors while two nucleotide 

changes are necessary in HCV subtype 1b (R155K: CGG to AAG). This supports clinical 
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observations showing that subjects infected with HCV subtype 1b are less likely to develop 

resistance than those with HCV subtype 1a (Sarrazin and Zeuzem, 2010, Poveda et al., 2014, 

Kieffer et al., 2010, Kieffer et al., 2012, Vermehren and Sarrazin, 2012, Barnard et al., 2013, 

Ogert et al., 2013, Halfon and Locarnini, 2011, Poveda and Garcia, 2013, Poveda and 

Soriano, 2012). 

 

Table 2-4. Amino acid positions within the NS3/4A protease associated with resistance to 
protease inhibitors. 

 
Sites relevant to the first generation linear protease inhibitors are indicated by blue, for the 
first generation macrocyclic protease inhibitors by green and for the second generation 
protease inhibitors by purple. * denotes mutations associated with resistance in vitro. Taken 
from (Vermehren and Sarrazin, 2012). 
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Table 2-5. Amino acid positions within the NS5b polymerase associated with resistance to 
different nucleoside and non-nucleoside inhibitors. 

 
Colour code specific to the binding sites of the different polymerase inhibitors. * denotes 

mutations associated with resistance in vitro. Taken from (Vermehren and Sarrazin, 2012). 
 

Table 2-6. Amino acid positions within the NS5a protein associated with resistance to NS5a 
inhibitors. 

 
Taken from (Vermehren and Sarrazin, 2012). 
 
 
Many other studies are currently investigating new compounds as well as testing numerous 

combination drug therapies in order to identify the treatment regimen that will be the 

“perfect” balance between safety, tolerability and efficacy as has been achieved for HIV. 

Although the debate on whether IFN should remain as part of the treatment for HCV 

infection is still open, it seems likely that the future of chronic HCV treatment will be IFN-

free as many subjects are ineligible or intolerant to IFN-based regimens (Au and Pockros, 

2014). Overall, although combination therapy including the newly approved DAAs appears 

to be promising the issue of resistance mutation remains. Additionally, the mutation profile of 
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each compound needs to be taken into consideration in the choice of treatment for a subject 

due to the overlapping cross-resistance profiles of certain drugs. As such, boceprevir and 

telaprevir should not be combined or be switched in case of treatment failure as they share 

common sites associated with drug resistance (Vermehren and Sarrazin, 2012). 

 

Viral variants presenting a reduced sensitivity to the drug might already be present in 

treatment naive populations. If these viral variants were initially a minor strain among the 

pool of viruses, it may then become dominant because of its advantageous variations that 

make it fitter against the drug pressure. An early study into the prevalence of DAA RAVs in 

treatment naïve chronic HCV-infected subjects revealed minor pre-existing variants 

presenting a reduced sensitivity to NS3 inhibitors in the baseline quasispecies population that 

increased the chance to result in null virological response (NVR) (Bartels et al., 2008). 

Similar observations were made with polymerase inhibitors (Kuntzen et al., 2008, Le Pogam 

et al., 2008). Furthermore, the mutation profile should also considered given the population 

or type of subject (treatment-naïve or not) as pre-existing or persistent resistant variants after 

prior treatment can affect the efficacy of the treatment. Indeed, the high prevalence of the 

naturally occurring Q80K variant especially in European and North American populations 

(19-48%) needs to be taken into consideration as the Q80K change is associated with lower 

SVR rates and confers resistance to simeprevir (Schneider and Sarrazin, 2014, Jacobson et 

al., 2013, Lenz et al., 2011, Forns et al., 2013). 

 

Other difficulties associated with the development of these DAAs is the toxicity of the 

antivirals (although diminishing) and drug-drug interactions. However, the potential 

reduction of treatment time to eight weeks may remove some of these issues. 
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2.1.6.4 Host targeting agents 

In parallel to DAAs, agents targeting host proteins or nucleic acids are being developed. 

These compounds target cellular proteins and microRNAs that are essential for the viral life 

cycle and therefore inhibit the ability of HCV to use host cell components for continued 

infection. These pharmaceutical agents include cyclophilin inhibitors, which aim at disrupting 

the interaction of NS5a and cyclophilin A (Schaefer and Chung, 2012) and an antagonist of 

microRNA 122 that inhibits its binding to the 5’ UTR of the HCV genome; an essential step 

for HCV replication (Janssen et al., 2013, Lanford et al., 2010). The agents currently in 

clinical development include alisporivir (Novartis, Basel, Switzerland) and SCY-635 

(Scynexis, Research Triangle Park, NC) for cyclophilin inhibitors (Coelmont et al., 2009, 

Hopkins et al., 2010) and miravirsen (Santaris, Horsholm, Denmark) for antagonists of 

microRNA 122 (Janssen et al., 2013, Lanford et al., 2010). 

These agents could be an important addition to DAAs in the treatment of HCV as they have a 

high genetic barrier to resistance with no cross-resistance with DAAs and present pan-HCV 

genotypic activity (Wendt and Bourliere, 2013). 

 

2.1.7 Host immune response to HCV 

As a foreign particle, HCV will be recognized by the host as a non-self entity, which initiates 

the activation of antiviral responses in order to fight the pathogen. Although the host’s 

immune response to HCV is important to determine outcome, it is not clear exactly how this 

occurs or what defines “protective” immunity against HCV in humans. Accordingly, studying 

the host’s immune defense is crucial in order to better understand the evolution of the disease. 

Such knowledge could contribute in the future to predict the progression of the infection, 

vaccine design and improve the diagnosis and treatment of HCV. 
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2.1.7.1 Immune system: Innate and adaptive immunity 

The antiviral defense mechanism of higher organisms like humans, involves both innate and 

adaptive immunity (Dranoff, 2004) (Figure 2-10). Innate immune responses comprise 

physical barriers (e.g. skin and mucuous membranes), cellular components (e.g. granulocytes, 

macrophages, and NK cells) and soluble components (e.g. complement factors) and type I 

and III IFN (IFN-α/β, IFN-) (Neumann-Haefelin et al., 2005). This immune response is an 

immediate but non-specific reaction that can slow down viral replication and activate 

cytokines to induce the synthesis of antiviral proteins.  

 

The adaptive immune response, which includes humoral immunity (e.g. antibodies produced 

by B cells) and cellular immunity (e.g. CD4+ and CD8+ T cells) (Neumann-Haefelin et al., 

2005) is generally developed a few weeks after the entry of the pathogen into the organism. 

This response has the advantage of neutralizing the virus, which initiated the infection, and 

destroying infected cells (Thimme et al., 2006). Importantly, this part of the immune 

response has immunological memory (ability of the immune system to develop a rapid and 

stronger response specific to a pathogen upon re-infection through the activation of B or T 

memory cells already presenting specificity for the antigen) (discussed later); a characteristic 

that is utilised by active vaccination approaches. 
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Figure 2-10.  Components of the host’s immune response against HCV. After exposure to the 
virus the host generates an innate immune response to contain the infection that is not 
specific to the invading pathogen until the HCV-specific adaptive immune response is 
developed. The outcome of infection is determined by the interplay between the host’s 
immune response and the virus. Taken from Chang, 2003 (Chang, 2003).  
 

 

2.1.7.2 Innate immune responses  

The host’s innate immune response constitutes the first line of defence against an infection. 

This primary response relies on two strategies, the “microbial non-self” and the “missing 

self” identification. The “missing self” strategy is based on the recognition of molecules 

expressed exclusively on normal healthy cells of the host (Kärre, 1997). These molecules are 

not produced by micro-organisms and their expression is lost when the host’s cell is infected 

with a pathogen. Following viral infection, the absence of such molecules therefore 

constitutes a ‘missing self’ that will then be identified by NK cells (through their receptors). 

On the other hand, the microbial non-self identification is the first pattern recognition 

strategy. This process is based on the recognition of molecular structures that are not 

produced by the host but are common within micro-organisms (Janeway, 1989, Janeway, 



56 
 

1992). Indeed, viruses such as HCV produce viral pathogen-associated molecular patterns 

(PAMPs). These PAMPs act as a “molecular signature” of the infecting microbial organism 

and are able to initiate a cascade of events leading to innate intracellular immunity. 

Phagocytic cells recognise these PAMPs via pattern-recognition receptors (PRRs) such as 

Toll-like receptors (TLR) (Jirillo, 2007). In the case of HCV infection, it engages TLR3 and 

retinoic-acid inducible gene I (RIG-1), which are receptors that specifically recognise double-

stranded RNA (dsRNA) (Gale and Foy, 2005); a product that is produced by most viruses 

during their life cycle. This recognition subsequently results in the activation of signalling 

pathways (or “pro-inflammatory” signalling pathways) leading to the production of 

antimicrobial effectors, pro-inflammatory and antiviral cytokines (e.g., IFN, TNF, IL-1), as 

well as gene products that prime the adaptive immune responses (Gale and Foy, 2005), thus 

contributing to optimise the conditions to combat the infection.  

 

2.1.7.2.1 The interferon system 

HCV RNA triggers expression of type I IFN (α/β) and IFN-induced genes, which play a 

critical role in defense against viral infections (Thimme et al., 2006, Gale and Foy, 2005, Su 

et al., 2002). IFNs are an important line of defense against HCV due to their antiviral 

properties inducing a state of viral resistance that inhibits viral replication via several ISGs. 

These include double-stranded PKR, OAS and Mx protein (Janeway and Medzhitov, 2002, 

Jirillo, 2007, Haller and Weber, 2007). PKR is an intracellular sensor of viral infection that is 

activated in the presence of dsRNA produced by many viruses including HCV. The activation 

of PKR results in the block of viral protein synthesis via eIF2-alpha phosphorylation 

(Williams, 1999, Jirillo, 2007, Sadler and Williams, 2008). Similarly to PKR, OAS is a 

family of IFN-inducible enzymes that are activated by dsRNA and results in the activation of 

RNAseL, which degrades viral RNA (Kumar and Carmichael, 1998, Samuel, 2001). Finally, 
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Mx proteins belong to the class of dynamin-like large guanosine triphosphatases (GTPases) 

of which expression is regulated by type I and type III IFNs (Holzinger et al., 2007). Their 

activation blocks viral transport inside the cell (Jirillo, 2007). 

 

To counteract such responses, HCV has developed several mechanisms to subvert the 

endogenous IFN response including blocking the induction of IFNs, interference with signals 

triggered by IFNs or the inhibition of ISGs (Haller and Weber, 2007). As such, several 

studies have demonstrated that HCV NS3/4A affects the induction of IFN-β as well as 

subsequent ISGs (Li et al., 2005, Foy et al., 2005) by interfering with the activation of IRF-3 

(Foy et al., 2003) by disrupting RIG-I signalling (Foy et al., 2005, Vilasco et al., 2006, 

Johnson et al., 2007, Binder et al., 2007) as well as inhibiting TLR3 signalling (Li et al., 

2005, Meylan et al., 2005), which are all essential steps of the IFN response. In parallel, 

NS5A and the envelope protein E2 are also assumed to block activity of PKR by binding to 

PKR and inhibiting formulation of the PKR dimer (Gale et al., 1998a, Taylor et al., 1999, 

Gale et al., 1997). Additionally, the HCV core protein has been found to interfere with the 

Jak-Stat pathway that is involved in the expression of numerous ISGs (Bode et al., 2003, 

Melen et al., 2004, Lin et al., 2006, Kawamura et al., 2006, Lin et al., 2005b).  Overall, HCV 

uses numerous mechanisms to disrupt the IFN system, which can affect the action of 

endogenous IFN in the attempt to control the HCV infection and the efficacy of IFN-based 

treatment. 

 

2.1.7.2.2 Interferon Lambda 

In 2009, several GWAS identified SNPs present near the IL28B gene, encoding IFN-λ3, that 

were associated with treatment response to PEG-IFN-a/RBV therapy in HCV-infected 

individuals (Tanaka et al., 2009, Suppiah et al., 2009, Ge et al., 2009, Rauch et al., 2010b) 
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and spontaneous clearance (Thomas et al., 2009, Rauch et al., 2010b). Specifically, Ge and 

colleagues found an association with the SNP rs12979860 located near IL28B with SVR 

within subjects undergoing PEG-IFN-a/RBV therapy (Ge et al., 2009), while in another study 

the SNP rs8099917 was associated with treatment failure to PEG-IFNα/RBV (Tanaka et al., 

2009). Both these SNPs flank IL28B and are in strong linkage disequilibrium (LD) (i.e. a 

non-random association of alleles at two or more neighboring loci) (Rauch et al., 2010a). 

Subsequently, Thompson et al observed the rates of SVR among different ethnic groups (i.e. 

Caucasian, African American and Hispanic populations) correlated with rs12979860 

genotype. Their data showed that the CC genotype was associated with a greater SVR rate in 

comparison to the TT and CT genotypes of rs12979860 (Thompson et al., 2010). These data 

therefore suggest that the different SVR rates observed between ethnic groups could, in part, 

be explained by the differences in IL28B alleles frequencies (Clark et al., 2011, Ge et al., 

2009, Thomas et al., 2009). 

The association of SNPs such as rs12979860 and rs8099917 with spontaneous and treatment-

induced clearance of HCV indicates an important role for IFN-λ signaling in HCV infection. 

The IFN- λ3 protein encoded by IL28B activates the JAK-STAT pathway and ultimately 

leads to the transcription of ISGs. Previous studies have correlated ISG expression with 

treatment outcome (Chen et al., 2005, Feld et al., 2007, Sarasin-Filipowicz et al., 2008). Such 

genetic variations (i.e. SNPs rs12979860 and rs8099917) could therefore constitute good 

candidates as prognostic markers for spontaneous clearance and treatment outcome of HCV 

infection. To date, the consideration of the IL28B alleles in the prediction of treatment 

outcome can be very useful but is still insufficient to make an absolute decision on whether or 

not the patient should be treated. Further studies investigating such polymorphisms must 

continue in order to unravel the mechanisms that regulate the course of the infection. 

Furthermore, the influence of the IL28B gene and its variation should also be taken into 
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consideration of present and future studies involving the development of novel 

therapy/antiviral drugs. Furthermore, a recent study suggested the existence of another 

important member of the IFN family in HCV infection outcome - IFN4, which is 

exclusively generated from the minor IFN3 allele in response to viral infection and 

polyinosinic–polycytidylic acid (polyI:C) stimulation is associated with HCV outcome 

(Prokunina-Olsson et al., 2013). 

 

A study that attempted to analyse the relationship between IL28B genotype and DAA triple 

therapy demonstrated that subjects treated with telaprevir combined with PEG-IFN-a/RBV 

presented an association between IL28B alleles and treatment outcome (Marcellin et al.). In 

addition another study revealed that DAAs could minimise (but not overcome) the deleterious 

effects associated with less favourable IL28B genotypes (Schiff et al., 2007).   

At present, IFN- genetic variations are the strongest established host pre-IFN-based 

treatment predictor (Lange and Zeuzem, 2011). Nevertheless, further studies are required as 

the biology of these genetic variations is poorly understood (Lange and Zeuzem, 2011). 

Meanwhile, IFN- genotypes in addition to other variables such as viral load, fibrosis grade 

and HCV genotype should be included in the decision making process for treatment 

individualization in order to determine which subjects could benefit from IFN-based 

treatment (2012). 

 

2.1.7.2.3 Dendritic cells 

Antigen presenting cells (APCs) are specialized cells that detect and internalize antigens to 

present them to lymphocytes together with co-stimulatory molecules in order to induce an 

immune response. APC include DCs, macrophages and B cells. Among these, DCs are the 
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most efficient APC (about 1000 more efficient than B cells or macrophages in stimulating 

naive T cells) as they express numerous PRRs (i.e. phagocytic receptors and TLRs) and 

continuously sample the antigenic environment by both phagocytosis and micropinocytosis 

processes.  

DCs are categorised into two main subsets including myeloid DCs (mDCs) (Leon et al., 

2005) and plasmacytoid DCs (pDCs) (Barchet et al., 2005), which differ in morphology, 

surface marker expression, and function (Liu et al., 2001). While mDCs express many of the 

TLRs that recognize bacterial products and predominantly secret IL-12 and TNFα following 

pro-inflammatory stimuli, pDCs on the other hand express TLRs that recognize viral 

genomes and secret IFNα during viral infections (Liu et al., 2000, Liu, 2001). DCs circulate 

in the organism as immature cells. It is only after differentiation into mature cells that antigen 

presentation to naïve T cells is possible.  

 

Studies on DC function and outcome of HCV infection have produced contradictory results. 

It was suggested that HCV could impair the functionality of DCs during chronic infection, as 

mDCs were found to be poor activators of CD4+ T cells (Auffermann-Gretzinger et al., 2001, 

Bain et al., 2001, Dolganiuc et al., 2008, Kanto et al., 1999) and pDCs were producing less 

IFNα (Anthony et al., 2004, Yonkers et al., 2007). Additionally, impairment of DCs appears 

to correlate with an increased risk to develop viral persistence (Gelderblom et al., 2007, 

MacDonald et al., 2007), which could involve DCs in the failure of the maintenance of 

sustained HCV-specific T cell responses as dysfunctional DCs are unsuited to present antigen 

to naive T cells and regulate the quality of the immune response. However, other studies 

reported that mDCs and pDCs from chronic HCV-infected subjects remained functional 

(Decalf et al., 2007, Lai et al., 2007, Longman et al., 2004).  Studies on HCV-infected 

chimpanzees revealed that dysfunction of DCs can be observed in some cases but is not a 
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prerequisite of persistent infection (Rollier et al., 2003). On the other hand, results showing 

that the frequency of circulating mDCs and pDCs during chronic HCV infection is reduced 

appear to be consistent between studies (Dolganiuc et al., 2006, Lai et al., 2007, Mengshol et 

al., 2009, Nattermann et al., 2006, Wertheimer et al., 2004); such reduction could therefore 

affect DCs migration to lymph nodes and ultimately affect T cell activation and HCV-

specific immune responses. As such, the implication of DCs and their impact on the course of 

HCV infection is still unclear and needs further study to investigate whether DC dysfunction 

contributes to the development of HCV persistence or is simply a consequence of active HCV 

infection. 

 

Finally, DCs play a major role in linking pathogen pattern-recognition signals not only to the 

induction of T cell–dependent adaptive immunity but also to NK-mediated innate responses 

(Newman and Riley, 2007). Indeed, DCs interact with NK cells either via the production of 

cytokines (IL-12,IL-18 or IFN-α) or through expression of NK-activating ligands. However, 

it was observed that NK cells from HCV-infected subjects can also down-regulate DC 

function by secreting the immune-suppressive cytokines, IL-10 and TGF-β1 (Jinushi et al., 

2004), which could be another mechanism preventing the success of the immune response in 

controlling HCV infection. 

 

2.1.7.2.4 NK cells 

It is now well established that NK cells constitute a crucial role in the fight against viral 

infections as part of the innate immune system. The main function of NK cells is the lysis of 

target cells through the release of toxins (called perforins), which ultimately leads to target 

cell death.  In addition, NK cells are important immunoregulators as they produce cytokines 

to regulate the adaptive immune response or activate immune cells such as macrophages and 
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neutrophils in order to control viral infections (Paul, 2008). There are two populations of NK 

cells that are found in the liver: CD56bright and CD56dim NK cells. The distinction of these two 

populations of NK cells is based upon their cell-surface density of CD56 (Lanier et al., 1986).  

The CD56dim NK-cell subset is more naturally cytotoxic and expresses lower levels of CD56, 

lower levels of CD94/NKG2A, and higher levels of KIRs and FCγ receptor III (CD16), in 

contrast to the CD56bright NK-cell subset, which is characterized by its ability to release high 

levels of IFN-γ but display weak cytotoxicity. Evidence shows that the proportions of these 

two populations are altered in HCV infection and can predict how an individual will respond 

to the infection (Cooper et al., 2001a, Gershwin et al., 2007). 

 

NK cell function is regulated by the interaction between NK surface receptors and their 

ligands involving stimulatory receptors specific for molecules associated with 

abnormal/transformed cells (lacking HLA class I), infected cells (viral infection) or stressed 

cells, or inhibitory receptors specific for HLA class I molecules. To date, two human NK 

inhibitory receptor families have been identified including the CD94-NKG2 family (member 

of the C-lectin superfamily) and the killer cell immunoglobulin-like receptor (KIR) family 

(member of the Ig superfamily) (Fields et al., 2007, Paul, 2008). Both set of receptors engage 

HLA class I ligands, but of different type. While the NKG2 family is relatively conserved 

through evolution, KIRs on the contrary are diverse and polymorphic (Jamil and Khakoo, 

2011). Due to the diversity of KIRs, including a total of 14 genes plus two pseudogenes that 

are not only polymorphic but also occur in various combinations on different haplotypes, they 

are more likely to generate inter-individual variation in immune responses to pathogens than 

the less polymorphic NKG2 family. 

KIRs are a family of genes located on chromosome 19 (Figure 2-11), encoding for two 

pseudogenes (KIR2DP1, KIR3DP1), seven inhibitory receptors (KIR2DL1, KIR2DL2, 
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KIR2DL3, KIR2DL5, KIR3DL1, KIR3DL2, and KIR3DL3), six activating receptors 

(KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR3DS1) and a receptor with both 

inhibitory and activating functions that recognize HLA class I molecules (HLA-A, HLA-B 

and HLA-C). These receptors are expressed by NK cells and a subset of T cells and can 

regulate their cytotoxic activities.  

 

 

Figure 2-11. Representative KIR gene haplotypes A and B. The activating KIR genes are 
indicated in grey and the inhibitory KIR genes are in black while the framework KIR genes 
are in white. Arrows indicate the respective ligand for each KIR where known. “?” indicates 
a degree of uncertainty with regard to the HLA ligand of the KIR gene. KIR A haplotypes 
have a fixed number of KIR genes, KIR B haplotypes have variable gene content. Taken from 
(Stern et al., 2011). 
 

The KIR-ligand interaction is a highly polymorphic system and this evolution is thought to be 

driven by selective pressure from exposure to pathogens (Parham et al., 2010, Hershberger et 

al., 2001, Khakoo et al., 2000, Uhrberg et al., 1997). Accordingly, there is also species-

specific evolution, in that KIRs diverge from one species to another and present a rapid 

evolution (Vilches and Parham, 2002). 
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In addition to allelic polymorphisms, KIRs are expressed on NK cells in a stochastic manner 

thus increasing their diversity. KIR haplotypes are organized around three conserved 

framework genes: KIR3DL2, KIR3DL3 and KIR2DL4. These framework genes delimit two 

regions of variable gene content including a centromeric region bordered by the genes 

KIR3DL3 and KIR3DP1 and a telomeric region bordered by KIR2DL4 and KIR3DL2. While 

the KIR A-haplotype is relatively fixed in terms of gene content (characterised by the 

presence of KIR3DL3, KIR2DL3, KIR2DL1, KIR2DL4, KIR3DL1, KIR2DS4 and 

KIR3DL2), the B-haplotype is characterised by variable KIR gene numbers and comprises 

more activatory genes. KIR haplotypes (A or B and their derivatives) vary within the human 

population expressing only a portion of the genes within the genetic profile (Valiante et al., 

1997, Shilling et al., 2002b). As a consequence, the absence of a KIR gene(s) within an 

individual can result in the lack of specific KIR-HLA receptor-ligand pairing in an individual. 

Furthermore, while some KIRs have well-defined ligands, others (generally activating KIRs) 

have more ambiguous affinity for their ligands with weak binding (Long and Rajagopalan, 

2000, Hansasuta et al., 2004, Biassoni et al., 1997, Winter et al., 1998, Vales-Gomez et al., 

2001).  

Studies have demonstrated a complex LD structure of the KIR region, showing a strong LD 

within the centromeric and telomeric haplotype regions, which diminishes between genes in 

the two regions (Shilling et al., 2002a, Gourraud et al., 2010b). While LD appears to be 

particularly strong between centromeric gene pairs KIR2DL5-KIR2DS3S5 and KIR2DS3S5-

KIR2DL1, and telomeric KIR3DL1-KIR2DS4 (Vierra-Green et al., 2012), little LD between 

the KIR2DL1-KIR2DL3 and KIR3DL1-KIR3DL2 pairs defining the two halves of the KIR 

gene complex have been identified (Shilling et al., 2002a). As the LD pattern observed in the 

KIR region may affect results in association studies, it is therefore important to take LD and 
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haplotypes into account in the study of associations of KIR genes with disease outcomes 

and/or disease progression. 

In support of the importance of NK cells in both infection and other diseases, numerous 

studies have demonstrated an association between particular combinations of KIR and their 

HLA ligand on the outcome of several diseases, including HIV and HCV infection outcome 

(Martin et al., 2002, van der Slik et al., 2003, Khakoo et al., 2004, Nelson et al., 2004, Hiby 

et al., 2004, Luszczek et al., 2004, Naumova et al., 2005). Specifically, a delayed progression 

of HIV infection among infected individuals was associated with an interaction between 

KIR3DS1 and a subset of HLA-Bw4 alleles presenting isoleucine at position 80 (Martin et al., 

2002). For HCV infection, homozygosity of both HLA-C1 and KIR2DL3 was linked with 

resolution of the infection (Khakoo et al., 2004); this could be explained by the weak binding 

affinity between HLA-C1 and KIR2DL3, which results in likely reduced NK cell inhibition. 

Such HLA-KIR combinations have also been associated with autoimmune diseases (van der 

Slik et al., 2003, Nelson et al., 2004, Luszczek et al., 2004). 

In their study, Khakoo and colleagues (Khakoo et al., 2004) show that NK cell inhibitory 

receptors and HLA are important correlates in determining antiviral immunity, which 

ultimately affects the evolution and outcome of HCV infection. While they demonstrate that 

decreased inhibitory responses is favourable in the eradication of HCV they also suggest that 

the infectious dose of HCV plays an important role in determining the influence of NK cells 

on the outcome of the infection as individuals with high infection doses are more likely to 

overwhelm the innate immune response. As such, it appears crucial to consider KIR/HLA 

interactions in the protection against HCV infection as well as considering other viral/host 

factors. 
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More recently, there has been some evidence to suggest that NK cells can directly influence 

viral evolution. Alter et al. (Alter et al., 2011) looked at NK cell-mediated immune pressure 

on HIV evolution via KIR-associated amino-acid polymorphisms along the HIV-1 sequence 

of chronic HIV-infected individuals. Their study revealed polymorphisms associated with the 

presence of inhibitory receptor KIR2DL2 in a region encoding the carboxyterminal end of 

Vpu and the amino-terminal end of Env showing that these polymorphisms allow binding of 

KIR2DL2 upon HLA-C presentation whereas the HIV wildtype sequences do not. 

 

To date, the impact of NK cells on HCV infection has only been investigated with respect to 

the presence of a specific KIR gene +/- HLA ligand and outcome of infection. However, the 

identification of KIR-associated polymorphisms along the HIV-1 genome by Alter et al 

(Alter et al., 2011) and the numerous features shared by the two viruses, especially a high 

mutation rate, suggests that HCV evolution and diversity could also be subject to NK cell-

mediated immune pressure. At present, such an analysis has not been done with HCV-

infected subjects and further research is necessary to fully understand the role and impact of 

NK cells on HCV infection outcome. 

 

2.1.7.3 Adaptive immune responses 

Activation of the innate immune system is followed by stimulation of adaptive immune 

responses to viral pathogens. The adaptive response is antigen-specific and acts as a second 

line of defence for the organism. The antigen-specific nature of this response is due to 

rearrangements of genes (and additional somatic mutations) within T cells and B cells that 

encode for the antigen receptors (T cell receptors and immunoglobulin, respectively) (Jirillo, 

2007). Full clearance of HCV seems to require a rapid and effective adaptive immune 
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response targeting multiple antigenic targets in the virus polyprotein (Jirillo, 2007, Gershwin 

et al., 2007). Subsequently, this response (adaptive immunity) is immunologically memorized 

(aiming to prevent the organism from re-infection), however in the case of HCV re-infection 

is observed and can occur particularly with a different strain of HCV most likely due to the 

genetic heterogeneity observed for HCV genotypes and subtypes.   

 

2.1.7.4 Humoral and cellular immune responses against HCV 

The presence of HCV within an immunocompetent individual results in the production of 

antibodies (Abs). Seroconversion in HCV occurs approximately 7 to 31 weeks after primary 

infection following the appearance of the cellular immune response and ALT elevation 

(Pawlotsky, 2004, Heller and Rehermann, 2005). In the setting of HCV infection, the virus 

elicits Abs against both structural and non-structural proteins (Gabrielli et al., 1996, Gutierrez 

et al., 2011, Sillanpaa et al., 2009) with anti-c33 Abs and anti-capsid Abs or anti-22c Abs 

targeting the NS3 protein and core protein, respectively that are generally the first to be 

detected while specific Abs against NS4 protein and envelope glycoproteins (E1 and E2) 

generally appear later (Orland et al., 2001).  

The protective role of HCV-specific Abs has previously been demonstrated in chimpanzees 

where HCV infectivity was neutralized by in vitro treatment with Abs (Farci et al., 1994). 

Furthermore, the emergence of viral changes in one of the major regions targeted by the HCV 

Ab response (i.e. E2) that correlates with seroconversion in the host was used by Farci and 

colleagues as a predictor of infection outcome (Farci et al., 2000).  

However, the role of naturally acquired Abs in protection has been questioned because HCV-

specific Abs are not necessary for viral clearance and do not protect from re-infection as 

demonstrated in both chimpanzee and human studies (Farci et al., 1992, Lai et al., 1994, 
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Cooper et al., 1999), therefore suggesting that other mechanisms of adaptive immunity are 

important contributors to clear HCV. Although there is evidence that neutralizing Ab (NAb) 

responses occur in HCV infection, the rapid selection of escape variants, notably within the 

hypervariable region of E2, an area of the genome that undergoes a high rates of nucleotide 

substitution in acute HCV infection (Yamaguchi et al., 1994), could contribute to hinder the 

protective role of the humoral response to HCV and its role in viral clearance (Chang, 2003). 

 

Consequently, although humoral immune responses aim to identify and eradicate the virus 

circulating in the organism (Chen et al., 1999), cellular immunity seems to have more impact 

on the evolution of the disease as several studies have suggested considerable involvement of 

CD8+ and CD4+ T cells in the successful resolution of HCV infection (Grakoui et al., 2003, 

Shoukry et al., 2003). In their study, Cooper et al (Cooper et al., 1999) observed within 

infected chimpanzees that viral clearance can be achieved without a humoral response. Their 

results showed that chimpanzees developing a sustained and multi-specific CD8+ T cell 

response but poor antibody responses could still experience spontaneous clearance whereas 

animals developing weak T cell responses evolved toward chronicity.  

 

T cells are a key component of the adaptive immune mechanism. These cells in their 

immature form enact crucial functions as they activate and direct other immune cells. 

Following their development, all T cells (matured but naive) circulate in the body expressing 

T cell receptors on their surface. This receptor is responsible for recognizing antigens bound 

to HLA molecules. This peptide/HLA complex is formed, processed, and presented on the 

surface of an APC (Jirillo, 2007). The HLA molecules are highly polymorphic and can be 

separated into two classes. HLA Class I molecules (HLA-A, -B and -C) expressed on the 

surface of all nucleated cells and are recognized by “cytotoxic” CD8+ T cells  while HLA 

http://en.wikipedia.org/wiki/Antigen


69 
 

class II molecules (HLA-DR, -DQ) present on the surface of professional APCs (e.g. DCs, 

macrophages, B cells) and present antigen that are recognized by CD4+ T cells.    

 

The stimulation of CD4+ T cells results in multiple effector functions such as macrophage 

and antigen-specific B cell activation as well as activation of CD8+ T cells via cytokines. On 

the other hand, CD8+ T cell stimulation activates its cytolytic and non-cytolytic effector 

functions. The cytolytic function of these cells can target and kill the infected cells (due to 

this cytolytic activity CD8+ T cell are referred to as cytotoxic T lymphocytes [CTL]) while 

the non-cytolytic function involves the secretion of cytokines (e.g. IFN-γ and tumor necrosis 

factor [TNF]-α) that inhibit viral replication without killing the infected cell (Neumann-

Haefelin et al., 2005, Guidotti and Chisari, 2001).  

 

2.1.7.5 T-cell immune response against HCV 

Studies have shown that a vigorous, broad and sustained CD4+ and CD8+ T cell response 

directed against HCV is generally observed within an individual experiencing a self-limited 

course of HCV infection (Diepolder et al., 1995, Gerlach et al., 1999, Missale et al., 1996, 

Lechner et al., 2000, Takaki et al., 2000, Thimme et al., 2001, Thimme et al., 2002, Day et 

al., 2002, Gruner et al., 2000, Cooper et al., 1999) (Figure 2-12). Sequential liver biopsies 

performed on infected chimpanzees revealed that viral clearance coincided with the 

accumulation of CD4+ and CD8+ T cells in the liver at 8 to 14 weeks after exposure to HCV 

(Cooper et al., 1999, Thimme et al., 2002). In addition, studies have shown a decrease in 

viremia that temporarily correlates with the emergence of cellular immunity within an 

individual mounting a brief HCV-specific T cell response (strong but temporary) followed by 

a viral rebound after the loss of these T cell responses (Thimme et al., 2001, Gerlach et al., 
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1999). Finally, T cell depletion studies in chimpanzees have confirmed the crucial role of 

cellular immune responses (CD4+ and CD8+ T cells) in the control of viral infection (Cooper 

et al., 1999, Dalod et al., 1999). On the contrary, chronic HCV infection is associated with an 

impaired or stunted immunological profile (Diepolder et al., 1995, Gerlach et al., 1999, 

Missale et al., 1996, Lechner et al., 2000, Gruner et al., 2000, Battegay et al., 1995, Cerny et 

al., 1995, Chang et al., 2001, Ferrari et al., 1994, Koziel et al., 1995, Wong et al., 2001, Lauer 

et al., 2002, Koziel et al., 1993, Rehermann et al., 1996).  

 

Figure 2-12. Cellular immune response during HCV infection. Viremia (red) and serum 
transaminases (blue) are good indicators of disease progression and inversely correlate with 
HCV-specific CD4+ and CD8+ T cell responses for infected subjects experiencing persistence 
(a & b) or resolution (c). Taken from (Bowen and Walker, 2005). 
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These results underline the importance of T-cell responses in the evolution of HCV infection 

and identify cellular immune responses as a critical determinant of viral clearance and 

protective immunity. Although CD4+ and CD8+ T cell responses appear to be crucial in the 

battle against HCV, the role of the immune response in the outcome of infection needs to be 

further investigated since cellular immune responses even in the early phase of the infection 

do not ensure viremic control. 

 

2.1.7.6 Immune response against HCV: acute vs chronic phase 

The acute infection phase is a critical stage of HCV infection as it is during the first weeks 

and months after exposure that the battle of the immune system against HCV is likely to be 

won or lost. However, due to the generally asymptomatic nature of acute infection, it is 

difficult to diagnose individuals during this period. As mentioned previously, an early and 

effective immune response provides an advantage to the host over the virus, but if the 

immune response is weak or slow then the virus outpaces the host’s immune response.  

Cooper et al (Cooper et al., 1999) showed in their analysis of CD8+ T cell responses in the 

late acute phase that CTL responses beyond 16 weeks of infection are similar in resolvers and 

non-resolvers thus supporting the importance to develop an early immune response.  

 

The importance of developing an early mechanism of defense against an intrusive virus has 

also been observed in HIV. Studies demonstrated that people failing to mount early effective 

cellular immune responses against HIV are more likely to experience rapid progression to 

disease (Pantaleo et al., 1997, Betts et al., 2006, Musey et al., 1997, McMichael and 

Rowland-Jones, 2001). Conversely, transplant recipients taking immunosuppressive 

medication, or people co-infected with Hepatitis B virus (HBV) or HIV, who tend to present 

with immune deficiency, generally mount weak, less effective immune responses. 
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Accordingly, immune deficiency is usually associated with poor HCV infection outcome 

(Kim et al., 2005). 

Furthermore, in both HIV and HCV, viral escape from the host’s immune response is likely 

to be another important determinant of infection outcome and potentially disease progression.  

 

2.1.7.7 Immune pressure and viral adaptation 

Studying HCV infection requires a thorough understanding of the interaction between the 

virus and its host. This interaction is a complex relationship that impacts both the host and the 

virus. To date, studying the viral-host interaction remains challenging and is not fully 

understood when it comes to the study of HCV (Nolan et al., 2006). 

 

For HCV infection, studies in both humans and chimpanzees have shown that viral 

persistence can be achieved if the virus is able to escape the immune responses directed 

against it. The outcome of the infection is therefore a balance between the efficiency of the 

immune response versus the speed of viral replication and its dissemination (Diamond, 2003). 

Understanding viral escape mechanisms is necessary for discerning the differences between a 

successful and unsuccessful host-virus interaction. 

 

2.1.7.7.1 Host/viral interaction: viral immune escape 

Impairment of cellular immune responses is a recurrent factor among chronic HCV-infected 

individuals.  It is assumed that progression to chronicity among infected individuals is due to 

either weak T-cell responses developed by the host (a stunted immunological profile) or 

immune escape (a strategy developed by the virus). Given that the study of immunological 

responses during the acute phase of HCV infection is limited, it is therefore difficult to 
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determine if viral persistence is the result of a primary T cell failure and/or early exhaustion 

following initial priming, or the emergence of viral variants. 

 

Primary T cell failure could be explained by an impaired antigen presentation by APC, DC 

and/or macrophages (Bain et al., 2001, Lee et al., 2001, Sarobe et al., 2002), while T cell 

exhaustion (or deletion) could be the result of a prolonged time in the presence of a high viral 

load (Neumann-Haefelin et al., 2005), with T cells gradually losing their ability to exert 

effector functions in response to antigen (Wherry et al., 2003, Zhou et al., 2004). 

  

However, with a replication rate estimated to be approximately 1012 virions per day 

(Neumann et al., 1998), the highly mutable characteristic of HCV is a key strategy to escape 

virus-specific host immune responses. This high propensity to mutate is mainly due to the 

low-fidelity RdRp that produces random mutations along the viral RNA sequence combined 

with a lack of proof-reading activity (Diamond, 2003, Bukh et al., 1995). Over time, 

mutations are accumulated resulting in the emergence of viral variants also known as 

quasispecies (Martell et al., 1992). Such diversity of viral isolates present within an infected 

individual constitutes a real advantage for the virus as some viral strains won’t be recognized 

by the immune responses mounted to fight off the infection. 

