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Abstract 

Hepatitis C virus (HCV) infects the liver and typically causes chronic infection. 

Some individuals exposed to HCV have been observed to remain aviraemic 

and seronegative, thus are presumed to be uninfected. These exposed 

seronegative (ESN) individuals have an enhanced innate immune response to 

HCV when compared with seropositive subjects, although the exact 

mechanisms involved are unknown. Until now, ESN cases have only been 

described in individuals exposed to low doses of HCV.  

 

This study examined a population of 1340 blood recipients who received 

HCV-contaminated blood to determine: i) whether a subset of them remained 

seronegative following transfusion of HCV-contaminated blood; if so, ii) what 

innate immune and genetic factors played a role in protecting them from HCV. 

A total of 8 blood recipients were identified with a confirmed exposure to HCV, 

but without any serological or virologic evidence of infection. The following 

were analysed: receptor expression and effector function of natural killer (NK) 

cells, T cell responses to HCV, and genetic polymorphism profiling. Findings 

in the ESN group were compared with 10 healthy controls, 10 spontaneous 

resolvers (SRs), and 10 subjects with chronic infection. The NK cells of ESN 

recipients exhibited significantly higher expression of the activating receptor, 

NKp30, than that observed in the other groups. NK cell cytotoxicity, in turn, 

was directly correlated with NKp30 expression and found to be enhanced in 

ESN recipients but not in SRs. On a genetic level, several rare polymorphisms 

involving innate immune genes were found in ESN recipients, but not in the 

general population or individuals with spontaneously resolved/chronic 
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infection. HCV-specific T cell responses were observed in some ESN 

recipients but were low in amplitude.  

 

In conclusion, this study describes for the first time a subset of blood 

recipients who were seemingly uninfected following high-dose exposure to 

HCV. NK cells of these ESN recipients had a more activated phenotype and 

greater killing potential than seropositive recipients, which supports the 

importance of innate immunity in protecting ESN recipients from HCV. HCV-

specific cellular immunity, however, was weak, likely to represent exposure 

rather than a mechanism of anti-HCV defence. Importantly, specific 

polymorphisms affecting innate immune genes were present in ESN 

recipients but not in recipients with spontaneously resolved or chronic 

infection. This indicates that ESN recipients are a population distinct from 

SRs, and different immune mechanisms are likely to be involved in their 

response to HCV.  
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Chapter 1 

Introduction 

1.1 Introduction 

Hepatitis C (HCV), a viral infection of the liver, is an important cause of 

chronic liver disease and poses a major burden on global health. It has a 

seroprevalence of ~115 million worldwide, of which ~80 million individuals are 

actively infected.1 Only a minority of acutely infected individuals are able to 

clear the virus; up to 85% are left with chronic infection,2 which carries the risk 

of cirrhosis, liver failure and hepatocellular carcinoma.3 HCV-related 

complications account for over 350,000 deaths worldwide per year,4 making it 

one of the leading indications for adult liver transplantation.5  

 

HCV therapy has seen major advances in recent years. The advent of direct-

acting antivirals (DAAs) has dramatically improved cure rates.6 Unfortunately, 

these modern antivirals can be expensive, limiting their access in developing 

countries.6,7 To eradicate HCV, primary prevention with a prophylactic vaccine 

is the most cost-effective strategy,8 although no approved vaccine is currently 

available.7,9 

 

It is generally accepted that there are two clinical outcomes following 

exposure to HCV – either the acutely infected person spontaneously clears 

the virus and resolves infection, or fails to do so, resulting in persistent 

viraemia and chronic infection.10 More recent studies, however, have 
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challenged this dogma; a third possible outcome has been observed in a 

small subset of individuals who, despite being exposed to HCV, do not 

manifest any clinical or serological evidence of infection. These exposed 

seronegative (ESN) individuals have been described in a variety of cohorts, 

including injecting drug users (IDUs) engaging in high-risk practices,11–24 

sexual partners of patients with chronic HCV,25,26 health care workers with 

needle stick injuries,27 and neonates of infected mothers.28 

 

Some researchers propose that ESN individuals represent a unique group 

with the ability to resist HCV and remain uninfected, which explains their 

seronegative status following exposure. Alternatively, it is possible that they 

were infected and spontaneously cleared infection, much like spontaneous 

resolvers (SRs), but have either failed to develop anti-HCV antibodies, or 

have lost them, following infection. One can speculate as to whether ESN 

individuals are truly uninfected or not. Regardless, the absence of persistent 

viraemia in these individuals indicates that they have a favourable outcome 

post-exposure. This subset of individuals has so far been intriguing to study, 

because they possess an enhanced innate immune response to HCV that is 

not observed in SRs.11,12,18 Firstly, this would suggest that ESN individuals are 

immunologically distinct from SRs, and secondly, this enhancement in innate 

immunity could promote early control of HCV, eliminating the virus before the 

development of seroconversion. 

 

Despite the progress that has been made, the exact immune mechanisms 

responsible for protecting ESN individuals remain elusive. Further research 
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into this area would be of immense value, as a better understanding of how 

these individuals respond to HCV may aid in the development of a vaccine. 

To date, studies on the immune characteristics of ESN individuals have only 

been performed in subjects with low-dose exposure, most notably, in IDUs.11–

24 It is unknown whether the enhanced innate immune response observed in 

ESN individuals following low-dose exposure is equally effective in situations 

involving a larger inoculum of virus, such as with transfusion of contaminated 

blood products. Different immune mechanisms may also be responsible.  

 

This thesis set out to address the above questions, by examining a population 

of blood product recipients with an historical exposure to HCV to determine: i) 

whether a subset of them remained seronegative following transfusion of 

HCV-contaminated blood; if so, ii) what immune and genetic factors - in 

particular, relating to innate immunity - contributed to their response to HCV.  
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1.2 Overview 

This introduction is organised into two main parts. The first part provides an 

overview of HCV from a virologic and clinical perspective and discusses the 

host immune factors known to play a role in determining the outcome of 

infection. This study investigates some of these immune factors in greater 

detail, and so a good knowledge of host-virus interactions is important. The 

second part is integral to this thesis and explains the rationale behind the 

study. It will introduce the concept of “exposure without infection” and the 

significance of the ESN cohort, including how a greater understanding of this 

subset of individuals may provide novel insights into the immune interactions 

between host and virus. 

 

PART ONE: HCV AND THE HOST 

1.3 Discovery of hepatitis C 

In the 1970s, it became evident that most cases of hepatitis arising from blood 

transfusion were not caused by hepatitis A or B, or, in fact, any other known 

viral agents.29 This became known as non-A non-B hepatitis (NANBH). It took 

over a decade of research before the aetiologic agent of NANBH was 

discovered.30 In 1989, Choo and colleagues were able to clone the virus and 

identified this as a single-stranded, positive-sense ribonucleic acid (RNA) 

virus related to the Flaviviridae family, genus Hepacivirus. This became 

known as hepatitis C virus.31 
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1.4 Virology of hepatitis C 

1.4.1 Structure of the virus 

HCV is a small, enveloped, single-stranded RNA virus measuring 40–80 nm 

in diameter. The HCV virion, shown in Figure 1.1, contains an internal 

nucleocapsid, formed by core proteins with a single strand of positive-sense 

viral RNA genome within it. This is surrounded by an outer lipid membrane 

bilayer in which envelope glycoproteins, E1 and E2, are anchored.32 

 

The lipoviral particle: HCV virions in serum have been found to have 

unusually heterogeneous and low buoyant densities. This physical 

characteristic is attributed to virions binding to very low-density lipoproteins 

(VLDLs) and low-density lipoproteins (LDLs). Buoyant density is correlated 

with infectivity such that low-density fractions are infectious but higher-density 

fractions are not. This suggests that lipoproteins, when associated with HCV 

particles, enhance their infectivity. The binding of virion to lipoproteins forms a 

complex known as a lipoviral particle. Its formation facilitates entry of the virus 

into host cells. A crucial interaction exists between the virion and the 

apolipoprotein components of the attached lipoproteins. Apolipoprotein A-I 

(apoA-I), apoB-48, apoB-100, apoC-I and apoE have all been proposed to 

play a role in assisting with viral entry.32 ApoE has attracted much attention as 

an important co-factor required for viral infectivity.33,34 In a cell culture model, 

knockdown of apoE reduced HCV infectivity to a greater extent than other 

apolipoproteins.33 Inhibition of other apolipoproteins, including apoB and 

apoA-I, can also reduce infectivity of viral particles produced, although to a 

lesser extent than apoE.35,36   
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Figure 1.1 Structure of an HCV virion 

Reprinted by permission from MacMillan Publishers Ltd: Nature reviews 

microbiology,32 copyright 2013 (see appendix A for licence agreement). 

 

  

http://www.nature.com/nrmicro/index.html
http://www.nature.com/nrmicro/index.html
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1.4.2 Viral entry into host cell 

The entry of HCV into the hepatocyte involves several steps, which are 

depicted in Figure 1.2 below and described in the following section.  

 

 

Figure 1.2 Steps involved in HCV entry into host cell 

Reprinted by permission from MacMillan Publishers Ltd: Nature reviews 

microbiology,32 copyright 2013 (see appendix A for licence agreement). 

  

http://www.nature.com/nrmicro/index.html
http://www.nature.com/nrmicro/index.html
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Attachment to host cell and receptor interaction: HCV entry into hepatocytes 

is a multi-step process. The viral glycoproteins E1 and E2 mediate the binding 

of virus to hepatocyte and its subsequent entry into the host cell. This process 

also requires the presence of numerous host proteins, including – 

glycosaminoglycans (GAGs); the LDL receptor; the high-density lipoprotein 

(HDL) receptor, scavenger receptor class B type I (SCARB1); the tetraspanin 

molecule CD81; and the tight junction proteins, occludin and claudin-1.37  

 

The initial step involves a low-affinity interaction between the virion and GAGs 

and the LDL receptor on the hepatocyte.37 The next host receptor to become 

involved is SCARB1, which is highly expressed in the liver.32 It interacts with 

the hypervariable region 1 (HVR1) of E2 on the virion. The binding of 

SCARB1 to the HVR1 region of E2 results in a conformational change that 

exposes the necessary determinants on E2 for subsequent binding to CD81.38 

 

CD81 is one of two co-receptors (the other being occludin) that are required to 

be of human origin to permit HCV infection. This highlights the species-

specific determinants of this receptor restricting HCV tropism to humans and 

chimpanzees.39,40 The CD81 binding site on E2 is masked by HVR1 and 

exposed by SCARB1 binding. Engagement of E2 with CD81 activates the 

Rho guanosine-5'-triphosphatase (GTPase) host pathway. This pathway 

remodels the actin cytoskeleton of the hepatocyte, which is fundamental for 

various motile processes, allowing the bound virion to travel across the 

surface of the hepatocyte towards the tight junctions.41  



 

9 

The tight junction is the site of direct cell-to-cell contact. Claudin-1 and 

occludin are essential for providing a protective barrier to hepatocytes and 

maintaining cell polarity.42,43 When the CD81-bound virion is relocated to the 

tight junction, virus internalisation occurs by interaction between CD81 and 

claudin-1.44 This interaction is promoted by the receptor tyrosine kinases 

epidermal growth factor (EGFR) and ephrin type A receptor 2 (EphA2).45 

Occludin is also required for a post-binding step in viral entry, although it is 

unclear whether it interacts directly with the virion.46  

 

Internalisation of virus by clathrin-mediated endocytosis: The interaction 

between CD81-bound HCV and claudin-1 induces clathrin-mediated 

endocytosis, allowing the virus to be internalised.32 Clathrin is a large protein 

that forms coated pits on the inner aspect of the host cell’s plasma 

membrane. The clathrin-coated pit buds into the cytoplasm of the cell, forming 

a coated vesicle that encapsulates the virion. This clathrin-coated vesicle is 

pinched off from the plasma membrane and the virion is endocytosed.47  

 

Fusion and uncoating: Once endocytosed, the virions are trafficked to 

endosomes. The endosomal compartment normally undergoes acidification 

and this low pH environment is crucial for uncoating of the virion. The acidic 

environment induces fusion between the viral envelope and the endosomal 

membrane, thus uncoating the virus and releasing the viral RNA genome into 

the cytosol.37 
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1.4.3  Viral replication 

Once the viral genome is released inside the cell, the next sequence of events 

leading up to viral replication occurs at the site of the rough endoplasmic 

reticulum (ER). 