 

  

The immune pressure exerted on the virus will therefore shape quasispecies populations 

within an infected individual (Cooper et al., 1999, Weiner et al., 1995) favoring 

Darwinian selection of variant viruses by cellular and humoral immune responses, with 

isolates presenting advantageous mutations remaining while other variants may be eliminated 

by the immune system (Weiner et al., 1995, Kumar et al., 1994). 
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Data indicate that different degrees of genomic heterogeneity in immunologically targeted 

regions during primary HCV infection might be associated with different clinical outcomes 

(Manzin et al., 1997).  Farci and colleagues (Farci et al., 2000) showed that a high genetic 

diversity observed within the HVR of E2 is associated with chronically evolving hepatitis C 

while limited changes in the viral sequence are generally associated with self-limited 

infection.  Similarly, Manzin and colleagues (Manzin et al., 1997) observed a much higher 

mutation rate of HVR-1 and NS5a for subjects evolving to chronicity than spontaneous 

resolvers. A high degree of heterogeneity is therefore commonly observed within 

immunologically targeted regions for subjects progressing to chronicity, while people 

experiencing a self-limited course of HCV infection tend to present a more homogeneous 

quasispecies population. So, it is believed that the complexity of viral variants infecting an 

individual during primary HCV infection favours virus persistence and therefore constitutes a 

determining factor in the prediction of HCV infection outcome. However, further 

investigation is required. 

 

Viral amino acid substitutions resulting in the inhibition of CD4+ and CD8+ T cell recognition 

have been observed in chronic HCV-infected subjects (Chang et al., 1997b, Frasca et al., 

1999, Kaneko et al., 1997, Tsai et al., 1998, Weiner et al., 1995). Numerous studies have 

shown that escape mutations emerge early in the course of HCV infection and are maintained 

(Chang et al., 1997b).  In 2001, Erickson and colleagues (Erickson et al., 2001) analysed T 

cell-virus interaction in acute HCV-infected chimpanzees and confirmed the hypothesis that 

T cell escape occurs early during the infection. At present, an accumulation of data suggests 

that acute immune selection pressure is of sufficient magnitude to influence HCV evolution 

thus resulting in the emergence of early immune-driven mutations. Neumann-Haefelin and 
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others (Neumann-Haefelin et al., 2005) suggest that viral escape mutations emerge because of 

the pressure exerted by T cell responses (escape may be the result rather than the cause of 

viral persistence). As a consequence they believe that the evolution of the infection and its 

outcome depends on the strength and persistence of T cell responses rather than viral escape 

mutations itself. It has been argued that the breadth and effectiveness of the CD8+ T cell 

response may be an important factor in maintaining viral control (Cooper et al., 1999, Weiner 

et al., 1995, Moskophidis and Zinkernagel, 1995) and consequently crucial for the outcome 

of HCV infection. Resolving infections have therefore been associated with broadly directed 

CD8+ T cell responses present at a great frequency. The patterns of responses during HCV 

infection can be complex and differ depending on the genetics of the host as each virus and 

host form a unique relationship (Klenerman and Hill, 2005). With such diversity in their 

immune response some individuals might develop a more or less significant pressure on the 

viral sequence, which subsequently can impact on the viral evolution of the HCV genome 

within its host but also at a population level. At present, factors shaping T cell responses and 

consequently their effectiveness as well as their involvement in determining the clinical 

outcome of infection have yet to be defined. Although viral escape mutation might not be the 

primary cause of viral persistence the emergence of such diversity in the viral sequence 

contributes to immunological escape and therefore contributes to viral persistence. 

 

Recent studies examining the driving forces of HCV evolution resulting from the selective 

pressure exerted by different HLA types have observed significant associations between 

HCV polymorphisms and HLA alleles (Cooper et al., 1999, Gaudieri et al., 2006, Rauch et 

al., 2009b, Kuzushita et al., 1998). The observation of polymorphisms characteristic of the 

HLA type within immunogenic epitopes (e.g. NS3 and NS5) revealed regions under 

functional constraint and selective pressures supporting the concept of HLA-driven viral 
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adaptation in HCV infection. By examining the viral evolution of HCV for a NS3 HLA-B8–

restricted epitope among HLA-B8 positive subjects, Timm and colleagues (Timm et al., 

2004) obtained results indicating that cellular immune responses exert a pressure on the HCV 

genome leading to the emergence of reproducible variations within the viral sequence given a 

certain HLA pressure (HLA allele combination lead to predictable sequence polymorphisms 

within the targeted region). This was observed in both acute and chronic infection for those 

individuals presenting the same HLA. The emergence of mutations in this epitope coincided 

with the impairment of immune responses (loss of HLA class I–peptide tetramer responses 

and IFN- responses) suggesting that variant NS3 epitope sequences expressing the selected 

mutations altered processing and/or presentation of the variant epitope.  

 

Interestingly, the transmission of an adapted virus to a specific HLA allele to a subject with a 

different HLA profile generally results in the rapid reversion of the mutation (Figure 2-13). 

This rapid reversion of the mutation to the original sequence supports the existence of an 

allele-specific viral evolution but also demonstrates a ‘fitness cost’ attached to the mutation. 

Several studies observed such phenomenon in HCV, indicating that common mutations 

emerging in the viral sequence within subjects bearing a given HLA-allele are beneficial in 

one sense to escape the immune pressure despite a fitness cost but are not maintained if the 

pressure is no longer applied. 
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Figure 2-13. HCV adaptation to HLA-restricted immune pressure (adapted 
from:(Klenerman and McMichael, 2007a). 
 

Mutational escape can impact the presentation process and subsequently alter or impair the 

immune responses initiated by HLA molecules. These mutations provide a short-term benefit 

for the virus in order to cope with immune responses. Nevertheless, absence of reversion after 

transmission can be observed for some mutant viruses thus indicating minimal ‘fitness cost’ 

(Leslie et al., 2005) or the presence of compensatory mutations. As a consequence such 

escape mutants may spread through the population, regardless of HLA type, and ultimately 

the original epitope may become extinct (consensus is now adapted). It is therefore important 

to analyse viral sequence carefully as some distinct CD8+ T cell ‘footprints’ found in the 

virus (Leslie et al., 2004) might be present despite the absence of the HLA protective allele 

that initially induced the mutation(s). 

 

It is now well established that HLA alleles can be associated with disease susceptibility or 

resistance. This impact between a given HLA polymorphism and the clinical outcome of 

infected subjects has already been determined for some viral infections (Steel et al., 1988, 

van Hattum et al., 1987, Thursz et al., 1995, Hatae et al., 1992).  Nevertheless the analysis of 

immune responses are generally restricted by a single HLA allele (e.g. such as HLA A2 for 

CD8+ T cell responses) thus limiting the overview of the immune reaction. In their study, 

Lauer et al (Lauer et al., 2002) performed a comprehensive analysis of CD8+ T cell responses 
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to all expressed HCV proteins. By using a panel of overlapping peptides they obtained data 

indicating that CD8+ T-cell responses might in some cases be poorly predicted simply 

through the HLA type of the host concluding that “a single HLA allele cannot be used as a 

surrogate marker for the overall HCV-specific CTL response” as well as HLA type does not 

predict dominant HCV responses. This is why restricting the analysis of immune responses to 

a single HLA allele might bias and/or limit the interpretation of results.  It is therefore 

important for future research to explore the complex dynamics that regulate the host-virus 

interaction through a comprehensive screening of T cell epitopes. 

 

Studying the impact of HLA types on the infecting virus is important because understanding 

the interaction between these entities could help to predict the changes occurring in the viral 

sequence by identifying in vivo targets of cellular immune responses; and to anticipate the 

evolution of the virus in the infected organism.   
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3 Subjects and Methods 

3.1 Hepatitis C cohorts  

Various unique HCV cohorts including acute and chronic subjects were used in this study to 

identify the impact of the host’s HCV-specific T-cell response on viral diversity. The 

distribution of subjects derived from the cohorts (figure 3.1) is detailed below as well as in 

the relevant chapters that follow. 

 

Figure 3-1. Distribution of subjects derived from the HCV cohorts stratified by chapters. * as 
described by Gaudieri et al, 2009 (Gaudieri et al., 2009). 
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3.1.1 Australian Trial in Acute Hepatitis C (ATAHC) cohort  

ATAHC was a nationwide clinical trial aimed at studying people with newly acquired HCV 

infection in order to define the natural history of hepatitis C and identify predictors for HCV 

clearance among treated (induced clearance) and untreated individuals (natural clearance). 

This trial was a prospective study, involving a longitudinal and non-randomised cohort in 

which all participants enrolled were followed and monitored at three monthly intervals over a 

period of three years. All subjects were given the option to undergo treatment for hepatitis C 

and were offered a 24 week or 48 week course of pegIFN-/RBV. 

 

To enter the study, participants had to be at least 16 years old and have newly acquired HCV 

infection via any mode of HCV acquisition; HIV positive individuals were not excluded.  

Newly acquired hepatitis C was defined as presenting acute clinical symptoms of hepatitis C 

(jaundice or ALT level >10 times upper limit of normal (ULN)) within the 12 months that 

preceded the first positive anti-HCV antibody result. However, because clinical symptoms of 

hepatitis C can vary from one individual to another, acute HCV infection was also defined by 

a positive anti-HCV antibody test within the last six months of enrolment, plus a negative 

anti-HCV antibody test in the two years prior to the first positive anti-HCV antibody test 

result. Subjects were excluded from entering the ATAHC cohort due to pregnancy or breast 

feeding, history of immunologically-mediated disease and/or severe seizure disorder, 

evidence of a medical condition associated with chronic liver disease other than HCV, severe 

cardiac disease, the use of medication that could affect the disease or interfere with the study 

drug, major organ transplantation or other evidence of severe illness.  

 

Details of subjects used in the study are presented in the relevant chapter. 
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3.1.2 Acute HCV-infected subjects from Munich 

Plasma samples from 17 individuals with acute HCV genotype 1 infection (7, 1a; 10, 1b) 

were collected at the Klinikum Grosshadern in Munich, Germany between 1994 and 2005. 

Acute or early phase of HCV infection was defined as four months from the onset of 

symptoms, commonly jaundice or within six months following a known infection event. 

After acute infection, three individuals spontaneously resolved their HCV infection, seven 

cleared after IFN--based therapy and seven progressed to chronic infection. HCV sequence 

data from these samples were obtained from colleagues within IIID. 

 

3.1.3 HCV-exposed subjects from Western Australia (WA) 
 
HCV-exposed subjects (with at least one HCV antibody positive test) were recruited from 

tertiary hospitals in Western Australia namely Royal Perth Hospital, Fremantle Hospital and 

Sir Charles Gairdner Hospital. Most subjects acquired HCV through tattoo, intravenous drug 

use practices or contaminated blood products. A proportion of subjects underwent 

pegIFN/RBV treatment. For a subset of subjects, samples at multiple timepoints were 

available. Subjects infected with HIV were included in the cohort. 

Haemophiliacs who were exposed to HCV-contaminated blood products before routine 

testing of blood for HCV in Australia were included in the cohort. These subjects were all 

recruited from Royal Perth Hospital. Given the length of time between exposure to HCV 

(prior to blood testing for HCV antibodies in 1990) and recruitment, clinical outcomes 

following HCV infection could not be confirmed in all subjects.  

 
3.1.4 SHCS cohort 

 
The Swiss HIV Cohort Study (SHCS), as previously described (Profile, 2010), is an ongoing 

study that was established in 1988 as a multi-center research project dealing with HIV-



82 
 

infected subjects. Participant recruitment for this study resulted in the follow-up of HIV-

positive participants aged 16 years or older from seven large hospitals in Switzerland. Written 

informed consent was mandatory for inclusion, and all local human research ethics 

committees approved the study.  

The implementation of serial HCV screening introduced in 1998 in Switzerland resulted in 

the inclusion of subjects co-infected with HCV. After January 1st 1997, 4681 Swiss subjects 

were registered, of whom 3963 (85%) had hepatitis C (Jaggy et al., 2003). The increasing 

incidence rate of HCV infection over the years among HIV-infected populations in addition 

to the follow-up and collection of clinical data every six months has made the SHCS study an 

ideal cohort to study HCV infection and evaluate its incidence within populations at-risk and 

within diverse HIV-transmission risk groups (Rauch et al., 2005). 

Samples from a subset of subjects from the SHCS cohort were obtained via Professor Andri 

Rauch.  

 

3.1.4.1 SHCS: longitudinal study on HCV evolution  

A sub-study was approved by the SHCS committee to examine host immune pressure on 

HCV evolution during anti-retroviral therapy (Rohrbach et al., 2010). This longitudinal study 

utilised samples from HIV/HCV co-infected subjects prior and during antiretroviral therapy.   

 

3.1.5 Chronic HCV-infected subjects from Oxford, UK 

Samples from subjects with persistent HCV infection were obtained from Professor Paul 

Klenerman (Oxford University). Treatment-naïve HCV-exposed individuals were recruited 

from the John Radcliffe Hospital (Oxford, United Kingdom) aiming at identifying factors that 

are associated with hepatitis C disease progression and support research into the development 

of novel Hepatitis C therapies. Informed consent in writing was obtained from each subject 
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and the study protocol was approved by the human research ethics committee at the local 

Hospital.  All subjects were mono HCV-infected and sampling timepoint was prior to HCV 

treatment. 

 

3.1.6 Chronic HCV-infected subjects from New South Wales 
 
Plasma and DNA samples from chronic HCV-infected subjects followed at Royal Prince 

Alfred hospital in Sydney, New South Wales were obtained from Professor Geoff 

McCaughan. These samples were obtained at pre-treatment time-points. These subjects were 

all chronic mono-HCV-infected. 

 

 
 
Due to the modes of HCV transmission for these subjects, it is likely that individuals in these 

cohorts have been exposed multiple times to HCV. Such cohorts provide an ideal group of 

subjects for the study of multiple HCV infections as well as the study of individuals who are 

likely to have been repeatedly exposed to multiple strains of HCV but remain HCV negative. 

 

3.2 Universal precautions 

To minimize risk of contamination between samples but also prevent personal risks when 

blood or samples containing biological agent(s) that could potentially constitute a threat were 

analysed, each process was performed following Universal biosafety measures including 

wearing gloves, adequate laboratory coat and effective hand-washing. The preparation of 

master mixes necessary for PCR were performed in a class II biosafety hood with laminar 

flow. Pre-PCR and post-PCR experiments were performed in separate self-contained rooms. 

Material and work areas including pipettes, benches and hoods were decontaminated prior 
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and after use with 70% ethanol or the detergent Viraclean (Whiteley Corporation, Australia). 

Negative controls (sterile water) were used in all assays to detect contamination. 

 

3.3 Automation and documentation 

To ensure the traceability of samples and sample processes, all reagents and samples were 

labelled and recorded with their related information including unique identifiers, type of 

sample and storage location as well as batch numbers and lot numbers for reagents. All 

samples and tasks were recorded in an in-house database system (EpiLab) that allows each 

sample to be tracked through the different tasks performed on the sample. To minimise the 

risk of contamination or mix of samples within the lot tested, a second checker prior to the 

experiment checked the racking of samples. In addition, the chance of errors during the 

transfer of samples from tube/plate to tube/plate or pipetting was reduced via the use of 

automated liquid handling systems (Beckman Coulter, USA). All programs used with the 

automated machines were produced in-house and tested for quality control. The different 

procedures performed in this thesis are shown in Figure 3.2 and further discussed in the 

following sections of this chapter. 

 

The methods described in this chapter were used for all samples listed in this thesis. Any 

changes in the experimentation process due to sample/cohort characteristics are detailed in 

the relevant chapters. 
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Figure 3-2. Workflow from blood collection to analysis of collected data.  

 

 

3.4 Blood separation 

Typically, blood collected from an individual was separated within four hours for subsequent 

analysis. Whole blood was separated into plasma and/or serum, buffy coat and PBMC by 

density gradient centrifugation resulting in distinct layers that can easily be extracted. 

Centrifugation was performed using the Beckman Coulter Allegra X-15R for 10 minutes at 

1300 x g. For each blood sample, plasma (top layer in the centrifuged tube) was collected and 
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transferred into several one millilitre 2-D Nunc tubes (Thermo Scientific, USA) and stored at 

-80°C. The buffy coat with leukocytes and platelets (middle layer in the centrifuged tube) 

was then transferred to a sterile 50 millilitre falcon tube (Greiner Bio-one, Germany). PBMCs 

(bottom layer) were resuspended in 10 millilitres of RPMI and transferred into a 15 millilitre 

conical bottom tube. This tube was then spun for 10 minutes at 400 x g to allow removal of 

the supernatant before resuspending the pellet with five millilitres of RPMI. Prior to storage, 

a count of the PBMCs was performed using the Vi-CELL XR cell viability analyser 

(Beckman Coulter, USA). Cells were stored at 1x107 PBMC per vial overnight in a CoolCell 

(Biocision, USA) at -80°C and transferred to liquid nitrogen the following day for long-term 

storage. 

 

3.5 HCV genome sequencing 

The generation of HCV sequence was performed using both Sanger-based and next-

generation sequencing (NGS) techniques. The process involved a series of steps from the 

initial plasma sample of the HCV-infected subject to the identification of nucleotide 

polymorphisms along the HCV genome. Initially, HCV RNA was extracted from plasma 

samples and used as the template for complementary DNA (cDNA) conversion and then 

subjected to first round polymerase chain reactions (PCRs). The first round products were 

used in subsequent second round PCRs. The resulting amplicons were then sequenced and 

edited with the appropriate base-calling program; AssignTM (Conexio Genomics, Australia) 

for Sanger-based sequences and in-house programs for FLX 454 sequence reads. Each step 

was conducted with a positive and negative control to ensure the validity and reliability of the 

results obtained. 
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3.5.1 HCV RNA extraction 

Viral RNA extraction was performed using the Roche Cobas Amplicor HCV sample 

preparation Kit version 2.0. This kit isolates HCV RNA from serum or plasma via the lysis of 

viral particles through the action of a chaotropic agent followed by an ethanol/alcohol 

precipitation. 

The protocol consists of pipetting 200 microlitres of serum/plasma sample into a 1.5 millilitre 

sterile screw cap tube (CSL water was used as the negative control), which is then 

centrifuged at 23,600 x g at 4oC for 60 minutes in an Allegra 25R centrifuge. After removing 

the supernatant, 600 microlitres of Ultra Sensitive Working Lysis Reagent (provided in the 

kit) was added to the tube, shaken for five seconds and incubated at room temperature (RT) 

for 10 minutes. An additional 600 microlitres of 100% isopropanol was subsequently added 

to the tube, again vortexed for three to five seconds, and centrifuged at 16,000 x g for 15 

minutes at RT in a Beckman Coulter Microfuge 22R. The supernatant was removed without 

disturbing the pellet and one millilitre of 70% ethanol was added to the tube and vortexed for 

three to five seconds. The tube was then centrifuged for five minutes at 16,000 x g at RT. 

After removing the supernatant, the tube was pulse-centrifuged at 16,000 x g for 30 seconds 

at RT. Any residual ethanol was removed. Finally, a mastermix including 25 microlitres of 

Dilution Buffer (provided in the kit) and one microlitre of RNase OUT (Invitrogen, Australia) 

was added to resuspend the pellet.  

Disposable pipettes were used to avoid contamination. After extraction samples were stored 

at -80oC. 

 

3.5.2 HCV genotyping (RT-PCR for HCV 5’ UTR) 

The HCV 5’ UTR RT-PCR assay was performed in order to confirm the success of the RNA 

extraction and to determine the HCV genotype of the extracted virus. This assay is a one-step 
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RT-PCR using primers that bind to a highly conserved area of the viral genome generating a 

product of approximately 240 base pairs (bp). 

This step was performed using a Superscript III One Step RT PCR kit (Invitrogen, Australia). 

A mastermix including 2X reaction mix (6.25 microlitres/reaction), RT III/platinum Taq (0.5 

microlitres/reaction or 0.5 units/reaction), primers KY80 (5’-GCA GAA AGC GTC TAG 

CCA TGG CGT 3’) and KY78 (5’-CTC GCA AGC ACC CTA TCA GGC AGT3’) at 0.25 

microlitres/reaction each (Young et al, 1993) and sterile CSL water (four microliters/reaction) 

was prepared. Using a 96 full skirt plate (Fisher Biotec), 11.25 microlitres of mastermix was 

dispensed into each well with 1.5 microlitres of RNA. After sealing the plate, it was then 

spun down briefly using the Sigma 14-5 centrifuge and placed into the thermal cycler (Bio 

Rad DNA Engine Dyad Peltier thermal cycler) using the conditions listed in Table 3-1. After 

the cycling program was completed, the samples were loaded into a 1% agarose gel and 

electrophoresed. The intensity and the size of the PCR products were then checked to confirm 

the success of the RNA extraction as well as identify possible contamination.  

 

Table 3-1. Thermal cycler program for HCV 5’ UTR RT-PCR. 

Cycle 
# 

Temperature 
(⁰C) 

Time 
(minutes) 

1 55 30  
1 94 2  

40 
94 0.25 
61 0.5 
68 1  

1 68 5  
 

 

3.5.3 HCV first round RT-PCR (non-structural proteins) 

Following HCV RNA extraction, RNA was converted into cDNA prior to amplification of 

the non-structural proteins using a one-step RT-PCR. The one step RT-PCR reaction used 
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previously designed primers to produce two fragments referred to as RNA2, covering E2 to 

the NS5A region (~ four kilobase amplicon) of the HCV genome, and RNA3 covering NS4B 

to NS5B (~ three kilobase amplicon). These amplicons were then used as a template for 

subsequent second round PCRs. 

Reactions were carried-out in Axygen 96 full skirt plates (Fisher Biotec). The mastermix 

components included 25 microlitres of 2X Reaction mix, two microlitres of RT III/platinum 

Taq, one microlitre of Forward (F) and Reverse (R) primers (Geneworks; concentration 25 

pmol/μl) and 16 microlitres of sterile CSL water. The primer pair 2412F and 6823R were 

used to amplify the RNA2 fragment and 6076F and 9192R for the RNA3 fragment (Table 

3.2). The mastermix and primers were aliquoted into each well with either five microlitres of 

RNA or negative control (sterile water). The plate was then sealed and briefly spun using the 

Sigma 14-5 centrifuge and placed into the thermal cycler (Bio Rad). Thermal cycler 

conditions are detailed in Table 3.3. Amplicons were used for subsequent second round PCRs 

or stored at -20°C. 

Table 3-2. Primer sequences and combinations for first round RT-PCR 

Fragment Forward 
Primer 

Primer sequence 
(5'-3') 

Reverse 
Primer 

Primer sequence 
(5'-3') 

Annealing 
temperature 
(⁰C) 

RNA 1 HCV209F 
CGCTCAATGCCT
GGAGATTTGG HCV2644R 

TYCTTGTGTTCTT
CTGTGCTGCCTG 55 

RNA 2 HCV2412F 
CAYCTCCAYCAR
AACATCGT HCV6823R 

CNTGYGAGCCCG
AACCGGA 55 

RNA 3 HCV6076F 
CTGTGCARTGGA
TGAACMG HCV9192R 

ACCAAGCTCAAA
CTCACTCC 60 

F4 SN1st HCV2431F 
TGGACGTGCAAT
ACYTGTACGG HCV4137R 

GCTTAYATGTCC
AAGGCCCATGG 57 

F5 SN1st HCV3718F 
GCTCCTCGGACC
TTTACYTG HCV5274R 

ATCATGRCATAC
ATGTCGGCTG 54 

F6 SN1st HCV4816F 
GCAGGGGGAAGC
SAGGCATCT HCV6290R 

GATATGCRAGGT
GCTGAGCGACT 59 

F7 SN1st HCV5931F 
GTAGCMTTCAAG
ATCATGAGCGG HCV7236R 

GAGWCGTGGAA
AAAGCCGGACT 57 

SN denotes small nested first-round products. 
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Table 3-3. Thermal cycler program for first-round HCV RT-PCR. 

Cycle # 
Temperature 
(⁰C) 

Time 
(minutes) 

1 55 30  
1 94 2  

40 
94 0.25 

AT* 0.5 
68 2  

1 68 10  
*AT denotes annealing temperature listed in Table 3-2. 

 

3.5.4 HCV second round PCR 

Following the one step RT-PCR, the resulting products were amplified in second round PCRs 

using internal primers. Genotype-specific primers, generic primers and small-nested primers 

were available to amplify smaller second round fragments covering the NS2 to NS5B region 

(Rauch et al., 2009b). Generic primers were designed so they could be used regardless of the 

genotype while genotype-specific primers and small-nested primers were specific to a HCV 

genotype or subtype (small-nested primers were only available for genotype 1; fragments F4 

and F5). As indicated in the flowchart (Figure 3.2), genotype-specific primers were 

prioritised while generic or small-nested primers were used if genotype-specific primers 

failed. The second round PCR primer pairs used to amplify first round PCR products are 

listed in Table 3.4.
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Table 3-4. Primer sequences and combinations for HCV second round PCRs. 

Primer 
Pair 

First 
round 

product 
Fragment Forward Primer Primer sequence (5'-3') Reverse Primer Primer sequence (5'-3') 

Annealing 
temperature 

(⁰C) 

Generic 

RNA 2 

F4 HCV2412M13F CAYCTCCAYCARAACATCGT HCV3825M13R GACCCCCCGAGGANCCYTT 55 

F5 HCV3724M13F CGGACCTTTACYTGGTCACG HCV5310M13R CCCAGGTCGTGGTGAYGAC 55 

F6 HCV5040M13F CACATAGATGCCCACTTCCT HCV6121M13R GCCCCGGGAGGCRAASGC 60 

F7 HCV5928M13F 
CTCGTCGCTTTYAARATCAT
G HCV6823M13R TCCGGTTCGGGCTCRCANG 60 

RNA 3 

F8 HCV6076M13F CTGTGCARTGGATGAACMG HCV7636M13R TGATGAGGGCSCCKGTCCA 62 

F9 HCV7498M13F TCCTCCATGCCCCCCCTNG HCV8718M13R 
CGACGGACACRTTKGAGGA
GCA 55 

F10 HCV8619M13F 
TTCACGGAGGCTATGACYA
G HCV9192M13R GGAGTGAGTTTGAGCTTGGT 50 

Genotype 
1 

RNA 2 

F4 HCV2543M13F CYTGTGGATGATGCTRCTSA HCV3579M13R GGCSCCCRTGGTAGACAGT 55/53 

F5 HCV3494M13F 
CAARAACCAGGTSGAGGGK
GAGGTYC HCV4530M13R 

GCGGCGAGCTCGTCRCAYTT
CTTCTT 65/63 

F6 HCV4441M13F 
TGTCCAMCACYGGAGAGAT
CC HCV5627M13R 

CTGATGAARTTCCACATRTG
CTTC 56/54 

F7 HCV5517M13F 
GAGCARTTCAAGCAGAAGG
CSCTC HCV 6531M13R  

AGGGGCCCGTGGTGTABGC
GTT 62/60 

RNA 3 

F8 HCV6430M13F 
ARATCACYGGACATGTCAA
AACGG HCV7481M13R 

ATGGAGGAGTACGACTCAA
CG 60/58 

F9 HCV7335M13F 
ACGGTKGTCCTGACAGAGTC
MACCST HCV8356M13R 

AAGCCKCTCTGTGAGSGACC
TKATG 64/62 

F10 HCV8268M13F 
TGYTTTGACTCAACRGTCAC
TGAG HCV9001M13R 

TGGAGTGAAAATGCGCTAA
GRCCAT 58/56 

Genotype 
3 

RNA 2 

F4 HCV2469M13F 
TGGGATGGGCGCTGAAATG
GGA HCV3519M13R 

CTGGGTAGCCGTAGAAAGC
ACCT 60/58 

F5 HCV3428M13F 
ACAGCATACGCCCAGCAAA
CT HCV4398M13R 

TAGAATGTGGCACAGTGAT
GCTGC 60/58 

F6 HCV4287M13F 
GATGAATGTCATGCCCAAG
ACGCTAC HCV5254M13R 

GCCATGATGTATTTTGTGAT
G 62/60 

F7 HCV5168M13F 
TGTCTCGTGCGGCTTAAGCC
A HCV6177M13R 

GTGACAGTTAGAGAACTCA
GC 59/57 

RNA 3 F8 HCV6067M13F 
GGAGGGAGCGGTACAGTGG
ATGA HCV7067M13R 

CACAACCTTTGTTTCAGACT
CCACCCG 63/61 
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F9 HCV7012M13F 
TGAGCTAGTGGACGCCAACT
TGTTATG HCV8001M13R 

GTTCTTCGCCATGATGGTGG
T 62/60 

F10 HCV7896M13F 
CGAAGTTCGGGTATAGTGCG
A HCV9090M13R 

TGCCCGATGTCTCCAAGCTC
G 61/59 

Generic 
(Small 
Nested) 

RNA 2 

F4 HCV2640M13F TCCTTCCTYGTGTTCTTCTG HCV3960M13R TTGTCTGTGAACACCGGRGA 54/52 

F5 HCV3897M13F 
ACCCGTGGAGTKGCTAAGG
C HCV4941M13R 

GCYCGTAGCCTAACTGTGGT
CTC 58/56 

F6 HCV4869M13F 
GGCATGTTCGACTCSTCCGT
CC HCV6085M13R TTGTCTGTGAAGACCGGRGA 61/59 

F7 HCV6012M13F 
GCCCTTGTAGTCGGTGTGGT
ST HCV7107M13R 

TCCTCCGCCACAAGCGGRTC
GAA 61/59 

FLX 
Tagged 
primers 

RNA 2 

F4-5 
NS3prot(gt1a)F_3
373 YTG CTY GGR CCRGCYGA  

NS3prot(gt1a) 
R_4000 

CCA  CCT GGW ARS WCT 
GRG G 54/56 

F4-5 
NS3prot(gt1b)F_3
373 YTY CTR GGR CCR GCY GA 

NS3prot(gt1b)R_40
00 

CCA CTT GRA ATG TYT GCG 
G 54/56 

F4-5 
AltNS3prot(gt1)F
_3309 

ACC GCY GCR TGC GGY 
GAY AT  

AltNS3prot(gt1)R_
4035 

GTG CTC TTR CCG CTR CCN 
GT 54/56 

F4-5 
NS3prot(gt3a)F_3
373 GAG GTG TTG TTG GGA CCT 

NS3prot(gt3a) 
R_4000 

CCT ACT TGR TAG CTC TGT 
GGR A 54/56 

F4-5 
NS3ProtF_3337(g
t1a) GGC YTG CCY GTC TCY GC 

AltNS3prot(gt1)R_
4035 

GTG CTC TTR CCG CTR CCN 
GT 54/56 

F4-5 
NS3ProtF_3337(g
t3a) GGG CTG CCY GTC YCY GC 

AltNS3prot(gt3) 
R_4035 

GTR CTC TTR CCR CTG CCR 
GT 54/56 

RNA 3 

  7337F 
CAATTCAGCTGGATGGC 
TCCAATGT 8080R 

CCCCCAGGTCAGGG 
TACACAAT 53/51 

  8011F 
ACCATCATGGCG 
AAGAAYGA 8683R 

GAGGAGCAAGATGTT 
ATGAGCTC 53/51 

  8615F CCTTCACGGAG GCTATGAC 9172R 
ACTGCCCAGTTG 
AAGAGGTA 53/51 

  6158F ATGCWGCTGCC CGCGTCAC 6940R 
AGCTGGCTGGCC 
GAAGAGCT 61/59 

  6821F 
TCCCTTGCGAGCCC 
GAACCGGA 7522R 

TGAGATCCGGGTCC 
CCAGGCTC 61/59 

  7370F CCTTGGCCGAGCTTGCCAC 8080R 
CCCCCAGGTCAGGGTACAC
AAT 61/59 

Untagged or tagged primers could be used for the genotype-specific, generic and small-nested primer combinations. M13 tag primers (5’-3’): 
M13F: TGTAAAACGACGGCCAGT; M13R: CAGGAAACAGCTATGACC. 
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The final mastermix consisted of 21 microlitres of HCV Second Round Mastermix, 1.25 

microlitres of DMSO, 0.1 microlitres of Taq DNA polymerase and 0.25 microlitres each of 

the forward and reverse primers. HCV Second Round Mastermix components included 131 

millilitres of CSL water, 20 millilitres of 10X buffer, 400 microlitres of 40mM dNTP and one 

millilitre of glycerol. The reaction was set-up in an Axygen 96 half-skirted plate (Fisher 

Biotech, Australia) on the Biomek FX automated workstation (Beckman Coulter). A total of 

22.5 microlitres of mastermix was dispensed into each well with 2.5 microlitres of the first 

round PCR product. The plate was spun-down using a Sigma 14-5 centrifuge and placed into 

the thermal cycler (MJ Dyad/BIO RAD). Thermal cycler conditions are described in Table 3-

5, 3-6 to Table 3-7. Amplicons were stored at -20°C. 

Table 3-5. Second round HCV thermal cycler program for genotype-specific and small-
nested primers. 

Cycle 
# 

Temperature 
(⁰C) 

Time 
(minutes) 

1 94 2  

20 
94 0.25 

AT1* 0.5 
72 1  

20 
94 0.25 

AT2* 0.5 
72 1  

1 72 5  
*AT refers to annealing temperature listed in Table 3-4. 

 

Table 3-6. Second round HCV thermal cycler program for generic primers. 

Cycle # 
Temperature 
(⁰C) 

Time 
(minutes) 

1 94 2  

35 
94 0.33 

AT* 0.5 
72 4  

1 72 7  
*AT refers to annealing temperature listed in Table 3-4. 
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Table 3-7. Second round HCV thermal cycler program for FLX tagged primers. 

Cycle 
# 

Temperature 
(⁰C) 

Time 
(minutes) 

1 94 2  

20 
94 0.25 

AT1* 0.5 
72 1  

20 
94 0.25 

AT2* 0.5 
72 1  

1 72 8  
*AT refers to annealing temperature listed in Table 3-4. 

 

3.5.5 Amplicon determination using gel electrophoresis  

Agarose gel electrophoresis was performed following the second round PCR amplification to 

confirm the presence or absence of the target DNA. As DNA migrates in an electric field 

based on size, the intensity and size of the PCR products were checked to confirm the success 

of the amplification as well as identify possible contamination. 

 

Second round PCR products were run on 1% agarose E-gel 96 gels (Invitrogen, Australia) 

using the Biomek FX robot. This step required 10 microlitres of PCR product mixed with five 

microlitres of loading dye and then added into the sample lane of the gel. In parallel, ten 

microlitres of an E-Gel Low Range Quantitative DNA ladder (Invitrogen, Australia) was run 

to allow the determination of the correct size of the PCR products added to the same gel. 

Once the PCR products were loaded, the gel was placed on the E-Base and run at 100 volts 

for 10 minutes.  After completion of the gel run, PCR products were visualized under UV 

light using the Bio-Rad ChemiDocTM XRS. A digital image was obtained following 

alignment of samples with markers using the E-editor Software 2.0 (Invitrogen, Australia).  

The identification of a successful amplicon was evaluated based on correct sizing and 

intensity.  Successful samples were pooled together in preparation for the following 



95 
 

purification step, while failed samples were re-amplified with a different set of primers (see 

flowchart in Figure 3-3). Primers used for the sequencing of second round products were 

either the tag primers M13F or M13R if tagged primers were used for second round PCR or 

the second round non-tagged primers. All sequencing primers were diluted to one pmol/ul 

before use. 

 

Figure 3-3. Flowchart for the selection of primers for HCV PCR and sequencing. NGS 
sequencing process follows yellow arrows, while green lines show the pathway for sanger-
based bulk sequencing. 
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3.5.6 PCR product purification 

The AMPure purification step purifies PCR products as small as 100 bp (or larger) prior to 

sequencing. This step involves the use of an AMPure solution, which consists of an optimised 

buffer and magnetic beads (Beckman Coulter, Australia), a washing step with 70% ethanol 

and the elution of amplicons with TE buffer.  

Purification of PCR products was performed in an Axygen 96 half-skirted plate (Fisher 

Biotech, Australia) using the automated Biomek FX workstation. PCR products were added 

to the AMPure solution to selectively bind to the magnetic beads. A magnetic field was then 

applied to capture the bead-amplicon complexes while excess primers, nucleotides, salts and 

enzymes were removed during the washing procedure with 70% Ethanol. Once the 

contaminants were removed, amplicons and beads were separated using TE buffer. Beads 

were removed by reapplication to the magnet while the purified PCR amplicons was stored at 

-20°C prior to sequencing. 

 

3.6 Viral sequencing (sanger-based) 

Sanger-based bulk HCV sequencing was performed using the Applied Biosystems (ABI) 

3130XL Genetic Analyzer (USA). The sequencing reaction was based on the incorporation of 

fluorescently labelled dideoxynucleotide triphosphates into the nucleic acid molecule 

according to the Sanger chain termination methodology (Sanger et al., 1977).  

 

The following protocol was used to obtain viral sequences using the Big Dye Terminator 

Cycle Sequencing kit v3.1 (Applied Biosystems, USA). Two microlitres of ampured samples 

were transferred into two wells of an Axygen 96 half-skirted plate (Fisher Biotech, Australia) 
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to which the corresponding forward and reverse primer were added so that the two strands 

could be sequenced separately. Each well also contained 18 microlitres of mastermix. The 

mastermix consisted of seven microlitres of ABI Big Dye Terminator Sequencing Buffer and 

one microlitre of BDT (both provided in the kit) to which eight microlitres of CSL water and 

two microlitres of the primer (concentration 1pmol/μl) were added. The plate was then spun-

down using the Sigma 4-15 centrifuge. The thermal cycler condition was 25 cycles of 96°C 

for 10 seconds, 50°C  for five seconds and 60°C  for four minutes. 

 

3.6.1 Purification of sequencing products 

CleanSEQ (Beckman Coulter, USA) is a magnetic bead dye-terminator removal system based 

on Solid Phase Reversible Immobilization chemistry. This step was used to clean the 

sequencing products obtained after the sequencing reaction. Cleaning of sequencing products 

was performed in an Axygen 96 half-skirted plate (Fisher Biotech, Australia) using the 

automated Biomek FX workstation. Amplicons were added to a cleanSEQ solution, which 

consists of magnetic particles in a binding buffer. These magnetic particles immobilise 

sequencing products leaving contaminants such as unincorporated dye-terminators, 

nucleotides, excess primers, salts and enzymes in solution. Samples were then placed onto a 

magnetic plate in order to capture the bead-product complexes while contaminants were 

removed during the washing procedure using 85% ethanol solution. After washing, the 

products were eluted from the beads and removed by reapplication to the magnet using an 

aqueous solution (0.5 mM EDTA).  

 

3.6.2 Sequence editing 

Raw data from the ABI 3130XL genetic analyser was collected and the sequence 

electropherograms were imported into the editing software AssignTM (version 1.0.2).  The 

program performs base calls based on the electropherograms and in those instances when a 
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combination of bases exist at a position (referred to as a mixture) the position is allocated a 

letter according to the IUPAC nomenclature. The program allows the editor to align the 

sequence(s) to the appropriate reference and manually edit base calls.  

 

3.6.3 Contamination of HCV sequences 

The Assign program was used for contamination check as sequences newly generated for a 

given subject was aligned to an appropriate reference and to sequences that had previously 

been edited for that same individual. As such, overlapping amplicons or previous sequence 

reads were compared and checked with the newly generated sequence(s) to identify changes 

that could potentially indicate contamination. 

Edited sequences were imported into BioEdit (Ibis Bioscience, USA) with all other sequences 

of interest (i.e. sequence from same individual or individuals from same or different cohorts 

studied, or sequences used as controls). Once the sequences to be compared were all aligned 

and labelled according to the subject identifier they were then imported into MEGA 6 

(Kumar et al., 2008) in order to generate a phylogenetic tree. The relatedness between the 

HCV sequences was evaluated using the Neighbor-Joining method based on the Kimura-2-

parameter model with 1000 bootstrap replications for approximately 500bp fragments 

covering the HCV genome. The identification of sequences from different subjects with less 

than 1% difference in the studied were investigated by tracking down the different steps and 

tasks involved in the sequencing and PCR processes of those samples as well as the reagents 

and machine used. If the sequences with potential contamination were processed in the same 

run at the same time, they were removed and re-sequenced separately. After re-sequencing, if 

similar results were obtained clinical data were checked to determine if individuals were 

likely to be part of a transmission network (i.e. similar estimated time of infection, subjects 
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living in the same area, subjects with shared behavioural risks such as IDU, known 

transmission pair). 

 

3.7 Next generation sequencing 

PCR amplicons for NGS were quantified using the Quant-iTTM Picogreen dsDNA reagent kit 

(Invitrogen, Australia). Sequences from one sample were either run separately or were pooled 

with other samples during the run. For the samples that were pooled together their assembly 

was subject to certain criteria. These criteria included that samples should be pooled in 

equimolar amounts and that samples should have sufficient difference (i.e different genotypes 

or different fragments amplified) from all other samples in the pool. 

NGS was performed using the 454 Life Science platform according to the manufacturer’s 

recommendations (GS-FLX, Roche Applied Science, Australia). Briefly, PCR amplicons 

were processed into a library of fragments suitable for the FLX454 genome sequencer, which 

consists of the ligation of fragments to adaptors. Once fragments were immobilized onto 

microparticles (beads), the amplification was carried-out in water-in-oil emulsion micro-

reactors, resulting in beads that were each covered with millions of copies of a single PCR 

amplicon. Subsequently, the libraries were loaded into a PicoTiterPlate device (PTP) and 

inserted into the Genome Sequencer FLX Instrument to perform the sequencing reactions. 

The resultant sequences were collected and analysed using in-house programs to remove 

primer sequences and align sequence reads to the appropriate reference (H77 genotype 1a 

GenBank accession number: NC004102; 1b GenBank accession number: AB016785; 3a 

GenBank accession number: AF046866). Sequences were then imported as fasta files into the 

program BioEdit. 
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3.7.1 NGS mutation threshold 

The use of NGS sequencing technologies allows the detection of viral variants at frequencies 

as low as 0.1%. However, sequencing errors can result in an overestimation of the genetic 

diversity. As such, the certainty of the existence or accuracy of the quantity of substitution 

between 0.1 and 1% is less certain due to potential sequencing errors creating background 

noise. In their article, Bull and colleagues (Bull et al., 2011) tested the reliability of haplotype 

reconstruction based on Bayesian analysis using 454 FLX data with four known HCV 

variants mixed in estimated equal molar proportion. The result of their analysis showed that 

the variants were successfully reconstructed and the error rates were estimated at 0.0123 with 

a detection threshold of 0.1% while the error rate was 0.00769 with a detection threshold of 

1%. However, most of the spurious SNPs (~70-80% of the false positives) were subsequently 

eliminated during automated cleaning (i.e. parameters applied to process raw FLX data to 

ensure the quality and accuracy of data and include: exclusion of hypermutated sequences, 

thresholds for SNPs and number of reads) while the remaining false positive SNPs were at a 

frequency lower than 1% within the sample and mostly within homopolymeric stretches. 

Regarding, the errors present at frequencies below 1%, it appears that further manual 

checking is the best option to eliminate those errors and increase the quality of extracted data 

(Tsibris et al., 2009a, Fischer et al., 2010).  

In order to ensure the quality of data and prevent biases in the analysis due to errors 

introduced by PCR as well as errors inherent to the 454 Life Science platform (homopolymer 

errors), reads were excluded from the aligned data according to the following quality criteria: 

i) sequences presenting more than three nucleotide mutations from consensus within the 

first/last 10 positions of the sequence, ii) sequence mismatches or sequence that does not 

align properly due to high frequency mismatch/indels (5% relative to the reference). These 



101 
 

criteria ensured the exclusion of homopolymer indels that are common errors observed in raw 

NGS sequences.  

The threshold for mixtures was set at 1% and mixtures were only considered when 200 reads 

or more were available for individual samples.  

 

3.8 DNA extraction 

DNA samples were obtained either from DNA extractions performed in-house or received 

from collaborators. 

To extract DNA from PBMC, buffy coat or whole blood, the Genfind Blood and serum DNA 

Isolation Kit (Beckman Coulter, USA) was used. This kit utilizes magnetic beads to 

immobilise DNA molecules to separate them from contaminants. The protocol consists of 

pipetting 200 microlitres of buffy coat, whole blood or PBMC into a Beckman two millilitre 

96 square well plate. To each well of the plate, 400 microlitres of Genfind lysis buffer and 

nine microlitres of 96 ug/ul Proteinase K were added to break cell membranes and release the 

DNA molecules. The plate was then placed on an orbital shaker for 15 minutes prior to 

incubation in a 37°C water bath for 10 minutes. Samples were then placed on the orbital 

shaker for a short time before a second incubation in a 37°C water bath for five minutes. The 

following step involved the addition of 300 microlitres of magnetic beads to each well 

followed by a tip mix 30 times. The sample plate was then transferred to a Spring SPRIplate 

96-Ring magnet and incubated on the magnet for 14 minutes. The supernatant was removed 

leaving only the beads with immobilized DNA in the plate. The plate was then placed on the 

orbital shaker prior to the addition of 500 microlitres of wash buffer 1. The plate was shaken 

for three minutes at 1000 rpm and transferred again to the spring magnet for six minutes 

before removal of the supernatant. Another wash with buffer was performed with the addition 

of 500 microlitres of wash buffer 1 following the same steps as the previous wash. Two 
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additional washes was done with 500 microlitres of wash buffer 2 for both washes following 

the same steps as the first two washes. The plate containing the beads with DNA particles 

was transferred onto the orbital shaker and the DNA was re-suspended with 125 microlitres 

of TE buffer in each well. The plate was shaken for two minutes at 1000 rpm and incubated 

at room temperature for an hour. Finally, the plate was transferred to the magnet to settle for 

10 minutes and then the eluant containing the DNA was transferred to a 1.5 millilitre 

microfuge tube and stored at 4°C.  

 

3.8.1 DNA quality and quantity determination 

After extraction, the quality and quantity of the DNA extracted were evaluated in order to 

ensure the reliability of results obtained from genotyping assays. 

For all samples, the quality (or purity) of the DNA was estimated with the 260nm/280nm 

ratio using the NanoDrop ND1000 spectrophotometer (NanoDrop Technologies, USA). A 

DNA sample was considered as pure (i.e minimal contamination from other cell components) 

when the ratio showed an absorbance range of 1.6-2.0. In addition, the quality of the 

extracted product was confirmed using a 1% agarose gel. In some cases, the quantity of the 

DNA was also determined using the Quant-iT PicoGreen dsDNA Kit (Invitrogen, Australia). 

Following the manufacturer’s instructions, a serial dilution of lambda DNA (provided in the 

kit at concentration 100 g/ml) was performed in order to produce a standard curve that 

would be used to determine the concentration of each DNA sample tested. The PicoGreen 

assay was performed using a 96 wells plate to which each well included a final volume of 

100 microlitres with 48 microlitres of picogreen mixture, 50 microlitres of 1xTE buffer and 

two microlitres of DNA sample. One microliter of each standard previously diluted at 

concentrations ranging from <1 ng/l to 200 ng/l (serial dilution) were added to the last two 
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columns of the 96 well plate to which 49 microlitres of picogreen mixture and 50 microlitres 

of TE buffer were added as described above (final volume of 100 microlitres). 

The PicoGreen technique is based on the use of an ultra-sensitive fluorescent nucleic acid 

stain. Hence, the samples were excited at 485 nm (standard filter) and their emission was 

measured at 535 nm (standard filter) using the BioRad 384 Real-Time thermal cycler. Results 

were then analysed using the Multimode analysis software. 

 

3.9 High-resolution HLA Class I typing 

HLA typing was performed using a DNA sequence based typing (SBT) technique for the 

identification of polymorphisms within the HLA Class I (HLA-A, -B, -C) genes. Locus 

specific PCR amplifications were conducted using primers binding the intron 2 and 4 regions 

resulting in sequences that cover the highly polymorphic exons 2 and 3 (see below). The 

resultant sequences were then edited for allele assignment by the AssignTM software (version 

1.0.2). HLA typing was conducted using the automated Biomek NX instrument. Figure 3-4 

details the HLA typing process. 
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Figure 3-4. Flow diagram of the HLA typing process.  

 

3.9.1 HLA PCR  

A master mix preparation specific for each HLA locus (HLA-A, -B or –C; Tables 3-8 and 3-

9) was added to DNA on an Axygen 96 full-skirted plate (Fisher Biotech, Australia) using the 
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Biomek NX automated workstation. The plate was sealed using a plate thermal sealer and 

spun-down in a Sigma14-5 centrifuge at 2000 rpm for 30 seconds. The plate was then placed 

into a thermal cycler (MJ Dyad/BioRad, USA). The thermal cycler conditions are detailed in 

Table 3-10 and the HLA PCR primer sequences are shown in Table 3-11. 

 

Table 3-8. HLA typing PCR master mix components per sample. 

HLA 
typing 

Master mix Reagent 
(concentration) 

Reagent volume 
per reaction (ul) Taq (ul)^ Volume 

DNA (ul) 

A 

5AP.M13F (10pmol/ul) 1 

0.4 (Platinium) 2 
3AE4.658.M13R (10pmol/ul) 1 
HLA A/C TDMH Buffer (2% 
DMSO)* 10.8 
CSL dH2O 4.8 

B 

5'BIN1-Cgdeg.M13F (2pmol/ul) 1 

0.5 (Amplitaq) 3 

3'BIN37D.M13R (3pmol/ul) 1 
5'BIN1-TA.M13F (1pmol/ul) 1 
HLA B TDMH Buffer (2% 
DMSO)* 9 
CSL dH2O 6 

C 

HLAC.M13F (10pmol/ul) 1 

0.4 (Platinium) 3 
HLAC+15M13R (10pmol/ul) 1 
HLA A/C TDMH Buffer (2% 
DMSO)* 11 
CSL dH2O 3.8 

^Platinium Taq (Invitrogen, Australia) or Amplitaq (Applied Biosystems, USA). 
*See Table 3-9 for PCR buffer mix. 
 

Table 3-9. HLA PCR buffer components for 1000 reactions. 

Reagent HLA-A/-C HLA-B 
10 x PCR Buffer 
(TDMH) 2.6ml 2.6ml 
dNTP (40mM) 0.46ml 0.46ml 
DMSO (100%) 0.2ml    
50% Glycerol 2ml  2ml  
500mM MgCl2 0.1ml  0.1ml  
Sterile dH2O 4.64ml 4.84ml 
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Table 3-10. Thermal cycler program for HLA PCR. 

Cycle 
# 

Temperature 
(⁰C) 

Time 
(minutes) 

1 96 6  

35 
96 0.5 
70 0.5 
72 2  

1 72 10  
 

Table 3-11. HLA PCR primer sequences. 

HLA 
Locus Primer name Sequence (5'-3') 

A 5AP.M13F 
TGT AAA ACG ACG GCC AGT TCT CCC CAG 
ACG CCG AGG ATG GCC 

3AE4.658.M13R 
ATG GGG AGG ACC AGA CCC AGG ACA GGT 
CAT AGC TGT TTC CTG 

B 

5'BIN1-Cgdeg.M13F 
TGT AAA ACG ACG GCC AGT TAC GGG GGC 
KCA GGA CCC GG 

3'BIN37D.M13R 
ATA GRT CGS CSG GGA TGG CCT GGT CAT 
AGC TGT TTC CTG 

5'BIN1-TA.M13F 
TGT AAA ACG ACG GCC AGT GGC GGG GGC 
GCA GGA CCT GA 

C HLAC.M13F 
TGT AAA ACG ACG GCC AGT ARC GAG GKG 
CCC KCC CGG CGA 

HLAC+15M13R 
AG TGG GGA GCC TTC CCY ATC TCC GGT 
CAT AGC TGT TTC CTG 

 

 

PCR products were visualized on a 1% agarose gel following electrophoresis to determine the 

success of the amplification. PCR products were considered successful if they were of the 

appropriate size band as observed for the positive control. This was done for each HLA locus 

tested. Successful samples were then sent for sequencing using standard primers. Internal 

primers also referred to as resolving primers were used for resolving common HLA 

combinations. Standard and resolving primers are listed in Table 3-12. HLA genotypes were 

obtained with the editing of electropherograms using the AssignTM software (version 1.0.2) 

based on reference sequence comparisons. 
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Table 3-12. Sequencing primers (standard and resolving) used for the HLA PCR reactions. 

Primer type 
HLA 
Locus 

Primer 
name Primer sequence (5'-3') 

Standard 

A ASEQ3 TCG GAC CCG GAG ACT GTG 

A ASEQ5 
GTT TCA TTT TCA GTT TAG 
GCC A 

A 3AIN3-66 
TGT TGG TCC CAA TTG TCT 
CCC CTC 

A AINF1 CCT CTG YGG GGA GAA GCA A 
B BIN2R GGA TCT CGG ACC CGG AG 
B BF1B ACK GGG CTG ACC GCG GG 

C CIN2R 
GGA GRC GTG ACC TGC GCC 
CCR GG 

C CF1C CGG GGG CGG GGC CAG 

Resolving 

A AX2FA CTC CAT GAG GTA TTT CTT 
A AX2FH TGG ATA GAG CAC GAG GGT 
A AX3FC TCT CAC ACC MTC CAG AT 
A AX3FD CTC ACA CCA TCC AGA TA 
B BX2FA CCT GCG GAA CCT GCG CG 
B BX3FC GGT CTC ACA CTT GGC AGA C 
B BX2FB ACG CGG CGA GTC GGA GGA C 
B BX2FD ACG CCG CGA GTC CGA GAG A 
B BX3RB GAG CCA CTG CAG GCA CTC 
C CX2RB GCC CAG GAT CCG CAG GC 
C CX2FG GAG TGA ACC TGC GGA AA 
C CX2FA CAA CCA GAG CGA GGA CG 
C CX2FD ACC GGG AGA CAC AGA AG 

 

 

3.10 KIR typing 

KIR genotyping was performed using a real-time PCR assay based on Sybr Green detection. 

A total of 10 KIR genes located in the leukocyte receptor complex on chromosome 19 were 

targeted in separate PCR reactions. Briefly, DNA samples to be tested were diluted to a 

concentration of 20 ng/l and a mastermix solution with a specific set of primers for a KIR 

gene was prepared for each gene tested (primers were designed based on the following 

publications: (Alves et al., 2009, Vilches et al., 2007, Koehler et al., 2009, Hong et al., 

2011)). A positive internal control (GALC) was used to control for PCR function and 
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sensitivity. Using the Biomek FX automated workstation, two microlitres of diluted DNA and 

eight microlitres of mastermix were transferred to an Axygen plate (Fisher Biotech, 

Australia) prior to PCR. The process was automated on a 384 well plate, which allowed four 

KIR genes for up to 94 samples to be tested on a single plate. Table 3-13 details the list of 

reagents for the preparation of the mastermix for a single KIR Real-Time PCR reaction. The 

KIR PCR primer sequences are shown in Table 3-14.  

 

Table 3-13. KIR typing PCR master mix components per sample. 

Reagents Volume (l) 

Universal SYBR Green Master 2X 5 

Sterile water 1.5 

GALC Forward primer (20pmol/l) 0.25 

GALC Reverse primer (20pmol/l) 0.25 

KIR Forward primer (20pmol/l)  0.5 

KIR Reverse primer (20pmol/l) 0.5 

 

Table 3-14. KIR typing PCR primer sequences. 

KIR Gene Primer Name Primer Sequence 5’ to 3’ 

2DL2 
Exon 5_2DL2_3F GGG GGA GGC ACA TGA AT 

Exon 5_2DL2_3Rev AAG CAG TGG GTC ACT CGA GTT 

2DL3 
Exon 9_2DL3_2F CCC TCA GGA GGT GAC ATA TG 

Exon 9_2DL3_2Rev GCA GGA GAC AAC TTT GGA TCA 

2DL5 
Exon 5_2DL5_1F ATC TAT CCA GGG AGG GGA G 

Exon 5_2DL5_1Rev CAT AGG GTG AGT CAT GGA G 

2DS1 
Exon 4_2DS1_1F TCT CCA TCA GTC GCA TGA G 

Exon 4_2DS1_1Rev GGT CAC TGG GAG CTG AC 

2DS2 
Exon 4_2DS2_1F TGC ACA GAG AGG GGA AGT A 

Exon 4_2DS2_1Rev CCC TGC AAG GTC TTG CA 

2DS3 Exon 5_2DS3_1F AAA CCT TCT CTC TCA GCC CA 
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Exon 5_2DS3_1Rev GCA TCT GTA GGT TCC TCC T 

2DS4 
Exon 5_2DS4_1F GGT TCA GGC AGG AGA GAA T 

Exon 5_2DS4_1Rev CTG GAA TGT TCC GTK GAT G 

2DS5 
Exon 4_2DS5_3F ACA GAG AGG GGA CGT TTA ACC 

Exon 4_2DS5_3Rev ATG TCC AGA GGG TCA CTG GG 

3DL1 
Exon 4_3DL1_3F CCT GGT GAA ATC AGG AGA GAG 

Exon 4_3DL1_3Rev TGT AGG TCC CTG CAA GGG CAA 

3DS1 
Exon 3_3DS1_4F CAG CGC TGT GGT GCC TCG C 

Exon 3_3DS1_4Rev CTG TGA CCA TGA TCA CCA T 
Internal 
control 
primer 
GALC 

GALC_F TTA CCC AGA GCC CTA TCG TTC T 

GALC _R GTC TGC CCA TCA CCA CCT ATT 

 

Once the mastermix and DNA were added to the plate, the plate was sealed using a plate 

thermal sealer and spun-down briefly using the Sigma 14-5 centrifuge. The plate was then 

placed into a Real-Time thermal cycler (BioRad, USA). The thermal cycler conditions are 

detailed in Table 3-15.  

Table 3-15. Thermal cycler program for KIR PCR. 

Cycle # Temperature (⁰C) 
Time 
(minutes) 

1 95 10  

35 
92 0.25 

Annealing temperature^ 1 
Plate read   

1 22 0.5 
Plate read 

Melt 65⁰C to 95⁰C: increment 0.50⁰C at 
5 seconds   

Plate read 
^A 62⁰C annealing temperature for KIR genes KIR2DL2, 2DL3, 2DL5, 3DL1, 3DS1, 2DS2, 
2DS3 and 2DS5. A 60⁰C annealing temperature for KIR genes KIR2DS1 and KIR2DS4. 
 

Each KIR amplicon had a characteristic melting temperature (Tm) ranging between 78-85°C 

as shown in Table 3-16. The control GALC had a Tm of 75°C allowing easy discrimination 

between KIR and positive control peaks.  
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Table 3-16. Melting temperature for KIR genes. 

KIR primer set Melt 
temperature 

GALC (positive) 73 

2DL2 82.5 
2DL3 78.5 
2DL5 82.5 
3DL1 79 
3DS1 79.5 
2DS1 79.5 
2DS2 79.5 
2DS3 84.5 
2DS4 81.5 
2DS5 82 

 

The analysis of melt curves was done using the Bio-rad CFX Manager (version 2.1) as 

illustrated in Figure 3-5. To confirm the result, Ct values obtained from the amplification 

were verified (ranges from 20-27 cycles and no Ct value for the negative control), and 

melting temperature as well as melting peak (both characteristic of the KIR gene tested) were 

checked before assigning the presence or absence of the gene. 
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Figure 3-5. Assigning the presence or absence of a specific KIR gene using the BIORAD 
CFX manager. The presence of two peaks (one for GALC and one for the KIR gene) or one 
peak at the melting temperature of the KIR gene tested is a positive sample (presence of KIR 
gene). The presence of one peak (GALC) or two peaks but with an incorrect melting 
temperature for the KIR gene tested is assigned as a negative sample (absence of KIR gene).  
 

Finally, KIR haplotypes were defined as AA if the KIR profile for a single individual showed 

only group A haplotype genes (KIR2DL3, KIR3DL1 and KIR2DS4) or BB if the KIR profile 

showed only group B haplotype genes (KIR2DS2, KIR2DL2, KIR2DS3, KIR2DL5, 
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KIR2DS5, KIR2DS1 and KIR3DS1). When the KIR profile showed one or more KIR gene(s) 

of each group, the KIR haplotype was defined as AB. 

 

3.11 IL28B SNP typing 

IL28B genotyping was performed using an allelic discrimination assay (Taqman) for the SNP 

rs12979860 as described below. 

To test the rs12979860 SNP, 2.2 microlitres of DNA (previously diluted at 5 ng/l) was 

added to a 96 full skirt plate with controls for which the rs12979860 genotype was known. 

DNA was mixed with 2.8 microlitres of reaction mix in each well. The SNP genotyping 

master mix preparation included per reaction: 2.5 microlitres of 2x TaqMan Genotyping 

master mix with 0.25 microlitres of primers (0.25 units/reaction) and reporters VIC and 

FAM. VIC (green) and FAM (blue) were linked to the probe that is specific for the T allele 

and the C allele, respectively.  

All components for the master mix were provided using the TaqMan genotyping reagents. 

Prior to PCR, the plate was sealed and centrifuged. Samples were then placed in the ABI 

7900 Real Time Thermal cycler or BIORAD CFX with the PCR conditions described in 

Table 3.17. The list of primers used for rs12979860 IL28B genotyping and their sequences is 

detailed in Table 3.18. 

 

Table 3-17. Thermal cycler program for rs12979860 genotyping. 

Cycle 
# 

Temperature 
(⁰C) 

Time 
(minutes) 

1 95 10  
1 92 0.25 

40 60 1  
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Table 3-18. Primer sequences for rs12979860 IL28B genotyping. 

Primer type Primer name Primer sequence (5'-3') 

Forward Primer rs12979860_F 
TGC CTG TCG TGT ACT GAA 
CCA 

Reverse Primer rs12979860_R GAA TTG CAC TCC GCG CTC 
Reporter 1 (VIC) rs12979860_V T allele CCC CGA AGG CGT GA 
Reporter 2 (FAM) rs12979860_M C allele AAG GCG CGA ACC A 

 

The results were analysed using either the sequence detection system (SDS) or the BIORAD 

(BioRad, USA) CFX manager and genotypes assigned as CC, TT, or CT (heterozygote). 

 

3.12 Net MHC epitope prediction program 

The NetMHC program (3.4 server) is a HLA binding prediction program. As such, variations 

identified along the HCV genome (NS2 to NS5) following bulk and/or FLX sequencing were 

entered in the program and compared to the wild-type (reference sequence) using binding 

scores in order to identify the associated consequences of the variant on the binding of a T-

cell restricted peptide and restricting HLA allele. Binding scores calculated with NetMHC 

were indicative of the binding strength between the predicted peptide and the relevant HLA 

allele. If the binding score was decreased with the variation then the mutation was deemed to 

be characteristic of immune evasion.  

 

3.13 Statistical analysis 

Gene association with viral polymorphism 

Fisher’s exact tests were used to assess differences between subject groups in the carriage of 

KIR genes. Trends in group proportions of haplotype carriage were assessed by the Armitage 

trend test.  
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Analysis stratified by clusters: Mantel-Haenszel test 

As p values can be biased by ‘artefacts due to association’ (also referred to as founder 

effects), a Mantel-Haenszel test was conducted for each KIR-associated polymorphism 

identified. This test combines the associations between viral polymorphisms and genes tested 

within the clusters of possibly related sequences (based on similarities between HCV 

sequences). 

 

3.14 Ethics statement 

All study participants gave written informed consent. The protocol and the procedures of the 

study were approved by Royal Perth Hospital Human Research Ethics Committee 

(EC2004/005), UWA Human Ethics Committee (RA/4/1/5142) and local ethics committees 

at sites following the ethical guidelines of the Declaration of Helsinki.   
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4 HCV adaptation to HLA-restricted T-cell immune pressure 

during early HCV infection 
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4.1 Summary 

In recent human history, the Hepatitis C virus (HCV) has spread around the world with 

approximately 170 million individuals estimated to be infected with the virus with many of 

these individuals at risk to develop end-stage liver diseases such as cirrhosis and 

hepatocellular carcinoma. Accordingly, HCV constitutes a growing health concern as the 

majority of infected individuals are unable to clear the virus (80%) and the reasons why some 

individuals manage to eliminate the virus while others do not is still unclear. However, 

numerous studies demonstrate the key role for HCV-specific T cells in the control and 

clearance of HCV infection (Grakoui et al., 2003, Shoukry et al., 2003, Lechner et al., 2000, 

Thimme et al., 2001, Petrovic et al., 2012). 

Broad and strong HCV-specific CD4+ and CD8+ T cell responses that are maintained during 

the early phase of infection are associated with spontaneous resolution, however, these T cell 

responses do not ensure viral clearance (Wong et al., 1998, Erickson et al., 2001, Petrovic et 

al., 2012, Schulze Zur Wiesch et al., 2012). When CD8+ T cells target different HCV 

epitopes, they can exert sufficient pressure to influence the emergence of mutations (in the 

major circulating strains) within these epitopes to evade the host’s immune response; an 

escape “strategy” used by the virus. As these epitopes are presented in the context of the 

host’s human leucocyte antigen (HLA) repertoire, these viral adaptations can be observed at 

the population level as HLA-associated viral polymorphisms or as mutations within a specific 

HLA-restricted T cell epitope for an individual (Gaudieri et al., 2006, Rauch et al., 2009b). 

The acute phase of HCV infection is crucial in the course of the disease and host immune 

pressure and antiviral drugs constitute the main factors influencing early viral evolution, but 

the dynamics of viral adaptation during acute and early HCV infection and its contribution to 

infection outcome remains unclear. One of the main limitations in studies of viral 

quasispecies evolution within a single infected individual lies in the capacity to detect low 
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frequency viral variants. Novel ultra-deep sequencing techniques detecting viral variants at 

<1% allows a more comprehensive study of viral adaptation dynamics during acute and early 

HCV infection. In this study, multiple sequencing technologies were utilised to evaluate the 

impact of T cell responses and treatment on viral diversity in the setting of recently acquired 

HCV infection through the early chronic stage of the disease. 

 

In this chapter the following questions were addressed: 

1. To what extent does HLA-associated viral polymorphisms influence HCV diversity? 

2. Does IFN-α-based treatment alter the host’s HCV-specific T-cell response as identified via 

the level of viral adaptation (indirect marker of T cell pressure)? 

 

Results from this study provide an insight into the dynamics of HCV evolution in the early 

phase of the infection. Viral changes along non-structural proteins appear cumulative 

regardless of treatment or infection outcome with a high proportion of synonymous changes 

and limited reversion events suggesting that HCV is subject to structural and functional 

limitations that constrain its evolution.  
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4.2 Introduction 
 

The HCV that infects a host circulates in the blood and the liver as a heterogeneous 

population. The viral population in an infected subject consists of closely related but non-

identical genomes, referred to as viral quasispecies. The presence of such viral diversity is 

mainly due to the error prone RNA-dependent RNA polymerase that does not have a 3’-5’ 

exonuclease proof reading activity. The corresponding high mutation rate of HCV constitutes 

a real challenge to the immune responses developed by the host to fight against the virus as 

well as impede the development of an effective vaccine or new treatments (Plauzolles et al., 

2013). Random genetic drift and selection pressures on the virus can change the composition 

of the quasispecies over time. The host immune responses as well as antiviral drugs are likely 

to be identified as the main selection pressures shaping viral quasispecies. 

In the context of the host’s T cell immune response, this selection pressure can drive the 

evolution of HCV populations during the course of infection within a single host and 

circulating within the human population (Klenerman and McMichael, 2007b, Fitzmaurice et 

al., 2011, Merani et al., 2011). As the host’s T cells see HCV in the context of the HLA 

molecules present on the surface of antigen presenting cells, these viral mutations or 

adaptations are specific for HLA alleles. In population-based genetic studies that sample the 

HLA type and viral sequence of a large number of viral-infected individuals, HLA-associated 

viral polymorphisms can mark true in vivo targets of the host’s T cell immune response 

(Gaudieri et al., 2006, Rauch et al., 2009b); as was originally shown for HIV (Moore et al., 

2002). Such studies on viral adaptation at the population level have tended to examine 

chronic HCV-infected subjects given the difficulty in accessing acute HCV infection cohorts 

and also the ability to detect HLA ‘footprints’ that are fixed (or within the major circulating 

viruses using bulk sanger-based sequencing approaches) in the individual. However, there is 

data to suggest that bottlenecks in HCV infection occur during the acute phase of infection 
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and emerging viral strains are likely to exhibit viral adaptations to the host’s HCV-specific 

immune response (Bull et al., 2011). Accordingly, analysis of viral evolution during this 

phase of infection is important to better understand host/viral interplay and its affect on 

infection outcome.  

 

The acute phase of HCV infection typically refers to the first six months that follow exposure 

to the virus and is marked by multiple changes as the virus is adapting to the new host 

environment. This primary phase of the infection is critical as it is during this time that most 

individuals that go on to spontaneously clear the virus will be able to control viral replication. 

As the outcome of acute HCV infection is driven by the interplay between rapid viral 

evolution and the host’s immune responses (Bowen and Walker, 2005, Post et al., 2009), 

many studies have attempted to establish a correlation between quasispecies complexity and 

disease progression (Manzin et al., 1997, Farci et al., 2000, Qin et al., 2005, Arenas et al., 

2004). There is evidence to suggest that a high degree of heterogeneity is observed within 

immunologically targeted regions for subjects progressing to chronicity in comparison to 

generally more homogeneous quasispecies populations found in subjects clearing the 

infection (Farci et al., 2000, Timm et al., 2007, Farci et al., 2002). Viral quasispecies 

presenting a high heterogeneity are more likely to include advantageous variants or viral 

adaptations to the host’s immune response including in HLA-restricted T cell epitopes, which 

can rapidly reach fixation in the host. 

 

HIV and SIV studies have demonstrated the role of CD8+ T-cell selective pressure in shaping 

viral evolution, showing that more than 50% of mutations developed after acute infection are 

associated with CD8+ T-cell responses (Allen et al., 2005, O'Connor et al., 2004) including 

the reversion of CD8+ T-cell escape mutations likely due to viral fitness cost (Friedrich et al., 
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2004, Herbeck et al., 2006, Leslie et al., 2004). Similar observations were made with HCV 

studies (Cox et al., 2005b, Ray et al., 2005), however these viral adaptations were observed to 

a lesser extent as shown by Kuntzen et al (Kuntzen et al., 2007) with up to 11% of mutations 

occurring within regions targeted by detectable CD8+ T-cell responses (in non-envelope 

regions). Interestingly, of the de novo mutations observed in the Kuntzen study, 19% of these 

changes were reversions to wildtype with the majority (80%) of these reversions occurring 

upon transmission or during the acute stage of the infection. Pfafferott and colleagues also 

showed less extent of HCV variation during the acute phase compared to HIV and the high 

number of synonymous changes relative to nonsynonymous changes in this study reflected 

greater constraint along the HCV genome than for HIV (Pfafferott et al., 2011). These HCV 

studies suggest that reversion is likely to happen upon transmission if immune pressure is no 

longer present as escape mutations are generally associated with a fitness cost and overall 

HCV may not be as flexible as HIV. It should be noted that the number of known T cell 

epitopes for the two viruses is heavily biased towards HIV and this may account for some of 

the discrepancy reported in the proportion of viral adaptations of total viral diversity observed 

during the natural course of early infection. 

In addition to host immune selective pressure, antiviral treatment is another factor that can 

influence within-host viral diversity. Reports have shown evidence of drug resistant variants 

associated with a potential decrease in efficacy of the new direct acting antiviral (DAA) 

drugs. These resistant variants can also occur in treatment naïve subjects but typically at low 

frequencies (see chapter 5). Although DAAs are currently available in clinical practice or in 

phase II and III trials, current standard of care for HCV still contains the combination of 

pegylated interferon-alpha (peg-IFNα) and ribavirin (RBV); which had been the mainstay of 

HCV treatment for more than a decade.  
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IFNs are host cellular proteins involved in the induction of anti-viral immune responses. 

Similarly to endogenously produced IFNs, pegIFN- induces an antiviral state through a 

cascade of intracellular reactions and activation of numerous IFN-inducible genes aiming at 

eradicating viral infections (Uze et al., 1990, Novick et al., 1994, Tanaka et al., 1993, Reis et 

al., 1992, Levy et al., 1995, Sen and Ransohoff, 1993). Concomitantly, RBV, which is a 

synthetic guanosine analogue, is generally administered in combination with IFN- as dual 

therapy to increase SVR due to its antiviral properties (Di Bisceglie et al., 1995). Albeit the 

mechanism of action for RBV is still unclear, in vitro studies suggest that RBV selectively 

inhibits viral RNA polymerase (Lau JYN, 1999, Pawlotsky JM, 2000) and enhances the 

antiviral actions of IFN- (Hultgren et al., 1998, Cramp et al., 2000). 

While 40-80% of chronic HCV infected subjects clear the virus with pegIFN-/RBV 

treatment (Manns et al., 2001, Fried et al., 2002, Ghany et al., 2011), the same therapy (and 

often minus RBV) in acute HCV-infected subjects presents a success rate up to 87-98% 

(Jaeckel et al., 2001, Nomura et al., 2004). Given that strong and sustained CD4+ and CD8+ T 

cell responses have been associated with HCV clearance (Diepolder et al., 1995, Lechner et 

al., 2000, Thimme et al., 2001, Lauer et al., 2004, Lucas et al., 2004, Cox et al., 2005a, Cox et 

al., 2005b, Urbani et al., 2006), it has been suggested that treatment during the acute phase of 

the infection boosts the existing host adaptive immune response thus increasing the chance to 

control and eradicate the virus. However, data on the impact of IFN-based treatment on viral 

diversity is limited. Studies have identified the variations F415Y, G404S and E442G in 

NS5B as mutations associated with resistance to RBV therapy (Lutchman et al., 2007, Young 

et al., 2003, Pfeiffer and Kirkegaard, 2005). But unlike for RBV, no specific resistance 

mutations have been associated with impairment of IFN therapy, which can be explained by 

the indirect action of IFNs on viral infections (Wohnsland et al., 2007).  
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Rather than specific mutations, there is evidence to suggest that sequence heterogeneity 

within areas of the HCV genome may affect IFN-based treatment outcome. For example, 

Enomoto et al (Enomoto et al., 1995, Enomoto et al., 1996) have demonstrated in Japanese 

subjects infected with HCV genotype 1b strains that have greater sequence heterogeneity 

within the IFN sensitivity-determining region (ISDR) of the NS5A protein was associated 

with IFN-treatment outcome. Other studies have also tried to establish levels of heterogeneity 

in viral species and IFN outcome (Farci et al., 2002, Chambers et al., 2005, Toyoda et al., 

1997). Overall there is limited data to suggest specific viral variants are selected by IFN-

based therapy but the immunomodulatory drug may indirectly influence selection pressure on 

the virus. 

Studies of viral dynamics during the acute and early phase of HCV infection using 

longitudinal sample time-points are lacking and often restricted to a limited number of HLA-

restricted T cell epitopes and in the ability to detect low frequency viral variants (Chang et 

al., 1997a, Cox et al., 2005a, Cox et al., 2005b, Erickson et al., 2001, Ray et al., 2005, Tester 

et al., 2005, Timm et al., 2004, Urbani et al., 2005). It is therefore necessary to further 

investigate this issue using new sequencing technologies that have a higher resolution than 

sanger-based sequencing techniques and larger cohorts of acute HCV-infected subjects. 

Furthermore, studies should include a broad array of HLA-restricted T cell epitopes across 

the HCV genome in order to have a better understanding of the immunological and 

virological factors influencing the evolution of HCV. As an indirect indicator of how IFN-

based treatment may affect the host’s adaptive immune response, my colleagues evaluated 

the viral diversity observed within HCV-specific T cell epitopes in HCV sequences obtained 

from treated and non-treated subjects (Pfafferott et al., 2011) using sanger-based sequencing 

technology. In their study, IFN- treatment did not seem to correlate with changes in viral 
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adaptation (immune escape) within HCV-specific T-cell epitopes. This study expands this 

earlier analysis and includes the use of next-generation sequencing technologies. 

 

 

4.3 Material and methods 
 

4.3.1 Study population 

Participants were enrolled within the Australian Trial in Acute Hepatitis C (ATAHC), a 

prospective study of people with recently acquired hepatitis C. Recently acquired HCV 

infection was defined as the development of acute clinical symptoms of hepatitis C or with a 

positive anti-HCV antibody test within the last six months of enrolment for those 

experiencing an asymptomatic acute phase (see section 3.1.1 for further details). Individuals 

enrolled in this cohort were monitored with clinical follow-up and HCV viral load at regular 

intervals over three years. All subjects taking part in this study had the option to undergo 

treatment for hepatitis C. For our analysis, 67 subjects from the ATAHC cohort were studied, 

including 48 genotype 1a, 5 genotype 1b and 54 genotype 3a infected individuals. Clinical 

outcomes for the subjects are shown in Table 4-1. IL28B genotyping and other clinical 

measures were obtained from the ATAHC cohort study group.  