 

RNA translation and polyprotein processing: The viral genome is an RNA 

molecule of 9.6kb in length and contains a single open reading frame (ORF) 

flanked by 5’ and 3’ untranslated regions (UTRs). Although the UTRs are non-

coding, they contain highly conserved sequence and structural elements 

crucial for translation and replication. The 5’ UTR harbours an internal 

ribosome entry site (IRES) that binds the 40S ribosomal unit, initiating 

translation of the polyprotein. The ORF is translated into a large precursor 

polyprotein of about 3000 amino acids, which is processed by host and viral 

proteases to yield 10 smaller proteins. This is shown in Figure 1.3. The 

amino-terminal region of the polyprotein is cleaved into three structural 

proteins, namely, the core and the envelope glycoproteins E1 and E2. The 

carboxy-terminal region is cleaved into seven non-structural (NS) proteins – 

p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B.48 

 

The proteins core, E1, E2 and p7 are separated from the polyprotein by host 

proteases. As mentioned earlier, core, E1 and E2 proteins contribute to the 

structure of the virion, hence the term structural proteins.48 The non-structural 

protein, p7, is a viroporin and has ion channel-forming activity. More recently, 

p7 has been shown to be essential in the production of infectious virus 

although its exact role in HCV replication is not known.49,50 



 

 

1
1

 

 

Figure 1.3 The HCV genome and products of polyprotein processing 

Adapted by permission from MacMillan Publishers Ltd: Nature medicine,51 copyright 2013 (see appendix A for licence 

agreement). 

http://www.nature.com/nm/index.html
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The other non-structural proteins, NS2 to NS5B, are involved in polyprotein 

processing and viral replication. They are cleaved from the polyprotein by viral 

proteases. The NS2/NS3 junction is cleaved by NS2-3 metalloproteinase, an 

autoprotease consisting of NS2 and the amino-terminal part of NS3. The NS3 

protein is multifunctional; the amino-terminal region acts as a serine protease 

and the carboxy-terminal region has nucleoside-triphosphatase (NTPase) and 

helicase activities. The remaining downstream proteins are cleaved by the 

NS3 serine protease, with NS4A as a co-factor. NS5B functions as an RNA-

dependent RNA polymerase and is responsible for the replication of viral RNA 

from an RNA template. It lacks a proofreading mechanism, which accounts for 

the significant sequence variation in the HCV genome. Consequently, HCV 

exists as numerous genotypes and a pool of genetically distinct but closely 

related variants, known as “quasispecies”, is present within a host.48 

 

Formation of the membranous web for viral replication: The events in viral 

replication are summarised in Figure 1.4. Once cleaved from the polyprotein, 

the mature HCV proteins are tethered to the ER membrane ready for 

replication. Replication occurs in association with a membranous structure 

derived from the cytosolic surface of the ER, known as the membranous web. 

The membranous web is formed by NS4B, which produces vesicles within the 

membranous matrix of the ER. The non-structural proteins and viral RNA 

interact in the membranous web to form replication complexes where viral 

replication and assembly are to take place. NS5A recruits host factors to the 

ER that are needed for the integrity of the membranous web and support of 

the microenvironment for viral replication.52,53 



 

 

1
3

 

 

Figure 1.4 Events in HCV replication at the endoplasmic reticulum 

Adapted by permission from MacMillan Publishers Ltd: Nature reviews microbiology,32 copyright 2013 (see appendix A for 

licence agreement). 

 

http://www.nature.com/nrmicro/index.html
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In the membranous web, replication begins with the transcribing of the single 

strand of positive-sense genomic RNA, which serves as the template for the 

synthesis of negative-sense intermediate RNA strands. The negative-sense 

RNA intermediates are transcribed into positive-sense RNA strands, which 

are used for the production of more precursor polyproteins, synthesis of more 

intermediate RNA, and packaging into new virus particles.48 Transcription of 

all viral RNA is performed by the NS5B RNA-dependent RNA polymerase. 

The precise role of NS3 helicase in viral replication is unclear, but it probably 

has multiple functions, including unwinding double-stranded RNA 

intermediates formed during replication to dissociate nascent RNA strands 

from their RNA templates. It may also be involved in displacing RNA-binding 

proteins from viral RNA.48,53 

 

The newly formed precursor polyproteins are processed into structural 

proteins for packaging into nascent HCV particles, and into non-structural 

proteins to support ongoing replication and final assembly of the virus. The 

newly synthesised core proteins are trafficked to cytosolic lipid droplets, 

located on the cytosolic outer surface of the ER. These lipid droplets are 

spherical organelles used for cellular storage of lipids. The purpose of 

transporting core proteins to the cytosolic lipid droplets is unclear, but 

inhibition of this trafficking step impairs virus assembly. The newly formed E1 

and E2 proteins, on the other hand, are translocated to the ER and retained 

until assembly. As for the newly synthesised non-structural proteins, they 

remain in the membranous web for ongoing replication.32 
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1.4.4 Assembly and release of infective lipoviral particles 

Assembly of nascent viral particles: The process of assembling nascent viral 

particles is highly synchronised, both temporally and spatially. The major 

steps of this process are shown in Figure 1.5. The core proteins are recruited 

from the cytosolic lipid droplets to the site where eventual budding of the 

assembled particle into the lumen of the ER will take place. Viral RNA is 

shifted out of replication to the site of assembly and packaged with core 

proteins to form the nucleocapsid. E1 and E2 proteins are recruited to 

assemble the nascent viral particle as it buds into the lumen of the ER. NS5A, 

p7, NS2 and NS3-NS4A complex play an essential role in the co-ordination of 

virus assembly, by assisting in the recruitment and localisation of structural 

proteins to the site of assembly and packaging of the viral particles.32,51 

 

Maturation and release of infective viral particles: For the final stages of 

assembly, the HCV pathway has to occur in parallel with the VLDL synthesis 

pathway in order to produce mature infective particles. The nascent virion is of 

intermediate buoyant density and to mature into a low buoyant density 

particle, it interacts with VLDL precursors, apoB, apoE and apoC during its 

transit through the secretory pathway before it is finally released into the 

circulation as a fully infective lipoviral particle.51,54 
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Figure 1.5 HCV particle assembly and budding at the endoplasmic 

reticulum membrane 

Reprinted by permission from MacMillan Publishers Ltd: Nature reviews 

microbiology,32 copyright 2013 (see appendix A for licence agreement).  

  

http://www.nature.com/nrmicro/index.html
http://www.nature.com/nrmicro/index.html
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1.4.5 Involvement of host microRNA-122 in viral replication 

MicroRNAs are small, endogenous, non-coding RNAs involved in post-

transcriptional regulation of gene expression. MicroRNA-122 (miR-122) is 

highly abundant and specifically expressed in the liver. It binds to the 5’ UTR 

of the HCV genome, forming a complex that protects the viral genome from 

nucleolytic degradation and host innate immune responses. This is a unique 

example of a virus that exploits a cellular miRNA to enhance its replication. An 

inhibitor of miR-122, miravirsen, is currently under development.55 

 

1.5 Clinical aspects of hepatitis C infection 

1.5.1 Epidemiology 

Data from the World Health Organisation (WHO) suggest that 2-3% of the 

worldwide population is infected with HCV,10 although the prevalence varies 

considerably by country and region. The Global Burden of Diseases, Injuries, 

and Risk Factors 2010 (GBD2010) Study found that globally, anti-HCV 

seroprevalence had increased from 2.3% (>122 million) in 1990 to 2.8% 

(>184 million) in 2005.56 More recent estimates provided by the Center for 

Disease Analysis, United States, however, are somewhat lower than previous 

studies, with a global anti-HCV seroprevalence of 1.6%.1 Egypt is believed to 

have the highest rate of HCV in the world, with seroprevalence estimated to 

be 15%.1,4 North Africa and Middle East are defined as high seroprevalence 

regions with rates of >3.0%, Australasia has a moderate seroprevalence rate 

of 1.4%, and western Europe and North America have one of the lowest anti-

HCV rates at <1.0%.1 
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HCV can be classified into at least six phylogenetically distinct groups known 

as genotypes. Geographical differences also exist in the distribution of HCV 

genotypes. Genotypes 1, 2, and 3 are widely distributed around the world. In 

North America and Australasia, genotype 1a is the most common, followed by 

genotype 3. Genotype 1b is the most common in Europe and northern Asia. 

Genotype 4 is most prevalent in North Africa and the Middle East, including 

Egypt. Genotype 5 is confined to South Africa and genotype 6 is most 

prevalent in South East Asia (Laos, Cambodia, Vietnam, Myanmar, and 

southern China including Hong Kong).57  

 

1.5.2 Transmission 

HCV is a blood-borne virus, transmitted through parenteral exposure to 

infected blood. Direct percutaneous exposures, such as sharing of 

contaminated needles among IDUs and transfusion of blood products, are 

associated with the highest risk of transmission.58  

 

In developed countries, injecting drug use is the primary source of infection, 

accounting for approximately 60% of cases.59,60 In IDUs, anti-HCV antibody 

seroprevalence rates vary somewhat depending on geographical factors but 

are reported to be 60-85% in the United States, Europe and Australasia.60–62 

Positivity for HCV antibodies increases with the number of years of drug use 

and can be as high as 94-99% in those injecting for 10 years or more.61,63 

Acquisition of HCV appears to occur early from the time of initiating injecting 

behaviour, with 65-78% seroprevalence reported within the first year of drug 

use.61,62 The introduction of needle exchange programmes in the mid- to late 
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1980s has been credited with an observed fall in seroprevalence rates in 

some cohorts.64–67 Some studies, however, have found that HCV remains 

alarmingly prevalent in IDUs, especially in cohorts from large urban cities.68–70 

 

Historically, blood transfusion was an important source of HCV infection; 

persons with haemophilia transfused before 1986 with non-treated clotting 

factor concentrates experienced a very high risk of HCV,58 with studies 

reporting seroprevalence rates of 70% to almost 100%.71–73 Since 1986, the 

use of heat treatment to inactivate viruses in these products and the eventual 

introduction of universal HCV screening in blood donors have virtually 

eliminated transfusion as a source of HCV infection in developed countries.58 

 

In the developing world, risk factors for HCV transmission differ to those 

reported in developed nations. In several developing countries, the re-use of 

contaminated or inadequately sterilised needles and syringes in the medical 

setting is an important risk factor for transmission.60 The WHO estimated that 

unsafe injections accounted for two million new cases of HCV in the year 

2000,74 with the highest reported rates of needle re-use in the Middle East 

and South East Asia.75 In Egypt, transmission was attributed to contaminated 

glass syringes used in nationwide treatment of schistosomiasis between 1960 

and 1987.60 

 

Unlike developed countries, parts of the developing world accept paid blood 

donors, many of whom are IDUs with high prevalence of HCV infection. This, 

combined with unreliable screening of blood-borne viral infections, has 
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resulted in a high risk of transmission of HCV, along with hepatitis B (HBV) 

and human immunodeficiency virus (HIV), through contaminated blood 

products. The WHO estimated that 40% of donated blood in developing 

countries is not screened adequately for transfusion-transmitted infections. As 

for injecting drug use and its contribution to HCV transmission in developing 

countries, there is very little data on the seroprevalence of HCV in IDUs from 

this part of the world.60 

 

Other less common sources of transmission have also been described. The 

risk of sexual transmission is negligible in the absence of HIV infection. Sex 

with an infected partner in the context of a long-term monogamous 

heterosexual relationship is associated with an extremely low risk of HCV 

acquisition, up to 0.6% per year, if not null. Individuals with multiple partners 

may be at a slightly higher risk (0.4-1.8% per year).76 An increasing incidence 

of HCV infection has been observed in HIV-positive men who have sex with 

men with high-risk sexual behaviour.77,78 Vertical transmission of HCV is 

estimated to occur in 2-7% of infants born to viraemic mothers79–81 but can be 

as high as 19% in the case of HIV co-infected mothers.79,82 

 

Health care workers who sustain a needle stick injury have a low risk of HCV 

of 0.3-6%,83–87 although it can be as high as 10% if the source patient is 

viraemic.88 Other potential percutaneous risk factors include tattooing, body 

piercing and acupuncture, although it is debatable as to whether these risk 

factors make a measurable contribution to the overall prevalence of HCV in 

the community.60  
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1.5.3 Natural history 

HCV infection is divided into two phases, acute and chronic. The initial 6 

months of infection is termed acute, with the possibility of clearing the 

infection spontaneously. If the virus persists after 6 months, this is indicative 

of progression to chronic infection. 

 

Acute infection: In acute HCV, the majority of infected persons are 

asymptomatic. Non-specific symptoms develop in 15-30% of individuals, 

including malaise, anorexia, myalgia and abdominal discomfort. Jaundice may 

be present. Fulminant hepatic failure does not occur. Symptom onset is 

usually within 5 to 12 weeks of exposure and can last anywhere between 2 

and 12 weeks.10,89 

 

Patients with acute HCV typically develop abnormal laboratory findings in the 

following sequence – detectable HCV RNA in the blood, elevation in serum 

alanine aminotransferase (ALT) and finally appearance of anti-HCV 

antibodies. The levels of these three laboratory parameters over the course of 

infection are shown in Figure 1.6.  
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Figure 1.6 Serum levels of HCV RNA and ALT and appearance of anti-

HCV antibodies in acute infection 

Reprinted by permission from MacMillan Publishers Ltd: Nature medicine,90 

copyright 2013 (see appendix A for licence agreement).  

  

http://www.nature.com/nm/index.html
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Virus can be detected in the blood usually within 1 to 2 weeks of exposure. 

The period from onset of infection to appearance of HCV RNA is known as 

the eclipse or pre-ramp-up phase. HCV RNA rises exponentially over the next 

8-10 days, known as the ramp-up phase. Viral titres eventually peak and 

reach a plateau lasting 40 to 60 days. Serum ALT begins to rise near the end 

of the plateau phase; typically, at the time of symptom onset, there is 

concurrent biochemical hepatitis.10,91 Following the plateau phase, HCV RNA 

starts to fall as ALT levels reach a peak. From time of exposure, anti-HCV 

antibodies typically appear by 8 weeks and are detectable in 97% of 

individuals by 6 months.92 

 

Depending on the outcome following acute infection, HCV RNA either 

becomes undetectable if the virus is spontaneously cleared, or persists at 

fluctuating levels if chronic infection ensues. ALT can normalise in the acute 

phase suggesting complete recovery, but in those who fail to clear the virus, it 

may become elevated again in future indicating progression to chronic liver 

disease.92 

 

Spontaneous clearance: In 15-45% of acute cases, individuals will clear 

infection spontaneously with permanently undetectable levels of HCV RNA.2 

These individuals are termed spontaneous resolvers (SRs). A variety of host 

factors have been identified as playing a role in determining the outcome of 

infection. Factors including female sex, ethnicity, acute jaundice, a vigorous 

HCV-specific T cell response, presence of anti-HCV neutralising antibodies, 

and interleukin-28B (IL28B) genetic polymorphisms have been associated 
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with spontaneous clearance. With regard to ethnicity, Caucasians are more 

likely than African Americans to spontaneously clear infection.10,89  

 

Chronic infection: In the remaining 55-85% of individuals, acute HCV will 

progress to chronic infection. Chronic HCV is asymptomatic in the majority of 

individuals and often diagnosed incidentally.2 Approximately two-thirds of 

those chronically infected will demonstrate either persistent or fluctuating 

abnormalities in their ALT.92 

 

Fibrosis progression: Chronic infection is usually associated with a very slow 

progression of liver fibrosis. Host factors that predict a more rapid progression 

include age >40 years at time of infection, male sex, ethnicity, HIV or HBV co-

infection, immunosuppression, obesity, and hepatic steatosis. With respect to 

ethnicity, although African Americans are more likely to develop chronic 

infection, they have a lower rate of progression to cirrhosis than Caucasians. 

External factors are also associated with disease progression, most notably, 

heavy alcohol consumption. Viral factors such as genotype and reduced 

diversity of the viral quasispecies may possibly affect progression, but there is 

insufficient evidence to support this.2,89 

 

Risk of cirrhosis in chronic infection: The risk of cirrhosis with long-term 

infection varies somewhat depending on the mode of recruitment. Studies 

based on patients with HCV recruited from tertiary care referral centres and 

post-transfusion cohorts reported a 22-24% risk of cirrhosis after 20 years of 

infection. On the other hand, studies that recruited infected persons from the 
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community and blood donation centres observed a much lower rate of 

cirrhosis, between 4% and 7%, after 20 years of infection. This discrepancy in 

cirrhosis rates was attributed to selection bias inherent in hospital-based 

studies and age differences between cohorts. The 7% risk of cirrhosis seen in 

community-based studies is thought to be more representative of the general 

population.2 

 

Risk of hepatocellular carcinoma: Once cirrhosis is established, the annual 

rate of developing hepatocellular carcinoma is 2-4%, although this has been 

reported to be as high as 7% in Japan. Risk factors for hepatocellular 

carcinoma include age >55 years, ethnicity (Asian and African-American), 

high alcohol consumption and male sex.2,10 

 

1.5.4 Diagnostic tests 

There are two types of diagnostic tests for the detection of HCV – serological 

assays that detect the presence of anti-HCV antibodies, and molecular 

assays that detect and quantify the presence of HCV RNA. 

 

Serological assays: Shortly after the discovery of HCV in 1989, the first 

generation enzyme immunoassay (EIA-1) was developed.93 The EIA is a 

method of detecting antibodies directed against HCV antigens by adding a 

patient’s serum to antigen-coated wells of a microplate. Antibodies in the 

serum that target HCV antigens will bind to the wells and are then detected by 

addition of another antibody conjugated to a colorimetric marker.94 
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Although the first-generation EIA-1 assay was extremely effective in reducing 

the risk of transfusion-related HCV, it had limitations. The EIA-1 assay 

contained a single HCV recombinant antigen, c100-3, derived from NS4. It 

was compromised by poor sensitivity, where only 70-80% of individuals with 

HCV were diagnosed by this test. It also had a low positive predictive value 

and significant numbers of false positive results were an issue. Furthermore, 

there was a long window period of 16 weeks from time of infection before 

seroconversion was detected. The EIA-1 test was subsequently replaced in 

1992 by an improved second-generation assay, EIA-2.95 In addition to c100-3 

present in EIA-1, this assay also contained the recombinant antigens c22-3 

and c33c, derived from core and NS3, respectively.96 This not only improved 

its sensitivity to 92-95% but also shortened the window period for detection of 

HCV seroconversion to 10 weeks. The EIA-2 test also demonstrated 

improved specificity, resulting in fewer false positives in the clinical setting, 

with a positive predictive value of 88-95%.95 

 

In a population with a low prevalence of HCV, however, the proportion of false 

positive EIA results can be significant even with a high specificity test. 

Historically, a supplementary test, the recombinant immunoblot assay (RIBA), 

was implemented to address this problem. The RIBA test contains similar 

antigens to its corresponding EIA assay but differs in that each antigen is 

displayed as an individual band and immobilised on a nitrocellulose strip. 

Antibodies directed against each antigen bind to the strip and are detected by 

a colorimetric method. Results are interpreted as positive, indeterminate, or 

negative depending on the number of reactive bands/antigens.95,97 
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The first-generation RIBA, RIBA-1, contained only two recombinant antigens, 

c100-3 and 5-1-1, both derived from NS4. In the second-generation RIBA-2 

test, the number of recombinant antigens was expanded to four – c22-3 from 

core, c33c from NS3, and the previous two NS4-derived antigens used in 

RIBA-1.97 A third-generation RIBA-3 test then became available and 

incorporated an NS5-derived antigen in addition to the standard antigens on 

RIBA-2. It had fewer indeterminate results than RIBA-2 and correlated better 

with results of viral RNA testing.95,98 

 

Further advances made over the years have led to the development of highly 

sensitive and specific EIA tests. A third-generation test, EIA-3, contains 

reconfigured core and NS3 antigens with the addition of an NS5-derived 

recombinant antigen. The EIA-3 test demonstrates further improvement in 

diagnostic accuracy, with sensitivity of 97-99% and specificity approaching 

100%. It has also shortened the time to HCV seroconversion to 7-8 

weeks.95,99 

 

There are now fourth-generation assays available, including antigen-antibody 

combination tests that allow for the simultaneous detection of HCV core 

antigen and anti-HCV antibody. The sensitivity is reported to approach 100% 

in detection of individuals who have seroconverted. Additionally, by detecting 

the presence of core antigen in the pre-seroconversion phase, this assay is 

positive in up to 70% of viraemic individuals who are yet to develop 

antibodies. The window period is reportedly shortened to 26 days. Specificity 

has also been observed to approximate 100%.100,101 
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Given the high accuracy of contemporary EIA assays and the availability of 

molecular tests to confirm infection (see below), RIBA testing has become 

obsolete in clinical practice. 

 

Molecular assays: Serological assays are able to detect if an individual has 

ever been infected with HCV, but do not differentiate between past and 

current infection. In the late 1990s and early 2000s, the development of 

nucleic acid amplification testing (NAT) allowed the presence of HCV RNA to 

be detected in blood.102 This made it possible to confirm if an individual had 

active vs. past infection. It also enabled the presence of virus to be detected 

during the window period between HCV exposure and the presence of 

antibodies.103,104  

 

One of the most sensitive laboratory methods for the detection of HCV RNA is 

the reverse transcription polymerase chain reaction (PCR). This involves 

converting the RNA template into complementary deoxyribonucleic acid 

(cDNA) using reverse transcriptase and exponentially amplifying the cDNA 

with DNA polymerase.102 HCV RNA PCR assays are both qualitative and 

quantitative. The qualitative PCR assay detects the presence or absence of 

HCV RNA in blood. These assays have evolved to become highly sensitive; 

for example, the COBAS Ampliprep/COBAS Taqman HCV Qualitative Test 

v2.0 (Roche Molecular Diagnostics, Pleasanton, California) has a lower limit 

of detection of  <15 international units/mL (IU/mL).105 The quantitative PCR 

assay, on the other hand, measures the actual level of circulating HCV RNA, 

referred to as the viral load. This is particularly useful in the context of 
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deciding whether to initiate antiviral treatment and assessing response to 

treatment.103,104 

 

Traditional PCR assays, where the results are obtained at the end of the 

reaction, are becoming increasingly displaced by real-time PCR assays, 

which allow for the detection of amplified DNA as the reaction progresses in 

real time. Real-time PCR has the advantage of increased dynamic range, less 

contamination and easier automation.104 Other methods of NAT include the 

transcription-mediated amplification assay, which amplifies HCV RNA directly 

using reverse transcriptase and RNA polymerase;102 and the branched DNA 

assay, which captures HCV RNA by hybridisation and then assesses the 

quantity captured using chemiluminescence.95 

 

1.5.5 Treatment  

Treatment of HCV is a rapidly evolving field and it is inevitable that newer and 

more potent agents will supersede the treatments described here at the time 

of writing. Historically, interferon (IFN) was the cornerstone of HCV treatment 

following its approval in 1991. In HCV treatment, cure is defined as being 

aviraemic (HCV RNA negative) for 6 months following cessation of treatment, 

otherwise known as a sustained virologic response (SVR). In clinical trials, 

pegylated IFN and ribavirin achieved SVR in up to 40-50% in patients with 

genotype 1 and up to 70-80% in patients with genotypes 2 and 3.106 Despite 

this regimen being standard of care for almost a decade, it was far from ideal. 

Cure rates were suboptimal, especially in difficult-to-treat groups such as 

those with genotype 1 infection, high viral load, African-American ancestry, or 
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cirrhosis.103 IFN also had a significant side-effect profile and suffered from 

poor tolerability.106 

 

In recent years, HCV treatment has been revolutionised by the advent of DAA 

agents. DAAs directly inhibit specific steps of the HCV life cycle, including the 

NS3/4A protease, the NS5B RNA-dependent RNA polymerase and NS5A.106 

In 2011, the first DAAs, telaprevir and boceprevir, were approved in the 

United States and Europe for treatment of genotype 1 infection. The 

combination of telaprevir or boceprevir with pegylated IFN and ribavirin 

became the new standard of care regimen for genotype 1 infection, achieving 

cure rates of 75% and 66%, respectively, in treatment-naïve patients.107,108 

Newer and more potent DAAs (e.g. sofosbuvir, daclatasvir, ledipasvir) have 

since entered the market and a number of IFN-free regimens, which consist of 

DAAs used in combination, are now available as treatment options. 

Unfortunately, DAAs cannot be administered as monotherapy due to rapid 

emergence of resistance.109  

 

IL28B: To date, the most significant genetic finding in HCV is the association 

between IL28B and favourable outcomes.110 In 2009, several genome-wide 

association studies separately identified single nucleotide polymorphisms 

(SNPs) in IL28B that were strongly associated with predicting treatment-

induced clearance of HCV. Ge and colleagues were first to report that SVR in 

an American cohort was favourably associated with the CC genotype of the 

rs12979860 SNP.111 Shortly thereafter, two groups reported an association 

between successful treatment and SNPs near the region of IL28B – 
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rs8099917 TT in a cohort of Australians and Europeans,112 and rs12980275 

AA and rs8099917 TT in a Japanese cohort.113 IL28B SNPs have also been 

associated with spontaneous clearance; this is discussed later in section 

1.7.4. Collectively, these studies suggest that the IFN- family, to which IL28B 

belongs to, plays a central role in the pathogenesis and outcome of HCV 

infection, although its exact mechanism of action in determining this outcome 

remains unknown.110 

 

1.6 Immune determinants of outcome in hepatitis C infection 

The reason why only some individuals infected with HCV are able to clear the 

virus on their own is not completely understood. When HCV infects a host, the 

immune response is triggered and attempts to eradicate the virus as efficiently 

as possible. The virus, however, has developed countermeasures to evade 

detection and eradication by the immune system. This interaction between the 

host immune response and the HCV is complex and determines the eventual 

outcome.114  

 

Upon exposure to HCV, infected cells respond by producing antiviral 

cytokines that inhibit viral replication and trigger the initiation of the immune 

response. The immune response is comprised of two main lines of defence. 