Additional longitudinal sequences from acute HCV-infected subjects were obtained from the 

Munich acute HCV cohorts previously described by Pfafferott and colleagues (Pfafferott et 

al., 2011). Clinical outcomes for all subjects are shown in Table 4-1.  

Subjects that underwent treatment in the Munich cohort received pegIFN-α monotherapy 

while ATAHC cohort subjects received pegIFN-α-2a/Ribavirin weekly for 24 or 48 weeks 

depending on genotype. 
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Table 4-1. Subject characteristics stratified by genotype. 

Characteristics 
HCV 
Genotype 1a 
(n=67) 

HCV 
Genotype 1b 
 (n=14) 

HCV 
genotype 3a 
(n=54) 

Sex, n (%) 
         Female 9 (13.4%) 1 (7.1%) 6 (11.1%) 

      Male 20 (29.9%) 0 (0%) 15 (27.8%) 
      Unknown 38 (56.7%) 13 (92.9%) 33 (61.1%) 
Age (yrs)* 32.6  n/a 28.8  
Mode of HCV acquisition, n (%) 

         IDU 22 (32.8%) 1 (7.1%) 20 (37%) 
      Sexual transmission 2 (3%) 0 (0%) 0 (0%) 
      Other/Unknown 43 (64.2%) 13 (92.9%) 34 (63%) 
Outcome, n (%) 

        SVR 10 (14.9%) 6 (42.9%) 10 (18.5%) 
     C 6 (9%) 3 (21.4%) 6 (11.1%) 
     TF 10 (14.9%) 0 (0%) 6 (11.1%) 
     Unknown 41 (61.2%) 5 (35.7%) 32 (59.3%) 

*average for subjects with age available. SVR = sustained virological responder, C= chronic, TF = treatment 

failure. Further details on the distribution of subjects derived from cohorts can be found in figure 3.1. 

 

4.3.2 Ethic Statement 

Written informed consent was obtained from participants and all centres contributing to the 

study obtained local institutional review board approval. The protocol and the procedures of 

the study followed the ethical guidelines of the Declaration of Helsinki. 

 

4.3.3 Viral RNA extraction 

Viral RNA extraction was performed using the COBAS AMPLICOR HCV Specimen 

Preparation Kit v2.0 (Roche Applied Science) following manufacturer’s instructions (see 

Section 3.5.1). 
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4.3.4 HLA genotyping 

High resolution four-digit HLA class I (HLA-A, -B and -C) genotyping was performed as 

previously described (Witt et al., 2002) for the ATAHC samples. The method is further 

detailed in Section 3.9. HLA genotyping reports for the additional samples from the Munich 

cohort were obtained from collaborators as described in Pfafferott et al (Pfafferott et al., 

2011).  

 

4.3.5 Bulk viral sequencing 

The HCV non-structural proteins (NS2 to NS5B) were sequenced as previously described 

(Gaudieri et al., 2006, Rauch et al., 2009b) using the BigDye Terminator v3.1 cycle 

sequencing kit (Applied Biosystem, USA). Briefly, two separate RT-PCRs were performed. 

Amplicons were then used for second round PCRs in which generic and genotype-specific 

primers were used to sequence the regions of interest. Electropherograms were then edited 

with the program AssignTM (Conexio Genomics, Australia). Bulk sequencing was performed 

in parallel to next generation sequencing for screening samples to confirm the dominant 

strain for all participants and identify possible contamination issues. Further details are in 

section 3.6. 

 

4.3.6 Next generation sequencing 

The greater sensitivity of deep sequencing techniques was used to identify low frequency 

quasispecies (>1%) that couldn’t be detected by bulk sequencing techniques.  Sequencing 

was performed with the 454 Life Science platform (Roche Applied Science) as previously 

described (Merani et al., 2011). PCR amplicons covering the NS3 (positions 3494-4530) and 

the NS5A to NS5B (positions 7335-8356) regions were quantified and pooled for each 

sample. The method is further detailed in Section 3.7. 
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4.3.7 Phylogenetic analysis 

Phylogenetic trees were initially constructed with the use of the maximum likelihood 

algorithm with pair-wise deletion and 1000 bootstrap replications. Only sequences with 

≥80% sequence coverage were included.  

 

4.3.8  T-cell epitope prediction for sites of viral variation between time-points  

Sequences flanking sites of variation between sampling time-points for a subject were 

submitted to the NetMHCpan version 2.8 prediction algorithm (Hoof et al., 2009) to identify 

putative T cell epitopes for the HLA class I alleles present in the cohort. Using this algorithm, 

peptides that were predicted to bind to HLA class I molecules with an affinity <500 nm were 

described as potential T-cell epitopes. Both the affinity value (nm) and %-rank were 

considered in identifying peptides as strong binders (affinity <50 nm and/or 0.5%), weak 

binders (affinity  50 - 500 nm and/or between 0.5 and 2%) or non-binders (>500 nm and/or 

2%).  

 

 

4.4 Results 

 

4.4.1 Identification of potential HCV re-infection or mixed infection within a single individual 
as well as transmission networks between subjects 

The initial phylogenetic analysis of the bulk HCV sequences from the samples studied was 

performed to examine the relatedness of sequences from different individuals and from the 

different time-points sampled for a single individual. This analysis allowed the confirmation 

of genotypes/subtypes from clinical testing as well as the identification of possible cases of 
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re-infection or mixed infection. The HCV sequences utilised in this analysis had already been 

checked for potential contamination (see section 3.6.3). Phylogenetic trees were produced for 

the NS3, NS5A and NS5B proteins (Figures 4-1 and 4-2). Overall, there was limited diversity 

between the time-points for each subject.  

The analysis of longitudinal bulk sequences from each subject allowed the identification of 

possible cases of re-infection/mixed infection as shown for subject 602, who was initially 

infected with an HCV genotype 3a strain and was likely re-infected with a different HCV 

genotype 3a viral isolate as shown in the phylogenetic trees by the grouping of the 

longitudinal bulk sequences of samples from subject 602 (developed chronic infection) into 

two clusters (Figure 4-2). Two samples were collected during the first infection at weeks 62 

and 67 post-exposure while three additional samples were collected after the presumed re-

infection at weeks 122, 135 and 166 (time since initial exposure). This likely re-infection 

event was also identified by the ATAHC collaborators (Grebely et al., 2012).  

The phylogenetic analysis also indicated a likely case of mixed infection for subject 110 

(treatment failure). The HCV sequences from subject 110 for most timepoints were a 

genotype 1a sequence but showed evidence of a genotype 3 sequence at time-point week 129 

(this sequence was not related to any other sequence in the cohort or from a subject tested in 

the laboratory). 

Furthermore, two suspected transmission networks (suggested by clinical data) were 

supported by the phylogenetic analysis. The two networks likely contained the following set 

of IDs: 610, 620, 644, 647; and 102, 103, 116, 126, 1802, 2403, 2405 and 2604. Figure 4.3 

shows the two clusters of closely related sequences from distinct infected subjects, with a 

stronger genetic relatedness between the infecting viral isolates among that group of 

individuals in comparison to the other subjects. The tree utilises sequences that covers a 
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region for which there was the most sequences available with a coverage ≥80% in order to 

infer relationships among all subjects studied and minimise the loss of individuals due to lack 

of coverage. This tree shows similar genetic distances and relationships as trees generated for 

the NS3, NS5A and NS5B proteins with a coverage ≥80% (see Figures 4-1 and 4-2).  

These trees were generated using both neighbour-joining and maximum likelihood methods 

with similar results. 
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Figure 4-1. Phylogenetic analysis of genotype 1a nucleotide sequences for (A) NS3, (B) NS5A and (C) NS5B. SC and BL indicate screening 
and baseline samples when time of infection was not available.  
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Figure 4-2. Phylogenetic analysis of genotype 3a nucleotide sequences for (A) NS3, (B) NS5A and (C) NS5B. SC and BL indicate screening 
and baseline samples when time of infection was not available.  
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Figure 4-3. Phylogenetic analysis of genotype 1a nucleotide sequences for NS5B from nucleotide 746 to 1073 (protein numbering). Two clusters 
comprising subjects denoted by black and red dots suggest transmission between individuals. Bootstrap values were not included but the two 
clusters were supported by >90% bootstrap.
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4.4.2 Evidence of selection pressure on viral sequences during early infection  

In the analysis of the bulk sequence data for the longitudinal samples, numerous changes 

were observed along the viral genome with a greater proportion of synonymous changes in 

comparison to non-synonymous variations (Table 4-2). 

Table 4-2. Mean within and between individual synonymous and non-synonymous rate for 
acute HCV infection*. 

HCV Protein 
Genotype 1a 

(n= 5) 
Genotype 1b 

(n= 6) 
Genotype 3a 

(n= 2) 

dN dS dS-dN dN dS dS-dN dN dS dS-dN 

NS2 0.0015 0.0017 0.0002 - - - 0.0055 0.0000 -0.0055 

NS3 0.0006 0.0027 0.0021 - - - 0.0000 0.0000 0.0000 

NS4 0.0005 0.0012 0.0007 - - - - - - 

NS5A 0.0008 0.0012 0.0005 0.0019 0.0044 0.0025 0.0078 0.0370 0.0292 

NS5B 0.0009 0.0009 0.0000 0.0017 0.0060 0.0043 0.0014 0.0135 0.0121 

*dN and dS values were obtained using the Modified Nei and Gojobori method (MEGA v6). Two time points 
were used for the analysis with 1st time point (T0) available, generally 3-4 months post-exposure and a second 
time point representing the closest time to a year from T0. n=number of subject with multiple time-points 
available during this time interval. – denotes the absence of data. 
 

 

The ratio of nonsynonymous substitutions per eligible site (dN) to synonymous substitutions 

per eligible site (dS) is a good indicator of the selective pressures acting on the virus 

(Fishman and Branch, 2009a). Among the subjects presenting multiple time-points available, 

two sampled sequences were used for the initial analysis with the first time-point (T0) 

available within 3-4 months of infection and a second time point closest to a one year time-

point from T0. The dN and dS values were low for all proteins and subtypes/genotypes 
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suggesting only a small number of observable overall change with dN and dS values ranging 

from 0.0000 to 0.0078 for non-synonymous changes and 0.0000 to 0.0370 for synonymous 

variants. The resulting dN/dS ratios for the different proteins (except the NS2 protein for 

genotype 3a-infected subjects) showed a value less than one suggesting purifying (or 

negative) selection on the virus during the acute phase, supporting previous findings with 

HCV (Kuntzen et al., 2007, Farci et al., 2000) that a majority of the new variants emerging 

early in the infection harbor unfit changes. However, it has been suggested that as the virus 

adapts to the infected host, quasispecies evolve and a switch from the purifying force to a 

positive selection force (dN/dS > 1) can be then observed as adapted variants become 

dominant (can then be observed by sanger-based sequencing methods). This shift in viral 

quasispecies is associated with chronic HCV infection while individuals experiencing 

spontaneous clearance do not switch to a positive selection force (Thomson et al., 2011). To 

verify this, the dN/dS ratio was examined in the early chronic phase of the infection. 

Following the previous analysis, the first time point available after a year of infection 

(T1year), which included time-points between week 45 to 78 post exposure, was compared to 

a second time-point closest to one year from T1year (Table 4-3).  
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Table 4-3. Mean within and between individual synonymous and non-synonymous rate for 
early chronic HCV infection*. 

HCV Protein 
Genotype 1a 

(n= 8) 
Genotype 1b 

(n= 2) 
Genotype 3a 

 (n=  3) 

dN dS dS-dN dN dS dS-dN dN dS dS-dN 

NS2 0.0012 0.0038 0.0026 - - - 0.0022 0.0000 -0.0022 

NS3 0.0001 0.0045 0.0044 - - - 0.0082 0.0556 0.0473 

NS4 0.0000 0.0007 0.0007 - - - 0.0045 0.1195 0.1149 

NS5A 0.0010 0.0035 0.0025 0.0000 0.0031 0.0031 0.0153 0.1831 0.1678 

NS5B 0.0007 0.0026 0.0019 0.0016 0.0000 -0.0016 0.0066 0.0726 0.0660 

*dN and dS values were obtained using the Modified Nei and Gojobori method (MEGA v6). Two time-points 
were used for the analysis with 1st time point (T1year) available, generally 11-19 months post-exposure and a 
second time-point representing the closest time to a year from T1year. n=number of subject with multiple time-
point available. – denotes the absence of data. 
 

Results of the early chronic infection showed similar results as for the acute phase of 

infection with dN/dS ratios, for the most part, less than 1 (purifying selection pressure). 

Overall, dN and dS were small indicating limited changes during early chronic phase of 

infection with dN and dS values ranging from 0.0000 to 0.0153 for non-synonymous changes 

and 0.0000 to 0.1831 for synonymous variants. The data did not support a selection switch in 

the early chronic stage of the infection among the subjects studied, and the limited number of 

sampled sequences past two years of infection did not allow us to verify if that switch to a 

positive selection force (dN/dS > 1) would occur later in the chronic phase. 

 

4.4.3 Evidence of viral adaptation to T cell immune pressure during early infection  

In the next analysis, bulk sequences from longitudinal time-points for each subject were 

compared with only amino acid changes highlighted to focus on variations occurring within 
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CD8+ T cell epitopes; reflecting putative immune escape. Individuals infected with a HCV 

strain other than genotype 1a were excluded from this analysis as the limited number of 

known T cell epitopes for genotype 3a and subtype 1b is limited and could bias the analysis 

due to an underestimation of HLA-associated viral polymorphisms (in comparison to 

genotype 1a; although there would likely be significant overlap with subtype 1b). A summary 

of the subjects examined in this part of the study is shown in Table 4-4.  

For this analysis, amino acid changes occurring in the early stage of infection (first time-point 

available) were identified in comparison to the H77 genotype 1a reference (GenBank 

accession number: NC004102) thus assessing pre-existing mutations (source sequence was 

unknown in all cases), while de novo mutations or reversions were defined as non-

synonymous nucleotide changes relative to a previous sampled time-point. Viral 

polymorphisms found within NS2-NS5 were then compared against the HCV T-cell epitopes 

from the Immune Epitope Database (IEDB) (Vita et al., 2010). 
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Table 4-4. Characteristics of genotype 1a-infected subjects  

Subject 
ID Sampling time-points (wk) HLA-A HLA-B Outcome 

109 14, 22, 34, 45, 59, 84, 96, 118, 130, 
144, 154 01/24  07/54 TF 

110 18, 26, 63, 82, 122, 142, 156 24/24 13/15 TF 
115 49, 53 02/29 44/51 SVR 
116 SC, BL       
118 15, 18 03/24 39/44 SVR 
131 8,17 02/30 14/44 TF 
204 83, 94 03/68 27/35 C 
207 18, 31, 37, 67 02/32 07/27 C 
609 58, 69, 73, 78 03/33 07/07 SVR 
610 25, 32 01/68 08/44 SVR 
613 27, 31 24/26 38/51 SVR 
629 39, 43, 51, 68, 98 10/26 08/55 TF 
645 49, 59, 63, 67, 71, 86, 97 03/24 44/57 TF 
653 20 01/01 08/08 TF 
664 SC, BL       
1402 21, 23, 27, 31 01/24 08/39 TF 
1802 SC, BL       
2015 SC, 4       
2016 SC, BL       
2405 SC, BL       
2604 SC, BL       
2605 60, 68, 116 01/03 07/57 TF 
TR1 7, 20 01/24 08/57 SVR 
TR2 13, 21, 25 02/26 38/50 SVR 

C1 14, 23, 38, 45, 92, 127, 193, 232 
02/24 18/44 C 

C2 15, 19 26/26 49/55 C 
C3 12, 58, 78, 143 11/31 40/51 C 

BL = baseline sample, SC = screening sample. C= chronic, TF = treatment failure, SVR = sustained 
virological responder. 

 

Subjects had existing mutations within HLA-matched T cell epitopes as early as week 7 after 

the onset of symptoms, which is unlikely to be due to the host’s T-cell pressure at this stage 

and may therefore represent the transmission of viral adaptations induced in the previous 

host. Among the HCV genotype 1-infected subjects who had two or more sampled sequences 

during the course of their infection (n=13-23), a total of 1154 amino acid variations were 
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identified along the NS2-NS5 region in comparison to the H77 reference sequence (Table 4-

5). The frequency of these variants varied between the different proteins with a greater 

proportion of variants falling within CD8+ T-cell epitopes for NS3 (152/191, 79.6%), NS4 

(39/61, 63.9%) and NS5A (236/429, 55%) while NS2 (59/150, 39.3%) and NS5B (139/323, 

43%) showed a higher proportion of changes within sites not presumed likely to be under 

CD8+ T cell immune pressure.  Overall, 54.2% (625/1154) of variants at the first time-point 

sampled for the subjects occurred within a known CD8+ T-cell epitope (regardless of the 

host’s HLA).  

 

Table 4-5. Variants in the first time-point of HCV genotype 1a-infected subjects within the 
NS2-5 region relative to H77 reference sequence.* 

 
Within T cell epitope 

(HLA match and mismatch) 
Not within T cell 

epitope 

NS2 (n=13) 59 (39.3%) 91 (60.7%) 
NS3 (n=17) 152 (79.6%) 39 (20.4%) 
NS4 (n=10) 39 (63.9%) 22 (36.1%) 
NS5A (n=20) 236 (55%) 193 (45%) 
NS5B (n=23) 139 (43%) 184 (57%) 

*Includes all subjects in Table 4-4 - with or without HLA typing available 

 

However, as the proportion of amino acids within known T cell epitopes varies between 

proteins, the analysis was normalised by the number of sites covered by the subjects and the 

proportion of sites within or outside known T cell epitopes (Table 4-6).  

 

Table 4-6. Proportion of variable sites within or outside T cell epitopes in the different non-
structural proteins. 

  NS2 NS3 NS4 NS5a NS5b 
Within  0.05 0.03 0.04 0.07 0.03 
Outside 0.06 0.01 0.02 0.04 0.03 
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The proportion of sites within known HCV-specific T cell epitopes that exhibit variation in 

the first time-point is between 3-7% compared to 1-6% within regions that do not contain 

known T cell epitopes. The NS5a region presents the highest rate of change within T cell 

epitopes (7%) while the lowest rate was found in the NS3 protein for the non-T cell epitope 

region (1%).  

The preceding analysis examined variations from H77 reference regardless of the HLA type 

of the individual, thus including changes that are likely to be the result of a present (HLA 

match) or previous (HLA mismatch) immune pressure. The next analysis attempted to 

determine if the variants falling within CD8+ T cell epitopes occurred within sites likely to be 

under “present” HLA-specific CD8+ T-cell immune pressure (HLA match) (Table 4-7).  

 

Table 4-7. Variants in the first time-point within CD8+ T cell epitopes for HLA typed HCV 
genotype 1a-infected subjects in the NS2-5 region. 

 
Variation within T cell epitope 

HLA match HLA mismatch 
NS2 (n=13) 20 (33.9%) 39 (66.1%) 
NS3 (n=17) 66 (43.4%) 86 (56.6%) 
NS4 (n=10) 19 (48.7%) 20 (51.3%) 
NS5A (n=16) 61 (32.4%) 127 (67.6%) 
NS5B (n=16) 36 (35%) 67 (65%) 

 

Of all the variations observed within CD8+ T cell epitopes, a greater proportion of changes 

(observed in the first time point/T0) were found within non-matching HLA T cell epitopes 

(339/541, 62.7%) in comparison to matching T cell epitopes (202/541, 37.3%). Although this 

examination looked at known CD8+ T-cell epitopes, it should be noted that not all variations 

occurring within a T cell epitope results in immune evasion. Furthermore, particular HLA 

alleles are over-represented in the dataset containing known T-cell epitopes due to relatively 

high carriage frequency in the population. As such, subjects with less common HLA types 
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will potentially have less (known) T-cell targets and therefore correspond to lower values for 

HLA matching variants (the limiting factors of this study are further discussed in the 

conclusion). As the variations observed here are relative to the H77 reference sequence, the 

changes observed in first time-point available for subjects could either be a previous immune 

escape (when T0 falls within the first weeks of infection), a new adaptation (if T0 represents 

a later time-point of the infection) or transmitted from the source with no relevance to 

immune pressure.  

To complement the identification of existing changes found in the first time-point available 

for each subject, changes occurring in the following time-point(s) were examined identifying 

likely de novo changes and reversion events (Figure 4-1). As suggested by the dN and dS 

values in 4.4.2, there are only a limited number of changes observed when longitudinal 

samples are compared for each subject.  

 

 

Figure 4-1. Existing and sequence variations observed over-time within CD8+ T cell 
epitopes.  
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A total of 50 de novo mutations were observed within CD8+ T cell epitopes among the 72 

subjects sampled at multiple time-points. Of these 50 variations, 26 (52%) emerged within 

sites likely to be under HLA-restricted CD8+ T cell immune pressure (HLA match) with 

putative escape mutations occurring as late as 193 weeks post-exposure. The prevalence of 

these mutations varied between proteins from 0% to 62.5% with a higher propensity of newly 

occurring putative escape mutations within the NS5 region (62.5%) (Table 4-8). 

A total of 32 reversions were observed of which 29 (91%) were reversions of existing 

variants in the first time-point. As 541 existing mutations were observed within CD8+ T cell 

epitopes at the first time-point, of which 339 (62.7%) were identified within CD8+ T cell 

epitopes with the incorrect HLA-restriction (HLA non-match), the reversion events were 

limited (assuming the variants falling within matching T cell epitopes would be maintained 

due to their advantageous feature (immune escape)) thus contributing to an accumulation of 

mutations overtime and increasing the prevalence of pre-adapted HCV strains circulating in 

the human population.   

 

Table 4-8. Variants within CD8+ T cell epitopes in the NS2-5 region observed in samples 
from longitudinal time-points from HCV genotype 1a-infected subjects. 

 
De novo Reversion 

 

HLA match HLA mismatch HLA match HLA mismatch 

NS2 (n=13) 0 (0%) 3 (100%) 1 (33.3%) 2 (66.7%) 

NS3 (n=17) 5 (38.5%) 8 (61.5%) 9 (64.3%) 5 (35.7%) 

NS4 (n=10) 1 (50%) 1 (50%) 2 (66.7%) 1 (33.3%) 

NS5A (n=16) 10 (62.5%) 6 (37.5%) 2 (22.2%) 7 (77.8%) 

NS5B (n=16) 10 (62.5%) 6 (37.5%) 4 (57.1%) 3 (42.9%) 

 

 

As CD8+ T cell responses vary between individuals and within an individual for particular T 

cell epitopes, the strength of such a response can influence viral diversity. The next part of 
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the analysis examined sequence content within known immunodominant HCV-specific T cell 

epitopes among all subjects with viral sequence and HLA typing available, including 

genotype 3a-infected subjects (genotype 1b-infected subjects were excluded due to the 

limited number of subjects with both HCV sequence and HLA profile available). The 

immunodominance of an epitope correspond to HCV sequences commonly recognized by 

CTL during natural infection and associated with strong responses (>25 spot-forming unit per 

million).  The immunodominant HCV-specific T cell epitopes used in this study, including 

the HLA-A01-, HLA-B08- and HLA-B27- restricted T cell epitope have been commonly 

described in the litterature (including transmission networks) as areas well targeted and 

commonly recognised by individuals carrying the allele (Merani et al., 2011, Pfafferott et al., 

2011, Ray et al., 2005, Rauch et al., 2009b, Neumann‐Haefelin et al., 2006, Cochrane et al., 

2002, Timm et al., 2007). For immunodominant T cell epitopes it is assumed here that the 

impact of CD8+ T cell responses on viral diversity is more likely to be reflective of the 

immune pressure within these epitopes in comparison to other T cell epitopes that might be 

weakly targeted or not targeted at all despite the presence of the restricting HLA allele. 

To evaluate the effect of HLA-driven pressure on HCV sequence, variations within the 

immunodominant NS3 HLA-B8 and HLA-A1-restricted T cell epitopes from 1395-1403 

(HSKKKCDEL, genotype 1a and HSKKKCDEI, genotype 3a consensus) and 1436-1444 

(ATDALMTGY, genotype 1a and ATDALMTGF, genotype 3a consensus), respectively 

(Figure 4-2), and the NS5B HLA-B27-restricted T cell epitope from 2841-2849 

(ARMILMTHF, genotype 1a and VRMVMMTHF, genotype 3a consensus) were examined. 

In addition, the impact on HLA binding of the different variants observed were evaluated 

using the NetMHCpan version 2.8 prediction program; the epitope was input into the 

program to compare the binding affinity of the consensus sequence with the variant epitope 

observed within the group of subjects studied (Table 4-9). 
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                     Genotype 1a                                                      Genotype 3a      
 

   
 

   
 
Figure 4-2. HLA-restricted genetic variation patterns for HCV genotypes 1a and 3a within 
immunodominant CD8+ T cell epitopes. 
 
 
For the HLA-B8-restricted epitope, non-consensus amino-acids among the genotype 1a-

infected subjects were found at three different sites along this epitope only within subjects 

positive for HLA-B8 while subjects negative for HLA-B8 showed no variation form 

consensus. While the consensus sequence presented with weak binding affinity, two out of 

the three variants observed were still categorised as weak binders based on their affinity and 

rank values and are known escape mutations whereas the other likely adapted form was 

categorised as a non-binder and could be predicted to an immune escape. As this epitope is 
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likely to elicit cross-genotype responses the same analysis was done with genotype 3a-

infected subjects with variants observed but to a lesser extent compared to genotype 1a 

sequences with only one site showing non-consensus amino-acids for both HLA-B8 positive 

and negative subjects. Within this epitope for genotype 3a sequences, two variants were 

observed, I1403L variant resulting in a sequence identical to the genotype 1a consensus 

sequence, which is considered a weak binder while the other I1403M variant was categorised 

as a non-binder. The variation in the genotype profiles shown here is similar to what was 

observed for chronic-infected subjects, including subjects from Australia (Rauch et al., 

2009b). 

 

For the HLA-A01-restricted T cell epitope also located in the NS3 protein, the change at 

position F1444Y results in the amino sequence ATDALMTGY1436-1444, which represents the 

consensus sequence of the HCV genotype 1a-infected subjects positive for HLA-A01, this 

change was also found in 73.3% (11/15) of the HLA-A01 negative subjects. For the genotype 

3a-infected subjects, only one subject (HLA-A01 negative) presented a variation (F1444Y 

resulting in a sequence identical to the genotype 1a consensus sequence) within this epitope, 

while the remaining HLA-A01 negative and HLA-A01 positive subjects showed no 

mutations. Albeit the consensus and the adapted sequences both constitute predicted strong 

binders, the high incidence of the F1444Y variation within genotype 1a-infected HLA-A01 

positive (100%) and negative (73.3%) subjects could be due to the increased affinity 

conferred by this variant. Contrarily to genotype 1a subjects, the genotype 3a sequence shows 

a variation in only one individual (1/7, 14.3%), which is surprising given that this T cell 

epitope is also likely to be presented for both genotypes and the p9 position of the epitope 

corresponding to the F1444Y change has been shown to be a likely escape mutation. 
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Table 4-9. Bulk sequence differences within immunodominant CD8+ T cell epitopes. 
  

 
Epitope* Sequence Affinity(nM) %Rank   Comment 

HLA-B*08  

GT1a 
consensus 

HSRKKCDEL 
987.33 2 WB 

GT1a 
adapted 

.......D. 2009.74 4 _ 

..R...... 826.31 2 WB 

..RR..... 639.84 1.5 WB 

GT3a 
consensus 

HSRKKCDEI 1910.04 
4 _ 

 GT3a 
variant 

........L 987.33 2 WB 

........M 1230.9 3 _ 

HLA-A*01  

GT1a 
consensus 

ATDALMTGY 
6.8 0.01 SB 

Gt1a variant ........F 344.08 0.3 SB 

HLA-B*27 

GT1a 
consensus 

ARMILMTHF 
128.71 0.4 SB 

Gt1a variant 

V........ 217.87 0.8 WB 

V....L... 227.39 0.8 WB 

V...ML... 294.08 0.8 WB 

V...MV... 208.16 0.8 WB 

V....A... 138.44 0.4 SB 

V..VM.... 252.32 0.8 WB 

.....L... 122.11 0.4 SB 

..I...... 400.78 1 WB 
#Affinity threshold for strong binding (SB) peptides 50.0 and weak binding (WB) peptides 500.0. 
Rank threshold for strong binding peptides 0.5 and weak binding peptides 2.0 
*Epitope consensus compared to variant epitope sequences. 
 
 
For the immunodominant HLA-B27-restricted T cell epitope from 2841-2849 

(ARMILMTHF) found in the NS5B protein, only two individuals carried HLA-B27 thus 

limiting the interpretation of results (Table 4-10). However, targeting this epitope has been 

shown to be favourable for HCV infection outcome as it requires multiple mutations to 

escape T cell recognition. In the group of subjects studied, 21 genotype-1a and 21 genotype-

3a infected subjects were negative for HLA-B27. Seven out of the 27 HLA-B27-negative 

genotype 1a-infected subjects show mutations within this 9-mer of which five present 

multiple variations. Within the genotype 1a-infected subject positive for HLA-B27, three 
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variants were present in the first time-points with the emergence of a fourth mutation at week 

67. Contrary to genotype 1a-infected subjects, genotype 3a-infected subjects showed no 

dominant mutations even within the one subject positive for HLA-B27. Of the variant forms 

of the T cell epitope observed two remained strong binders similar to the consensus sequence 

while the other six were weak binders, as such those mutations can be considered as putative 

viral escape mutations - although these variants were found within HLA-B27- and therefore 

unlikely to have emerged as a result of selective immune pressure they are nonetheless 

circulating within the infected populations, and if they are passed on to a HLA-27+ individual 

could then contribute to impair the immune response against HCV. Despite the absence of the 

restricting HLA allele, mutations along this epitope occur and are maintained, thus 

facilitating viral diversity in this epitope. Such enrichment of variation contributes to the 

accumulation of variants and therefore could facilitate escape from T cell recognition (also 

contains likely compensatory mutations further explaining the transmission of these variants). 

This observation was also demonstrated by several studies (Dazert et al., 2009, Rauch et al., 

2009b, Pfafferott et al., 2011, Neumann‐Haefelin et al., 2006).   

Mutations close to the T cell epitopes studied (downstream and upstream) were not 

considered in this analysis and may also impact on T cell immune responses in the region of 

interest. 
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Table 4-10. HCV sequences for the HLA-B27 T cell epitope in NS5B.* 
 

GT1a A R M I L M T H F 
 

GT3a V R M V M M T H F 
207 wk18 V . x . . x . . . 

 
106 wk7 . . . . . . . . . 

207 wk31 V . x . . L . . . 
 

129 SC . . . . . . . . . 
207 wk37 V . x . . L . . . 

 
201 wk18 . . . . . . . . . 

207 wk67 V . . . M L . . . 
 

201 wk29 . . . . . . . . . 
109 wk14 V . . . M V . . . 

 
201 wk65 . . . . . . . . . 

109 wk22 V . . . M V . . . 
 

201 wk81 . . . . . . . . . 
109 wk 

45 
V . . . M V . . . 

 
201 wk72 . . . . . . . . . 

109 wk59 V . . . M V . . . 
 

201 wk11
5 

. . . . . . . . . 
109 wk84 V . . . M V . . . 

 
201 wk12

6 
. . . . . . . . . 

109 wk96 V . . . M V . . . 
 

201 wk13
9 

. . . . . . . . . 
109 wk11

8 
V . . . M L . . . 

 
201 wk16

9 
. . . . . . . . . 

109 wk13
0 

V . . . M L . . . 
 

201 wk15
2 

. . . . . . . . . 
109 wk14

4 
V . . . M L . . . 

 
201 wk18

7 
. . . . . . . . . 

109 wk15
4 

V . . . M L . . . 
 

202 wk19 . . . . . . . . . 
110 wk18 V . . . . A . . . 

 
202 wk30 . . . . . . . . . 

110 wk26 V . . . . A . . . 
 

602 wk62 . . . . . . . . . 
110 wk63 V . . . . A . . . 

 
602 wk67 . . . . . . . . . 

110 wk82 V . . . . A . . . 
 

602 wk12
2 

. . . . . . . . . 
110 wk12

2 
V . . X . A . . . 

 
602 wk13

5 
. . . . . . . . . 

110 wk15
6 

V . . . . A . . . 
 

602 wk16
6 

. . . . . . . . . 
115 wk49 V . . V M . . . . 

 
614 SC . . . . . . . . . 

115 wk53 V . . V M . . . . 
 

614 wk96 . . . . . . . . . 
609 wk58 . . . . . L . . . 

 
618 wk35 . . . . . . . . . 

609 wk69 . . . . . L . . . 
 

618 wk39 . . . . . . . . . 
609 wk73 . . . . . L . . . 

 
621 wk37 . . . . . . . . . 

629 wk39 . . I . . . . . . 
 

625 wk57 . . . . . . . . . 
629 wk43 . . I . . . . . . 

 
631 wk24 . . . . . . . . . 

629 wk51 . . I . . . . . . 
 

631 wk32 . . . . . . . . . 
629 wk68 . . I . . . . . . 

 
642 wk39 . . . . . . . . . 

629 wk98 . . I . . . . . . 
 

642 wk43 . . . . . . . . . 
655 wk52 V . . . . L . . . 

 
652 wk49 . . . . . . . . . 

C2 wk22 V . . . M . . . . 
 

100
6 

wk35 . . . . . . . . . 
C2 wk26 V . . . M . . . . 

 
100

6 
wk85 . . . . . . . . . 

107 wk22 . . . . . . . . . 
 

100
6 

wk94 . . . . . . . . . 
118 wk15 . . . . . . . . . 

 
140

1 
wk27 . . . . . . . . . 

118 wk18 . . . . . . . . . 
 

140
1 

wk39 . . . . . . . X . 
131 wk8 . . . . . . . . . 

            131 wk17 . . . . . . . . . 
            140

2 
wk21 . . . . . . . . . 

            140
2 

wk23 . . . . . . . . . 
            140

2 
wk27 . . . . . . . . . 

            140
2 

wk31 . . . . . . . . . 
            125 wk23 . . . . . . . . . 
            610 wk25 . . . . . . . . . 
            610 wk32 . . . . . . . . . 
            613 wk27 . . . . . . . . . 
            613 wk31 . . . . . . . . . 
            634 wk31 . . . . . . . . . 
            637 wk52 . . . . . . . . . 
            645 wk49 . . . . . . . . . 
            645 wk59 . . . . . . . . . 
            645 wk63 . . . . . . . . . 
            645 wk67 . . . . . . . . . 
            645 wk71 . . . . . . . . . 
            645 wk86 . . . . . . . . . 
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645 wk97 . . . . . . . . . 
            653 wk20 . . . . . . . . . 
            653 wk20 . . . . . . . . . 
            260

5 
wk60 . . . . . . . . . 

            260
5 

wk68 . . . . . . . . . 
            260

5 
wk11

6 
. . . . . . . . . 

            TR1 wk7 . . . . . . . . . 
            TR1 wk20 . . . . . . . . . 
            C1 wk14 . . . . . . . . . 
            C1 wk23 . . . . . . . . . 
            C1 wk38 . . . . . . . . . 
            C1 wk45 . . . . . . . . . 
            C1 wk92 . . . . . . . . . 
            C1 wk12

7 
. . . . . . . . . 

            C1 wk19
3 

. . . . . . . . . 
            C1 wk23

2 
. . . . . . . . . 

            C3 wk12 . . . . . . . . . 
            C3 wk58 . . . . . . . . . 
            C3 wk78 . . . . . . . . . 
            *Grey shade shows subjects positive for HLA-B27 while no shade shows HLA-B27 negative 

subjects. X indicates synonymous mixtures; X indicates non-synonymous mixtures and variants 
highlighted in red show a non-synonymous change from consensus.  
 
 
 
For the HLA-B27 T cell epitope in NS5B, the differences in the proportion of sequences with 

variation from consensus as well as the sites showing the variants between genotypes suggest 

that this immunodominant epitope is not under the same HLA-driven selection pressure in the 

different genotypes as also demonstrated by others (Rauch et al., 2009b). 

 

4.4.4 Next generation sequencing analysis identifies evidence for low frequency viral 
adaptations to T cell immune pressure during early infection  

NGS FLX sequencing was performed on the first sampled sequence from the subjects. In 

order to evaluate the difference between the bulk sequence (with a detection threshold of 

20%) and the FLX sequence generated (consensus with a detection threshold of 1%), a 

phylogenetic analysis was performed (figure 4-3). A phylogenetic tree of the bulk and FLX 

NS3 (Figure 4-3-A), NS5a (Figure 4-3-B), and NS5b (Figure 4-3-C) sequences were 

produced using the maximum-likelihood method with MEGA v6 software. 
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Figure 4-3. Phylogenetic trees of bulk and FLX HCV sequences. A phylogenetic tree was 
produced with bulk sequences and a consensus sequence of FLX reads (with a threshold of 
300 reads and 1%). Trees were generated for the  (A) NS3, (B) NS5a and (C) NS5b proteins 
with the first sampled time-point available for each subject (either a screening sample (SC) 
or baseline (BL) sample) and additional bulk sequences sampled during the course of the 
infection (as labelled with estimated week (wk) of infection). Only sequences with 80% or 
more coverage of the protein were included. 
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The bulk sequence and the consensus FLX sequence from the first sampled time-point for 

each subject fell within a single cluster and were closely related to each other. This clustering 

suggests that most of the extra variants detected by the higher sensitivity of the FLX 

technique are at low frequencies and therefore result in little changes on the consensus 

sequence. Overall, clusters were either formed by sequences from individuals sharing similar 

viruses (within transmission networks) or by sequences from the single individual (including 

from multiple time-points). Finally, the clustering of sequences involving bulk and FLX 

methods indicates no visible case of contamination. 