The first line of defence is the innate immunity, which rapidly responds to the 

presence of pathogens, albeit in a non-specific generic manner. Early on, 

effector cells of the innate immune system, including dendritic cells (DCs), 

macrophages, natural killer (NK) cells, and neutrophils are recruited to the site 

of infection. The second line of defence, the adaptive immune response, 
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follows soon after, and is mediated by T cells and B cells.  The adaptive 

immunity is highly antigen-specific and capable of a future “memory” 

response.115 

 

1.6.1 Immune responses during acute and chronic infection 

Acute HCV can be divided into two phases – early acute and late acute. The 

early acute phase, typically the first 6-8 weeks of infection, is characterised by 

the innate immune response. This is followed by the late acute phase, which 

is defined by the appearance of HCV-specific T cell responses signifying the 

activation of adaptive immunity. This phase clinically coincides with the rise in 

serum transaminases and the onset of symptoms. In the majority of 

individuals, both innate and adaptive immune responses fail to clear the virus; 

after 6 months of acute infection, it transitions into the chronic phase.116 

 

1.7 Innate immunity – interferons in hepatitis C infection 

There are three types of IFNs. Type I IFNs include IFN-alpha (IFN- and 

IFN-beta (IFN-; type II IFN is comprised of IFN-gamma (IFN-); and type III 

IFNs consist of three IFN-lambda (IFN-) molecules – IFN-1 (IL29), IFN-2 

(IL28A), and IFN-3 (IL28B). Type I and III IFNs are mainly involved in innate 

immunity and are produced by virus-infected cells, macrophages and DCs. 

Type II IFN is critical for both innate and adaptive immune responses and is 

produced by NK cells, NKT cells, CD4+ T helper type 1 (Th1) cells and CD8+ 

cytotoxic T cells.116 
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1.7.1 IFNs in early acute HCV  

At the onset of infection, HCV titres rise dramatically due to its very high 

replication rate, with a mean doubling time of 0.5 days.117 The presence of 

virus is rapidly sensed by receptors that specifically recognise pathogen-

derived products. These receptors trigger the rapid release of IFN- and IFN-

,which, in turn, induces the expression of multiple type I/III IFN-stimulated 

genes (ISGs).118  

 

A number of ISGs have well-described potent antiviral properties. In the 

chimpanzee model, an increase in the transcription of ISGs in the liver can be 

demonstrated as early as 2 days after infection. ISG transcription is positively 

correlated with viral load, suggesting that IFN response is directly regulated 

by the amount of HCV-derived molecules.116 

 

Induction of IFN response via pattern recognition receptors: In response to 

viral infection, two important pathways that detect viral genomes are triggered 

leading to the induction of type I IFNs. These sensory pathways involve 

pattern recognition receptors (PRRs) that possess the ability to detect non-

“self” microbial-derived motifs, known as pathogen-associated molecular 

patterns (PAMPs).118 Type III IFNs are a more recent discovery and their 

signalling pathways are not as clearly elucidated. Current evidence suggests 

that they share common signalling pathways with type I IFNs.119,120 
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The first pathway is the Toll-like receptor (TLR)-dependent pathway (Figure 

1.7). It is initiated by TLRs, a family of transmembrane PRRs that detect 

microbial PAMPs. The main TLRs involved in recognition of viruses are TLR3, 

TLR7, TLR8 and TLR9. They are located intracellularly on the surface of 

endosomes in various immune cells, fibroblasts and epithelial cells. When a 

cell becomes infected, intracellular virus is detected by TLRs leading to IFN 

induction. Alternatively, non-infected macrophages and DCs may also induce 

IFN via TLRs. Remnants of virus-infected apoptotic cells and intact viral 

particles are taken up by these immune cells and undergo endosomal 

degradation, bringing the viral antigens into contact with TLRs.116 

 

The TLRs can detect a variety of viral genomes. TLR3 senses double-

stranded RNA; TLR7 and TLR8 recognise single-stranded RNA; and TLR9 

interacts with unmethylated cytosine-phosphate-guanine (CpG) motifs on 

DNA. CpG sequences are relatively rare in mammals compared with bacteria 

and viruses and are typically methylated in normal mammalian cells.118,121 

 

TLR3 stimulation induces signalling cascades that involve the adaptor 

molecule, Toll/interleukin-1 receptor domain-containing adaptor inducing IFN-

 (TRIF). This leads to downstream activation of TANK-binding kinase 1 

(TBK1) and inhibitor of NF-B kinase-epsilon (IKK-), resulting in 

phosphorylation of interferon regulatory factor 3 (IRF3), a transcription factor 

that induces IFN- production.118,121 
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Figure 1.7 Induction of interferon response via pattern recognition 

receptors 

Adapted by permission from MacMillan Publishers Ltd: Nature immunology,122 

copyright 2009 (see appendix A for licence agreement). 

  

http://www.nature.com/ni/index.html
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The other receptors, TLR7, TLR8 and TLR9, signal through a different 

pathway that involves the adaptor molecule, myeloid differentiation primary 

response protein 88 (MyD88). Downstream signalling activates the 

interleukin-1 receptor-associated kinases (IRAK), IRAK4 and IRAK1, followed 

by IKK-alpha (IKK. This, in turn, phosphorylates the transcription factor, 

IRF7, inducing the production of IFN-. The TRIF and MyD88 pathways also 

converge to activate the transcription factor, nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-B). The expression of various pro-

inflammatory cytokines is controlled by NF-B, which also contributes to the 

production of IFN-.118,121 

 

The second pathway is the cytosolic pathway (Figure 1.7). It is initiated by 

binding of viral RNA to the RNA helicases, retinoic acid-inducible gene-I (RIG-

I) and melanoma differentiation antigen 5 (MDA5). Both of these helicases 

belong to the RIG-I-like receptor family and act as PRRs. Upon binding to viral 

RNA, they trigger activation of mitochondrial antiviral signalling protein 

(MAVS). MAVS is also known by the names Cardif, virus-induced signalling 

adaptor (VISA) and IFN- promoter stimulator-1 (IPS-1). The downstream 

signal is propagated by MAVS via unidentified mediators to TBK1/IKK-and 

IKK/resulting in activation of IRF3 and NF-B respectively, and induction 

of type I IFNs.116,117 

 

In HCV, several motifs have been identified as PAMPs that appear to activate 

the sensory pathways. The polypyrimidine (polyU/UC) tract in the 3’ UTR of 

HCV genomic RNA is responsible for the RIG-I mediated recognition of the 
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virus, although this interaction is also dependent on the length and sequence 

composition of the 5’-triphosphate on viral RNA.123 The polyU/UC tract of HCV 

RNA can also activate TLR7, TLR8 and TLR9. Other described PAMP 

interactions include HCV core protein with TLR2, NS3 with TLR2, and NS5A 

with TLR4.118 

 

IFN signal is transduced via the Jak-STAT signalling pathway: The initial IFN 

response activates a very powerful positive feedback loop, amplifying the 

production of IFNs to very high levels. Once released, IFNs bind to their 

cognate receptors, both on the same cell and on neighbouring cells. This 

leads to activation of the Janus kinase-signal transducer and activator of 

transcription (Jak-STAT) signalling pathway.124  

 

Type I and III IFNs interact with different IFN receptors. Type I IFNs bind to 

the ubiquitously expressed IFN-receptor (IFNAR). Type III IFNs, on the 

other hand, bind to a different IFN receptor, formed by IL28 receptor alpha 

chain (IL28R) and IL10 receptor beta chain (IL10R). Despite the different 

receptors, they all connect to the Jak-STAT pathway allowing signals to be 

transmitted from the cell surface to the nucleus. Upon receptor binding, one of 

the Jaks is activated and a cascade of events is triggered leading to activation 

of STAT proteins.116 
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Figure 1.8 depicts activation of the Jak-STAT signalling pathway by IFNs. In 

most cells, type I and III IFNs activate STAT1 and STAT2, which combine with 

a transcription factor, IRF9. Together they form the interferon-stimulated gene 

factor 3 (ISGF3) complex, which then translocates to the nucleus. In the 

nucleus, it binds to IFN-stimulated response elements (ISREs) located in the 

promoter regions of ISGs. Alternatively, STAT1 can form homodimers and 

enter the nucleus to bind to the gamma-activated sequence (GAS) elements 

in ISGs. Upon binding to the promoter regions of ISGs, transcription of these 

genes is induced.116,124 

 

The signalling of IFN via the Jak-STAT pathway is negatively regulated by a 

number of proteins. These proteins act to prevent potentially harmful effects of 

IFN overexpression; for example, suppressor of cytokine signalling (SOCS) 

proteins inhibit IFN signalling by binding to Jaks and suppressing their activity; 

ubiquitin-specific peptidase 18 (USP18), also known as ubiquitin protease 43 

(UBP43), interferes with the binding of Jak to IFNAR; protein inhibitor of 

activated STAT1 (PIAS1) and PIAS3 bind to STAT1 and STAT3, respectively, 

inhibiting their activity; and T cell protein tyrosine phosphatase (TcPTP) 

dephosphorylates STAT1 thus inactivating it.116,124 
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Figure 1.8 Activation of Jak-STAT signalling pathway by interferons 

Reprinted by permission from Elsevier Ltd: Journal of hepatology,116 copyright 

2013 (see appendix A for licence agreement). 

  

http://www.journal-of-hepatology.eu/


 

40 

The release of IFNs triggers the transcription of hundreds of ISGs involved in 

the generation of an antiviral state. The products of these ISGs have a wide 

range of antiviral effects; for example, 2′,5′-oligoadenylate synthetase 1 

(OAS1) and ribonuclease L (RNase L) are enzymes that function to destroy 

viral and cellular RNA; the protein encoded by the adenosine deaminase 

acting on RNA (ADAR) gene converts adenosine into inosine residues, 

causing mutation and subsequent destabilisation of double-stranded RNA; 

and p56 and protein kinase R (PKR), both of which can inhibit translation of 

viral and host RNA. However, a large number of ISGs have as yet unknown 

functions and our understanding of their contribution to the antiviral state 

remains elementary. The induction of ISGs also acts to further amplify the IFN 

response, as several PRRs and signalling molecules, such as RIG-I, Jak1 and 

STAT1, are ISGs themselves.116,117  

 

1.7.2 IFNs in late acute HCV 

Despite the rapidity and vigour of the type I/III IFN response in the early acute 

phase, this is typically ineffective in clearing the virus. In the late phase of 

acute infection, recruitment of HCV-specific T cells to the liver results in a 

switch in the IFN expression profile to an IFN--dominated response.116 IFN- 

is the main cytokine released by CD8+ T cells and has powerful inhibitory 

effects on HCV.125 It binds to the widely expressed IFN- receptor, IFNGR, 

and connects to the Jak-STAT pathway. A strong induction of IFN--type ISGs 

occurs in the liver, and in a proportion of individuals, this leads to successful 

elimination of the virus. It is unclear why induction of the type I/III IFN system 

in the early acute phase invariably fails to clear the virus, whereas induction of 
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IFN- in the late acute phase can lead to clearance. An interesting point is that 

although endogenous type I/III IFNs are ineffective in eliminating the virus, 

recombinant IFN--based therapies in acute HCV patients have a success 

rate of >90%.116  

 

1.7.3 HCV can evade the IFN response 

Despite the strong induction of ISGs during acute infection, viral replication is 

not completely suppressed suggesting that the virus has evolved mechanisms 

to evade the IFN response. Although numerous in vitro studies demonstrate 

that HCV is sensitive to IFN-, the IFN response fails to eliminate the virus in 

most cases.114,116,117 

 

HCV possesses various mechanisms to attenuate the IFN response at 

multiple levels. The NS3/4A protease has been shown to cleave the adaptor 

molecules TRIF and MAVS, thereby blocking the TLR3 and RIG-I signalling 

pathways, respectively, and inhibiting type I IFN production. The core protein 

of HCV may interfere with ISG transcription by inhibiting the Jak-STAT 

pathway via inhibition of STAT1 and ISGF3.  HCV proteins may also interfere 

directly with ISGs. The NS5A protein has been reported to inhibit OAS1 and 

PKR and can also induce IL8, which inhibits overall ISG expression. The E2 

protein also acts to inhibit PKR. These countermeasures may explain the 

inability of the IFN response to effectively eliminate the virus in the majority of 

cases.114,117 
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1.7.4 IFNs and the outcome of acute infection 

Similar to treatment outcome, the IL28B SNPs rs12979860 CC and 

rs8099917 TT are also favourably associated with spontaneous clearance of 

acute infection.126–131 The mechanism by which IL28B (also known as IFN-3) 

confers its protective effects is unknown. In vitro, IFN-3 has been found to 

inhibit viral replication. In chronic HCV, patients without the favourable 

rs12979860 CC genotype, appear to have lower serum levels of IFN-. This 

suggests that a lack of IFN-, especially in individuals with non-favourable 

IL28B genotypes, may be responsible for negative outcomes.110,132 

 

1.7.5 IFNs in chronic HCV 

In those who fail to clear the virus and progress to chronic infection, type I and 

III ISGs are again induced, although their expression can vary considerably 

between individuals. Some demonstrate a constant and high expression of 

type I/III ISGs in the liver, but others have no detectable induction of these 

genes. It is not known which particular subtype of IFN is driving the constant 

expression of ISGs observed in some individuals with chronic infection. ISG 

expression has very little effect on the virus – HCV can persist for long 

periods in the presence of high ISG expression and there is no correlation 

between serum and intrahepatic viral loads and ISG expression levels.116 

 

It is well established that individuals with high expression of IFNs and ISGs 

are poor responders to IFN-based treatments. Paired liver biopsies performed 

before treatment and 4 hours after the first injection of pegylated IFN- found 

that patients with high endogenous levels of IFNs and ISGs at baseline did 
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not demonstrate any further increase in ISG expression following 

administration of pegylated IFN- and were subsequently more likely to fail 

treatment. In contrast, patients who achieved SVR with IFN--based therapy 

had minimal ISG expression pre-treatment and demonstrated a strong 

induction of ISGs following injection with pegylated IFN-.114,116 

 

It has been suggested that continuous exposure to IFN can result in a state of 

refractoriness. Cells cultured in IFN become desensitised to IFN signalling 

within hours and remain unresponsive for days. This refractoriness has also 

been observed in the liver of mice injected with mouse IFN-. In mice, 

continuous IFN- exposure results in a fall in ISG transcription back to pre-

treatment level, which does not recover with repeated stimulation. There is 

some evidence to suggest that this refractoriness is due to the negative 

regulators of IFN signalling. Interestingly, IFN- signalling is not subject to 

refractoriness in mouse hepatocytes and repeated stimulation does not 

appear to dampen STAT1 activation.124 

 

1.8 Innate immunity – natural killer cells in hepatitis C infection 

NK cells are among the earliest responders of the innate immune system. 

Much of the research on NK cells in HCV has focused on their receptors, 

following the discovery that a gene encoding a particular NK cell receptor was 

associated with spontaneous clearance. Although our current knowledge of 

NK cells in HCV is limited, there is evidence supporting the role of these 

immune cells in determining the outcome of infection.133  
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1.8.1 What are NK cells? 

NK cells are a subpopulation of lymphocytes and, in most cases, are defined 

phenotypically as CD3- CD56+. They are relatively enriched in the liver, 

comprising 30-50% of intrahepatic lymphocytes, compared with the periphery, 

where it constitutes only 5-20% of circulating blood lymphocytes. In liver 

disease, expansion of NK cells may reach up to 90% of the intrahepatic 

lymphocyte pool.133,134 

 

NK cells identify and kill cells that lack “self” major histocompatibility complex 

(MHC) class I molecules. Host cells may lose their MHC class I molecules if 

they become virally infected or undergo abnormal transformation.133,134 The 

“missing self” hypothesis was proposed by Karre and colleagues in 1986 to 

describe this phenomenon.135 This mechanism of eliminating cells is in 

contrast to classical cytotoxic T cells, which require MHC class I molecules for 

the detection of target cells and triggering of activation prior to cell killing. 

Also, unlike T and B cells, NK cells do not require priming to recognise virus-

infected cells. These unique properties of NK cells allow them to rapidly attack 

and lyse target cells.133 
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1.8.2 NK cells exist as two phenotypically and functionally different 

subsets 

There are two main subsets of NK cells – CD56dim and CD56bright. In 

peripheral blood, the vast majority  (~90%) of the circulating NK cell pool is 

comprised of functionally mature CD56dim NK cells, with the remaining portion 

made up of immature CD56bright NK cells.133  

 

The CD56dim NK cell subset is well differentiated and expresses moderately 

low levels of CD56.133 These cells are strongly cytotoxic and can kill infected 

cells either by degranulation or apoptosis.133,136,137 Degranulation is whereby 

cytotoxic granules containing perforin and granzymes are released, leading to 

rapid and direct cell lysis. The CD56dim NK cell can be triggered to 

degranulate by direct interaction with its activating receptors.138 These 

receptors are discussed later on in this chapter, section 1.8.4. Alternatively, 

CD56dim NK cells can degranulate via the process antibody-dependent cell-

mediated cytotoxicity (ADCC).133,134 This requires crosslinking of CD16 (also 

known as Fc-gamma receptor 3/FcRIII) located on CD56dim NK cells with the 

Fc portion of immunoglobulin G (IgG), which coats the surface of infected 

target cells. This, in turn, activates the NK cell to release cytotoxic granules or 

cytokines, such as IFN-.139 Lastly, CD56dim NK cells can kill via the less direct 

mechanism of apoptosis, mediated by tumour necrosis factor-related 

apoptosis-inducing ligand (TRAIL) and first apoptosis signal ligand 

(FasL).133,138 
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In contrast, CD56bright NK cells, which express high levels of CD56, comprise 

up to 10% of circulating NK cells and are less mature, with the potential to 

differentiate into CD56dim NK cells. They have poor cytotoxic activity and, 

unlike CD56dim NK cells, they do not typically express perforin or CD16. 

Instead they function more as immunoregulatory cells, producing cytokines, 

such as IFN- and tumour necrosis factor-alpha (TNF-), that directly inhibit 

viral replication and prime adaptive immune response.133,137,138 This functional 

distinction, however, is not absolute; at times CD56bright NK cells can undergo 

degranulation and CD56dim NK cells can produce cytokines.133,134 There is a 

further subset of NK cells rarely found in the healthy population, characterised 

as CD56- CD16+. These are dysfunctional NK cells that have mainly been 

studied in HIV-positive individuals, where they are significantly expanded.133 

 

1.8.3 Intrahepatic NK cells 

In the liver, NK cells are localised to the endothelial lining of the sinusoids and 

were originally described as pit cells. NK cells are defined as large granular 

lymphocytes and contain characteristic granules. Morphologically, liver NK 

cells can be separated into two populations based on the size and density of 

these granules – low-density cells with smaller granules and high-density cells 

with larger granules, the latter resembling NK cells in the peripheral blood.133 

It is postulated that liver NK cells originate from the circulation as high-density 

cells then migrate to the liver and differentiate into liver-specific low-density 

small granular cells.133,140 In addition to morphology, intrahepatic NK cells also 

differ in immunophenotype and function compared with peripheral NK cells. In 

the liver, the CD56dim and CD56bright subsets are more evenly distributed, 
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where approximately 50% of liver NK cells are CD56dim and the other 50% are 

CD56bright. Functionally, intrahepatic NK cells are more cytotoxic and express 

higher levels of perforin, granzymes and TRAIL.140 

 

1.8.4 Regulation of NK cells by activating and inhibitory receptors 

NK cells were originally termed “natural killers” because of the initial concept 

that they did not require activation to kill cells lacking “self” MHC class I 

molecules. It was later discovered that NK cells have a plethora of surface 

receptors with activating and inhibitory effects (Table 1.1), and that absence 

of MHC class I on a target cell, on its own, is not necessarily sufficient to 

activate NK cell killing. Instead, NK cells are under the constitutive inhibition of 

specific inhibitory receptors but become activated to kill when a critical 

threshold of activating signal exceeds inhibition.134,138,141,142 

 

One of the key families of receptors used by NK cells is the killer cell 

immunoglobulin-like receptor (KIR) family, which comprises both activating 

and inhibitory receptors. Other activating receptors include the C-type lectin-

like receptors, NKG2D, CD94:NKG2C and CD94:NKG2E/H; natural 

cytotoxicity receptors (NCRs) NKp30, NKp44 and NKp46; and CD16, the low-

affiinity Fc receptor involved in ADCC. The C-type lectin-like receptor 

CD94:NKG2A/B, on the other hand, is an inhibitory receptor.134,138,143 The 

expression of these receptors can vary between the two NK cell subsets. For 

example, CD56dim NK cells typically have a high expression of KIRs. 

Conversely, CD56bright NK cells do not generally express KIRs; instead, they 

express a high level of the inhibitory receptor CD94:NKG2A.133  
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Table 1.1 NK cell receptors and their corresponding ligands 

Function Family Receptor(s) Ligand 

Inhibitory KIR 

2DL1 HLA-C2 

2DL2, 2DL3 HLA-C1 

2DL5A, 2DL5B Unknown 

3DL1 HLA-Bw4 

3DL2 HLA-A (weak) 

3DL3 Unknown 

Inhibitory C-type lectin-like receptors CD94:NKG2A HLA-E 

Activating and 

inhibitory 
KIR 2DL4 HLA-G 

Activating NCR 

NKp30 BAT-3, pp65 

NKp44 Viral haemagglutinin 

NKp46 Viral haemagglutinin 

Activating C-type lectin-like receptors 

NKG2D MICA/B, ULBPs 

CD94:NKG2C HLA-E 

CD94:NKG2E HLA-E 

Activating KIR 

2DS1 HLA-C2 (weak) 

2DS2 HLA-C1 (weak) 

2DS3 Unknown 

2DS4 HLA-Cw4 

2DS5 Unknown 

3DS1 HLA-Bw4 

KIR, killer cell immunoglobulin-like receptor; HLA, human leucocyte antigen; NCR, natural 

cytotoxicity receptor; BAT-3, HLA-B associated transcript 3; MICA/B, MHC class I-related 

chain A or B; ULBPs, UL16-binding proteins 
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1.8.5 Inhibitory receptors of NK cells 

There are two families of inhibitory receptors that regulate the activation of NK 

cells – inhibitory receptors of the KIR family and the inhibitory receptor 

CD94:NKG2A of the C-type lectin-like receptor family. These receptors bind to 

MHC class I molecules as a form of “self” recognition and prevent NK cell 

killing of host cells.133,134,138,143 

 

KIRs are highly polymorphic and are encoded in a 150kb region in 

chromosome 19q13.4 within the leucocyte receptor complex. There are 15 

distinct KIR gene loci, although the number of KIR genes is sometimes quoted 

as 17. The discrepancy in the number of KIR genes is because the distinction 

between what are individual genes and what are alleles of the same gene has 

not always been clear. The activating and inhibitory KIRs are listed in Table 

1.1; there are also two pseudogenes, KIR2DP1 and KIR3DP1 (not 

listed).138,144 

 

KIR genes show substantial diversity at the levels of both the locus and allele. 

At the level of the locus, there are marked differences in the number and 

types of KIR genes between individuals. There is also extensive 

polymorphism at an allelic level. Furthermore, within an individual, KIRs are 

expressed on NK cells in random combinations. The result is a diverse 

repertoire of NK cell clones within each individual and between individuals in a 

population.144 The KIRs are type I transmembrane glycoproteins and 

members of the Ig superfamily of receptors. Their nomenclature is based on 

the structure of the protein. Each KIR has either two or three extracellular Ig-
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like domains (“2D” or “3D”) and an intracellular domain with either a long or 

short (“L” or “S”) cytoplasmic tail.138,144 

 

The inhibitory KIRs are KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL5A, KIR2DL5B, 

KIR3DL1, KIR3DL2, and KIR3DL3. Each inhibitory receptor has a long 

cytoplasmic tail containing two immunoreceptor tyrosine-based inhibitory 

motifs (ITIMs), which transmit an inhibitory signal when the receptor binds to 

its respective ligand.138 Of note, the receptor KIR2DL4 demonstrates 

somewhat unusual characteristics. It has a single ITIM rather than two. 