Although little difference is observed between the two techniques, FLX sequencing allows 

greater resolution of the composition of quasispecies within a host at a specific time of 

infection. Accordingly, the FLX reads were examined for each subject to determine the 

frequency of amino acids that were found to differ at different time-points for the bulk 

sequences for each individual, particularly with CD8+ T cell epitopes (Table 4-11 and 4-12).   
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Table 4-11. De novo mutations observed between sampled time points among the NS2-NS5 HCV sequence of each subject. 

De novo 
(HLA 
match) Position

*
 

Subject 
ID 

Restricting 
HLA allele Bulk 

Wildtype
#
 

Bulk 
Variant Week

^
 

 

FLX data at 1st time-point, read No. 
amino acid (% total reads) 

NS3 

386 C4 A02 KLVALGINAV KLVALGVNAV 76 
 

    

86 609 B07 WPAPH/YGAH/RSL WLAPQGAHSL 73 
 

1809 P (88.3%) 1 L (0%) 

92 609 B07 WPAPH/YGAH/RSL WP/LAPH/YGAHSL 69 
 

1234 R (53.1%) 1082 H (46.5%) 

224 207 C03 AYAAQGYKVL AYAAQGYK/NVL 67 
 

    

264 115 A02 TITTGSPITYS TITTGSP/SITYS 53 
 

    

NS4 219 C3 B40 GEVPSTEDL GEVPSMEDL 58 
 

    

NS5a 

304 C3 A11 SVPAEILRR SVPAEILLR 58 
 

    

328 C1 B44 VETWRKPDY VEAWRKPDY 127 
 

    

248 TR2 B38 NHDSPDAEL NHNSPDAEL 21 
 

    

163 613 A24 RFAPPCKPL RFAP/LPCKPL 31 
 

    

16 207 A02 VLSDFKTWL VVSDFKTWL 24 
 

    

20 207 A02 VLSDFKTWL VLSDFK/RTWL 24 
 

    

123 207 A02 RRVGDFHYV RQVGDFHYV 8 
 

    

174 207 A02 LLREEVSFRV LLREEVTFRV 24 
 

    

254 207 A02 SPDAELIEANL SPDAEVIEANL 24 
 

    

310 110 A24 RFNPALPIWA RFRPALPIWA 82 
 

    

NS5b 

180 C1 A02 ALYDVVSKL ALYDVVRKL 38       

312 C1 A02 GLRDCTMLV GLQDCIMLV 193 
 

    

213 TR1 B57 KSKKTPMGF KSKKAPMGF 20 
 

    

309 207 A02 GLQ/RDCTMLV GLRDCTMLV 31 
 

    

404 207 

A02 
and/or B27 

TARHTPVNSW or 
ARHTPVNSW 

TARHTSVNSW or 
ARHTSVNSW 67 

 
    

425 207 B27 VRM/VILXTHF VRMILXTHF 67 
 

    

426 207 B27 VRM/LILXTHF VRM/LILLTHF 31 
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39 118 A24 VYSTTSRSACQ VYS/ATTSRSACQ 18 
 

    

47 110 A24 VYSTTSRSACX VYSTTSRSACH 82 
 

    

426 109 A24 RMIMVTHFF RMIMLTHFF 118 
 

963 V (99.2%) 3 L (0.3%) 

De novo 
(HLA 
mismatch)     

  

      
 

  

NS2 
149 629 B37 GDWAHNGL -EWGHNGL 68 

 
    

151 629 B37 GDWAHNGL -EWGHNGL 68 
 

    

NS3 

249 C4 B35 YMSKAHGVDP YMSKAHGVEP 76 
 

    

359 C3 
A24 or A26 FYGKAIPLEVI or 

EVIKGGRHL 
FYGKAIPLEVV or 
EVVKGGRHL 58 

 
    

72 629 A02 LASSKGPVI LASSKGPVT 51 
 

    

100 629 A01 CTCGSSDLY CTCXSSDLY 98       

102 629 A01 CTCGSSDLY CTCGSXDLY 98       

NS4 208 1402 A03/A11 VAGALVAFK VAGALVA/TFK 27 
 

    

NS5a 

170 TR1 A02 LLREEVSFRV LLR/WEEVSFRV 20 
 

    

288 645 A02 ILDSFEPLV ILDSFEPLE 97 
 

    

161 207 A24 RFAPPCKPL RYAPPCKPL 24 
 

    

333 207 B44 LETWKKPDY LETWKKPD/EY 67 
 

    

288 109 A02 ILDSFDPLV ILDSFDPLA 118 
 

308 V (99.7) 0 A (0%) 

NS5b 

169 TR1 A03/B07 RVCEKMALY RV/ACEKMALY 20 

 
    

98 629 A03 SLTPPHSAK/R SLTPPHSAR 43 

 
    

310 613 A02 GLQN/DCTMLV GLQNCTMLV 27 

 
    

196 609 A24 QYSPGQRVEF QYS/TPGQRVEF 73 

   33 118 B15 LLRHHNLVY LLRH/YHNLVY 18 

 
    

36 118 B15 LLRHHNLVY LLRHHNMVY 18 

 
    

*Amino acid position within protein. # Sequence observed at 1st time-point. ^Estimated week of infection at which mutation is observed for the first time. X denotes complex 
mixtures of amino acids; AA/AA denotes an amino acid mixture; grey shade denotes that FLX data is not available or the coverage is <300 reads; AA: changing AA; - 
indicates absence of AA. 
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Table 4-12. Reversion events observed between sampled time points among the NS2-NS5 HCV sequence of each subjects. 

REVERSION 

Position
*
 

Subject 
ID 

Restricting 
HLA allele Bulk 

Wildtype
#
 

Bulk 
Reverted Week

^
 

 

FLX data at 1st time-point, read No. amino 
acid (% total reads) 

NS2 

111 115 A11 LLGLCALAR LLRLCALAR 53 
 

    

172 1402 A24 VFSSRMET/SKL VFSSRMETKL 23 
 

    

216 1402 A03 RL/VLAPITAY RLLAPITAY 23 
 

    

NS3 

248 C1 A11 GAYMSKAHGV GAYMSKAHGI 92 
 

    

347 C1 B07 VPFYGKAI IPFYGKAI 193 
 

    

334 C1 B07 HSNIEEVAL HPNIEEVAL 193 
 

    

89 C3 B7 WPSPQ/RGSRSL WPSPQGSRSL 78 
 

    

242 TR2 A11 GAYM/VSKAHGI GAYMSKAHGI 21 
 

    

372 629 B08 HSRRKCDEL HSRKKCDEL 51 
 

    

55 609 A02 CINGVCWTA CINGVCWTV 69 
 

1912A (91.2%) 181V (8.6%) 

89 609 B07 WPAPH/YGAH/RSL WLAPQGAHSL 73 
 

1308H/812Y (61.2%/38%) 3Q (0.1%) 

264 207 A02 TITTGSSITYS TITTGSP/SITYS 67 
 

    

NS4 

203 C3 A03/A11 VA/TGALVAFK VAGALVAFK 58 
 

    

91 C3 A02 EVIAL/PAVQTNW EVIAPAVQTNW 58 
 

    

103 645 A24 ALWAKHMWNF AFWAKHMWNF 71 
 

    

NS5a 

328 C1 B44 VETWRKPDY VEAWRKPDY 127 
 

    

25 131 A24 DFKTWLKA/TKL DFKTWLKAKL 17 
 

    

122 110 A02 R/KRVGDFHYV RRVGDFHYV 26 
 

    

285 110 A02 VLDSFD/EPLV VLDSFDPLV 63 
 

    

252 109 A02 SPDTELIEANL SPDAELIEANL 84 
 

829T (98.9%) 9A (1.1%) 

288 109 A02 ILDSFDPLV ILDSFDPLA 118 
 

308V (100%) 0A (0%) 

NS5b 
202 C1 A24 QYSPGQRVE/DF QYSPGQRVEF 23 

 
    

307 207 A02 R/GLRDCTMLV GLRDCTMLV 31 
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423 207 B27 VRM/VILXTHF VRMILLTHF 67 
 

    

402 131 B27 ARH/RTPVNSW ARHTPVNSW 17 
 

1335R (40.2%) 1981H(59.7%) 

33 1402 B15 LLRH/YHNLVY LLRHHNLVY 27 
 

1948Y (79.7%) 468H (19.2%) 

35 118 B15 LLRHHSLVY LLRHHNLVY 18 
 

    
*Amino acid position within protein. # Sequence observed at 1st time-point. ^Estimated week of infection at which mutation is observed for the first time. X denotes complex 
mixtures of amino acids; AA/AA denotes an amino acid mixture; grey shade denotes that FLX data is not available or the coverage is <300 reads; AA: changing AA; - 
indicates absence of AA. 
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Among the de novo and reversion events listed in Tables 4-11 and 4-12, FLX data (when 

available) showed the same dominant amino acid as observed in the bulk sequence; and 

mixtures observed with bulk were also confirmed by the FLX sequence as shown at position 

92 in the NS3 protein for which the bulk mixture H/R was confirmed with FLX frequencies 

of H (46.5%)/R (53.1%) (Table 4-11).  Interestingly, most changes observed during the 

course of the infection were not identified by the FLX sequence at the first time-point despite 

the sensitivity of the technique. However, this is not unexpected as de novo mutations tended 

to present many weeks after sampling by FLX sequence (usually >50 weeks).  

 

To further the analysis of the FLX data, the impact of viral variants falling within CD8+ T 

cell epitopes were evaluated as potential escape mutations via the measure of binding scores: 

an indicative value of the binding affinity between the virus peptide and the restricting HLA 

allele. The quasispecies intra-variability was studied within six CD8+ T cell epitopes in which 

changes over time were observed and for which both bulk and FLX data were available 

(Figure AA). Binding scores and classification of epitopes as strong binder (SB), weak binder 

(WK) and non-binder (NB) were determined following the NetMHCpan 2.8 prediction 

program parameters (affinity and rank values). Putative epitopes were tested depending on 

their length and known restricting HLA allele.  
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Figure 4-4. Overview of the intra-variability within CD8+ T cell epitopes in which de novo 
mutations were observed within individuals with (A) matching and (B) non-matching HLA; as 
well as in epitopes in which reversion events were observed within subjects with (C) 
matching and (D) non-matching HLA.  Graphs on the left provide an overview of the different 
epitope sequences found in the host and their proportion in the quasispecies population (only 
sequences presenting a full coverage of the epitope and a frequency ≥1% were included). 
Graphs on the right show the proportion of the variants corresponding to SB, WB and NB 
(the quasispecies ≥20% correlates to the detection threshold of bulk sequencing method). 

 

 

FLX data revealed that quasispecies present genetic variability resulting in a swarm of 

variants present at different frequencies within its host. The proportion of variants observed 

varied between individuals and sites. Indeed for some individuals the proportion of variants 

for a given restricted CD8+ T cell epitope is not set, as some individuals present mixtures of 

epitopes at frequencies greater than 1% while others show less complexity in their 

quasispecies populations with only few variants present above 1%. Regarding variants at 



158 
 

levels below 1%, they display various affinities for the HLA molecule including mutations 

that result in a loss of affinity while on the other hand some display a strong affinity. At 

lower frequencies, the complexity of variants increases with mixtures of SB, WB and NB. It 

should be noted these variants are close to the detection threshold and some may represent 

sequencing errors. 

Although the different epitope variants differ by at least one or more substitutions, the change 

in sequence and its impact on likely HLA binding was not universal as some mutations 

resulted in a lower affinity while others increased the binding affinity between the viral 

peptide and HLA molecule (Table 4-13) and these were not specific to de novo or reversion 

events. 

However, not all epitopes appear to be influenced by variation along the sequence. In Table 

4-13, the epitope WPAPQGARSL (H77 reference sequence) found in the NS3 protein 

(position 85 to 94) presented two sites in which de novo mutations were observed, the first a 

change from a proline (P) to a lysine (L) at position 86, this change had a strategic advantage 

for the virus as the initial dominant variant(s) were all SB while the new adapted virus is now 

categorised as a WB and therefore less likely to be recognized by the immune response. On 

the other hand, the second mutation involving histidine (H) at position 92 is shown as a 

mixture at the first time-point with variants either remaining SB or becoming WB. However 

the difference in the categorization of these adapted variants appears to be influenced by the 

change previously cited at position 86 rather than the change at this position.
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Table 4-13. Example of de novo mutation and associated impact on binding affinity with HLA. 

 
Wildtype

#
 Variant 

 

Epitope 
Affinity 
(nM) 

% 
Rank   Binder Epitope 

Affinity 
(nM) 

% 
Rank   Binder 

Subject 
609 

WPAPH/YGAH/RSL 

WPAPHGAHSL 4.76 0.03 SB 

WLAPQGAHSL 743.91 2.00 WB 
WPAPHGARSL 3.65 0.01 SB 

WPAPYGAHSL 6.65 0.05 SB 

WPAPYGARSL 4.84 0.03 SB 

WPAPH/YGAH/RSL 

WPAPHGAHSL 4.76 0.03 SB 

WP/LAPH/YGAHSL 

WPAPHGAHSL 4.76 0.03 SB 

WPAPHGARSL 3.65 0.01 SB WPAPYGAHSL 6.65 0.05 SB 

WPAPYGAHSL 6.65 0.05 SB WLAPHGAHSL 347.09 1.5 WB 

WPAPYGARSL 4.84 0.03 SB WLAPYGAHSL 876.63 2 WB 

QYSPGQRVEF   268.58 0.8 WB QYS/TPGQRVEF QYTPGQRVEF 519.23 1.5 WB 

Subject 
109 

RMIMVTHFF 23.98 0.12 SB RMIMLTHFF 30.11 0.15 SB 

ILDSFDPLV 6.74 0.25 SB ILDSFDPLA 47.11 1.5 SB 
# Sequence observed at 1st time-point. AA/AA denotes an amino acid mixture; green shade denotes changes observed within matching HLA, red 
shade indicates non-matching HLA; AA: changing AA. Additional binding scores can be found in Appendix 1. 
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4.4.5 Influence of IFN-based treatment on viral adaptation  

This part of the analysis examined the dynamics of viral adaptation during the acute and early 

chronic HCV infection comparing treated (n=10) and untreated subjects (n=4) (only for 

individuals presenting three or more sampled sequences). In the attempt to evaluate the 

impact of IFN-based treatment on viral diversity during the early course of the infection, 

sequences from treated subjects (pre-, during, and post-treatment) and untreated subjects 

were first analysed with highlighter plots (available at http://www.lanl.gov) (reflection of 

pattern of nucleotide variation) and secondly with the measure of p-distance (MEGA, v.6) 

(measure of amino acid variation). 

Highlighter plots provide a visualisation of synonymous and nonsynonymous changes along 

the sequence and will to a certain extent reflect the values obtained in Tables 4-2 and 4-3 

(dN/dS ratio). Plots from both treated and untreated subjects showed evidence of HCV 

mutations relative to the first sampled sequence during the acute phase of infection through 

the early chronic phase of infection for all individuals (Figure 4-5, 4-6). Between all subjects 

studied, only subject 110 (genotype 1a, treatment failure) exclusively developed synonymous 

variants with no variants inducing an amino acid change (Figure 4-5-C), while all other 

subjects regardless of their infection outcome, genotype or treatment profile developed 

synonymous as well as non-synonymous variations. Emerging variants were observed within 

all proteins (from NS2 to NS5) with differences in the number of mutations between subjects 

from different infection outcomes and/or genotypes (Figure 4-5, 4-6), and between subjects 

sharing the same outcomes (Figure 4-5-A-D). In general, there are more synonymous changes 

than nonsynonymous changes (as also shown by the earlier evaluation of dN and dS in Tables 

4-2 and 4-3) and supports previous data from Pfafferott and colleagues (Pfafferott et al., 

2011). 
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Figure 4-5. Plot of synonymous and non-synonymous changes in genotype 1a longitudinal samples during acute and early HCV infection 
relative to screening time-point. Comparison of HCV amino acid sequences over several time-points within acutely infected individuals. A, B, C 
and D represent subjects who failed IFN-based therapy, showing the different pattern of variants observed in this group; E represents an 
individual who responded to therapy, and F represents a treatment-naïve subject. Green indicates silent mutation(s)/synonymous change(s); red 
indicates non-synonymous change(s); Grey represent sequence not available. 
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Figure 4-6. Plot of synonymous and non-synonymous changes in genotype 3a longitudinal samples during acute and early HCV infection 
relative to screening time-point. Comparison of HCV amino acid sequences over several time-points within acutely infected individuals. A 
represents an individual who failed IFN-based therapy, B represents an individual who responded to therapy, and C represents a treatment-
naïve subject. Green indicates silent mutation(s)/synonymous change(s); red indicates non-synonymous change(s); Grey represent sequence not 
available. 
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The overall limited number of variations observed in treatment resolvers could be a 

contributing factor to a favourable outcome for the infection as it is less likely that the virus 

develops the mutations that will impair the selective pressure(s). However, as the same 

pattern was observed within the chronic group (treatment naïve), the limited number of 

variants observed within these two groups is most likely to be due to the restricted number of 

subjects and sampled sequences available for each group. 

Interestingly, the variants that emerge within the first weeks of infection were maintained into 

the chronic stage the infection. These mutations appear to cumulate over time, which reflects 

the limited reversion events observed in the previous analysis. 

 

The data was then analysed to examine in more detail the variability of sequences during 

early HCV infection by measuring the variability of the different time points available for 

each individual relative to the first sampled sequence (Tables 4-14, 4-15). Each individual 

was categorized based on outcome and treatment profile. Of the 10 genotype 1a infected 

subjects studied displaying three or more time points, p-distance varied between 0.000 to 

0.043. Only subject 110 showed no variability over time with p-distance equal to 0.000 for all 

seven time-points covering from week of infection 18 to week 156. This supports the 

highlighter plots, which showed only emergence of synonymous changes in this individual. 

On the other hand, the subjects presenting amino acid sequence changes show p-distance 

increasing as early as week 23 or as late as week 127. Therefore, the variability of amino acid 

sequences differ between subjects as well as between proteins with six subjects presenting 

increased p-distance in the NS5b region while only two were identified within the NS4 

region. Given differences in sequence availability and coverage for the different proteins, it 

was not possible to ascertain, which region was the most conserved or variable.  
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For treated subjects, treatment is not necessarily associated with an increase in p-distance 

during treatment or even shortly after as shown with subjects 109 and 110 displaying no 

change in their p-distance values across the different non-structural proteins. When variability 

was observed, p-distance ranges were similar between subjects experiencing treatment failure 

(0.002≤ p-distance ≤0.003) and treatment responders (p-distance= 0.002).  

 

Table 4-14. HCV Genetic variability in the NS2-5 region of genotype 1a infected subjects 
stratified by infection outcomes. 

  
p-distance (aa) 

 

 

Week of 
infection NS2 NS3 NS4 NS5a NS5b 

viral load 
(IU/mL) 

Subject 
109, TF 

14     n/a     300000 
22 0.000 0.000 n/a 0.000 0.000 24000000 
34 0.000 0.000 n/a 0.000 0.000 3500000 

45^ 0.000 0.000 n/a 0.000 0.000 20000000 
59^ 0.000 0.000 n/a 0.000 0.000 40000000 
84^ 0.000 0.000 n/a 0.000 0.000 4816221 
96^ 0.000 0.006 n/a 0.000 0.000 8129047 

118^ 0.000 0.000 n/a 0.000 0.000 17316518 
130^ 0.000 0.000 n/a 0.000 0.000 15694464 
144^ 0.000 0.000 n/a 0.000 0.000 40000000 
154^ 0.000 0.000 n/a 0.000 0.000 40000000 

Subject 
110, TF 

18 n/a         52000 
26   0.000 0.000 0.000 0.000 2400000 

63^ 0.000 0.000 0.000 0.000 0.000 11400 
82^ 0.000 0.000 0.000 0.000 0.000 111571 

122^ 0.000 0.000 0.000 0.000 0.000 923221 
142^ 0.000 0.000 0.000 0.000 0.000 318062 
156^ 0.000 0.000 0.000 0.000 0.000 1126540 

Subject 
629, TF 

39^     n/a       
43^ n/a 0.000   0.000 0.000 n/a 
51^ 0.000 0.005 n/a 0.000 0.000 n/a 
68^ 0.043 0.005 0.000 0.000 0.002 n/a 
98^ n/a 0.005 n/a 0.005 0.007 n/a 

Subject 
645, TF 

49   n/a       2286969 
59 0.000   0.000 0.000 0.003 1489680 
63 0.000 0.000 0.000 0.000 0.003 1583869 

67^ 0.000 0.000 0.000 0.000 0.003 1255087 
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71^ 0.000 0.000 0.000 0.000 0.003 914415 
86^ 0.000 0.000 0.000 0.000 0.003 3760306 
97^ n/a n/a 0.000 0.004 0.003 651169 

Subject 
1402, 

TF 

21           1452208 
23 0.000 0.000 0.000 0.000 0.002 2575861 
27 0.000 0.000 0.000 0.000 0.002 2725036 
31 0.000 0.000 n/a 0.000 0.002 208158 

Subject 
2605, 

TF 

60           14038088 
68 0.003 n/a n/a 0.002 0.000 16153510 

116 0.000 n/a n/a 0.005 0.000 5200 

Subject 
C1, TF 

14     n/a     n/a 
23 0.010 0.000 

 
0.000 0.000 n/a 

38 0.005 0.000 0.000 0.000 0.000 n/a 
45 0.010 0.000 0.000 0.000 0.000 n/a 

92^ 0.000 0.002 0.000 0.000 0.000 n/a 
127^ 0.000 0.002 0.004 0.000 0.000 n/a 
193^ 0.000 0.005 0.000 0.000 0.004 n/a 
232^ 0.000 0.005 0.000 0.000 0.004 n/a 

Subject 
C3, TF 

12           n/a 
58^ 0.000 0.000 0.004 0.008 0.000 n/a 
78^ 0.000 0.000 0.004 0.008 0.000 n/a 

143^ 0.000 0.000 0.004 n/a n/a n/a 
                

Subject 
609, 
SVR 

58   n/a n/a     46000 
69 0.000 n/a n/a n/a 0.002 1700000 
73 0.000 n/a n/a 0.002 0.002 719118 
78 0.000 n/a n/a n/a n/a 3200 

                

Subject 
207, C 

18 n/a n/a n/a n/a   3200 
31 n/a n/a n/a n/a 0.000 4011 
37 n/a n/a n/a n/a 0.000 26430 
67 n/a n/a n/a n/a 0.008 748059 

Grey shade denotes time-point(s) during treatment. ^ indicates time point(s) post-treatment. 
n/a for not available.  

 

The limited number of chronic untreated subjects limited the analysis for this group.  

 

Similarly, the genotype 3ainfected group had only four individuals with three or more time 

points thus limiting the analysis. Interestingly, subject 602 who had been infected with a first 
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HCV strain and was re-infected later with a different HCV strain, shows the highest 

variability (up to p-distance=0.047) from week 122 through the following time-points, within 

all proteins (excluding NS2 for which sequences were not available), which correlates with 

the estimated time of re-infection. 

 

Table 4-15. HCV Genetic variability in the NS2-5 region of genotype 3a infected subjects 
stratified by infection outcomes. 

  
p-distance (aa) 

 

 

Week of 
infection NS2 NS3 NS4 NS5a NS5b 

viral load 
(IU/mL) 

Subject 
201, C 

18 n/a   n/a n/a   13000000 
29 n/a 0.000 n/a n/a 0.000 3200 
50   0.000   n/a 0.000 230000 
65 0.014 0.000 0.000 n/a 0.000 2400000 
72 n/a 0.000 n/a   0.000 n/a 
81 0.005 0.000 0.000 0.000 0.000 1300000 
115 n/a 0.000 n/a 0.000 0.000 7535362 
126 n/a 0.000 n/a 0.000 0.000 6750889 
139 n/a n/a n/a 0.000 0.000 7388034 
152 n/a 0.000 n/a 0.000 0.000 3226637 
187 n/a 0.000 n/a 0.000 0.000 2332349 

Subject 
602, C# 

62 n/a         4900 
67 n/a 0.000 0.000 0.000 0.000 41000 
122 n/a 0.047 0.019 0.034 0.025 37000 
135 n/a 0.047 0.019 0.029 0.025 387929 
166 n/a 0.043 0.019 0.042 0.023 119194 

Subject 
614, C 

SC n/a   n/a n/a n/a   
24 

 
n/a n/a n/a n/a 56626 

55 0.000 0.000 
 

n/a n/a 490000 
60 0.009 0.000 n/a n/a n/a   
96 0.009 n/a 0.000 n/a n/a 205967 

                
Subject 
1006, 

TF 

35 n/a n/a n/a     373274 
85^ n/a n/a n/a 0.011 0.006 11086 
94^ n/a n/a n/a 0.011 0.008 3200 

Grey shade denotes time point(s) during treatment. ^ indicates time point(s) post-treatment. 
n/a for not available. # Subject 602 was re-infected with a second HCV strain. 
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4.5 Discussion 

The evolution of HCV is a highly dynamic process involving multiple mechanisms with 

either adaptive selection or genetic drift. Adaptive selection resulting from the host immune 

response and antiviral treatment can affect the functioning of the virus by affecting its 

replicative fitness and capability to spread within the environment in which it is evolving. 

Numerous studies have shown that HCV uses its rapid evolution and plasticity to its 

advantage by evolving variations as an escape strategy to circumvent or impair selective 

forces that are preventing it dissemination (Rauch et al., 2009b, Pfafferott et al., 2011, 

Neumann-Haefelin et al., 2005, Diamond, 2003, Fishman and Branch, 2009b, Gaudieri et al., 

2006). 

The analysis of longitudinal samples among acute and early chronic HCV-infected subjects 

demonstrated numerous changes along the HCV sequence of the non-structural proteins 

occurring at various time-points during the infection thus supporting the high mutation rate of 

the virus that results in quasispecies within the infected host. The distribution of these 

changes varied between proteins as well as between subjects. Despite the high incidence of 

viral changes observed across these longitudinal samples, a greater proportion of synonymous 

changes (dS values varied from 0 to 0.1831) compared to non-synonymous changes (dN 

values varied from 0 to 0.0153) was found with dN/dS ratios showing values indicative of a 

purifying (or negative) selection force within all proteins suggesting a limited plasticity of 

HCV probably due to functional constraints as shown previously by Pfafferott and colleagues 

(Pfafferott et al., 2011).  

In the comparative analysis of the longitudinal sequences of CD8+ T cell epitope regions, 

numerous variants were identified including pre-existing, de novo variants as well as 

reversion events at various times during the course of the infection from as early as week 7 to 

as late as week 193 suggesting an ongoing immune pressure even during the chronic phase of 
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the infection. The occurrence of mutations was greater within CD8+ T cell epitopes than non-

epitope sites with NS5b displaying the highest variability with a rate of substitution of 7% 

among the epitope sites while the rate of substitution observed within non-epitope regions 

was 4%. However it must be mentioned that the number of known CD8+ T cell epitopes 

between HCV proteins varies and could account for some of these differences. However, it 

must be noted that changes occurring within an immune epitope is not necessarily the result 

of immune pressure. 

Among the individuals for which HLA typing was available, the proportion of viral changes 

within CD8+ T cell epitopes observed at the first time-points was greater in non-HLA 

matching epitopes thus representing adaptations from previous host(s) as pre-adapted variants 

in the first weeks of infection are unlikely to be the result of the host’s immune pressure. This 

observation supported the limited reversions observed in this analysis with only 6% (32/541) 

of substitutions reverting to a wildtype. The mechanism behind the observed circulation of 

variations could be associated with ‘HLA footprints’ within the infected human populations 

(Gaudieri et al., 2006, Rauch et al., 2009b). It should be noted that pre-existing adaptation, as 

used here, was based on a comparison to a reference sequence as the source virus was not 

known. 

Among the 50 de novo mutations observed, 52% fell within CD8+ T cell epitopes under 

HLA-matching CD8+ T cell immune pressure with the analysis of three immunodominant 

epitopes showing that among the mutations falling within an epitope, variations can differ in 

their influence on the binding affinity with some mutations not affecting the binding affinity 

as shown by the F1444Y change in the HLA-A01-restricted T cell epitope within the NS3 

amino sequence ATDALMTGY1436-1444 while other variations are associated with a change in 

the binding affinity as shown for the immunodominant HLA-B27-restricted T cell epitope 

ARMILMTHF2841-2849 found in the NS5B protein for which the adapted variants showed a 
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decrease in binding affinity compared to the consensus sequence (characteristic of an escape 

mutation). Accordingly, the quality and quantity of mutations seem to be important and 

specific to the epitope in which the mutation(s) are developed as mutational patterns vary 

between epitopes and some require more than one mutation to alter binding affinity. 

Similar findings were observed with the FLX technique, which allowed the study of viral 

quasispecies composition within a single individual. Among all variants of the different 

epitopes in which viral changes were observed, the low frequency variants showed mixtures 

of sequences ranging from strong binders to non-binders. As such, even though a virus 

presents an epitope with a majority sequence that correlates to a strong binder, therefore 

assuming that the immune cell can recognize and neutralize the virus, FLX data shows that 

within the pool of viruses infecting the host, variants present in a minority can harbour 

sequences that could affect the binding between the virus and HLA molecule, thus 

constituting an advantageous feature for the virus if that viral strain were to become 

dominant. Therefore, the high variability inherent to HCV that results in this swarm of 

viruses could rapidly lead to a switch in quasispecies composition in the host during the 

course of the infection as supported by the results for which the high sensitivity of FLX is not 

always helpful to identify later mutations as no viral adaptations characteristic of escape 

could be identified in the first sampled time-point. Although the FLX data showed limited 

anticipation of low frequency mutants that would later become dominant, it must be noted 

that only few samples were analysed as the analysis was restricted by the quality (low reads) 

or the lack of FLX data available for each variant analysed.  

Finally, in order to verify if the intake of exogenous IFN during IFN-based treatment was 

associated with an increase in viral diversity, as it has been suggested that treatment during 

the acute phase of the infection boosts the existing host adaptive immune response (Jaeckel et 

al., 2001, Kamal et al., 2004b, Nomura et al., 2004), the analysis examined the variability of 
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sequence observed within individuals prior to the initiation of treatment, as well as during 

and post-treatment. Results showed limited impact of treatment on the viral diversity of the 

virus suggesting that IFN-based therapy has only limited potential to induce new HCV-

specific T-cell responses that impact on viral adaptation. 
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5 Low levels of naturally occurring drug resistance mutations in 

the setting of recently acquired hepatitis C 
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 5.1 Summary 
 

Until recently, standard of care for Hepatitis C involved the combination of pegylated 

interferon-alpha and ribavirin (PEG-IFN-a/RBV) treatment. However, the limited efficacy 

against the common hepatitis C virus (HCV) genotype 1 strain and associated adverse side-

effects of this drug combination has led to the development of numerous direct-acting 

antivirals (DAAs) representing new hope for the therapeutic management of individuals 

infected with the virus. As multiple DAAs are likely to enter clinical practice in the near 

future, individuals are at risk to develop resistance-associated variants (RAVs) that could 

impair the efficacy of these new drugs although the consequences of these RAVs on therapy 

management remain unclear. Furthermore, although drug resistant variants are more likely to 

emerge after commencement of treatment, naturally occurring RAVs have been observed in 

treatment naïve chronic HCV-infected subjects as may be expected due to the high mutation 

rate of HCV. However, the prevalence of RAVs in circulating quasispecies in high-risk 

exposure populations is not clear. In this study, multiple sequencing technologies were 

utilised to determine the presence and frequency of RAVs in HCV sequences from 

individuals with newly acquired HCV infection; likely representing circulating viruses in 

high-risk exposure populations.  

 

In this chapter the following questions were addressed: 

1. Does the prevalence of RAVs differ between subjects with recently acquired Hepatitis 

C and treatment naïve chronic HCV-infected subjects?  

2. What is the frequency of RAVs in viral quasispecies populations in individuals with 

recently acquired Hepatitis C utilising a high-resolution sequencing technology?   
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3. Is the observation and frequency of RAVs in treatment naïve HCV-infected subjects 

affected by overlapping host immune pressure?  

 

Results from this study show low prevalence of RAVs in the main circulating virus in 

subjects with recently acquired Hepatitis C, akin to what was observed for chronic HCV-

infected subjects. However RAVs were present at levels <1% in viral quasispecies 

populations in most individuals. Host genotypes associated with the regulation of the immune 

response and known to indirectly affect viral evolution did not appear to influence the 

prevalence of RAVs within an individual, although sample numbers limited this part of the 

study. Overall, the presence of low frequency RAVs was common in this study cohort that 

included high-risk HCV exposure individuals.  
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5.2 Introduction 
 

In the past decade, major research efforts in Hepatitis C have focussed on the development of 

new treatment regimens. Until recently, pegIFN-/RBV was the only treatment option for 

individuals with chronic HCV infection. Although 80% of individuals infected with HCV 

genotype 3 or 2 typically clear the virus with 24 weeks of pegIFN-/RBV treatment, the 

combination therapy had limited efficacy for those infected with HCV genotype 1 (50% 

sustained virological response; SVR) and in general was associated with severe adverse 

reactions (This, 2002). HCV genotype 1 is the most common genotype worldwide and new 

treatment regimens were needed that were more efficacious against this genotype and better 

tolerated by all HCV-infected individuals.  

Recently, novel DAA molecules that specifically target HCV proteins involved in the life 

cycle of the virus have been developed and look promising. First generation inhibitors of 

NS3/4a serine protease, telaprevir and boceprevir, in conjunction with pegIFN-/RBV were 

approved for clinical use over 12 months ago and more recently the second generation 

NS3/4a protease inhibitor simeprevir and the NS5b inhibitor sofosbuvir have been approved 

for clinical use in combination with pegIFN-/RBV. These new DAA drugs have a >90% 

efficacy rate against HCV genotype 1. Recent phase III trials utilizing DAAs targeting 

different HCV proteins include IFN-free regimens. However, HCV is a rapidly evolving virus 

with a high mutation rate and this characteristic constitutes a real barrier to developing new 

treatment regimens for HCV especially with drugs directly targeting the virus (unlike IFN-

based therapies). Strains harbouring RAVs can affect treatment outcome as demonstrated by 

studies that show a significant decrease in drug sensitivity (12-fold IC50 shift) associated 

with the existence of non-nucleoside inhibitor (NNI) RAVs at a frequency ≥30% within a 

viral population (Le Pogam et al., 2008). Similarly clinical trials (including PROVE1/2) have 
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shown that pre-existing RAVs prevented subjects from achieving SVR in comparison to 

those with wild type sequences.  

 

5.2.1 DAAs: A novel drug pressure for HCV 

 

Unlike IFN and RBV, the new DAA drugs do not enhance existing immune responses but 

directly target the action of viral proteins. Therefore, it is important to take into consideration 

that the mechanisms of HCV resistance to pegIFN-/RBV and the DAAs are different (as 

discussed in the previous chapter). To optimise treatment, it is crucial to understand the 

mechanisms by which HCV develops resistance towards drugs. 

The initial report of a protease inhibitor mutation (R155K) within a treatment-naïve 

individual (Colson et al., 2008) raised concerns regarding the prevalence of naturally 

occurring RAVs in treatment naive HCV-infected subjects and researchers have since 

investigated the prevalence of RAVs among treatment naïve chronic HCV-infected 

populations (Kuntzen et al., 2008, Bartels et al., 2008, Gaudieri et al., 2009). Kuntzen et al 

(Kuntzen et al., 2008) showed the presence of single and multi-drug resistance variants (for 

several protease and polymerase inhibitors that at the time were in Phase II and III trials) 

within chronic HCV genotype 1-infected subjects at frequencies between 0.3% and 2.8% 

with up to 8.6% of individuals carrying at least one dominant resistance mutation. 

Interestingly, although in vitro studies have reported a reduced replicative fitness for many of 

these RAVs, likely due to functional constraints in areas targeted by the DAAs, the high viral 

load among the subjects in the Kuntzen study (ranging from >500,000 − 17×106 IU/ml) 

suggests that strains containing drug resistant viral variants can be replication competent with 

a replicative fitness comparable to wild type viruses. One explanation for this observation 
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may be the emergence of compensatory mutations to offset the fitness cost of the RAVs. The 

establishment of compensatory mutations is of interest as although the mutation that has a 

fitness cost may revert back to wildtype upon completion of therapy, compensatory mutations 

may remain and if transmitted to a new host may facilitate the emergence of a RAV in that 

individual if drug pressure is added. This phenomenon has been observed for a well-

characterised HIV immune escape mutation (Leslie et al., 2004) and has been suggested for 

an immunodominant HCV T cell epitope (Pfafferott et al., 2011). Furthermore, there is 

significant concern of a possible spread of replication competent drug resistant viral strains, 

which could circulate in high-risk exposure populations. 

For the most part, these earlier studies utilised sanger-based sequencing technologies that 

allowed the sampling of major circulating viral strains within an individual. In this study, the 

frequency of RAVs was assessed utilising both sanger-based sequencing as well as NGS 

technology to obtain a higher resolution snapshot of the circulating strains containing RAVs 

in treatment naïve high-risk HCV exposure populations.  

 

5.3 Materials and methods 
 

5.3.1 Study population 

Samples were obtained from subjects enrolled within the Australian Trial in Acute Hepatitis 

C (ATAHC) cohort and from subjects in an acute HCV-infected cohort recruited from 

hospitals in Munich, Germany.  

ATAHC was an Australian-wide clinical trial aimed at studying people with newly acquired 

HCV infection (see section 3.1.1). The study was registered with clinicaltrials.gov registry 

(NCT00192569). Recently acquired HCV infection was defined as either subjects presenting 
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with acute clinical symptoms of hepatitis C (jaundice or ALT levels greater than 10 times the 

upper limit of normal) within the 12 months that precede the first positive anti-HCV antibody 

result or with an asymptomatic infection defined by a positive anti-HCV antibody test within 

the last six months of enrolment, plus a negative anti-HCV antibody test in the two years 

prior the first positive anti-HCV test (Dore et al., 2010). The sample time-point used in this 

study was the earliest sample obtained from the subject following enrolment and pre-IFN-

based treatment. Subjects studied by bulk sequencing were not necessarily the same subjects 

studied by NGS technology although there was an overlap. A summary of the information 

available on the ATAHC subjects available for use in this study is shown in Table 5-1. 

 

Table 5-1. ATAHC subject characteristics stratified by subtype/genotype* 

Characteristics 1a 
(n=51) 

1b 
 (n=36) 

3a 
(n=29) 

1a (NGS only) 
(n=50) 

Sex, n (%) 
   

 
      Male 41 (80) 22 (61) 29 (100) 39 (78) 
Age (yrs), mean (SD) 35.2 (10.5) 30.1 (9.7) 40.4 (9.2) 34 (9) 
Mode of HCV acquisition, n (%) 

   
 

      IDU 34 (67) 29 (81) 14 (48) 34 (68) 
      Sexual transmission 13 (25) 2 (6) 14 (48) 11 (22) 
      Other 4 (8) 5 (14) 1 (3) 5 (10) 
Estimated duration of infection  

   
 

      Weeks, mean (SD) 29.9 (17.9) 34.0 (17.3) 24.8 (17.6) 29 (19) 
      <26weeks, n (%) 35 (54) 17 (47) 18 (62) 29 (58) 
HIV coinfection n (%) N/A N/A N/A 26 (52) 

* NGS only indicates those subjects that underwent NGS analysis. Data for subjects tested using NGS was 
available for genotype 1a only. Specific subject data was not available and information has been obtained from 
publications arising from the ATAHC study. 

 

Samples from acute HCV-infected subjects recruited in Munich (see Section 3.1.2) were also 

analysed. Details regarding the subjects have been previously described (Pfafferott et al., 

2011) and are summarised in Table 5-2. Again, the time-point used in this study was the first 
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sample available for the individual and pre-IFN-based treatment. Only bulk sanger-based 

sequencing was performed on these samples. 

 

Table 5-2. Characteristics of acute HCV-infected subjects from Munich*  

Characteristics Genotype 1a 
(n=7) 

Genotype 1b 
 (n=10) 

Sex, n (%) 
        Male 3 (75) 5 (55.6) 

Age (yrs), mean/SD 34.5 (14.4) 46.3 (14.6) 
Estimated duration of infection    

       Weeks, mean/SD 11.6 (2.6) 13.5 (7.7) 
      <26weeks, n (%) 7 (100) 9 (90) 

*Data not available on all subjects. Estimated duration of infection based on known time since onset of 
symptoms corresponding to approximately 7 weeks or seroconversion corresponding to 6 weeks. Data for 
genotype 3a subjects were not available. 
 

5.3.2 Ethic Statement 

All study participants gave written informed consent. The protocol and the procedures of the 

study were approved by St Vincent’s Hospital Human Research Ethics Committee 

(clinicaltrials.gov registry, NCT00192569), Royal Perth Hospital Human Research Ethics 

Committee (EC2004/005), UWA Human Ethics Committee (RA/4/1/5142) and local ethics 

committees at sites following the ethical guidelines of the Declaration of Helsinki.  

 

5.3.3 Viral RNA extraction 

Viral RNA was extracted from plasma samples using the COBAS AMPLICOR HCV 

Specimen Preparation Kit v2.0 (Roche Applied Science) according to manufacturers’ 

instructions (see section 3.5.1). 
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5.3.4 HLA genotyping 

High resolution four-digit HLA class I (HLA-A, -B and -C) genotyping was performed as 

previously described ((Witt et al., 2002) and see section 3.9). 

 

5.3.5 PCR amplicon generation 

HCV sequencing was performed for the non-structural (NS) proteins including NS3 protease, 

NS5A and NS5B polymerase. The generation of amplicons was performed as previously 

described (Gaudieri et al., 2006, Rauch et al., 2009b) and detailed in section 3.5. Briefly, two 

initial reverse-transcription PCRs (RT-PCRs) were performed to cover the non-structural 

proteins. First round products were then used as templates for subsequent 2nd round PCRs 

using generic and/or genotype-specific primers (further details in section 3.5).  

 

5.3.5.1 Bulk HCV sequencing 

NS3 protease, NS5A and NS5B polymerase amplicons described in section 5.3.5 above were 

bulk-sequenced with the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystem, 

USA) according to the manufacturer’s recommendations. Sequences were then edited with 

the program AssignTM (Conexio Genomics, Australia).  

 

5.3.5.2 Next generation sequencing (NGS) 

NGS data was obtained using the 454 Life Science platform (GS-FLX, Roche Applied 

Science). PCR products described in section 5.3.5 above were quantified and then pooled for 

each individual. Resultant sequences were collected and analysed using in-house programs to 

remove primer sequences and likely homopolymer errors, and align sequence reads to either 
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H77 genotype 1a reference (GenBank accession number: NC004102) or 3a reference 

(AF046866). Sequences were then imported as fasta files into the program BioEdit. Sites 

associated with DAA resistance were identified and sorted based on amino acid composition. 

Further details can be found in section 3.7 Bulk sequencing was performed in parallel to NGS 

to confirm the dominant strain for all participants and identify possible contamination issues. 

 

5.4 Results 

5.4.1 Comparison of the prevalence of RAVs in subjects with recently acquired Hepatitis C 
and treatment naïve chronic HCV-infected subjects: data generated by bulk sequencing 

 

Initially, a comparison of the prevalence of RAVs between subjects with recently acquired 

HCV infection (ATAHC and Munich cohorts) and treatment naïve chronic HCV-infected 

subjects (study populations from Australia, Switzerland, and the United Kingdom, as 

described by Gaudieri et al (Gaudieri et al., 2009)) was performed utilising bulk (sanger) 

sequencing technology. It should be noted that based on estimated duration of infection 

subjects from the Munich appear to represent “true” acute HCV infection while subjects from 

the ATAHC represent early HCV infection and likely include subjects in the early stages of 

chronic infection (Tables 5-1 and 5-2). 

HCV sequences from 405 chronic HCV-infected individuals (genotype 1a, n = 205; 1b, n = 

54; and 3a, n = 146) and 141 individuals with recently acquired HCV infection (genotype 1a, 

n = 66; 1b, n = 21; and 3a, n = 54) were studied at sites in the HCV genome known to be 

associated with DAA resistance (Tables 5-3 to 5-5). Some subjects did not have sequence 

data for all HCV regions examined in this study. 
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Table 5-3. Prevalence (%) of RAVs and other mutations in the NS3 protease region in acute 
and chronic HCV-infected individuals* 

 (wt/RAV) 
 1a Chronic 

(n=205) 
Acute 
(n=60) 

 1b Chronic  
(n=(54) 

Acute 
(n=21) 

 3a Chronic 
(n=146) 

Acute 
(n=49) 

V36A/M V/L/M 1.8 1.7 V 0 0 L 0 0 
Q41R Q/H^  0.8 6.9 Q 0 0 Q 0 0 
F43C/S F 0 0 F 0 0 F 0 0 
T54A/S T/S  4.4 0 T 0 0 T/S  0.9 2.1 
V55A V/A/I 6.9 6.8 V 0 0 V 0 0 
Q80K/R Q/K/L 18.1 10 Q 0 0 Q/K 0.8 0 
S138T S 0 0 S 0 0 S 0 0 
R155K/Q/T R/T 0.6 0 R 0 0 R 0 0 
A156S/T/V A 0 0 A 0 0 A 0 0 
D168A/T/V D/E  1.3 0 D 0 0 Q/R/K 1.7 2.1 

V170A/T I/V  5.8 13.8 V/I 
^^ 9.4 0 I/V  6 6.4 

* First amino acid shown indicates wildtype with observed variants separated by a forward slash. Wt = wildtype, 
RAV = resistance associated variation. For the subjects, consensus is shown first then observed variants in order 
of prevalence. Bold indicates consensus differs from expected wildtype. ^ p<0.05, ^^ p<0.01 by Fishers exact test 
– two tailed. 

 

Table 5-4. Prevalence of RAVs and other mutations in the NS5B polymerase region in acute 
and chronic HCV-infected individuals.* 

 (wt/RAV) 1a 
Chronic  
(n=205) 

Acute 
(n=64)  1b 

Chronic 
(n=54) 

Acute 
(n=21)  3a 

Chronic  
(n=146) 

Acute 
(n=47) 

S96T S 0 0 S  0 0 S 0 0 

S282T S/N  0.6 0 S/G  2.3 5.9 S/N  1.9 0 

C316Y/N C 0 0 C/N  11.6 23.5 C 0 0 

S365T/N S 0 0 S 0 0 S 0.8 0 

M414T/L M 0 0 M  0 0 M 0 0 

L419M/V L 0 0 L  0 0 L/I 0 2.7 

M423T/I/V 
M/I/A/
V 2.4 3.5 M  0 0 

M/I/A/
V 0 0 

Y448C/H Y  0 0 Y  0 0 Y  0 0 

I482L I 0 0 I 0 0 I 0 0 

V494I/A V/I 1.4 0 V 0 0 V/I 2.1 0 

P495S/L/A/T P  0 0 P 0 0 P  0 0 

P496S/A P 0 0 P 0 0 P 0 0 

V499A A/T  5.6 0 V/T/A 30 50 A/T/V 2.2 2.5 
*As for Table 5-3.  
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Table 5-5. Prevalence (%) of RAVs and other mutations in the NS5A region in acute and 
chronic HCV-infected individuals.* 

 (wt/RAV)  
 1a Chronic  

(n=160) 
Acute 
(n=58) 

 1b Chronic  
(n=34) 

Acute 
(n=12) 

 3a Chronic  
(n=90) 

Acute 
(n=16) 

M28A/T/V 
M/V/
T 5.6 1.7 L 0 0 M 0 0 

Q30E/H/R/
K Q/H 0.6 0 R/Q 12.9 28.6 

A/K/
S/M 8 0 

L31M/V L/M 0.6 0 L/M 6.5 0 L 0 0 

Q54H/N H/Y 0.7 0 
Q/H/
Y/N 31.3 42.9 S/T 6.7 18.8 

H58D/P 

H/P/
R/L/
Y 6 8.6 P/S 3.2 0 P/A/S 3.4 

0 

Y93C/H/N Y 0 0 Y 0 8.3 Y/H 1.2 0 
*As for Table 5-3 

 

 

For NS3 protease the two groups revealed a generally low prevalence of RAVs (present in 

the major strain in subjects; dominant) but other variations with unknown influence on DAA 

efficacy were also found. The most frequent RAV in the chronic and acute HCV genotype 

1a-infected groups, where the consensus amino acid was the same for all genotypes, was at 

position 80 (18.1% and 10%, respectively). Mutations at position 80 were almost exclusively 

found within HCV genotype 1a-infected individuals while the other genotypes were 

relatively conserved. This site is of interest as it is an important RAV for the newly approved 

NS3 protease inhibitor simeprevir. It should be noted that subjects were from Europe, UK 

and Australia and as a direct comparison, the frequency of the Q80K mutation in chronic and 

acute-infected HCV subjects from Australia was 9.1% (7/77) and 5.6% (3/53), respectively.  

Of the other RAVs that are associated with the greatest effect on treatment (36, 54, 55, 155, 

156 and 168), position 55 showed RAVs >5% but similar frequency of dominant RAVs 

between chronic and acute HCV genotype 1a-infected subjects (6.9% and 6.8%, 

respectively). However, position 54 showed 4.4% prevalence of a dominant RAV in chronic 

HCV genotype 1a-infected subjects but no dominant RAV in the acute HCV genotype 1a-
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infected group. On the contrary, 2.1% of acute HCV genotype 3a-infected subjects showed 

evidence of a dominant RAV at this site compared to 0.9% in chronic HCV genotype 3a-

infected subjects. Positions 36, 155, 156 and 168 were relatively conserved. There was a 

significant difference between the chronic and acute genotype 1a-infected subjects for 

position 41 and for position 170 for genotype 1b-infected subjects.  

The NS5B polymerase region was the most conserved with most RAVs present at 

frequencies no higher than 6% except for positions 316 and 499 for genotype 1b for both 

chronic (11.6% and 30%, respectively) and acute (23.5% and 50%, respectively) HCV-

infected subjects. At position 499 the consensus sequence for HCV genotype 1a and 3a 

matched the known RAV and the initial description of these RAVs are likely to have been 

affected by early studies using the genotype 1b replicon assay to identify drug targets. 

In the NS5A region, RAVs at >5% were observed at positions 28, 30, 31, 54 and 58 for both 

chronic and acute HCV genotype 1-infected subjects. At position 28, genotype 1b sequences 

consistently exhibited a leucine (L) instead of a methionine (M), however this amino acid 

represents the wildtype sequence for genotype 1b, similarly at position 54 for genotype 1a 

sequences (consensus is histidine (H) instead of glutamine (Q)) and for genotype 3a 

sequences position 30 (consensus is alanine (A) instead of Q), 54 (consensus is serine (S) 

instead of Q) and 58 (consensus is proline (P) instead of H).  

 

5.4.2 Frequency of DAA resistance mutations in viral quasispecies populations in 

individuals with recently acquired HCV infection 

The frequency of DAA RAVs in NS3 protease, NS5A and NS5B polymerase regions in 

circulating quasispecies in subjects from the ATAHC cohort was determined using NGS 

technology. Not all the ATAHC subjects sampled by sanger-based sequencing (Tables 5-3 to 
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5-5) were examined using NGS technology. Given the focus on HCV genotype 1 for the 

DAAs, NGS analysis was mainly performed on HCV genotype 1a-infected subjects. Table 5-

6 lists the characteristics of the HCV genotype 1a-infected subjects that exhibit RAV(s) for 

the major DAA classes at >1% of their HCV quasispecies. Eight individuals showed multiple 

RAVs present at >1% frequency with only one subject exhibiting more than one RAV in a 

dominant strain. There was no association between HIV status or duration of infection and 

the presence of RAV(s).  
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Table 5-6. HCV genotype 1-infected subjects with RAVs present at >1% of the quasispecies 

population 

Site 

  

Proportion of 

mutation 

present, % 

ATAHC 

Subject 

number 

HIV 

positive 

Estimated duration of 

infection, weeks 

Protease (n = 48)     

Mutation at >50%     

V36M 98.8 127 Y 25 
V55A 90.8 609 N 58 

V55A 99.8 664 N 9 

Q80K 68.3 127 Y 25 
     

Mutation at ≥1-50%     
Q41R 1.1 2403 Y 16 

V55A 

V55A 

1.0 

1.10 

634 

628 

N 

Y 

31 

12 
V55A 1.4 109 N 14 
V55A 3.5 2015 ? N/A 

V55A 1.1 644 Y N/A 
V55A 1.0 125 N 23 

Q80R 1.3 2016 N 20 
R155K 14.7 644 Y N/A 

A156S 1.9 501 N 44 

I170T 1.5 113 Y N/A 
I170T 1.5 501 N 44 

     
Polymerase (n = 49)     

Mutation at >50%     

C316N 98.0 623 N 51 
M423I 98.1 803 N 57 

     
Mutation at ≥1-50%     

L419V 1.5 302 N 21 
M423V 1.0 2403 Y 16 

V494A 1.5 501 N 44 

V494A 1.0 2402 Y 15 
P496S 2.6 630 Y 30 

A499V 20.7 120 Y 9 

 

NS5A (n = 28) 

    

NS5A (n = 28)     

Mutation at >50%     
M28V 99.5 302 N 21 

H58P 99.8 107 N 22 
Q30R 98.5 623 N 51 

     
Mutation at ≥1-50%     

M28T 2.5 127 Y N/A 

Q30R 1.8 120 Y 9 
Q30R 1.3 627 N N/A 

Q30R 1.2 107 N 22 
Q30R 1.3 2604 Y N/A 

Bold indicates subject with >1 RAV present at >1%. N/A = not available. 
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5.4.2.1 NS3 protease NGS data 
 

A total of 48 HCV genotype 1-infected subjects were successfully sequenced for the NS3 

protease region (between nucleotides 3420 - 3963 of the HCV genome). Within this region, 

characteristic sites known to be associated with drug resistance were screened. These 

positions include 11 sites with the following known substitutions that affect drug efficacy: 

V36A/M, R155K/Q/T, Q41R, F43S, T54A/S, V55A, Q80K/R, S138T, A156S/T/V, 

D168A/T/V and V170A/T. Each site was studied in order to evaluate the frequency of RAVs 

within the viral quasispecies in HCV-infected individuals. The mean sequence coverage at 

each site varied from 3211-4456 reads. The presence of a resistance mutant as a majority 

variant (>50%) was only observed within three (6.3%) subjects, one subject with a V36M 

change present at 98.8% and a Q80K variation at 68.3%, and two subjects with a substitution 

at position V55 present at 99.8% and 90.8% of total sequences. Minor variants present at a 

level above 1% were observed in 10 (20.8%) subjects. While one R155K change was 

observed at a frequency up to 14.7%, the frequency of the remaining mutations within these 

subjects was low and did not exceed 3.5% (Table 5-6). On the contrary, variations present at 

a frequency below 1% were commonly observed at all 11 sites with a prevalence ranging 

from 11-81% of subjects (Figure 5-1A). 
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A. 

B. 

 
Figure 5-1. Percentage of individuals with A) RAVs and B) Non-RAVs present in the NS3 
protease region. Only sites with evidence of non-RAVs included for (B). 

 

Among the 48 HCV genotype 1-infected subjects studied for the protease region the V55A 

site was the most polymorphic with mutant frequencies ranging from 0.2-99.8% with up to 38 

changes observed at this site. On the contrary, RAVs were observed at positions 43, 54, 138 

and 168 only at low frequencies <1% with S138T and D168A/T/V variations in only 15% 
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and 11% of subjects, respectively. Only considering the subjects presenting RAVs above 1% 

at the sites studied (n=12), three presented more than one mutation associated with drug 

resistance in the NS3 protein (Table 5-6). Overall, all sites examined within NS3 protease 

presented evidence of substitutions potentially affecting drug efficacy within the cohort of 

subjects studied. However, these substitutions were mostly present at frequency levels below 

1%.  When non-RAVs were considered, position 138 showed a number of changes at low 

frequency but position 168 remained relatively conserved (Figure 5-1B).  

Eleven HCV genotype 3-infected subjects also underwent sequencing of the NS3 protease 

region using NGS. A total of 67 RAVs were identified but all presented at levels below 1%. 

RAVs below 1% of quasispecies occurred at a prevalence ranging from 27-91% of subjects 

for the 11 sites. Among the 11 HCV genotype 3-infected subjects only one subject did not 

show any variation at sites associated with drug resistance whereas the remaining ten subjects 

presented multiple RAVs across the sites analysed. In general, the NS3 protease region 

presented a high prevalence of RAVs across the sites associated with resistance, however 

these variants were present at low levels (<1%). 

 

5.4.2.2 NS5B polymerase NGS data  
 

Forty-nine HCV genotype 1-infected subjects underwent sequencing of the NS5B polymerase 

region. Amino acid composition at 13 sites associated with resistance to polymerase 

inhibitors was evaluated including S282T and S96T associated with in vitro resistance to 

sofosbuvir, and mercitabine, P496A/S and P495S/L/A/T associated with resistance to 

tegobuvir and BI207127, C316Y/N and S365T/N associated with resistance to filibuvir and 

VCH-759, as well as M414T/L, L419M/V, M423T/I/V, Y448C/H, I482L, V494I/A and 

V499A. The mean sequence coverage at each site varied from 1721-6251 reads. Although no 



190 
 

subject presented a RAV at a frequency higher than 99%, high frequency variants were 

observed within two subjects with a C316N change present at 98.0% in one subject and a 

M423I present at 98.1% in another subject. An additional six subjects presented viral changes 

at frequencies above 1% with one subject having the A499V mutation in 20.7% of 

quasispecies while the frequencies of the remaining changes in these subjects did not exceed 

2.6%. For RAVs below 1%, similarly to the NS3 protease region, they were far more 

prevalent being found at all sites of interest, except site 282, with a prevalence of 3-88% of 

subjects (Figure 5-2A).  
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A. 

 

B.  

 
 

Figure 5-2. Percentage of subjects with A) RAVs and B) non-RAVs present in the NS5B 
polymerase region. Asterisks indicate consensus amino acid for genotype 1a-infected subjects 
is the RAV. Only sites with evidence of non-RAVs included for (B). 

 

Within the subset of subjects presenting RAVs at frequencies greater than 1% (n=8), none 

presented more than one mutation (excluding mutation <1%) associated with drug resistance 
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in the NS5B polymerase region. However, sites 96, 282, 365 and 482 did show evidence of 

non-RAV variations, mainly at frequencies <1% (Figure 5-2B). 

 

Positions 365, 96 and 482 presented a limited number of RAVs above 1% (no more than four 

changes per site) while the most changes observed at frequency >1% were found at 423, 494 

and 448 (up to 32 changes per site) with frequencies ranging from 0.1-98.1%, 0.04-1.5% and 

0.1-0.6% respectively. RAVs were observed at all sites analysed except S282, however no 

major difference in the frequency of those variants was observed with frequencies mainly less 

than 1%. 

An additional nine subjects infected with HCV genotype 3 were sequenced. In this small 

group of subjects, a total of 17 RAVs were found at the sites of interest. Among these, none 

were dominant (>99%), two were present at >1% with a P495S at 20.7% and a P495A 

change at 1.9% in quasispecies in different subjects. The remaining mutations were all <1% 

across the sites 316, 414, 419, 423, 448 and 499 with frequencies ranging from 0.03-0.5%. 

The sites 96, 282, 365, 494 and 496 sites were conserved with no evidence of RAVs even at 

frequencies below 1%. Position 482 presented a consistent leucine (L) instead of an 

isoleucine (I), however this amino acid is commonly observed in HCV genotype 3 –infected 

subjects. 

Overall, in this small number of subjects changes were found within half (7/13, 53.8%) of the 

sites of interests. The majority of subjects presented multiple variants, however these changes 

were mainly at frequencies <1%. 
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5.4.2.3 NS5A NGS data 
 

The sequencing of the NS5A gene was obtained for 28 HCV genotype 1a-infected subjects. 

A total of six sites of interest associated with resistance to the new generation of NS5A 

inhibitors such as daclatasvir and ledipasvir were analysed. These sites included substitutions 

M28A/T/V, Q30E/H/R/K, L31M/V, Q54H/N, H58D/P and Y93C/H/N (Figure 5-3). The 

mean sequence coverage at each site varied from 1475-1993 reads. Three mutations were 

present as a majority variant with a M28V change at 99.5%, a H58P variation at 99.8% and a 

Q30R change in 98.5% of quasispecies populations. The three substitutions were observed in 

different subjects. Five subjects (17.9%) presented a mutation between 1 and 20% including 

four Q30R changes at 1.8%, 1.3%, 1.2% and 1.3% in addition to a M28T substitution at 2.5% 

(Table 5-5). Each change was observed in different subjects. Similarly to the NS3 protease 

and NS5B polymerase regions, most mutations were observed at a frequency below 1%. The 

presence of these low frequency variants was commonly observed at all six sites with a 

prevalence ranging from 4-78% of subjects (Figure 5-3A). 
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A. 

B. 

 
 

Figure 5-3. Percentage of subjects with A) RAVs and B) non-RAVs present in the NS5A 
region. Asterisks indicate amino acid in consensus for genotype 1a-infected subjects is the 
RAV. Only sites with evidence of non-RAVs included for (B). 

 

Among the subjects presenting amino acid changes above 1% at the sites studied (n=8), none 

presented more than one mutation (excluding mutations <1%) associated with drug resistance 

in NS5A. Overall, the sites 28 and 30 presented the highest variability within the NS5A 

region with up to 23 and 22 changes among the 28 subjects with frequencies ranging from 

0.2%-99.5% and 0.1-1.8% respectively, while sites 31, 54 and 58 were the most conserved 
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with no more than two RAVs observed within the group of subjects. However, these sites did 

show evidence of non-RAV variation but mainly at <1% (Figure 5-3B). 

 

5.4.3 Areas in the HCV genome likely to be under host immune pressure and drug pressure: 
influence on the risk to develop drug resistance  

 

It is now well established that the efficacy of new generation protease and polymerase 

inhibitors can be compromised by the emergence of drug-specific viral resistance mutations. 

As shown above the presence of such mutations is not uncommon within HCV-infected 

subjects, which raises the concern of finding the right drug but also the most adequate 

treatment regimen for the subject. As such, considering the main driving force behind HCV 

evolution - the immune profile of the individual treated - in addition to the drug(s) 

administered may be an important consideration in the success of DAA therapy. 

Previous studies have attempted to evaluate the impact of the overlap between drug and 

immune-driven adaptations on treatment outcome (Gaudieri et al., 2009, Tschochner et al., 

2009). In these studies, T-cell immune responses, as directed by the Human Leucocyte 

Antigen (HLA) repertoire of the host, can present common targeted regions containing RAVs 

for certain anti-viral drugs including the new DAAs. In their study, Tschochner and 

colleagues (Tschochner et al., 2009) demonstrated for HIV-infected subjects an increased risk 

for the infected individual to develop drug resistance within regions presenting overlapping 

immune and drug pressures.  

As mentioned above, RAVs are commonly observed within HCV-infected individuals 

although mostly present at low frequencies (<1%). However, the presence as well as the 

impact of such quasispecies on treatment response is still unknown. In this study, the analysis 

investigated if sites associated with drug resistance and T-cell immune pressure correlated 



196 
 

with an increase in the incidence of RAVs or resulted in the presence of higher frequency 

variants at these sites. 

Only 50% (25/50) of subjects within the cohort studied had HLA typing available. Due to a 

limited number of HLA typing available for HCV genotype 3-infected individuals and known 

T cell targets for genotype 3, the analysis below was restricted to HCV genotype 1a-infected 

subjects. 

 

5.4.3.1 Overlapping immune and DAA pressure in the NS3 protease region 
 

For the NS3 protease region, three HLA-restricted T-cell epitopes were analysed. The first 

epitope is a well-described HLA-A2-restricted epitope covering the amino acids 1073-1081 

(CINGVCWTV) of the polyprotein including positions 54 and 55 of NS3. Only position 55 

showed variations at frequencies above 1% within HLA-A2 positive subjects (37.5%), with a 

total of three mutations at 1%, 1.0% and 1.1% presenting an alanine (A) instead of valine (V) 

while no RAV with frequencies ≥1% were observed for position 54. Among the HLA-A2 

negative subjects, none presented a variation at a frequency greater than 1% for position 54 in 

contrast to position 55 with two HLA-A2 negative subjects (18.2%) that had a dominant A. 

The HLA-A24-restricted T cell epitope covering 1100-1108 (MYTNVDQDL) of the 

polyprotein includes position 80 of NS3. A dominant lysine (K) (68.3% of quasispecies) was 

observed in one of the five HLA-A24 positive subjects while the others presented a dominant 

glutamine (Q). No change above 1% was observed within HLA-A24 negative subjects. 

Finally, the HLA-A2-restricted T cell epitope from position 1175-1183 (HAVGIFRAA) of 

the polyprotein including positions 155 and 156 of NS3 showed one subject (1/8 with HLA-

A2) at position 155 who had a mutation above 1% with a K present at 14.7% whereas the 
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remaining HLA-positive subjects had an arginine (R) as the dominant strain. Furthermore, no 

change above 1% was observed within HLA-A2-negative subjects.  

 

5.4.3.2 Overlapping immune and DAA pressure in the NS5A region 
 

For the NS5A region the HLA-A3-restricted T-cell epitope covering 2017-2026 

(GVWRGDGIMH) of the polyprotein including position 54 of NS5A was screened for 

variations. There was no RAV >1% present in HLA-A3 subjects or HLA-A3-negative 

subjects. 

 

5.4.3.3 NS5B polymerase region 
 

For the NS5B region, there were six HLA-restricted T-cell epitopes that overlapped a DAA 

RAV site: HLA-A3-restricted epitope from 2510-2518 (SLTPPHSAK) including position 96; 

HLA-B7-restricted epitope from 2835-2844 (APTLWARMVL) including position 419; 

HLA-B27-restricted epitope from 2841-2849 (ARMILMTHF) including position 423; HLA-

A1-restricted epitope from 2858-2868 (QLEQALDCEIY) including position 448; HLA-B55-

restricted epitope from 2898-2907 (SPGEINRVAA) including position 482; and HLA-B57-

restricted epitope from 2912-2921 (LGVPPLRAWR) including positions 494, 495, 496 and 

499. Among the group of subjects studied, none of the HLA-positive (with correct restriction 

for T cell epitope) subjects (5 HLA-A3, 9 HLA-B7 and 5 HLA-A1 subjects) presented a 

RAV >1% at positions 96, 419 and 448. Similar observations were made within the group of 

HLA-negative subjects for the same three positions. 
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For the HLA-B27-restricted T cell epitope, only one subject carried the allele but no variation 

at position 423 at >1% was observed for this subject or any other subject. For the HLA-B55-

restricted T cell epitope, as above, only one subject was HLA-B55 positive but no RAV 

above 1% was identified. Finally, only one subject was HLA-B*57 positive, but RAVs 

greater than 1% were not observed for positions 494, 495, 496 and 499. Three individuals 

presented variations at 1.9%, 2.6% and 20.7% for positions 495, 496 and 499 respectively 

however all three subjects were HLA-B57 negative. 

 

5.5 Discussion 
 

This study constitutes one of the largest and most comprehensive analysis of the prevalence 

of naturally occurring drug resistance mutations in the setting of recently acquired hepatitis 

C. DAA resistant variants were observed at most sites known to be targeted by the new 

generation inhibitors, albeit dominant variants were infrequent in comparison to low 

frequency (<1% of quasispecies) variants that were observed in most subjects. The presence 

of dominant RAVs (>50%) was observed within eight HCV genotype 1-infected subjects 

(15.7%) with a total of nine dominant mutations ranging from 68.3-99.8%. Of those 

dominants variants, 6.3% were protease inhibitor resistant variants, 4.1% were polymerase 

inhibitor resistant variants and 10.7% were conferring resistance to NS5A inhibitors. 

Regarding mutations between 1-50%, they were more prevalent than the dominant variant 

strains with a total of 23 changes observed among subjects including 12 (52.2%) found in the 

protease, five (21.7%) in the NS5A region and six (26.1) in the polymerase protein. 

Nevertheless, all of these variants (1-50 %) were present at levels below the detectable 

threshold for bulk sequencing (ie <20%) with a frequency no greater than 14.7% and 

therefore were unlikely to have been detected using current standard sequencing technology 
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(low resolution). Finally, resistant quasispecies present at lower level (≤1%) were observed 

within all known sites associated with resistance to major DAA treatment classes except for 

S282T and S96T conferring resistance to sofosbuvir, as well as L31M conferring resistance 

to daclastavir. However, these sites did exhibit non-RAV variations at <1%. All subjects had 

at least one mutation associated with drug resistance at a frequency <1%.  

In the comparative analysis of the prevalence of dominant RAVs in subjects with recently 

acquired Hepatitis C and treatment naïve chronic HCV-infected, both chronic and acute 

individuals showed a generally low prevalence of dominant RAVs that could be associated 

with a decrease in drug efficacy. The two groups showed a similar pattern in the prevalence 

of variants with only two significant differences in their frequencies (position 41 and 170 in 

NS3 protease). These sites do not appear to be critical (primary resistance sites for he NS3 

protease inhibitors. 

 

The prevalence of pre-existing RAVs in treatment naïve chronic HCV-infected subjects 

quasispecies has been investigated showing varying levels between proteins, genotypes and 

studies. In the study by Bartels et al. only 2% of the 570 treatment-naïve subjects studied 

showed dominant RAVs associated with HCV protease inhibitor resistance on bulk 

sequencing. Le Pogam et al (Le Pogam et al., 2008) however showed among the 92 untreated 

HCV-infected subjects (72 genoytpe 1a and 20 genotype 1b) from Australia, New Zealand, 

US and Germany that up to 21% of the bulk sequenced NS5B polymerase isolates presented 

natural polymorphisms associated with resistance to NNIs at residues 96, 316, 423, 499 and 

556. In a larger study involving 507 treatment-naïve HCV genotype 1-infected subjects from 

the US, Germany and Switzerland, Kuntzen et al. (Kuntzen et al., 2008) showed on bulk 

sequencing a prevalence up to 8.6% of HCV genotype 1a-infected subject carrying at least 
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one dominant resistance mutation either in the protease or polymerase regions and 1.4% 

within the HCV genotype 1b-infected subjects. The study by colleagues (Gaudieri et al., 

2009) grouping 405 individuals from Australia, Switzerland, and the United Kingdom (and 

discussed in this chapter) identified drug resistance mutations within 21.5% of the HCV 

genotype 1a-infected subjects using population (bulk) sequencing. However, for the most part 

the frequency of RAVs at individual sites is low. 

The naturally occurring prevalence of RAVs in untreated HCV-infected subjects is common 

in low frequency quasispecies however studies using classical sequencing methods (i.e. 

Sanger or bulk sequencing) underestimate the prevalence of such variants. In their study 

Rodriguez-Frias et al. (Rodriguez-Frias et al., 2009) compared bulk sequencing and deep-

sequencing methods in the identification of drug-resistant mutants within treatment-naïve 

subjects and showed that pyrosequencing allowed detection of multiple NS3 amino acid 

substitutions associated with resistance to protease inhibitors such as telaprevir, boceprevir, 

SCH6, SCH567312, ITMN-191 and ACH806, while bulk sequencing methods identified only 

a single mutation (A156T). Pyrosequencing techniques therefore provide greater resolution 

regarding the composition of the viral population infecting a single subject, as also confirmed 

in this study. 

Le Pogam et al (Le Pogam et al., 2008) demonstrated that resistant mutations present at a 

frequency as low as 5% in the quasispecies can reduce drug sensitivity and HIV studies 

support this finding by showing that low level variants can impact on treatment efficacy. 

Indeed, Tsibiris and colleagues (Tsibris et al., 2009b) revealed that chronically HIV-infected 

subjects in whom vicriviroc (CCR5 antagonist) therapy failed initially presented minor 

variants at only 0.8–2.8% of baseline samples, which rapidly evolved within a couple of 

weeks as major variants likely to influence treatment outcome; revealing that minor variants 

have significant clinical implications in chronic infections involving rapidly evolving viruses 
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like HIV or HCV. It remains to be determined the relevance of the <1% frequency RAVs 

observed in this study on treatment outcome. 

Interestingly, this study has shown an absence of RAVs even at levels <1% within sites 

known to confer resistance to sofosbuvir involving the polymerase protein (sites 96 and 282) 

and in NS5A at position 31 associated with daclatasvir resistance. This data supports the idea 

that combined therapy could be promising as combination of drug targets seems to be less 

associated with the impairment of drugs efficacies. 

In this study, 10 regions (T cell epitopes) were identified in the NS3 protease, NS5A and 

NS5B polymerase regions to be under the host’s immune response (HLA class I-restricted) 

pressure overlapping with 15 sites subject to anti-HCV therapy. Within the three epitopes 

present in the NS3 protease, only three sites (position 55, 80 and 155) for which immune and 

drug-driven pressures overlap presented mutations at frequencies above 1% with a prevalence 

up to 37.5% in HLA-positive subjects at position 55. Interestingly, position 55 was the only 

site with an occurrence of mutations at frequencies >1% for subjects with un-matched HLA 

although with a lower prevalence of variants (18.2%) in comparison to subjects with the 

correct HLA-restriction for the T cell epitope. Only one epitope was identified in the NS5A 

gene including position of interest 54 but no change was observed within participants 

whether or not they were positive for the restricting HLA allele. Finally, the polymerase gene 

included six epitopes comprising a total of nine sites known to be associated with drug 

resistance. Among these sites, positions 96, 419 and 448 showed no difference between 

subjects presenting the corresponding HLA allele and the HLA-negative individuals as no 

mutation above 1% was present in either group. The analysis of the remaining sites was 

limited by the number of HLA-positive subjects available in each corresponding restricted 

epitope. Unfortunately, the HLA genetic system is highly polymorphic and in order to have 

sufficient power to detect a difference between groups, a much larger cohort is needed. 
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HIV studies have previously shown the influence of immunological host factors on the 

emergence of drug resistance variants demonstrating the increased risk for the subject to 

develop mutations at sites at which the two selective forces intersect (Cossarini et al., 2011, 

Tschochner et al., 2009, Mueller et al., 2007). In their study Tschochner and colleagues 

(Tschochner et al., 2009) looked at a cohort of 487 HIV-1 infected individuals and identified 

an increased viral diversity within HLA-restricted epitopes overlapping with known drug 

resistant sites. In another cohort of 94 HIV-1-positive subjects, Mueller and colleagues 

(Mueller et al., 2007) demonstrated that several drug resistance-associated mutations along 

the protease acted as CD8+ T cells escape mutants thus showing the key role of T cell 

responses in shaping viral polymorphism and its potential impact on the development of new 

drugs targeting regions overlapping with the host’s immune response. Finally, a study 

(Tschochner et al., 2009) comprising 342 antiretroviral-naïve subjects found a limited 

occurrence of natural integrase inhibitor resistant variants however few residues subject to 

dual-drug and HLA-associated immune selection were shown to have the potential to affect 

treatment efficiency. Concomitantly, few HCV studies have shown similar results. Salloum 

and colleagues (Salloum et al., 2010) looked at substitutions R155K and A156T, which 

constitute key positions for resistance to DAAs such as telaprevir, boceprevir, BILN2061 and 

ITMN-191 and also overlap with the HLA-A68-restricted epitope (HAVGIFRAAV) from 

position 1175-1184. They investigated the impact of these protease inhibitor resistant mutants 

on the replication level as well their influence on the HCV-specific antiviral CD8+ T cell 

response. Their replication assay showed a low and intermediate fitness cost associated with 

the R155K and A156T changes respectively and they found that these variants enabled 

immune escape from HLA-A68-restricted CD8+ T cells (loss of cross-recognition). Another 

study (Gaudieri et al., 2009) including 205, 54 and 146 subjects infected with HCV 

genotypes 1a, 1b and 3a respectively, evaluated the prevalence of drug resistance mutations 
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within sites along the HCV NS3 protease and NS5B polymerase genes for which drug and 

immune selective pressures intersect. They observed pre-existing RAVs at varying 

frequencies between genotypes/subtypes and proteins, and identified six HLA-associated 

polymorphisms (P≤0.05) that overlap with known drug resistance sites suggesting that 

synergistic effect of antiviral drug resistance and HLA-driven adaptation can increase 

individual’s risk to express resistant viral changes at these sites. The data in this study, albeit 

limited by the number of subjects with each HLA cannot confirm the influence of HLA type 

on viral diversity at drug resistance sites. Therefore, the consideration of the subject’s HLA 

profile as well as the genotype/subtype may still be a useful approach to identify the most 

appropriate drug regimen for a subject. 