Although it has an inhibitory motif, it also contains a charged amino acid 

residue in its transmembrane region with an activating effect. Indeed, both 

activating and inhibitory functions have been described for this receptor.145 

 

The inhibitory KIRs interact with classical MHC class Ia molecules as their 

ligands i.e. human leucocyte antigen (HLA)-A, -B and -C. The specific 

ligand(s) for each receptor are shown in Table 1.1. KIR2DL2 and KIR2DL3 

bind to group 1 HLA-C (HLA-C1) allotypes, whereas KIR2DL1 interacts with 

group 2 HLA-C (HLA-C2) allotypes. HLA-Bw4 serves as the ligand for 

KIR3DL1 and HLA-A molecules bind to KIR3DL2. Once engaged, the 

inhibitory KIR transmits a signal to the NK cell and overrides any activating 

signal received by the NK cell, thus preventing it from killing the MHC class I-

expressing cell.134  

 

The inhibitory receptor, CD94:NKG2A, is a heterodimer formed by the pairing 

of CD94 with NKG2A, an isoform of the NKG2 family. NKG2B is a splice 
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variant of the gene encoding NKG2A. The genes encoding CD94 and NKG2 

are clustered in the NK complex on chromosome 12. NKG2A is a type II 

transmembrane glycoprotein with a single extracellular C-type lectin-like 

domain and two ITIMs in its cytoplasmic tail. Hence, just like with KIR 

receptors, it transmits an inhibitory signal via the ITIM motif but unlike KIR 

receptors, it binds to the non-classical MHC class Ib molecule, HLA-E, as its 

ligand to inhibit NK cell activation.138,146 

 

1.8.6 Activating receptors of NK cells 

The major activating receptors are the NCRs and members of the C-type 

lectin-like NKG2 receptor family. Unlike their inhibitory counterparts, activating 

receptors do not have an intracellular signalling motif. Instead, they have 

positively charged amino acid residues located within their transmembrane 

regions. Upon binding to their respective ligands, these residues allow the 

activating receptors to associate with adaptor molecules that contain 

immunoreceptor tyrosine-based activating motifs (ITAMs), which, in turn, lead 

to transmission of activating signals to NK cells.134,143 

 

The NCRs are the most prominent activating NK cell receptors. They are type 

I transmembrane glycoproteins belonging to the Ig superfamily and include 

NKp30, NKp44 and NKp46. The genes coding for NKp30 and NKp44 are 

located on chromosome 6 and the gene for NKp46 is located in the leucocyte 

receptor complex on chromosome 19. These receptors consist of one or two 

extracellular Ig-like domains, a transmembrane domain, and a short 

cytoplasmic tail.143 
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NCRs are important mediators of NK cell cytotoxicity. Both NKp30 and NKp46 

recruit the adaptor molecule CD3-zeta (CD3). NKp46 also recruits the 

chain of the high-affinity IgE receptor (FcRI) and NKp44 recruits DNAX-

activating protein of 12kDa (DAP12). Once recruited, the receptor is able to 

deliver an activating signal. To date, the NCRs are the only NK receptors that 

have been found to directly recognise pathogen-derived molecules. Both 

NKp44 and NKp46 are able to target viral haemagglutinins as ligands; NKp44 

can also recognise the E protein of Dengue and West Nile viruses and cell 

wall components of some bacteria; and NKp30 can bind to various fungi. 

Another ligand of potential relevance is HLA-B-associated transcript 3 (BAT3), 

a nuclear protein involved in apoptosis, which is released by stressed cells 

and capable of binding to NKp30.134,143  

 

Although NCRs are best known for their activating properties, there have 

been a small number of inhibitory ligands described. For example, pp65, the 

main tegument protein of human cytomegalovirus, has been shown to directly 

bind to NKp30 leading to dissociation of the linked CD3 from NKp30, which, 

in turn, resulted in reduced killing.143  

 

The second main group of activating receptors is the NKG2 family; 

specifically, the isoforms NKG2C, -D and -E/H. NKG2E and NKG2H are splice 

variants encoded by the same gene. As described earlier, these C-type lectin-

like receptors are disulphide-linked heterodimers consisting of CD94 and 

NKG2 subunits; the exception is NKG2D, which exists as a homodimer. In 

contrast to NKG2C, the activating isoforms do not contain cytoplasmic ITIMs. 
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Instead, like the NCRs, they require ITAM-containing adaptor molecules to 

transduce an activating signal. NKG2D is the most prominent member of this 

group and it recruits the adaptor molecule, DAP10. NKG2D binds to ligands 

MHC class I-related chain A or B (MICA/B) and up-regulation of UL16-binding 

proteins (ULBPs) that are poorly expressed on healthy cells, but upregulated 

by stress, viral infection or DNA damage.  The other NKG2 isoforms, 

CD94:NKG2C and CD94:NKG2E, require DAP12 for signal transduction and 

bind to HLA-E.143 

 

The remaining activating receptors include the short-tailed KIR receptors, 

NKp80 and CD16. There are six activating KIR receptors, as shown in Table 

1.1. Their extracellular domains are homologous to inhibitory KIRs but they 

have a short cytoplasmic tail and lack ITIMs; instead, they rely on ITAM-

containing adaptor molecules to transduce signals.134 NKp80, a member of 

the C-type lectin-like receptor family, was initially thought to be inhibitory due 

to its protein structure.147 Further studies, however, indicated that it has an 

activating function, possibly by acting as co-receptor with NKp46 and other 

activating receptors.148 CD16, an Fc receptor and member of the Ig 

superfamily, is a transmembrane protein made up of two extracellular Ig-like 

domains.149 As mentioned earlier in section 1.8.2, its role is to trigger NK cell 

killing by the mechanism of ADCC.139 

 

1.8.7 NK cells in acute HCV 

In acute HCV, there is an increase in CD56bright NK cells with an associated 

reduction in CD56dim NK cells relative to healthy controls. In those who 
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spontaneously clear the virus, the levels of CD56bright NK cells decline back to 

baseline, returning to levels seen in healthy controls. In those with persistent 

infection, however, the numbers of CD56bright NK cells remain elevated.133,150  

 

NK cells are more activated in acute infection, irrespective of outcome, with 

increased expression of the activating receptor NKG2D. They demonstrate 

enhanced cytotoxicity and increased IFN- production.150 Furthermore, NK 

cells exhibit increased ability to degranulate during acute infection, which 

correlates with the magnitude of subsequent anti-HCV T cell responses. 

Although NK cell responses were not associated with eventual outcome, its 

association with T cell responses implies a degree of crosstalk between 

innate and adaptive immunity during this phase of infection.19 

 

1.8.8 HCV can evade NK cell responses 

Despite NK cells demonstrating enhanced activation and functional activity in 

acute HCV, these alterations are observed regardless of eventual outcome, 

which suggests they are insufficient to eradicate the virus. One possible 

explanation is that HCV has developed mechanisms to evade the innate 

immune response and escape targeting by NK cells.114,117,133  

 

HCV is able to interfere with the production of type I IFNs, as described earlier 

in section 1.7.3. IFN- is a potent NK cell activating cytokine.140 By 

attenuating the type I IFN response, the virus may impair the antiviral activity 

of NK cells.133 Host cells infected by virus lose their expression of MHC class I 

molecules, making them a target for NK cell killing. HCV core protein has 
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been reported to upregulate the expression of MHC class I molecules on 

cells, thus reducing the ability of NK cells to identify infected host cells.151 

HCV core protein has also been found to increase the expression of HLA-E, 

which promotes binding with the inhibitory receptor NKG2A leading to 

increased NK cell inhibition.152 HCV E2 glycoprotein was previously found to 

impair NK cell secretion of IFN- by binding to CD81 on NK cells. This 

crosslinking of E2 with CD81 was associated with a reduction in NK cell 

cytotoxicity. These initial studies used a truncated form of E2.153,154 This 

finding was challenged in a subsequent study; when E2 was introduced as 

part of a complete infectious particle, there was no inhibition of NK cells.155  

 

1.8.9 NK cells and the outcome of acute infection 

NK cells were originally implicated in determining the outcome of HCV 

infection in a landmark study that discovered individuals with certain KIR/HLA 

gene combinations were more likely to spontaneously clear infection. Khakoo 

and colleagues observed that HCV-infected IDUs had a greater chance of 

eradicating the virus spontaneously if they were homozygous for both 

KIR2DL3 and its cognate ligand HLA-C1. The other receptor-ligand 

interactions, specifically KIR2DL1-HLA-C2 and KIR2DL2-HLA-C1, were not 

associated with any particular outcome of infection. Although all three of these 

KIRs function to inhibit NK cells, the binding between KIR2DL3 and HLA-C1 is 

a weaker interaction than the other two receptor-ligand combinations. The 

authors proposed that a weaker inhibitory interaction was protective, as it 

would have been more easily overridden by activating signals allowing 

enhanced activation of NK cells and killing of the virus.156 The association 
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between genes encoding receptors that affect NK cell activity and 

spontaneous clearance suggests that NK cells play a central role in 

determining the outcome of HCV infection. 

 

Other genetic polymorphisms associated with outcome of infection have been 

described. The NK cell inhibitory receptor, NKG2A, interacts with the ligand 

HLA-E. Individuals homozygous for the variant HLA-ER were more likely to 

spontaneously clear the virus.157 The HLA-ER allelic variant may have a lower 

binding affinity to its receptor NKG2A, and would therefore have a reduced 

inhibitory action on NK cells. Functional polymorphisms affecting the promoter 

regions and receptors of various cytokines involved in NK cell activation and 

function, such as IL10, IL12, IL18 and IFN-, have also been linked to 

spontaneous clearance.133  

 

1.8.10 NK cells in chronic HCV 

Individuals with chronic HCV demonstrate significant perturbations in NK cell 

frequency, phenotype and function when compared with healthy controls.133 

Some of these alterations are an effect of chronic exposure to IFN-, which is 

induced by HCV and expressed at high levels in some patients with chronic 

infection.158  

 

The frequencies of NK cells in the peripheral blood are reduced in individuals 

with chronic infection relative to healthy controls.150,159–164 NK cell phenotype 

is also altered. Individuals with chronic infection have proportionally fewer 

mature CD56dim NK cells and more immature CD56bright NK cells when 
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compared with SRs and healthy controls.150,160,162,163 There are also increased 

numbers of CD56- CD16+ NK cells, which are functionally defective and 

rarely present in the normal population.133 Thus, in chronic HCV, there are 

fewer functionally mature, cytotoxic CD56dim NK cells and more of the 

immature and functionally defective variants. 

 

Changes in receptor expression of NK cells have also been described. Some 

investigators have found that patients with chronic HCV had a more activated 

NK cell receptor phenotype than healthy controls, with increased expression 

of various activating receptors, such as NKG2C, NKG2D, NKp30, NKp44 and 

NKp46.150,158,165–169 This state of chronic activation may have a deleterious 

effect, pushing CD56dim NK cells to differentiate into the defective CD56- 

CD16+ subset.133 Increased expression of these receptors, however, has not 

been universally observed; other studies have reported contrasting results, 

with either reduced or unchanged expression.165,167,170–173 

 

Initial reports observed an overall reduction in NK cell-mediated cytotoxicity in 

individuals with chronic HCV that was restored following successful 

treatment.160,174–176 Patients with chronic infection, however, have lower 

frequencies of NK cells. When this was accounted for, cytotoxicity per NK cell 

was normal or increased in those with chronic HCV relative to healthy 

controls.150,161,165,177 Expression of TRAIL, which induces apoptosis, is also 

upregulated on NK cells in chronic infection.158,178 Hence, there does not 

appear to be any impairment in the killing ability of NK cells to explain the 

persistence of HCV. 
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Changes in the cytokine environment, however, may provide an explanation. 

In chronic infection, there is impaired production by NK cells of IFN-, which 

has potent direct anti-HCV properties including blocking viral replication and 

polarising T cell differentiation towards a virus-specific Th1 phenotype. 

Instead, the inadequate IFN- response and increased NK cell production of 

Th2 cytokines create an environment that is more permissive for HCV. Th2 

cytokines may arrest maturation of NK cells, leading to an accumulation of 

immature CD56bright NK cells and fewer mature cytotoxic CD56dim NK cells.133 

 

1.9 Innate immunity – dendritic cells in hepatitis C infection 

DCs play an important role as antigen presenting cells and serve as a link 

between the innate and adaptive immune response. As DCs were not studied 

in this thesis, they will only be briefly mentioned in this chapter for completion. 

 

DCs are influential in shaping the innate and adaptive immune response to 

HCV. Their main function is to capture and present antigens on MHC 

molecules to T cells; thus, they are key in priming the adaptive immune 

response. They also interact with other innate immune cells, such as NK cells, 

to initiate and co-ordinate the early activation of the innate immune response.   

 

There are two subsets of DCs – myeloid DCs, which secrete interleukin-12 

and TNF- in response to inflammation and drive naïve CD4 T cells toward a 

Th1 phenotype; and plasmacytoid DCs, which secrete large amounts of IFN-

in response to viral infections and drive naïve CD4 T cells toward a Th2 

phenotype.117  
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1.9.1 Does HCV impair dendritic function? 

Viral persistence could be due to defective dendritic function, which would 

result in impaired T cell priming and delayed HCV-specific T cell responses. 

Multiple studies have attempted to clarify the effect of HCV on dendritic 

function. In vitro, HCV structural and non-structural proteins were shown to 

impair activation of T cells and differentiation of DCs. In patient studies, the 

results have been less convincing. Some studies found that DCs from patients 

with chronic infections were reduced in frequency and demonstrated impaired 

ability to stimulate T cell responses. However, other studies have found 

dendritic function to be intact in chronically infected patients.117  

 

1.10 Adaptive cellular immunity – T cells in hepatitis C infection 

T cells begin to appear in the liver in the late phase of acute HCV, typically 6-

8 weeks following infection. Cellular adaptive immunity, represented by the 

emergence of a virus-specific T cell response, plays an important role in 

determining the outcome of infection.114 A strong and sustained response, 

involving both CD4+ and CD8+ T cells, is crucial to the successful elimination 

of the virus114 and leads to complete eradication of the virus in 15-45% of 

cases.2,114 Unfortunately, this response is inadequate in the majority of HCV-

infected individuals, although the reasons for this are not fully known. 

 

1.10.1 T cells in acute HCV 

In acute HCV, CD4+ and CD8+ T cell responses that are vigorously 

proliferative and broadly directed against multiple HCV epitopes (known as 

multi-specific) have been found to predict spontaneous clearance. From the 
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onset of acute HCV, there is a delay of up to 6-8 weeks before T cell 

responses are detectable, which coincides with the development of hepatitis. 