 

In summary, the low prevalence of naturally occurring drug-resistance mutants suggest that 

resistant variants are not as fit as wild type viruses. However, while some variants can 

overcome that replication deficiency commonly associated with viral changes, usually via the 

support of compensatory mutations, the presence of naturally occurring dominant variants 

albeit infrequent, are observed among HCV-infected subjects. In addition, HLA-associated 

immune response overlapping with known drug resistance sites has proven its capability to 

influence viral diversity within sites relevant to antiviral therapy and may be important as it 

can influence treatment outcome. Combination therapy with new generation inhibitors as well 

as individualization of therapy appear to be the most promising treatment options for the 

future until the influence of naturally occurring RAVs is further investigated. 
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The nature and extent of my contribution to the work described in Chapter 6 are listed below: 

Nature of Contribution Contribution (%) 

Bulk sequencing of HCV genomes from subjects in HCV 

cohorts utilised in this study and analysis of this data; real-time 

KIR genotyping. 
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6.1 Summary 

Numerous studies have demonstrated the importance of a strong and sustained adaptive 

immune response to control HCV infection. However, an accumulation of evidence suggests 

that the innate immune system can also play an important role in HCV infection outcome and 

disease progression. NK cells, the effector cells of the host innate immune response, have 

been identified as an important element influencing HCV infection outcome. Previous studies 

have shown that the presence of specific NK cell killer immunoglobulin-like receptors (KIRs) 

alone or in the presence of their cognate human leucocyte antigen (HLA) ligand are 

associated with differential HCV infection outcome. This interaction between host KIR 

repertoire and HLA regulates NK cell activation levels such that less inhibitory signals may 

be useful for the host to naturally clear the virus. Further evidence of the importance of NK 

cells, and specifically KIRs, on viral infection outcome comes from the observation that NK 

cells can exert immune pressure on HIV, a virus with many similarities to HCV, resulting in 

sequence polymorphisms along the viral genome that are characteristic of an NK cell 

response. These viral adaptations to NK cell immune pressure are akin what has been 

observed for HLA-restricted T cell pressure and reflects the virus’s attempt to evade the 

host’s innate immune pressure. To evaluate the contribution of NK cell-mediated immune 

pressure on HCV infection outcome genotyping of 10 KIR genes present in the centromeric 

and/or telomeric region of the KIR complex on chromosome 19 were genotyped and their 

presence (alone or as part of a haplotype) was correlated with viral resolution or persistence. 

An analysis of the number of KIR inhibitory or activatory signals (using the number of 

activatory genes as a marker) was also correlated with infection outcome. 
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In this chapter the following questions were addressed: 

1. Are specific KIR genes associated with HCV infection outcome? 

2.  Does the nature of the signal generated by the KIR repertoire (inhibitory vs. 

activatory) affect HCV infection outcome?  

 

Results from this study suggest a protective role for telomeric KIR genes against viral 

persistence with an increased prevalence of B-haplotype-defining KIR genes among 

spontaneous resolvers. Accordingly, given the dominance of activatory KIR genes on the B 

haplotype, there was a greater proportion of activatory KIRs among resolvers relative to 

chronic HCV-infected individuals who generally presented an even distribution of inhibitory 

and activatory KIR genes. 

Although sample size was a limitation in this study, particularly of individuals who carry the 

BB-haplotype, these results support previous studies suggesting a protective effect in 

hepatitis C of KIR genes that reflect a more activatory profile.  
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6.2 Introduction 

Host and viral factors help determine HCV infection and treatment outcome as well as 

disease progression following viral persistence. As such, researchers are looking for tools or 

markers that could evaluate an individual’s risk to develop life-threatening symptoms 

associated with HCV infection or identify if the individual is a good candidate for treatment. 

The importance of identifying relevant genetic or other biomarkers of disease outcome has 

important global implications given that within the HCV-infected population (numbers more 

than 170 million worldwide), 20-35% of individuals will develop advanced fibrosis and 

cirrhosis over 20-30 years. This advanced form of hepatitis C-related disease is associated 

with an increased risk to develop hepatocellular carcinoma (HCC) at a rate of 3-6% per year 

(Seeff, 2009, Yoshida et al., 1999, Lok, 2009). Therefore, reliable markers of HCV disease 

progression, including viral persistence, could prevent an individual from initiating a 

treatment (with its associated cost and adverse side-effects) who is unlikely to develop 

clinical manifestations associated with hepatitis C or will go on to spontaneously resolve 

infection. 

It is now well established that NK cells play a crucial role in the control of viral infections as 

part of the innate immune system. Target cells such as virally-infected cells (and tumour 

cells) typically have low or no expression of the HLA class I molecules on their surface (to 

indicate “normal self” to the immune system) and are recognised and lysed by NK cells in a 

process referred to as “missing-self” recognition (Karre et al., 1986). Down-regulation of 

HLA class I molecules on virally-infected cells is thought to be an immune evasion strategy 

utilised by viruses against cytotoxic CD8+ T cells, which are reliant on the recognition of 

viral peptides in complex with HLA Class I, and are therefore susceptible to “missing-self” 

recognition by NK cells. Furthermore, it has recently been shown in HCV infection that NK 
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cells may modulate the host’s adaptive immune response by directly deleting activated CD4+ 

and CD8+ T cells (Cerboni et al., 2007, Nielsen et al., 2012, Peppa et al., 2013).  

The cytotoxic capacity of NK cells is regulated via signals derived from a complex array of 

inhibitory and activatory receptors. NK cell receptors such as KIRs and CD94/NKG2A allow 

NK cells to sample cells for the presence of HLA class I molecules (ligands) that are typically 

expressed on healthy cells. The presence of particular combinations of HLA Class I alleles 

and KIRs within a host will determine the activation threshold of NK cells and modulate NK 

cell-mediated responses. Other NK cell receptors such as NKG2D are normally engaged by 

stress- or virally-induced ligands as well as tumour associated proteins on the surface of 

target cells and provide an activatory signal to kill. Studies have shown that antigen 

stimulated CD4+ and CD8+ T cells express the NKG2D ligands MICA/B and ULBP1/2/3 

(Cerboni et al 2007; Nielson et al 2012) and NK cell lysis of activated T cells can be 

abrogated by blocking NKG2D (Roy et al 2008; Nielson et al 2012).  

KIRs are encoded by a cluster of genes within the Leukocyte Receptor Complex (LRC) 

located on chromosome 19 (19q13.4) (Wilson et al., 2000, Trowsdale, 2001). An individual 

presents only a portion of the KIR genes known to exist within the KIR complex, thus KIRs 

are expressed in a stochastic manner. KIR haplotypes are defined by a combination or 

presence of specific genes in either the centromeric or telomeric region of the complex 

(Trowsdale, 2001). While the KIR A-haplotype is relatively fixed in terms of gene content 

(characterised by the presence of KIR3DL3, KIR2DL3, KIR2DL1, KIR2DL4, KIR3DL1, 

KIR2DS4 and KIR3DL2), the B-haplotype is characterised by variable KIR gene numbers 

and comprises more activatory genes.  

In general, A-haplotypes are associated with an improved response to pathogens in 

comparison to B-haplotypes (Hiby et al., 2010, Lu et al., 2008, Cheent and Khakoo, 2009). In 

support of this, Dring et al (Dring et al., 2011) found that the B-haplotype associated genes 
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KIR2DS3 and KIR2DL5 appear to be more frequent in chronic HCV-infected subjects in 

comparison to resolvers. However, association studies examining single KIR genes with a 

particular phenotype can be limiting given the coordinated interaction between multiple KIRs 

and the hierarchy of interactions with their HLA class I ligands. Accordingly, studies that 

examine KIR haplotypes and/or KIR-HLA epistatic interactions can help clarify the overall 

influence of KIR on infection outcome. One such study by the Carrington group showed that 

when single KIR genes were correlated with HIV infection outcome, KIR3DS1 was 

associated with faster progression to disease but this effect was reversed in the presence of a 

subset of HLA-Bw4 alleles with isoleucine at position 80 (Martin et al., 2002). In the context 

of HCV infection, studies have shown that homozygosity for the NK cell inhibitory receptor 

KIR2DL3 and its ligand, HLA-C1 alleles, results in a higher probability of infection 

resolution (Khakoo et al., 2004).  This combined genotype results in relatively weak 

inhibition of NK cells and therefore likely protects against HCV by rendering NK cells more 

easily activated than in other subjects.  

While both HIV and HCV studies have suggested that a diminished inhibitory response can 

be associated with good outcome following infection, HPV-induced cervical cancer appears 

more likely with HLA-KIR interactions that favour NK cell activation (Carrington et al., 

2005). Hence, the role of NK cells in contributing to viral infections such as hepatitis C and 

disease progression requires further investigation.  

While many previous studies have attempted to associate specific KIR genes with viral 

infection outcomes, the quantitative analysis of KIR genes in the context of haplotypes that 

cover the centromeric and telomeric ends of the KIR complex has not been extensively 

studied and will be important as effector NK cell function is dependent on the balance 

between inhibitory and activatory signals. In this study, the global KIR profile within 
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individuals was considered to indirectly examine the effector function (as a balance between 

activatory and inhibitory signals) of NK cells in HCV infection outcome. 

This study also utilised a real-time PCR KIR genotyping assay that presents the advantage of 

assigning the presence of the targeted KIR gene based on established Ct values and melting 

temperature characteristics of the different KIR genes. This approach bypasses the errors that 

can be generated with the interpretation of end-point PCR used in previous techniques to 

obtain KIR genotypes as well as reduce amplicon size to increase PCR efficiency.  

 

6.3 Materials and methods 

 

6.3.1 Study population 

Samples from HCV seropositive individuals were obtained from Australian tertiary hospitals 

(Royal Perth, Fremantle, Sir Charles Gairdner, Royal Prince Alfred), the Swiss HIV Cohort 

Study (SHCS) and from Oxford, UK as detailed below and in Chapter 3. 

Of the 227 subjects tested, 194 individuals were treatment naïve chronic HCV-infected; 21 

chronic HCV-infected who had undergone treatment among which 17 failed at clearing the 

infection (chronic treatment failure) and four eradicated the virus (treatment resolvers) while 

12 subjects were spontaneous resolvers. A summary of the clinical information on the 

subjects used in this study is shown in Table 6-1. 
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Table 6-1. Clinical characteristics of study participants.  

 
Australian 

Cohorts 
 (n=85) 

Swiss HIV 
cohort  
(n=96) 

Oxford (UK) 
Cohort 
(n=46) 

HCV genotype 1, n (%) 51 (60) 5 (5.2) 17 (37) 

HCV genotype 2, n (%) 1 (1.2) 0 (0) 2 (4.3) 

HCV genotype 3, n (%) 31 (36.5) 10 (10.4) 23 (50) 

HCV genotype 4, n (%) 1 (1.2) 0 (0) 0 (0) 

HCV genotype 
undetermined, n (%) 1 (1.2) 81 (84.4)* 4 (8.7) 

Infection outcome    

Chronic treatment naive 63 (74.1) 85 (88.5) 46 (100) 

Chronic treatment failure 17 (20) 0 (0) 0 (0) 

Spontaneous resolvers 1 (1.2) 11 (11.5) 0 (0) 

Treatment resolvers 4 (4.7) 0 (0) 0 (0) 
*At the time of writing this thesis, genotype information was not available on all subjects from the SHCS. 
However, most subjects are likely to be infected with genotype 1 and 3. 

 

6.3.1.1 The Swiss HIV Cohort Study 

The Swiss HIV Cohort Study (SHCS) as previously described (Profile, 2010) is an ongoing 

study that was established in 1988 as a multi-center research project dealing with HIV 

infected subjects. This study involves the follow-up of HIV-positive participants aged 16 

years or older from seven large hospitals in Switzerland including subjects co-infected with 

HCV. Further details are found in section 3.1.4. In this study a subset of subjects from the 

SHCS were examined for KIR genotype. 
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6.3.1.2 Subjects recruited in Oxford 

Treatment-naïve HCV-seropositive individuals were recruited from the John Radcliffe 

hospital (Oxford, United Kingdom) aiming at identify factors that are associated with the 

disease progression and support research into the development of novel therapies (see section 

3.1.5 for further details).  

 

6.3.1.3 Subjects from Australian tertiary hospitals 

HCV-seropositive subjects were recruited from local hospitals in Perth, WA as well as Royal 

Prince Alfred Hospital in Sydney, NSW (see Section 3.1.3).   

 

6.3.2 Ethic Statement 

All study participants gave written informed consent. The protocol and the procedures of the 

study were approved by Royal Perth Hospital Human Research Ethics Committee 

(EC2004/005), UWA Human Ethics Committee (RA/4/1/5142) and local ethics committees 

at sites following the ethical guidelines of the Declaration of Helsinki.  

 

6.3.3 Viral RNA extraction 

Viral RNA was extracted from plasma samples using the COBAS AMPLICOR HCV 

Specimen Preparation Kit v2.0 (Roche Applied Science) according to manufacturer’s 

instructions as described in section 3.5.1. 

 

6.3.4 HLA genotyping 

High resolution four-digit HLA class I (HLA-A, -B and -C) genotyping was performed as 

previously described (Witt et al., 2002) (See section 3.9). 
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6.3.5 KIR genotyping 

KIR genotyping was performed using a real-time PCR assay based on Sybr Green detection. 

A total of 10 KIR genes were targeted in separate PCR reactions with outcome based on Ct 

values and melting temperatures in combination with a positive internal control (GALC). A 

specific set of primers was used for each KIR gene.  

KIR haplotypes were defined as AA if the KIR profile for an individual showed only group A 

haplotype genes (KIR2DL3, KIR3DL1 and KIR2DS4) or BB if the KIR profile showed only 

group B haplotype genes (KIR2DS2, KIR2DL2, KIR2DS3, KIR2DL5, KIR2DS5, KIR2DS1 

and KIR3DS1). When profile showed one or more KIR gene(s) of each group, the KIR 

haplotype was defined as AB.  

Further details on the methods and primers used in this assay can be found in Section 3.10. 

 

6.3.6 IL-28B genotyping 

Genotyping of the single-nucleotide polymorphism (SNP) rs12979860 upstream of the IL-

28B gene was performed as previously described (Urban et al., 2010) and as detailed in 

section 3.11. 

 

6.3.7 Statistical analysis 

Fisher’s exact tests were used to assess differences between subject groups in the carriage of 

KIR genes. Trends in group proportions of haplotype carriage were assessed by the Armitage 

trend test. 

Additionally, a statistical power analysis was performed (G*Power, v 3.1, available at 

http://www.gpower.hhu.de/) to determine the power of dataset used and evaluate ability to 

detect differences. With a α error probability of 0.05, a 1 degree of freedom and a power of 

80% the effect size of a cohort of 227 subjects is 0.19, using contingency table and χ2 test. As 
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such, the total number of individuals studied in this chapter allows to detect medium to large 

effects that could be associated with the presence of a specific KIR but no small effects. 

 

6.4 Results  

Despite targeted efforts to obtain samples from spontaneous resolvers, sample size limited the 

different analyses to be performed in this study. In order to compensate for the small sample 

sizes, most analyses initially focussed on the comparison of spontaneous resolvers versus 

chronic infected-subjects who failed IFN-based treatment assuming that spontaneous 

resolvers would represent the group with the most favourable immunogenetic profile in 

contrast to chronic infected-individuals experiencing treatment failure who are presumed to 

possess the least favourable immunogenetic profile to resolve HCV infection. Where a 

significant outcome was observed, the complete dataset was examined. Furthermore, 

although IL28B typing data was obtained for the majority of subjects, the small sample size 

did not allow the subjects to be further characterised by this important immunological 

marker.  

 

6.4.1 Influence of KIR genes and haplotypes on HCV infection outcome 

In this study, the KIR haplotypes of the subjects were examined to determine if the presence 

of a particular KIR haplotype could be indicative of HCV infection outcome. For each subset 

of individuals studied, the AB-haplotype (152/227, 68%) was most prevalent compared to 

AA-haplotypes (72/227, 31.7%), while only three subjects (3/227, 1.3%) presented a BB-

haplotype (Figure 6-1).  
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Figure 6-1. KIR haplotype frequency among HCV-infected subjects stratified by infection 
outcome. 
 

 

The greatest difference between haplotypes was observed within the spontaneous resolvers 

with up to 83% with an AB-haplotype profile while the remaining groups presented 

frequencies of AB-haplotypes between 65-75%. Due to a restricted number of individuals 

with the KIR BB-haplotype, findings observed by Dring et al suggesting that certain B-

haplotypes would be more frequently observed among chronic HCV-infected individuals 

could not be verified. 

To extend the analysis, the centromeric and telomeric parts of the KIR complex were 

examined according to the presence or absence of haplotype-defining KIR genes. For this 

analysis, KIR haplotype was determined according to the presence or absence of one or more 

B haplotype-defining KIR genes (Figure 6-2). As only 10 KIR genes were tested, KIR 

genotypes were grouped into AA if they contained only group A haplotype genes 
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(KIR2DL3centromeric, KIR3DL1telomeric and KIR2DS4telomeric) or BB if they contained only 

group B haplotype genes (KIR2DS2 centromeric, KIR2DL2 centromeric, KIR2DS3cent/tel, KIR2DL5 

cent/tel, KIR2DS5 telomeric, KIR2DS1telomeric and KIR3DS1 telomeric). When examining both 

centromeric and telomeric loci the trend test indicates that there is a significant increasing 

proportion of spontaneous resolvers with B haplotype-defining KIR genes (P=0.03). When 

the centromeric and telomeric regions were examined separately that trend was not 

significant for centromeric loci (P=0.4) while the significance was increased for telomeric 

loci (P=0.002). The data therefore suggests that the telomeric rather than centromeric KIR 

genes protect from progressing to chronic HCV infection.  

 

 

Figure 6-2. KIR haplotypes among HCV-infected individuals based on centromeric and/or 
telomeric KIR genes. 
 

As previous studies demonstrated that differential level of KIR inhibition can be associated 

with the presence or absence of certain KIR genes (Winter et al., 1998, Ahlenstiel et al., 

2008) and can ultimately influence the outcome of HCV infection (Khakoo et al., 2004, 

Romero et al., 2008), the distribution of specific KIR genes in association with infection 



219 
 

outcome was examined. For this analysis, spontaneous resolvers were compared to chronic 

HCV-infected subjects with treatment failure (Figure 6-3). In this comparative analysis, the 

activatory KIR2DS5 gene (present on the telomeric-end of the B haplotype) was significantly 

more prevalent within spontaneous resolvers (8/12, 66.7%) in comparison to chronic HCV 

infected treatment failures (3/17, 17.6%, P=0.02) (Table 6-2).  

 

Figure 6-3. KIR gene frequencies for individuals with chronic HCV infection compared to 
spontaneous resolvers. 
 

Although the analysis did not achieve significance threshold set (P≤ 0.05) among the 

remaining genes tested, three KIR genes including one inhibitory gene, KIR3DL1, and two 

activatory genes, K2DS4 and KIR3DS1 were close to statistical significance. KIR3DL1 and 

K2DS4, genes on the telomeric end of the A haplotype, were found within all chronically 

infected subjects (17/17, 100%), while only 75% (9/12) were found in spontaneous resolvers, 

for both genes, thus reaching a P value of 0.06. On the contrary, KIR3DS1 (telomeric end of 

B haplotype) was more prevalent in spontaneous resolvers (8/12, 66.7%) in comparison to 

chronics (5/17, 29.4%, P=0.07). Suggesting the activatory genes on the telomeric B 

haplotype are associated with good outcome. 
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Table 6-2. Comparison of KIR frequencies among chronic HCV-infected individuals 
experiencing treatment failure and spontaneous resolvers.  
 

  

Chronics 
(Treatment 

failure) 

Spontaneous 
resolvers OR 95% CI P 

N (%) N (%) 
KIR 2DL3 13 (76.5%) 10 (83.3%) 1.52 (0.17-19.98) 1 

KIR 3DL1 17 (100%) 9 (75%) 0 (0-1.58) 0.06 

KIR 2DS4 17 (100%) 9 (75%) 0 (0-1.58) 0.06 

KIR 2DS2 8 (47.1%) 8 (66.7%) 2.19 (0.39-14.11) 0.5 

KIR 2DL2 8 (47.1%) 8 (66.7%) 2.19 (0.39-14.11) 0.5 

KIR 2DL5 8 (53.3%) 8 (66.7%) 1.71 (0.29-11.5) 0.7 

KIR 3DS1 5 (29.4%) 8 (66.7%) 4.52 (0.78-31.83) 0.07 

KIR 2DS3 7 (41.2%) 4 (33.3%) 0.72 (0.11-4.19) 0.7 

KIR 2DS5 3 (17.6%) 8 (66.7%) 8.48 (1.29-76.26) 0.02 

KIR 2DS1 8 (47.1%) 8 (66.7%) 2.19 (0.39-14.11) 0.5 
 

In the first analysis described above the opposite groups in terms of advantageous and 

disadvantageous immunogenetic profiles to eradicate HCV were compared; excluding 

treatment resolvers. To enlarge the analysis the same group of spontaneous resolvers was 

compared with subjects that possessed an immunogenetic profile that is not sufficiently 

advantageous to control the infection therefore including all chronic HCV-infected subjects 

such as treatment resolvers who would have evolved toward chronicity if treatment had not 

been initiated (Figure 6-4).  
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Figure 6-4. KIR gene frequencies for individuals with chronic HCV infection (including 
treatment resolvers) compared to spontaneous resolvers. 
 

Interestingly, the results of this second comparative analysis were similar to the first one and 

statistical significance was reached (Table 6-3). The single inhibitory gene, KIR3DL1, was 

significantly increased within the chronic group (97.2%) compared to spontaneous resolvers 

(75%, P=0.008). Similarly, the activatory gene KIR2DS4, was significantly increased within 

the chronics (96.3%) compared to spontaneous resolvers (75%, P=0.01). Finally, the second 

activatory gene, KIR2DS5, was significantly increased within spontaneous resolvers (66.7%) 

compared to the chronic group (31.3%, P=0.02). The activatory KIR3DS1 gene was the only 

gene for which statistical significance was not reached and remained unchanged with a P 

value (0.07) identical to the first comparative analysis. 
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Table 6-3. Comparison of KIR frequencies among chronic HCV-infected individuals 
(including treatment resolvers) and spontaneous resolvers.  
 

  

Chronics and 
Treatment 
resolvers 

Spontaneous 
resolvers OR 95% CI P 

N (%) N (%) 
KIR 2DL3 185 (86.4%) 10 (83.3%) 0.78 (0.16-7.72) 0.7 
KIR 3DL1 209 (97.2%) 9 (75%) 0.09 (0.02-0.63) 0.008 
KIR 2DS4 207 (96.3%) 9 (75%) 0.12 (0.02-0.81) 0.01 
KIR 2DS2 108 (50.2%) 8 (66.7%) 1.98 (0.51-9.24) 0.4 
KIR 2DL2 108 (50.5%) 8 (66.7%) 1.96 (0.51-9.15) 0.4 
KIR 2DL5 105 (49.8%) 8 (66.7%) 2.01 (0.52-9.42) 0.4 
KIR 3DS1 83 (38.6%) 8 (66.7%) 3.16 (0.82-14.82) 0.07 
KIR 2DS3 64 (29.8%) 4 (33.3%) 1.18 (0.25-4.59) 0.8 
KIR 2DS5 67 (31.3%) 8 (66.7%) 4.36 (1.12-20.47) 0.02 
KIR 2DS1 77 (36%) 8 (66.7%) 3.54 (0.91-16.59) 0.06 
 

 

6.4.2 Relationship between number of activatory KIR genes and cognate HLA ligand and 

infection outcome  

Among the 10 KIR genes typed, only spontaneous resolvers showed a higher proportion of 

activating KIR genes (median, 4.0, P=0.04) in comparison to inhibitory genes (median, 3.0) 

within single individuals. As such, the presence of numerous activating genes (mostly present 

in the BB-/AB-haplotypes) increases the chance of the individual to have the correlated HLA 

ligand and therefore induce activating signals likely to overcome simultaneous inhibitory 

signals. This supports previous findings suggesting that HCV resolution is associated with 

decreased or weak inhibition of NK cells. 

As both ligand and receptor must be present for particular functional interactions to occur, the 

analysis was extended to include an individual’s HLA-ligand/KIR repertoire binding 

potential. Given the small sample sizes, this part of the analysis was exploratory and intended 

to identify a large effect size.  

Diverse HLA ligands are recognised by inhibitory and activatory KIRs. At present the main 

KIR ligands that have been identified belong to the HLA-C and HLA-Bw4 groups. The 
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HLA-C allotype is categorised into two groups based on a dimorphism at position 80, with 

HLA-C1 alleles presenting an asparagine at this position whereas HLA-C2 alleles present a 

lysine. KIR2DL1, KIR2DL2, and KIR2DL3 recognise HLA-C ligands (Kulkarni, 2012). 

Similarly, the HLA-Bw4 allotype has been identified as a ligand for KIR3DS1 and 

KIR3DL1. A dimorphism at position 80 generates different affinity between the inhibitory 

KIR3DL1 receptor and HLA-Bw4 alleles with a stronger inhibition induced by the KIR-HLA 

interaction when the allotype presents an isoleucine at position 80 compared to the allotype 

with a tyrosine (Cella et al., 1994, Carr et al., 2005, Gumperz et al., 1997). Ligands for 

KIR2DL5, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DL3 have not been identified. Due to 

the specificity of interaction and the varying affinities between the interacting molecules, the 

signal strength (whether it is an activating or inhibiting signal) can therefore vary between the 

different interactions. As such this study attempted to correlate the presence of a functional 

KIR gene (defined by the presence of the KIR gene and its HLA ligand within the host) with 

a specific outcome of the HCV infection (again due to sample size, spontaneous resolvers 

were compared to chronic infected subjects who failed to eradicate the virus after treatment).  

The prevalence of functional activatory KIRs interacting with HLA-C allotypes was greater 

among spontaneous resolvers for KIR2DS2-HLA-C1 (60%) in comparison to chronics with 

prevalence of 42.9% (Table 6-4). Similarly, with the activatory KIR3DS1 interacting with 

HLA-Bw4, the prevalence of the activatory receptor-ligand was higher among individual 

with favourable outcome with 50% of spontaneous resolvers presenting the corresponding 

HLA-KIR pair in comparison to 21.4% within subjects experiencing chronicity (Table 6-5). 
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Table 6-4. Frequency of KIR and HLA receptor-ligand pairings based on HLA-C genotype 
and infection outcome.  
 

 N 

Inhibitory KIR Activatory KIR 
KIR2DL2-
HLA-C1 
n (%) 

KIR2DL3-
HLA-C1 
n (%) 

KIR2DS1-
HLA-C2 
n (%) 

KIR2DS2-
HLA-C1* 
n (%) 

Chronic, 
treatment failure 14 6 (42.9) 9 (64.3) 5 (35.7) 6 (42.9) 

Spontaneous 
resolvers 10 5 (50.0) 7 (70.0) 4 (40.0) 6 (60.0) 

*Receptor ligand pairing inferred by protein sequence but not directly demonstrated 

 

Table 6-5. Frequency of KIR and HLA receptor-ligand pairings based on HLA-Bw4 
genotype and infection outcome.  
 

 N 
Inhibitory KIR Activatory KIR 

KIR3DL1-HLA-Bw4 
n (%) 

KIR3DS1-HLA-Bw4* 
n (%) 

Chronic, treatment 
failure 14 11 (78.6) 3 (21.4) 

Spontaneous 
resolvers 10 5 (50.0) 5 (50.0) 

*Receptor ligand pairing inferred by protein sequence but not directly demonstrated 

 

In parallel, the prevalence of inhibitory KIR2Ds and their HLA ligand was also higher within 

spontaneous resolvers in comparison to chronically infected individuals. However, the 

KIR3DL1-HLA-Bw4 was greater among persistently infected subjects (78.6%) in 

comparison to spontaneous resolvers (50%). 

In their study, Kakhoo et al (Khakoo et al., 2004) looked at KIR2DL3 and KIR2DL2, which 

are both inhibitory receptors binding HLA-C1 with different affinity. The data from that 

study showed that homozygotes for KIR2DL3 (weak binding) is more likely to be associated 

with protection against HCV in comparison with homozygotes for KIR2DL2 (strong binding) 

and heterozygotes KIR2DL3/KIR2DL2. This finding supports the hypothesis that 
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homozygotes for KIR2DL3 are less inclined to have inhibitory signals overcoming activating 

signal (due to its weak affinity for its ligand) therefore resulting in the activation of NK cells. 

This correlation has not been significant in all studies but this could be explained by the small 

size of cohorts studied, especially given the fact that KIR and HLA genes are highly 

polymorphic. 

As large population studies are required in order to determine such associations, the limited 

number of resolvers within the group of subjects studied for this analysis did not allow us to 

go into further details in terms of homozygosity and heterozygosity for KIR genes and their 

HLA ligands. 

 

6.5 Discussion 

In this study, KIR genotyping for 227 HCV infected subjects with different infection 

outcomes was performed in the attempt to evaluate the impact of KIR genes on the 

progression of the HCV infection. A set of 10 KIR genes found on the haplotypes A and/or B 

was tested including six activatory and four inhibitory KIRs.  

Among the subset of individuals studied, overall the AB-haplotype was the most represented 

with a total of 152 (67%) individuals in comparison to 72 (31.7%) and 3 (1.3%) individuals 

for the AA-haplotype and BB-haplotype, respectively. Unfortunately, the restricted number 

of subjects limited the analysis and no association between a specific haplotype and HCV 

infection outcome could be identified. However, the analysis of KIRs as centromeric versus 

telomeric genes revealed that telomeric rather than centromeric KIR genes appear to be more 

protective against chronicity with B-haplotype-defining KIR genes more prevalent in 

spontaneous resolvers (P=0.03). 

The prevalence of each KIR tested was evaluated between spontaneous resolvers and chronic 

HCV-infected subjects that failed treatment; representing the greatest difference in 
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immunogenetic profiles likely to influence outcome. Three activatory KIRs including 

KIR2DS5, KIR2DS4 and KIR3DS1, and one inhibitory KIR, KIR3DL1, showed a significant 

association with HCV infection outcome. While the activatory KIR2DS5 and KIR3DS1 were 

more prevalent among spontaneous resolvers, the activatory KIR2DS4 and inhibitory 

KIR3DL1 were more prevalent within individuals with poor outcome. Interestingly, the data 

on the telomeric B-haplotype genes KIR2DS5 and KIR3DS1 supported what was previously 

observed with the protective influence of telomeric B-haplotype KIR genes in this study as 

others. For example, Stern and colleagues found that telomeric B-haplotype genes rather than 

centromeric genes were protective from cytomegalovirus infection after kidney 

transplantation (Stern et al., 2011). Similarly, the varying prevalence of certain infectious 

diseases, autoimmunities and cancers between Caucasian and aboriginal populations (from 

Canada and the Americas) have been associated with genes of the B-haplotype within the 

telomeric region, which are more prevalent in the Aboriginal populations, suggesting a higher 

immune activatory response and greater protection toward certain infections (Rempel et al., 

2011). This genetic distribution between the different populations could be one of the factors 

explaining the reduced rates of progression to chronic hepatitis C observed in American 

Aboriginal people (Rempel et al., 2011). In another study, Dring et al (Dring et al., 2011) 

observed that genes found in the centromeric part of the KIR haplotype contribute to chronic 

HCV infection as compared with resolved cases. However, Nozawa and colleagues evaluated 

the SVR rate among HCV-infected subjects receiving antiviral therapy according to 

genotypes and found that virologic clearance was significantly higher in subjects with the 

centromeric AA-haplotype (P = 0.015; OR 3.37).  

 

It has been demonstrated that a weak interaction between an inhibitory KIR and its ligand 

may prevent chronic infection (for example the interaction of KIR2DL3-HLA-C1) (Dring et 
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al., 2011, Khakoo et al., 2004) thus suggesting that a decreased inhibition of NK cells confers 

protection against HCV. Given the activation or inhibition of NK cells is dependent on the 

distribution of activating and inhibitory genes as well as the strength of the signal induced by 

the HLA-KIR pairing, the study examined the genetic distribution of KIR genes among single 

individuals. The data showed evidence of differences in the frequency of activatory and 

inhibitory KIR receptors within individuals that are supposed to have an unfavourable genetic 

profiles (chronic HCV-infected) compared to spontaneous resolvers. This therefore supports 

previous assumptions showing that a weak inhibition or activation of NK cells appears more 

favourable for the control of HCV infection. 

Although a greater proportion of activating KIRs in comparison to inhibitory KIRs appears to 

be more favourable for the eradication of the virus, KIRs are only functional if their HLA 

ligand is present. As such, activation or inhibition will only be initiated if the KIR complexes 

to its respective HLA ligand. Unfortunately the sample size, heterogeneity of the cohorts 

studied and the number of HLA typing available limited the analysis in this study and as such 

the analysis could not go into further details.  

Finally, not all NK cells are the same in their killing capacity. NK cells (as defined by the 

lack of CD3 and presence of CD56) are phenotypically and functionally heterogeneous. 

Approximately 10% of NK cells found in blood have high surface density expression of 

CD56 (CD3-CD56bright) but have limited ability to kill target cells (Cooper et al., 2001b). In 

contrast, the majority of circulating human NK cells with low surface density or “dim” 

expression of CD56 have relatively less ability to produce cytokines in response to activation, 

but are more adept at killing susceptible target cells (Walzer et al., 2007). Accordingly, CD56 

expression levels likely reflect distinct roles for these NK cells in our immune response to 

viruses.  
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Given the importance of NK-mediated activation in HCV infection outcome, and other 

infections including HIV, it is surprising that there is limited data on the role of the different 

NK cell subsets in infection outcome. Particularly, as the NK cell subsets appear to have 

distinct functional roles and their frequency varies in different tissues. Furthermore, little is 

known of the expression of relevant receptors on the different NK subsets and other 

immunological markers that may reflect the functional differences between the NK cell 

subsets. Such information is important to better understand the dynamics of NK-mediated 

activation in both the healthy and disease state. 

 

 

 

 

  



229 
 

 

 

 

 

 

 

7 HCV adaptation to NK-cell-mediated immune pressure 

 

 

 

 

 

 

 

 

 



230 
 

Declaration by candidate 

The nature and extent of my contribution to the work described in Chapter 7 are listed below: 
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7.1 Summary 

Killer cell immunoglobulin-like receptors (KIR) are cell surface proteins found on natural 

killer (NK) cells and subsets of T cells, which interact with HLA class I molecules as part 

of an important mechanism in the recognition of virally infected cells. Several association 

studies have demonstrated a role of the KIR-HLA interaction in disease pathogenesis and 

resistance to viral infections as well as autoimmune diseases, inflammatory disorders and 

cancers (Kulkarni et al., 2008). Among these studies, the ability of distinct KIR-HLA 

genotypes to regulate NK cell activity via multiple inhibitory or activatory signals has been 

identified as an important element influencing HCV infection outcome, notably with the 

identification of the protective role of the KIR2DL3-HLA-C1 pairing that may prevent 

chronic infection (Khakoo et al., 2004). However, the impact of NK-cell-mediated immune 

pressure on HCV viral diversity has not yet been investigated. In 2011, Alter and colleagues 

(Alter et al., 2011) identified KIR ‘footprints’ (akin to HLA footprints first described for 

HIV by Moore and colleagues (Moore et al., 2002)) along the HIV sequence associated 

with escape to NK-cell-mediated immune pressure thus suggesting an influence of NK cells 

on the viral diversity of this fast evolving virus. As HIV and HCV share common features, 

it appears likely that NK cells not only influence infection outcome as part of the innate 

immune response to HCV but also contribute to the viral evolution of HCV suggesting that 

the impact of NK cell activity on HCV diversity might have been underappreciated in 

previous studies. As such, similarly with HIV, it is assumed that HCV can escape 

recognition by NK cells via the emergence of KIR-associated polymorphisms in the regions 

of the HCV genome that affect the KIR-HLA pairing.  

In this study, HCV sequences and KIR genotyping were examined to identify characteristic 

variants at a population level in chronic HCV infected-subjects to determine if NK-cell 

receptors and their cognate ligands influence viral evolution.  
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Results from this study revealed KIR-associated amino-acid polymorphisms in the HCV 

sequence of chronic HCV-infected individuals at a population level. Overall, the data in this 

preliminary analysis shows that HCV can modulate the recognition of infected cells by KIR 

through the emergence of escape variants thus demonstrating the influence of NK-cell-

mediated immunity on HCV evolution.  

 

 

7.2 Introduction 
 

The immune response has been identified as one of the main driving forces of HCV sequence 

diversity. Genetic variation along the viral genome can have important implications for the 

host’s immune responses to HCV. While adaptive immune responses have demonstrated the 

impact of such pressure on HCV diversity with the identification of HLA-associated viral 

polymorphisms likely to reflect viral adaptations (Merani et al., 2011, Fitzmaurice et al., 

2011, Gaudieri et al., 2006, Rauch et al., 2009b), genome-wide association studies and 

candidate gene studies have provided important insights into the role of the innate immune 

response in infection outcome. NK cells are important effector cells of the innate immune 

response and play a critical role in multiple diseases including autoimmune diseases, 

inflammatory disorders and cancers (Kitawaki et al., 2007, Nelson et al., 2004, Besson et al., 

2007, Naumova et al., 2005, Hiby et al., 2008). Furthermore, the involvement of NK cells in 

viral infections (including HCV) has been described due to their potential in recognizing and 

killing virally infected cells (Martin et al., 2002, Martin et al., 2007, Long et al., 2008, 

Khakoo et al., 2004, Gazit et al., 2004, Price et al., 2007). Evidence in HCV and HIV studies 

have demonstrated that NK cells can contribute to infection outcome and progression via the 

role of activating and inhibitory KIRs and with their cognate ligands (Martin et al., 2002, 

Martin et al., 2007, Alter et al., 2007, Altfeld and Goulder, 2007, Khakoo et al., 2004).  
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As described in the previous chapter, KIRs consist of a family of activating and inhibitory 

receptors that are found on NK cells and some T cells.  KIR expression on the surface of NK 

cells is important in the regulation of NK cell activity via signals generated as the result of a 

KIR and HLA receptor-ligand pairing. KIRs are polymorphic and the KIR gene cluster on 

chromosome 19q13.4 results in the observation of a combination of KIR genes that can vary 

in the number of activatory and inhibitory KIR genes. To date, 14 KIR genes and two 

pseudogenes have been described and are expressed in a stochastic manner in each individual 

(Wilson et al., 2000, Trowsdale, 2001). To determine the KIR profile of an individual, KIR 

haplotypes have been established and are defined by a combination of gene-content motifs 

involving centromeric and telomeric motifs with A-haplotypes presenting a relatively fixed 

gene content that include KIR3DL3, KIR2DL3, KIR2DL1, KIR2DL4, KIR3DL1, KIR2DS4 

and KIR3DL2, while the B-haplotype is characterised by variable KIR gene numbers.  

The KIR region exhibits linkage disequilibrium (LD) structure, defined as the non-random 

association of alleles at two or more neighboring loci (Gourraud et al., 2010a, Single et al., 

2007, Vierra-Green et al., 2012). It has been suggested that a KIR haplotype consists of 

certain permutations of centromeric and telomeric region variants due to the strong LD that 

exists within the two regions but less so between them (Shilling et al., 2002a, Gourraud et al., 

2010a). Accordingly, as LD patterns may result in misinterpretation in population association 

studies, it is important to take into account the complex LD structure of the KIR region.  

The KIR-ligand interaction is a highly polymorphic system and recent studies suggest that 

KIR evolution is influenced by the rapidly evolving HLA class I ligands and driven by 

selective pressure from exposure to pathogens (Parham et al., 2010) thus suggesting that KIR 

genes are under pathogen-mediated selection, as has been suggested for its ligand the HLA 

molecules (Hershberger et al., 2001, Khakoo et al., 2000, Uhrberg et al., 1997). However, 
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until recently there had been limited evidence that NK cells could directly influence viral 

sequence as has been found for HLA. 

Alter and colleagues (Alter et al., 2011) identified KIR-associated polymorphisms within a 

cohort of 91 HIV-1-infected subjects who were untreated and chronically infected. Their 

analysis revealed 22 positions for which amino-acid polymorphisms were significantly 

associated with a specific KIR thus showing evidence of viral adaptation influenced by KIR 

genotypes. Among these polymorphisms, they identified polymorphisms in the 

carboxyterminal end of Vpu and the amino-terminal end of Env that were present at 

significantly higher frequencies  (in more than 70% of cases) within subjects presenting at 

least one copy of the inhibitory KIR2DL2 gene. Albeit no significant differences were 

observed in the ability of the viral variants to replicate in primary CD4+ T cells in vitro, 

Alters and colleagues showed that these KIR-associated polymorphisms can modulate the 

interaction of KIR+ NK cells with HIV-1-infected CD4+ T cells. The study demonstrates that 

viral variants or ‘KIR footprints’ seem to impact on NK cell recognition and/or antiviral 

activity and constitute another mechanism by which HIV-1 escape NK-cell-mediated 

immunity; akin to what has been observed for viral immune escape from T cells. 

HCV KIR-associated polymorphisms have not yet been described and therefore need to be 

investigated as NK cells are likely to be involved in infection outcome as evidenced by the 

number of studies showing an association between NK cell receptor genotypes and their 

ligands and HCV infection outcome. To assess the impact of NK-cell-mediated immunity on 

HCV diversity, this study attempted to identify viral polymorphisms associated with the 

presence of a specific KIR gene among chronic HCV genotype 1a and 3a infected subjects. 

The identification of such variants could be reflective of viral adaptations that can potentially 

affect NK cell function and could be indicative of immune escape potentially associated with 

a less favourable outcome for the infection.  Evidence of this immune escape strategy could 
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improve our understanding of the progression of HCV infection as well as the reason behind 

the high chronicity rate (up to 80%) among individuals exposed to the virus. 

 

7.3 Materials and methods 

7.3.1 Study subjects 

Samples from chronic HCV-infected (genotype 1a and 3a) subjects as described in Rauch et 

al (Rauch et al., 2009b) and from additional subjects recruited from tertiary hospitals in WA 

(see section 3.1.3) were assayed for HCV sequencing, HLA typing and KIR genotyping. The 

analysis included 55 HCV genotype 1a and 43 HCV genotype 3a.  Much of the HCV 

sequencing had been previously performed as part of the Rauch et al (2009) study. Further 

details on the distribution of subjects derived from cohorts can be found in figure 3.1. 

 

7.3.2 HCV sequencing 

HCV non-structural proteins (NS) including NS2, NS3 protease, NS4a, NS4b, NS5A and 

NS5B polymerase were amplified as previously described (Gaudieri, et al., 2006; Rauch, et 

al., 2009b) and bulk-sequenced with the BigDye Terminator v3.1 cycle sequencing kit 

(Applied Biosystem, USA) according to the manufacturer’s recommendations (further 

detailed in 3-5). Sequences were then edited with the program AssignTM (Conexio Genomics, 

Australia). 

 

7.3.3 KIR genotyping 

A real-time PCR assay based on Sybr Green detection was used for KIR genotyping with 10 

KIR genes targeted. Each gene were run in separate PCR reactions with a specific set of 

primers to determine a KIR genotype based on Ct values and melting temperatures in 

combination with a positive internal control (GALC). 
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Further details on the methods and primers used in this assay can be found in Section 3.10. 

 

7.3.4 KIR association with viral polymorphism 

The identification of associations between KIR genes and amino acid distribution were 

determined with a Fisher’s exact test to estimate the probability for each residue of the HCV 

proteins tested to present a non-consensus amino acid in the absence of the KIR gene relative 

to the probability of a non-consensus amino acid in the presence of that same KIR gene. This 

test provided a p value for each associated KIR-polymorphism observed. This analysis was 

performed by Professor Ian James from the Institute for Immunology and infectious Diseases 

(Murdoch University). 

The statistical power analysis using G*Power, v 3.1 (available at http://www.gpower.hhu.de/) 

with a α error probability of 0.05, a 1 degree of freedom and a power of 80% the effect size 

of a cohort of 98 subjects is 0.28, using contingency table and χ2 test.  The power of the 

dataset used in this chapter is therefore sufficient to detect medium to large effects that could 

be associated with the presence of a specific KIR but no small effects. 

 

 

7.3.5 Analysis stratified by clusters: Mantel-Haenszel test 

As p values can be biased by ‘artefacts due to association’ (also referred to as founder 

effects), a Mantel-Haenszel test was conducted for each KIR-associated polymorphism 

identified. This test combines the associations between viral polymorphisms and KIR genes 

within the clusters of possibly related sequences (based on similarities between HCV 

sequences). 
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To prevent a false association between a specific KIR and viral polymorphism, only 

associations with P ≤0.05 for both the Fisher’s exact test and the Mantel-Haenszel method 

were reported. Furthermore, due to the small number of subjects studied, these associations 

were restricted to cases in which at least five carriers of the KIR alleles were included, thus 

preventing biases that might arise with small number of subjects (e.g. dominance of 

misclassified cases). 

 

 

7.4 Results 
 

HCV sequence and KIR genotype from each individual in a cohort of 96 subjects, including 

HCV genotype 1a (n=55) and genotype 3a (n=43) infected subjects (Table 7-1) were 

analysed in the attempt to evaluate the influence of NK-cell-mediated immunity on HCV 

diversity.  

 

 

Table 7-1. Available HCV sequence data from study participants. 

HCV NS2 
(n=90) 

NS3  
(n=93) 

NS4a  
(n=72) 

NS4b  
(n=79) 

NS4b  
(n=87) 

NS5b  
(n=87) 

Genotype 1a, 
n (%) 48 (53.3) 51 (54.8) 44 (61.1) 52 (65.8) 51 (58.6) 49 (56.3) 

Genotype 3a, 
n (%) 42 (46.7) 42 (45.2) 28 (38.9) 27 (34.2) 36 (41.4) 38 (43.7) 

 

Table 7-2 lists the KIR-associated HCV polymorphisms found for genotype 1a and 3a using 

the cohort in this study. The number of viral changes associated with a specific KIR gene 

varied between proteins with a greater proportion in the NS5a protein for genotype 1a 

infected subjects. 
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Table 7-2. KIR footprints in HCV sequence. 

 

Protein Residue Polyprotein KIR Consensus 
P 
value# 

OR 

Gt1a 

NS2 19 828 2DS2 A 0.049 11 

NS2 68 877 2DL3 M 0.0496 0.19 

NS2 112 921 2DL3 I 0.0139 16 

NS2 116 925 2DS1 A 0.0078 0.056 

NS2 116 925 3DS1 A 0.0438 0.095 

NS2 120 929 2DL5 A 0.0302 15 

NS2 123 932 2DS1 H 0.0488 14 

NS3 33 1059 2DL3 V 0.0238 0.03 

NS3 170 1196 2DS3 I 0.0486 20 

NS3 196 1222 2DL2 S 0.0497 0.078 

NS3 334 1360 2DL2 P 0.0497 0.078 

NS3 615 1641 2DS1 V 0.0485 0.24 

NS4b 18 1729 2DL3 K 0.0256 0.032 

NS4b 93 1804 2DL3 S 0.0483 0.047 

NS5a 81 2053 2DS5 R 0.042 23 

NS5a 107 2079 2DS5 T 0.0357 0.082 

NS5a 171 2143 2DS2 E 0.0217 5.5 

NS5a 171 2143 2DL2 E 0.0489 4.1 

NS5a 181 2153 2DS2 D 0.045 6.5 

NS5a 199 2171 2DL2 L 0.03 0.19 

NS5a 199 2171 2DS2 L 0.0354 0.2 

NS5a 209 2181 2DS3 I 0.0486 20 

NS5a 280 2252 3DS1 I 0.028 7.8 

NS5a 404 2376 2DS1 C 0.0085 12 

NS5a 404 2376 2DS5 C 0.0248 9 

NS5a 404 2376 2DL5 C 0.0256 8.4 

NS5a 404 2376 2DL3 C 0.041 0.061 

NS5b 337 2757 2DS2 R 0.0418 12 

NS5b 376 2796 2DL2 G 0.0496 13 

NS5b 376 2796 2DS2 G 0.0496 14 

  

Protein Residue Polyprotein KIR Consensus 
P 
value# 

OR 

Gt3a 
NS2 19 828 3DL1 F 0.0286 0.0048 

NS2 19 828 2DS4 F 0.0286 0.0048 
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NS2 120 929 2DS1 M 0.0245 0.14 

NS3 7 1033 2DS1 A 0.0149 0.051 

NS3 69 1095 2DL3 H 0.0398 0.043 

NS3 110 1136 2DL3 D 0.0049 0.022 

NS3 240 1266 2DS1 S 0.0404 13 

NS3 403 1429 2DL3 T 0.0209 16 

NS3 546 1572 2DL3 F 0.0267 0.032 

NS3 574 1600 2DS2 P 0.0142 0.055 

NS3 574 1600 2DL2 P 0.0142 0.055 

NS4b 21 1732 2DL3 V 0.0243 0.045 

NS4b 21 1732 2DL5 V 0.0421 7 

NS5a 64 2036 2DL3 T 0.0411 15 

NS5a 291 2263 3DL1 T 0.0427 0.042 

NS5a 291 2263 2DS4 T 0.0427 0.042 

NS5a 294 2266 2DS5 A 0.0077 0.042 

NS5a 385 2357 2DL5 P 0.0175 0.051 

NS5a 410 2382 2DL5 G 0.0351 0.16 

NS5a 411 2383 2DL3 G 0.0237 15 

NS5b 82 2502 3DS1 M 0.0455 0.066 

NS5b 156 2576 2DS3 P 0.0308 18 

NS5b 206 2626 2DS2 K 0.0272 6.7 

NS5b 206 2626 2DL2 K 0.0272 6.7 

NS5b 213 2633 2DS2 T 0.0309 0.068 

NS5b 213 2633 2DL2 T 0.0309 0.068 

NS5b 213 2633 2DL5 T 0.0404 0.077 

# p values have not been corrected for multiple comparison due to limited number of subjects 
included in this analysis and the exploratory nature of the study. OR: Odd ratio. Grey shade indicates 
linkage disequilibrium. 

 

The strongest KIR-associated polymorphisms were found at position 404 of the NS5a protein 

for KIR2DS1 among genotype 1a subjects. For this association, 9 subjects carriers of 

KIR2DS1 versus 17 non-carriers were compared: 78% (7/9) of individuals KIR2DS1+ 

presented a non-consensus amino acid while only 21% (3/14) of subjects negative for that 

same gene displayed a variant at this site. Similar associations were observed for KIR2DS5 

and KIR2DL5 at position 404 of the NS5a protein, and for KIR2DS2 at position 181 and 

KIR2DS3 at position 209, both in the NS5a region.  



240 
 

For the genotype 3a infected subjects, variants at position 206 in the NS5b protein showed an 

association with the KIR genes KIR2DS2 and KIR2DL2 (usually found in LD). Among the 

18 carriers for both genes, 56% (10/18) presented an amino acid substitution at position 206 

of the polymerase protein while the non-carriers for the majority (87%, 13/15) presented the 

consensus amino acid.  

For this analysis odds ratio (OR) values >1 indicate variation from consensus is the likely 

adapted form and therefore representing a typical escape profile. In contrast, OR values <1 

indicate consensus is the adapted form.  

In order to see the combined effect of KIR on viral adaptation the analysis compared the 

patterns of substitutions between different haplotypes but no viral polymorphism was 

associated with a specific haplotype. In some instances, different KIR genes were associated 

with the same site (as shown in Table 7-2 by the grey shaded values/rows). However, for the 

most part, these associations can be explained by the LD observed between specific KIR loci. 

Interestingly, among the HCV variation sites associated with the presence of a specific KIR, 

little overlap was observed between genotypes 1a and genotypes 3a with only two sites (at 

position 19 and 120 in NS2) out of the 41 sites showing mutations across all NS proteins that 

overlapped but were associated with different KIR genes. Within the 30 sites associated with 

KIR polymorphism in genotype 1a-infected subjects, 17 (57%) were associated with 

activatory KIRs while among the genotype 3a-infected individuals, 16 out of the 27 sites 

(59%) were associated with inhibitory KIRs. However, as only 10 out of the 14 KIR genes 

were typed for this analysis, in addition to the limited number of subjects available, caution 

should be taken in the conclusion reached regarding the distribution of activatory versus 

inhibitory KIR in relation to viral polymorphisms. 
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HLA was not incorporated into this analysis due to the restricted number of subject available 

and the distribution of alleles. However, the analysis attempted to observe the overlap with 

HLA by identifying the HLA ligand of each KIR polymorphism identified and verify if that 

variation occurred in a known T cell epitope for the corresponding HLA ligand. None of the 

HLA epitope-ligands correlated to a T cell epitope except for position 112 in the NS2 protein 

of genotype 1a infected subjects, which was found to be close (by a distance of two amino 

acids) from the PYFVRVPGLL101-110 epitope restricted by HLA-C*03:04/ HLA-C*03:04 

alleles. The lack of observation of overlap between KIR-associated polymorphisms and T cell 

epitopes could be due to the limited number of HLA-C and HA-Bw4 epitopes identified so 

far, especially for genotype 3a. 

 

 

7.5 Discussion 
 
Exposure to HCV can result in viral persistence with its wide range of associated symptoms 

and possible complications including inflammation of the liver and end-stage liver disease. 

However, the infection is not necessarily a death sentence as some people can spontaneously 

clear the infection or do not progress to cirrhosis or hepatocellular carcinoma. The extensive 

diversity in the human HLA genes that are involved in HCV-specific T cell responses is 

thought to be one of the principal factors affecting different outcome with HCV infection. As 

such some individuals will present a favourable combination of genes resulting in stronger 

and more efficient immune responses towards the virus relative to others. While this genetic 

factor has mostly been attributed to the HLA system, an accumulation of evidence in the past 

decade suggests that the innate immune system can also play an important role in hepatitis C 

disease, with NK cells identified as an important element influencing HCV infection outcome 

(Khakoo et al., 2004).  
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The study of HIV diversity in regards to NK-cell-mediated immunity by Alter and colleagues 

(Alter et al., 2011) has demonstrated that a rapidly evolving virus such as HIV can develop 

amino-acid changes, which can potentially affect the binding affinity of inhibitory KIRs to 

infected cells and therefore modulate the interaction of KIR+ NK cells with HIV-1 infected 

CD4+ T cells. In this study, a similar approach was used with HCV to identify ‘KIR 

footprints’. The data revealed a total of 57 KIR-associated polymorphisms along the non-

structural proteins of the virus for genotype 1a and 3a infected individuals with minimal 

overlap observed between the the genotypes. Within these associations, eight KIR pairs 

showed identical polymorphisms with similar p values, but these similarities were most likely 

due to the high LD displayed by these loci.  Although the limited number of subjects studied 

in this analysis prevented correlating these polymorphisms with HLA and infection outcomes 

or disease progression, the identification of strong associations between HCV polymorphisms 

with the presence of a KIR, notably at position 404 in the NS5a protein for KIR2DS1 for 

genotype 1a and position 106 in the NS5b protein for the KIR genes KIR2DS2 and KIR2DL2 

(pair in LD) for genotype 3a, suggest that HCV can evolve characteristic variations that 

modulate the recognition of infected cells by KIR to evade NK-cell-mediated immune 

pressure. It therefore appears that NK-cell-mediated immune pressure has previously been 

underappreciated in its contribution to HCV diversity and it would be interesting in future 

studies to analyse the impact of such selective pressure with larger study cohorts to fully 

appreciate the extent of this innate pressure on HCV evolution. 
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8 Conclusion 
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Understanding the mechanisms that dictate the outcome of HCV infection is critical in 

controlling the HCV epidemic that is killing up to 500000 individuals per year. As our 

understanding of HCV infection has increased over the past decades, the extensive research 

provided by the scientific community since the identification of the virus has shown that viral 

control is associated with a strong and sustained T cell response. However, T cell responses 

are not the only factor involved in the resolution of HCV infection and studies have shown 

the importance of other factors such as the innate immune response (i.e. IFNs, NK cells), B 

cells, as well as viral (genotype, viral load and heterogeneity) and environmental factors that 

all need to be considered in order to identify the optimal interplay between host and virus that 

would result in the control of HCV infection. A better understanding of the mutational 

landscape of the virus and the associated viral diversity that can be utilised by the virus as an 

escape strategy could help in the anticipation of resistance towards the host’s immune 

responses and/or treatment. Such knowledge could then lead to a better approach in terms of 

treatment individualization (with more accurate prediction of disease outcome and/or 

treatment) as well as in the design of a universal vaccine and new therapies. 

The work presented in this thesis focuses on the dynamics of viral adaptation through the 

course of the disease from the crucial acute phase of the infection through resolution or 

chronicity utilizing samples from one of the largest cohort of subjects with recently acquired 

HCV infection (i.e. ATAHC cohort) as well as other well-characterised HCV cohorts (i.e. 

SHCS, Australian and UK). While our previous knowledge of HCV infection has been biased 

by studies of HCV during the chronic phase of the infection, consideration of the often 

asymptomatic nature of primary  

HCV infection as well as a better characterisation and understanding of the populations at 

risk has allowed in the past few years the ability to better understand the acute or early phase 

of infection and hence increase our knowledge of factors associated with HCV outcome.  



245 
 

 

The use of both low and high-resolution sequencing technologies allowed for the 

identification of de novo mutations as well as the identification of adapted viruses circulating 

in the human population, which could ultimately lead to viral resistance for a specific 

immune profile and/or treatment. As such, the research behind this thesis aimed at identifying 

how the host’s immune response affects viral diversity during the natural history of the 

infection and under IFN treatment and how this can affect infection outcome with individuals 

from well characterised cohorts including treated and untreated HCV-infected individuals at 

different stages of their infection presenting different disease outcomes. 

 

8.1 Summary of findings and study limitations 

8.1.1 HCV adaptation to HLA-restricted T-cell immune pressure during acute HCV infection 

(Chapter 4) 

The study of subjects from the early stage of the infection through the course of the disease 

via the use of longitudinal samples from IFN-α treated and treatment naïve subjects, provided 

the opportunity to evaluate the evolution of HCV in correlation to two key factors: T cell 

immune response and treatment. This is of particular relevance as the immune response has 

been shown to influence HCV diversity within specifically targeted regions (epitopes) of the 

HCV genome with respect to the HLA repertoire of the host. On the other hand, the initiation 

of treatment during the acute phase of HCV infection has demonstrated better SVR rates 

compared to chronic-infected individuals suggesting that IFN-α could have an 

immunomodulatory effect on the adaptive immune response (Jaeckel et al., 2001, Kamal et 

al., 2004b). 
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The comparison of the longitudinal samples among subjects experiencing an acute or early 

chronic infection showed the occurrence of viral sequence changes over time thus supporting 

the high mutation rate of the virus that results in a pool of related variants. However, it was 

found that a greater proportion of synonymous changes in comparison to non-synonymous 

variations occurred, suggesting a limited plasticity of HCV in its evolution (likely due to 

structural and functional constraints). In addition, the analysis of CD8+ T cell epitopes 

demonstrated the presence of pre-adapted variants of which some occurred within the first 

weeks of infection and were therefore unlikely to be the result of immune pressure. The 

remaining changes identified included variants characteristic of de novo and reversion 

mutations that were observed up to week 193 of infection suggesting an ongoing immune 

pressure even during the chronic phase of the infection. The NGS FLX analysis of the first 

sampled sequences, revealed a limited use of the technique as a way to anticipate changes 

that would occur later on during the infection suggesting that the quasispecies distribution 

within the host can rapidly change. This appears to be highly influenced by the features 

conferred by the variants and the environment in which it replicates. 

Finally, the evaluation of viral diversity within treated individuals (prior, during and post-

treatment) in comparison to untreated subjects did not show any significant changes that 

could be associated with the intake of IFN-based treatment suggesting little influence of 

treatment in the immunomodulation of the adaptive immune response. 

 

However, it should be noted that the analysis performed in this chapter was subject to several 

limitations including factors inherent to the cohort studied, technique and present knowledge 

about HCV at time of analysis. Regarding the cohorts, these factors are relative to a limited 

number of true ‘acute-infected’ subjects as subjects from the ATAHC cohort are for the most 

part in the late acute or early chronic phase of their infection in contrast to the individuals 
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recruited as part of the Munich cohort who are likely to have been sampled during the acute 

phase of infection. This is supported by the estimated duration of infection observed for the 

two sets of subjects. Furthermore, the number of multiple sampled sequences per individuals 

was limited and therefore reduced the chance to identify de novo and reversion events, which 

could have led to an underestimation of viral evolution during acute infection. Additional 

factors limited the analysis such as the paucity of known CD8+ T cell epitopes that could be 

analysed (as opposed to HIV), thus potentially mislabelling mutations as not under immune 

selection. In addition, genotype 3a-infected individuals were excluded from the analysis due 

to the limited number of known T cell epitopes specific to this genotype. Another factor is 

attributable to the technique with only bulk sequences available that lowered the capacity to 

detect low frequency viral variants during the course of the infection and limited the 

appreciation of the evolution of quasispecies within a single individual over time. 

Furthermore, it must be taken into consideration that a change occurring within a T cell 

epitope is not necessarily the result of an immune pressure and could be due to other selective 

forces, neutral change or a combination of pressures. Finally, the work presented in this 

chapter mainly identified viral changes as single variations excluding the combined effect 

that could be inherent to two or more mutations occurring together. As previously shown 

some mutations can be associated with a fitness cost, which despite a putative impairment of 

immune cell recognition could prevent the replication of this variant and its spread among the 

quasispecies. Evidence in the literature has demonstrated the emergence of additional 

mutations along the variant that can offset the fitness cost associated with the initial mutation 

(Fishman and Branch, 2009b, Fitzmaurice et al., 2011, De Luca, 2006, Shimakami et al., 

2011). 
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Although the dynamics of viral adaptation during acute HCV infection and contribution to 

disease outcome of chronicity or clearance is still not fully understood, the results of the work 

presented in this chapter show that HLA-associated polymorphisms influence HCV diversity 

to a limited extent. However, the lack of reversion of adapted variants results in the 

accumulation of pre-adapted viruses displaying variants that could be from a previous host 

and circulate among infected human populations. It is therefore necessary to further 

investigate the dynamics of HCV evolution in the early phase of infection in order to improve 

the management of HCV infection especially with the current release of new antivirals that 

are likely to change the standard of care for HCV and become IFN-free. 

      

        8.1.2 Low levels of naturally occurring drug resistance mutations in the setting of 

recently acquired hepatitis C (Chapter 5) 

The use of NGS sequencing to obtain viral sequences during acute and early HCV infection 

provided the opportunity to identify the presence of naturally occurring drug resistance 

mutations among treatment naïve subjects beyond that observed with traditional Sanger-

based sequencing techniques and determine their prevalence in circulating viruses. This is of 

particular relevance as the development of DAAs for the treatment of HCV, with the now 

licensed first generation inhibitors of NS3/4a serine proteases (telaprevir and boceprevir) and 

next generation drugs simeprevir and sofosbuvir, has revolutionised therapeutic options for 

infected individuals and offer greater potency. However, the rapid development of resistance 

to DAAs has been observed and the emergence of such variants could compromise the 

efficiency of these new drugs (Lin et al., 2005a, Lin et al., 2004, Sarrazin et al., 2007, Susser 

et al., 2009, Tong et al., 2006, Zeuzem et al., 2014, Morel et al., 2014, Forns et al., 2014). 
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NGS analysis demonstrated that naturally occurring DAA resistance mutations are common 

in acute HCV-infected treatment-naïve subjects but mainly as minor variants (typically less 

than 1%). As the cohort includes mainly IDUs, the study suggests that circulating viruses in 

high-risk exposure populations have low levels of pre-existing RAVs to the new DAAs.  

It should be noted however, that variants in this analysis were examined in isolation but 

impairment of a drug might also be the result of a combination of polymorphisms or indeed a 

drug resistance mutation may be found with a compensatory mutation (that offsets the fitness 

cost of a RAV) that is particularly important in the context of circulating strains in high-risk 

exposure populations. Presence of compensatory mutations in these populations may mean 

that the development of a RAV following commencement of treatment may be more likely to 

emerge. Another limitation of this study was the number of subjects with HLA typing 

available (only 50% of cohort) that did not allow a comprehensive analysis of the impact of 

an individual’s HLA type on the prevalence of DAA resistance mutation sites that overlap 

with the relevant immune pressure. Fortunately, the likely use of short treatment duration and 

combination DAAs may limit these issues. Finally, the use of NGS sequencing in the 

detection of low frequency variants must consider likely sequencing errors at levels <1%, 

making the identification of such variants less accurate with a decreased certainty of their 

existence. Although thresholds and checks via manual editing were performed, the chance of 

potential sequencing errors must be considered for these low frequency variants. 
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        8.1.3 Influence of killer immunoglobulin-like receptor repertoire on HCV infection 

outcome (Chapter 6) 

The use of real-time PCR in this study presented the advantage of assigning the presence of 

the targeted KIR gene based on Ct values and melting temperature characteristics of the 

different KIR genes tested thus bypassing errors that could be generated with the common 

multiplex PCR–SSP methods using standard agarose gel electrophoresis (Vilches et al., 2007, 

Hong et al., 2011, Koehler et al., 2009). Real-time PCR is a simple, cost-effective and time-

efficient technique that requires minimal post-PCR processing and has shown to be effective 

with small amounts of DNA (Alves et al., 2009). In this study, the KIR genotyping of 227 

HCV infected subject presenting different outcomes suggested an importance of NK-

mediated activation in HCV infection outcome. With the typing of 10 KIR genes found on 

the haplotypes A and/or B, results showed that telomeric rather than centromeric KIR genes 

appear to be more protective against chronicity with B-haplotype-defining KIR genes more 

prevalent in spontaneous resolvers (P=0.03). It was also observed that the proportion of 

activatory KIRs was higher than inhibitory KIRs within spontaneous resolvers in contrast to 

the even distribution found within individuals that are likely to have an unfavourable genetic 

profile (i.e. chronic HCV-infected subjects). 

This study was limited by the number of subject analysed, which reduced the statistical 

power of the study, prevented further analysis incorporating IL28B typing data and an 

analysis of the HLA-ligand/KIR repertoire and associated HCV outcomes. Furthermore, the 

allelic distribution of the group of subjects studied was reflective of KIR profiles 

characteristic of Caucasian populations thus lacking subjects carrying BB-haplotypes, which 

limited our association between KIR haplotypes and infection outcomes. 
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        8.1.4 HCV adaptation to NK-cell-mediated immune pressure (Chapter 7) 

The innate immune response plays a critical role in multiple diseases and numerous studies 

have now provided important insights into the role of NK cells on diseases progression and/or 

outcomes notably for viral infections (Alter et al., 2011, Khakoo et al., 2004, Besson et al., 

2007, Hiby et al., 2008, Kulkarni et al., 2008, Naumova et al., 2005). In 2011, the 

identification of significant KIR-associated polymorphisms within a cohort of untreated HIV-

1-infected subjects showed that viral adaptation can be influenced by KIR genotypes (Alter et 

al., 2011). While this matter had not yet been investigated with HCV, despite a previous 

study demonstrating a correlation between the KIR/HLA interaction and infection outcome 

(Khakoo et al., 2004), this thesis evaluated the impact of NK-cell mediated immunity on 

HCV diversity. 

Similarly to Alter’s study (Alter et al., 2011), the results identified KIR polymorphisms 

among genotype 1a and genotype 3a infected subjects with different outcomes. The 

polymorphisms were found within the NS proteins (from NS2 to NS5) with a similar 

proportion of substitutions associated with activatory or inhibitory genes. Despite a few 

examples where KIRs are known to be in LD, the KIR-associated variants did not overlap 

between different KIRs and little overlap was observed between the two genotypes; as may 

be expected given the diversity between genotypes. It was therefore demonstrated that NK-

cells can affect HCV diversity resulting in mutational patterns characteristic of escape. 

Although these results look promising, this study is preliminary and much more can be done 

to investigate this matter. Further study would benefit from the addition of more subjects in 

order to strengthen the statistical significance of the polymorphisms identified and to include 
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a more comprehensive set of profiles especially regarding the HLA system as this association 

study could not be done in this analysis. 

 

 

8.2 Future research direction 

8.2.1 T cell response and associated HCV diversity 

Studying the dynamics of viral evolution is encouraging, as anticipating the changes likely to 

occur within the HCV genome as well as being able to predict the phenomenon of switching 

between minor and dominant variants among the quasispecies population (inter-strain 

competition) is promising for the future design of drugs and a preventative vaccine. Such 

anticipation could foresee the natural evolution of the virus and consequently establish which 

individuals will go on to eradicate the virus; facilitating the decision making process of 

whether or not to initiate treatment (given the quasispecies population infecting the host but 

also the HLA profile of the subject).  

Albeit highly mutable, HCV appears to present a restricted plasticity with an accumulation of 

silent changes in addition to a lack of reversion that suggests in some cases a limited impact 

of mutations on viral fitness and function or stabilisation via compensatory mutations. This 

must be taken into consideration as reversion of an adapted form of the virus to its wildtype is 

limited with HCV thus raising the concern about the increase in resistant variants (resistance 

toward drugs or common HLA alleles) circulating within infected populations. New 

sequencing techniques are now more accessible to contribute to HCV research by considering 

low frequencies quasispecies in order to anticipate the evolution of the virus and counteract 

its strategy through the development of new drugs targeting viral regions subject to functional 

constraints. 
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8.2.2 Further investigation of the risk of selecting viral variants that have a decreased 

susceptibility to DAAs  

Emerging data suggests that the new generation inhibitors are promising and will increase the 

success rate of HCV therapy in comparison to the previous PEG-IFN/RBV combination. 

Although the emergence of drug resistance variants is commonly observed during DAA 

monotherapy, the combination of DAA with PEG-IFN-α/RBVor other new DAAs might 

prevent the development of drug-resistant mutations in many subjects.  

However, these new treatments are also associated with side-effects and additional adverse 

effects are observed when these DAAs are combined with other antivirals; in addition to extra 

costs to health-care systems. As such, it is crucial to improve the selection of patients to be 

treated by including factors associated with treatment outcome including IL28B genotyping 

(for treatment regimes that maintain IFN) in combination with viral kinetics to predict an 

SVR in patients and therefore optimise the identification of subjects who could benefit from 

therapy.  

The evidence of naturally occurring drug resistance variants within treatment naïve 

populations raises the question whether treatment of HCV-infected subjects should wait for 

the new generation of DAAs (with higher genetic barrier) to optimise DAA combination 

therapy and prevent the spread of resistant variants among untreated individuals. 

Furthermore, additional studies evaluating drug-drug interactions of DAAs are necessary to 

understand and anticipate the pattern of viral diversity used by the virus as an escape strategy 

toward the various combination therapies available, or soon to be available and ultimately 

identify a safe and efficient treatment especially for the difficult-to-treat populations such as 

previous non-responders. 
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8.2.3 NK-cell mediated immunity 

Until recently, HCV diversity was mainly attributed to the adaptive immune response as 

many studies have demonstrated the impact of such pressure with the identification of 

footprints found within infected human populations (Gaudieri et al., 2006, Rauch et al., 

2009b). Nevertheless, recent findings suggest that NK cells, as part of the innate immune 

response, may also induce observable viral diversity. The identification of KIR-associated 

polymorphisms opens new horizons to the study of HCV dynamics especially considering the 

interplay between both the innate and adaptive immune responses. The high polymorphism of 

KIR is likely to bring similar challenges that were already faced with the HLA system and 

will therefore require large cohorts and extensive research in order to identify key 

associations that could help in anticipating the evolution of HCV infection. 

 

8.3 Summary 

The results presented in this thesis show evidence that HCV adaptation to host immune 

pressure (as indicated by viral adaptations to HLA-restricted T-cell and NK cell immune 

responses) is likely to be relevant to infection and treatment outcomes. Although these viral 

adaptations occurred to a limited extent (greater proportion of silent changes), the virus seems 

to use its plasticity to counteract the fitness cost associated with its “strategic” variations via 

the likely emergence of compensatory mutations within and between proteins. 

The use of high-resolution NGS technologies showed viral variants present at levels below 

the detectable threshold for sanger-based bulk or population sequencing (ie <20%) giving a 

better overview of the quasispecies populations and their dynamics through the course of the 

disease. Deep sequencing techniques such as NGS provide a new approach for studying the 
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complexity of the viral population within a host but also within high-risk exposure 

populations allowing the identification of the presence of minor variants within a single host 

or at a population level, which could with time become dominant and confer resistance. Such 

sensitive analysis is of crucial importance as it could help in the anticipation of emerging 

immune and or drug resistance adaptations.  

The general low frequencies of these mutations observed in this study shouldn’t be 

underestimated as HCV has the capability of rapid adaptation and escape toward pressures 

that affect its replication. As such, a better understanding of the mechanism and factors that 

regulate HCV adaptation when the virus is subjected to the host’s immune response and drug 

pressure is important in predicting infection outcomes in the design of a universal vaccine 

and new therapies.  

 

In conclusion, the future of HCV research looks promising as more and more is known about 

this virus, which has recently lead to the release of new drugs that could potentially contain 

the epidemic. However, HCV must not be underestimated as this highly mutable virus seems 

to have found a number of strategies to adapt to the human host and has so far always found a 

way to counteract processes aimed at eradicating it. Accordingly, numerous factors must be 

considered when it comes to anticipating the evolution of this virus. Certainly, HLA is known 

to influence diversity but it is difficult to assign these associations to outcome given the 

variability of this host genetic system in the host population and the number of potential HLA 

alleles within the host HLA repertoire and the extensive LD between HLA loci. To some 

extent, the KIR genetic system shares many of these properties making understanding the 

association of specific viral variations with particular KIR and HLA alleles difficult. 

However, understanding this complex interplay will shed new light on HCV research that 

will be relevant for the design of a universal vaccine or the design of new treatments. 
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Appendix 1. De novo mutations and associated impact on binding affinity with HLA. 

 

 
 

 
Bulk Sequencing  

De novo 
(HLA match) 

Position* 

Restricting allele 

Wildtype#   Adapted   

NS3 

386 A02 KLVALGINAV 17.76 KLVALGVNAV 23.77 

86 B07 WPAPH/YGAH/RSL 3.65-4.84 WLAPQGAHSL 743.91 

92 B07 WPAPH/YGAH/RSL 3.65-6.65 WP/LAPH/YGAHSL 4.76-876.63 

224 C03 AYAAQGYKVL n/a AYAAQGYK/NVL n/a 

264 A02 TITTGSPITYS 29087.89 TITTGSP/SITYS 29166.09 

NS4 219 B40 GEVPSTEDL 39.18 GEVPSMEDL 36.05 

NS5a 

304 A11 SVPAEILRR n/a SVPAEILLR n/a 

328 B44 VETWRKPDY n/a VEAWRKPDY n/a 

248 B38 NHDSPDAEL n/a NHNSPDAEL n/a 

163 A24 RFAPPCKPL 1855.29 RFAP/LPCKPL 2626.54 

16 A02 VLSDFKTWL 38.4 VVSDFKTWL 2303.16 

20 A02 VLSDFKTWL 38.4 VLSDFK/RTWL 36.18 

123 A02 RRVGDFHYV 9145.82 RQVGDFHYV 8.96 

174 A02 LLREEVSFRV 33.48 LLREEVTFRV 29.83 

254 A02 SPDAELIEANL 24073.22 SPDAEVIEANL 25847.44 

310 A24 RFNPALPIWA 11280.09 RFRPALPIWA 11586.18 

NS5b 

180 A02 ALYDVVSKL 11.32 ALYDVVRKL 40.41 

312 A02 GLRDCTMLV 40.75 GLQDCIMLV 5.16 

213 B57 KSKKTPMGF n/a KSKKAPMGF n/a 

309 A02 GLQ/RDCTMLV 7.83 GLRDCTMLV 40.75 
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404 

A02 and/or B27 TARHTPVNSW or 
ARHTPVNSW 41318.4/ 1446.90 

TARHTSVNSW or 
ARHTSVNSW 40706.64/ 1676.25 

425 B27 VRM/VILXTHF 851.49 VRMILXTHF 197.1 

426 B27 VRM/LILXTHF n/a VRM/LILLTHF n/a 

39 A24 VYSTTSRSACQ 25779.85 VYS/ATTSRSACQ 19395.48 

47 A24 VYSTTSRSACX n/a VYSTTSRSACH n/a 

426 A24 RMIMVTHFF 23.98 RMIMLTHFF 30.11 
*Amino acid position within protein. # Sequence observed at 1st time-point. X denotes complex mixtures of amino acids; AA/AA denotes an amino acid 
mixture; AA: changing AA; - indicates absence of AA. 
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