The fall in viraemia and eventual viral clearance have been shown to be 

temporally associated with the appearance of HCV-specific CD4+ and CD8+ 

T cells in peripheral blood and liver.114 If the subsequent responses by both 

subsets of T cells are strong, multi-specific and sustained, HCV follows a self-

limited course. Conversely, if the T cell responses are weak, narrowly directed 

or transient, the virus persists and chronic infection ensues.179–186 Figure 1.9 

summarises the outcomes of infection depending on the T cell responses 

elicited. 

 

In resolved infection, T cell responses to HCV can persist and remain strong 

for many years,183,187–190 even after anti-HCV antibodies may have waned in 

the majority.190 Although spontaneous resolution does not protect against 

reinfection, it has been suggested that it may reduce the risk of chronicity if an 

individual is re-exposed.191 The importance of T cell memory in determining 

the outcome of reinfection is demonstrated in animal studies. In chimpanzees 

with previously resolved infection, re-exposure to HCV resulted in shorter 

periods and lower levels of viraemia along with less hepatitis, followed by viral 

elimination. This accelerated course of viral clearance occurred despite a 16-

year gap between infections. A very early and strong CD4+ and CD8+ T cell 

recall response was demonstrated in the reinfected chimpanzees, which 

corresponded temporally with the occurrence of viral clearance.192,193  
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Figure 1.9 Anti-HCV T cell responses and outcome of infection 

Reprinted by permission from MacMillan Publishers Ltd: Nature,194 copyright 

2005 (see appendix A for licence agreement). 

  

http://www.nature.com/
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When chimpanzees with previous infection were depleted of memory CD8+ T 

cells, re-challenge with HCV of the same strain led to prolonged viraemia 

despite the presence of memory CD4+ T helper cells.195 The same outcome 

was observed when the chimpanzees were depleted of memory CD4+ T cells 

– upon re-challenge, control of infection was inadequate resulting in persistent 

viraemia despite fully functional memory CD8+ T cell responses.196 Therefore, 

these studies suggest that both memory CD4+ and CD8+ T cell populations 

are required for control of infection. 

 

1.10.2 HCV can evade T cell responses 

The virus itself also demonstrates immune escape mechanisms that allow it to 

evade T cell responses. Within an individual, HCV exists as a quasispecies. 

The RNA-dependent RNA polymerase lacks a proofreading function and so 

multiple distinct but closely related variants are produced in any given 

individual. The genomic diversity generated by this high mutation rate can 

result in certain variants that possess the ability to evade host immune 

mechanisms. Viral escape mutations can affect binding interactions between 

viral epitopes and MHC class I molecules or interfere with antigen recognition 

by CD8+ T cells.194,197,198 

 

Studies on chimpanzees and patients infected with HCV show that viral 

escape mutations appear early during the acute phase and are primarily 

detected in individuals who progress to chronicity but not in those that 

spontaneously resolve. Viral escape mutations occur in 50-70% of CD8+ T 

cell epitopes but have been rarely reported in CD4+ T cell epitopes, both in 
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chronically infected individuals and in chimpanzee models. It remains unclear 

as to whether viral escape is the cause of HCV persistence or simply a 

consequence of it.114,197,198 

 

It is not well understood what drives or limits the emergence of escape 

mutations in an individual. Several theories have been proposed. In acutely 

infected chimpanzees depleted of CD4+ T cells, escape mutations within 

CD8+ T cell epitopes begin to emerge. This suggests that viral escape from 

CD8+ T cell responses may be a consequence of inadequate CD4+ T cell 

help. Another important determinant is fitness cost. Viral escape mutations 

are often less fit, with a reduced replication rate when compared with the 

consensus sequence. This cost to viral fitness limits the ability of the virus to 

tolerate a given escape mutation. Hence, the emergence of escape mutations 

is somewhat driven by immune selection pressure exerted by anti-HCV T cells 

and counteracted by the need to preserve viral fitness.114,199  

 

1.10.3 T cells and the outcome of acute infection 

Given that CD8+ and CD4+ T cells recognise HCV antigens presented to 

them by MHC class I and II molecules, respectively, the possibility of HLA 

alleles playing a part in determining the outcome of infection has been 

examined. A strong association has been found between certain HLA class I 

alleles and spontaneous clearance of HCV.114 This was shown in a study on 

Irish women who contracted HCV genotype 1b after receiving contaminated 

anti-D immunoglobulin in 1977. The study population was ethnically 

homogeneous and participants were all infected by a single donor. In this 
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cohort, class I alleles A*03, B*27 and Cw*01 were associated with viral 

clearance, whereas B8 was more common in those with viral persistence.200  

 

Similarly, certain HLA class II alleles have also been linked to HCV clearance. 

In the same cohort of Irish women, DRB1*0101, *0401 and *15 were found to 

correlate with spontaneous resolution.200 Other studies have found a variety of 

HLA alleles to be associated with viral clearance, including 

DQB1*0301/DRB1*1101 (in linkage disequilibrium), A*1101, A*3, and B*57, 

although many of the cohorts in these studies were heterogeneous for either 

sex, age, ethnicity, source of infection, or HCV genotype.201 

 

1.10.4 T cells in chronic HCV 

In chronic infection, HCV-specific T cell responses are often undetectable, 

and if present, can be weak and directed against a small number of viral 

epitopes.179–189,202,203 Dysfunctional CD8+ T cells have been observed in 

persistent infection and may be due to exhaustion from continuous over-

stimulation. In chronically infected individuals, virus-specific CD8+ T cells 

demonstrate impaired production of IFN- and are unable to proliferate 

sufficiently when in contact with HCV antigens. Exhausted T cells lose their 

effector functions, express multiple inhibitory receptors, such as programmed 

death-1 (PD-1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), and T 

cell immunoglobulin mucin-3 (Tim-3), and may eventually undergo 

apoptosis.114,199  
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Although CD8+ T cells are the principal effector cells in the adaptive immune 

response, successful viral elimination is dependent on sufficient CD4+ T cell 

help. CD4+ T cells are essential in the activation and growth of CD8+ T cells. 

In chronic HCV, CD4+ T cell responses are functionally impaired, much like in 

CD8+ T cells, where there is loss of proliferation and IFN-production. 

Therefore, a lack of CD4+ T cell help may contribute to the progressive 

dysfunction of CD8+ T cells.114  

 

Th1 cells produce IFN- and promote cellular immunity, whereas Th2 cells 

produce IL4, IL5, IL6, IL10, and IL13 and stimulate humoral immunity. It is 

proposed that a Th1-dominant cytokine environment is more conducive to 

resolution of viraemia, although HCV persists in most infected patients despite 

a strong Th1 response. Although there is impairment in IFN- production and 

increased secretion of Th2-related cytokines by NK cells observed in chronic 

HCV (described earlier in this chapter section 1.8.10), studies suggest that the 

Th1 response remains the dominant cytokine profile in the liver.133,199,204,205  

 

The other proposed mechanism contributing to CD8+ T cell exhaustion is 

suppression by regulatory T cells. CD4+ CD25+ regulatory T cells function to 

modulate the immune system and maintain tolerance to self-antigens. In 

chronic HCV, these cells are found at increased frequency compared with 

those with resolved infection or healthy controls. Regulatory T cells appear to 

suppress the proliferative response as well as IFN-secretion of CD8+ T 

cells. It has been suggested that regulatory T cells may be attempting to limit 
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the pathological damage caused to the liver by cytotoxic CD8+ T 

cells.114,206,207 

 

1.11 Humoral immunity 

In acute infection, HCV-specific antibodies are detected after the appearance 

of cellular immune responses. In contrast to T cell responses, humoral 

immunity has long been thought to play only a minimal role in determining the 

outcome of infection. Antibodies with neutralising ability against HCV have 

been described and shown to target the HVR1 region of the E2 viral 

glycoprotein. Studies on neutralising antibodies have yielded contradictory 

results. In chimpanzees, antibodies specific for HVR1 were able to neutralise 

the virus and prevent infection. In acutely infected individuals, a strong and 

early production of neutralising antibodies has been found to contribute to 

successful elimination of the virus.114,194 

 

However, the HVR1 region is highly variable and mutations in this region can 

lead to escape from neutralisation. Also, reinfection occurs in those with 

previously resolved acute HCV, indicating that these antibodies cannot be 

considered truly protective. Moreover, the presence of neutralising antibodies 

in chronically infected individuals and reports of hypogammaglobulinaemic 

patients spontaneously clearing infection suggest that neutralising antibodies 

are not key in determining the outcome of infection.117,194 
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PART TWO: EXPOSURE WITHOUT INFECTION AND THE 

EXPOSED SERONEGATIVE COHORT 

1.12 What is exposure without infection?  

Exposure without infection is a concept that was first proposed in the early 

1990s by researchers working on HIV, when it was observed that some 

individuals appeared to have been HIV-exposed but did not demonstrate any 

clinical or serological evidence of infection. These seronegative individuals 

were in fact resistant to HIV infection. The CCR532 deletion mutation was 

subsequently discovered to be an important mechanism of resistance. Since 

its initial description, HIV resistance has been described in multiple cohorts 

worldwide.208–211  

 

1.13 Does exposure without infection occur in hepatitis C?  

Similar observations were later reported in HCV; in 1997, Bronowicki and 

colleagues discovered that spouses of individuals with chronic HCV had 

reactive T cells to HCV antigens, which indicated that they had been exposed 

to the virus; despite this, they were aviraemic and seronegative over a 12-

month period, consistent with being uninfected.25 Following on from this study, 

others reported the same phenomenon in different cohorts, including co-

habitating family members of persons with chronic HCV212,213 and 

occupationally exposed health care workers.27 These studies observed 

individuals who, despite demonstrating HCV-specific T cell responses to 

indicate exposure, had no clinical or serological markers of infection.  
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1.14  The exposed seronegative cohort – are some individuals resistant 

to infection by hepatitis C? 

1.14.1 Reports of ESN individuals in the injecting drug use population 

The early reports of individuals who remained seronegative following 

exposure to HCV were intriguing, as it raised the possibility of a subset of 

people resistant to infection by this virus. These individuals became known by 

a variety of terms in the literature, including “exposed uninfected”, “exposed 

seronegative”, and “HCV-resistant”. In this thesis, it was decided to use the 

term exposed seronegative (ESN), as it describes the clinical phenotype of 

this subset of individuals without making assumptions of their immune status.  

 

Following on from the early descriptions of ESN cases in HCV-exposed 

individuals, researchers shifted their attention to IDUs with high-risk injecting 

behaviour, for the following reasons – firstly, direct percutaneous exposure 

carries a far greater risk of transmission than other modes, such as sexual, 

occupational and household; and secondly, IDUs who participate in frequent 

sharing of injecting equipment and paraphernalia are highly likely to have 

been exposed to HCV.59,60  

 

Epidemiological studies confirm that IDUs with a long duration of use have 

extremely high seroprevalence rates of anti-HCV.61,63–66 A small proportion of 

IDUs, however, do not develop anti-HCV antibodies.  Some of these 

seronegative IDUs have been actively injecting for a long time and have 

strong risk factors for repeated exposure to HCV, including: frequent (almost 

daily) injecting; sharing of needles/injecting paraphernalia, especially with 
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someone known to have HCV; cocaine or heroin as drug of choice; and prior 

imprisonment.11–13,15,17,20,22,24 These seronegative IDUs also demonstrate 

HCV-specific T cell responses, indicating that their immune system has been 

exposed to the virus.11–13,15,20,22–24 Despite this exposure, they remain 

aviraemic and seronegative and appear clinically uninfected.  

 

1.14.2 Possible explanations for individuals remaining seronegative 

following exposure 

So, if these IDUs were in fact exposed to HCV, why do they lack any evidence 

of infection? Several possible explanations have been considered: 

 

The first possibility is that the observed T cell responses directed against HCV 

actually represent cross-reactivity to other commonly encountered antigens. 

Cross-reactivity between HCV epitopes and those found in common viruses, 

such as influenza A and herpes simplex, have been described, which share 

homologous sequences with NS3 and NS5B, respectively.214,215 This 

explanation, however, is unlikely to account for the positive responses 

observed in ESN individuals, which targeted multiple antigens (i.e. not just 

against NS3 or NS5B, but also against other antigens not known to be cross-

reactive) and were far more frequent and strong than that observed in cross-

reactivity. 

 

Another possible explanation is that ESN individuals may have previously 

resolved acute infection and became seropositive, but lost their anti-HCV 

antibodies over time. Seroreversion, which describes the conversion from a 



 

70 

seropositive to a seronegative state due to loss of antibodies, may occur 

many years later in some individuals who previously cleared infection, and 

tends to be more likely the more time has elapsed. Time to disappearance of 

antibodies is somewhat variable; certainly, beyond 10 years it is not 

uncommon, and has been reported to be as high as 50%.190 Many of the 

studies that have reported on ESN IDUs, however, have found HCV-specific T 

cell responses in seronegative IDUs who had only been injecting for a 

relatively short duration (average 6-8 years).11–13,17,20,24 Hence, seroreversion 

is unlikely to explain these cases. 

 

Delayed seroconversion is considered highly unlikely. The majority of IDUs 

acquire HCV infection around the time of initiating drug use; some of these 

ESN IDUs have been injecting for more than 10 years and have not had any 

documented seroconversion.11–13,15,20,22–24  

 

Rare cases have been reported of persons infected with truncated HCV 

genomes resulting in viraemia without anti-HCV antibodies.216 The absence of 

viraemia in ESN individuals, however, excludes this as a possibility.11–

13,15,20,22–24 

 

One of the theories that has attracted the interest of researchers is that ESN 

individuals represent a subset of people who possess a unique form of 

immunity to HCV, whereby they are resistant to the virus, thus remaining 

uninfected following exposure. It remains speculative as to whether they are 

truly uninfected or not. One possibility is that by some, as yet unknown, 
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mechanism, they are able to resist the virus; alternatively, it may be that their 

immune system is super-efficient at eliminating the virus at an early phase of 

acute infection, prior to the activation of humoral immunity. Nevertheless, they 

have a favourable immune response that protects them from HCV 

establishing persistence. Currently, it is unknown exactly how the immune 

responses of these individuals defend them against HCV but there is some 

evidence to suggest that they are protected by mechanisms distinct from 

those described in SRs.  

 

Probably the most convincing evidence is that provided by two prospective 

studies, which followed a group of high-risk IDUs and identified that innate 

immunity played an important role in protecting these individuals from HCV 

infection. Golden-Mason and colleagues observed that in a group of IDUs at 

high risk of HCV exposure, those that had increased expression of NKp30 

and NK cell cytotoxicity at baseline remained uninfected, whereas those with 

relative impairment in NK cell activity at baseline became infected.18 Another 

study by Sugden and colleagues followed a cohort of HCV-naïve IDUs in 

correctional centres and performed 6-monthly interviews and blood tests. 

They found that increased activation of NK cells was protective against HCV 

infection; IDUs with NK cells that were more cytotoxic and produced more 

IFN- remained uninfected during follow-up, whereas IDUs with less activated 

NK cells were more likely to develop infection during follow-up.11 These 

studies are of great interest, as they indicate that certain innate immune 

factors are protective against HCV infection.  
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The role of T cells and their response to HCV in ESN individuals remains 

unknown. Although HCV-specific T cell responses have been detected in 

seronegative IDUs exposed to the virus, it is unclear whether these responses 

are protective or simply a marker of exposure. In the same study mentioned 

above by Sugden and colleagues, they did not find any differences in the 

prevalence, magnitude, or breadth of HCV-specific T cell responses between 

IDUs who remained uninfected and those who went on to become infected.11 

Furthermore, studies examining T cell responses in ESN individuals have 

found them to be weaker and less broadly directed against HCV than the 

responses seen in SRs,12,13,26 which suggest that they are insufficient to either 

prevent or clear infection in ESN individuals. 

 

1.15 High-dose exposure to hepatitis C without infection – does it exist? 

Thus far, ESN cases have only been described in individuals exposed to low 

doses of HCV. It is not known whether the immune responses of these 

individuals to HCV can be equally effective if they are exposed to a much 

higher dose of the virus, such as in the setting of transfusion with 

contaminated blood products. In this scenario, a much larger sized inoculum 

of virus is transmitted to the host, which could foreseeably overwhelm any 

form of protective immune response ESN individuals may have to HCV. 

 

This study set out in search of individuals who remained seronegative 

following exposure to a high dose of HCV and examined their immune 

responses to the virus, to determine whether they shared any similarities with 

seronegative individuals exposed to low doses.  A cohort of blood recipients 
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who had been transfused HCV-contaminated blood products prior to the 

universal HCV screening of donors was selected for the study. To recruit for 

potential study participants, data from the English HCV Lookback Programme 

was used to identify blood recipients that were at risk of HCV exposure from 

blood transfusion. The English Lookback Programme, established in 1995, is 

one of the most extensive lookback studies, having identified and tested 

thousands of recipients transfused with contaminated blood products.217  

 

1.15.1 English HCV Lookback Programme 

In the UK, universal screening for HCV in blood donors commenced in 

September 1991. In the donors that tested positive, almost half of them had 

previously donated blood prior to the introduction of HCV testing.217 When 

counselled, many of them also had a history of IDU in the distant past, 

predating their time as a blood donor; this meant that they were likely already 

infectious long before they came forward for blood donation.218 In view of this, 

the Department of Health decided to launch a national health initiative aimed 

at identifying individuals that may have been infected with HCV by 

transfusion, to ensure they were tested and counselled appropriately. As a 

result, the HCV Lookback Programme was implemented in 1995.217 

 

The Lookback Programme included donors who were either confirmed 

positive or indeterminate for anti-HCV antibodies. All donations were 

screened using the second-generation Ortho anti-HCV EIA-2 assay. Reactive 

sera were retested using the same assay, and if still positive, retested using 

the confirmatory second-generation Ortho RIBA-2 assay. A “confirmed 
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positive” required at least two bands to be reactive on RIBA. An 

“indeterminate” result required one reactive band to either c22-3 or c33-c 

antigen. The Lookback Programme was concerned with identifying donors 

who ever had HCV infection and so PCR for HCV RNA was not mandatory.217 

 

By 1998, almost 18 million donations were tested; 3124 donors were found to 

be positive/indeterminate, of which half (1541) were first-time donors and the 

other half (1583) were repeat donors, having previously donated prior to 

routine HCV testing. Any donations made by the 1583 repeat donors pre-HCV 

testing posed a risk to their respective recipients and so all components 

derived from these untested donations were identified and the relevant blood 

banks informed. Hospital blood banks were responsible for tracing the 

component to the patient that received it. The identification and testing of 

recipients was a rigorous process. For each component issued, the blood 

bank was required to check the hospital notes for documentation that the 

identified patient received a transfusion with the same reference number on 

the same date and signed for by medical staff; and confirm that the issued 

component was not returned to the blood bank.217 

 

A total of 4695 recipients were identified as at-risk, of which 1984 were still 

alive. Testing was performed in 1333 recipients (the remaining 651 were 

unsuitable for testing) using the newer third-generation EIA and RIBA assays 

and PCR for HCV RNA. Almost half (669) of the tested recipients had been 

infected with HCV, two thirds (456) of them with chronic infection. Another 4% 

(52) had indeterminate antibody results but were PCR negative; 9% (124) had 
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missing results; and 37% (488) were both antibody- and PCR-negative and 

hence categorised as uninfected.217 

 

The proportion of uninfected recipients might seem higher than expected but, 

in fact, the yield of the English HCV Lookback Programme, in terms of pickup 

rate of positive cases, is comparable to other lookback studies. There are a 

number of possible reasons for why traced recipients might have tested 

negative for infection. In some cases there was no documentation to confirm 

that the patient was in fact transfused the infected component but given the 

potential health implications, these individuals were included for testing. The 

testing of donors was performed subsequent to the transfusion; hence the 

donor may not have been infected at the time of the donation. Alternatively, 

the HCV result of the donor might have been a false positive, as donor testing 

was performed using second-generation EIA and RIBA assays and 

indeterminate results were also included. In the majority of cases, these 

scenarios are the most likely explanations for traced recipients testing 

negative.217  

 

Other possibilities exist although are considered far less likely. The recipient 

may have previously seroconverted following spontaneous resolution of acute 

infection but subsequently lost their antibodies, although the median time from 

transfusion to testing was 7.5 years,217 which is relatively early for 

seroreversion. The testing of recipients might not have been sensitive enough 

to detect the presence of anti-HCV antibodies. This, however, is highly 
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unlikely as all recipients were tested using third-generation EIA assays, which 

have a reported sensitivity of 97-99%.95,99  

 

One final possibility that has not been explored is that some of the traced 

recipients might have resisted infection by HCV. If some IDUs exposed to 

HCV remained seronegative and uninfected by virtue of having an enhanced 

innate immune response, it is possible that the same phenomenon occurred 

in these blood recipients. Hence, this study was designed to examine whether 

blood recipients who remained seronegative following HCV exposure 

demonstrated differences in innate immunity that could have conferred a 

protective effect against HCV. 

 

1.15.2 A study of immune and genetic factors that play a role in 

protecting ESN blood recipients from HCV 

 This study set out to identify immune and genetic factors of innate immunity 

that might have played a role in protecting seronegative blood recipients 

exposed to HCV. The major aims set out for this study were: 

 To identify ESN blood recipients from the Lookback study with a true 

and confirmed exposure to HCV-contaminated blood products but 

without evidence of infection; 

 To examine ESN blood recipients from an immunological and genetic 

perspective and determine whether differences existed between 

seronegative individuals and those that developed infection (i.e. SRs 

and chronic); 
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 To ascertain whether innate immunity, with respect to NK cell 

phenotype and function, in ESN blood recipients differed from 

individuals who developed infection (i.e. SRs and chronic); 

 To ascertain whether adaptive immunity, with respect to HCV-specific 

T cell response, in ESN blood recipients differed from individuals who 

developed infection (i.e. SRs and chronic); 

 To ascertain whether ESN blood recipients differed genetically from 

individuals who developed infection (i.e. SRs and chronic). 

 

To address the aims above, the following experiments were performed:  

 Analysis of NK cell receptor phenotype of ESN blood recipients 

compared with healthy controls and individuals with resolved/persistent 

infection; 

 Functional analysis of NK cells including cytotoxicity and cytokine 

secretion in ESN blood recipients compared with healthy controls and 

individuals with resolved/persistent infection; 

 Analysis of HCV-specific T cell responses in ESN blood recipients 

compared with healthy controls; 

 An immunogenetic study examining for genetic differences in innate 

immunity between ESN blood recipients and individuals with 

resolved/persistent infection. 
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Chapter 2 

Patients and Methods 

2.1 Study population and definition of groups 

This study was performed in the United Kingdom (UK). It was sponsored by 

the National Health Service (NHS) and funded by the South West Liver Unit, 

Derriford Hospital (Plymouth, UK). The study population consisted of four 

clinically distinct groups. The main group of interest was hepatitis C (HCV)-

exposed individuals who remained seronegative post-exposure. The following 

three groups were included for comparison: individuals who spontaneously 

cleared HCV, individuals with chronic HCV infection, and healthy controls with 

no risk factors for HCV. 

 

The exposed seronegative (ESN) group was defined as individuals who, 

despite past exposure to HCV by blood transfusion, have remained 

seronegative for infection i.e. negative for anti-HCV antibodies and negative 

for HCV ribonucleic acid (RNA). 

 

The spontaneous resolver (SR) group was defined as individuals who have 

spontaneously cleared HCV infection, previously acquired through blood 

transfusion. These subjects were positive for anti-HCV antibodies and 

negative for HCV RNA. 
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The group with chronic HCV was defined as individuals with current HCV 

infection of at least 6 months duration, which was acquired through blood 

transfusion. These subjects were required to be positive for both anti-HCV 

antibodies and HCV RNA for at least 6 months. All subjects with chronic HCV 

were treatment-naïve at study entry. 

 

A group of healthy controls, comprised of volunteers with no risk factors for 

HCV, were also included for comparison. 

 

The ESN and SR groups consisted of blood product recipients recruited from 

the English HCV Lookback Programme. The group with chronic infection 

consisted of treatment-naïve patients recruited from our hospital outpatient 

clinics, with blood transfusion as their only risk factor for HCV. The healthy 

controls were staff members recruited at the university. 

 

The following chapter is organised into two main parts. The first part describes 

the recruitment process and baseline characteristics of the study groups, with 

a particular emphasis on the cohort of interest, the ESN group. The second 

part details the methodology of experiments performed.  
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PART ONE: STUDY RECRUITMENT 

2.2 Recruitment of subjects into the exposed seronegative group and 

the spontaneous resolver group 

2.2.1 English HCV Lookback Programme 

The English HCV Lookback Programme was a UK Department of Health 

initiative set up in 1995 to identify individuals who might have been infected 

with HCV via transfusion before the introduction of routine testing. This 

programme is described in detail in Chapter 1 “Introduction” section 1.15.1. 

 

2.2.2 Ethics approval 

Ethics approval was obtained from the UK Research Ethics Committee 

(Appendix B) and the National Information Governance Board (Appendix C). 

The study was also granted local institutional approval by the Research and 

Development Office at Plymouth Hospitals NHS Trust. The data collected by 

the Lookback Programme was accessed with the permission of NHS Blood 

and Transplant (NHSBT). 

 

2.2.3 Study design 

Records from the Lookback Programme were used to identify individuals who 

met criteria for recruitment into the ESN and SR groups. The inclusion and 

exclusion criteria are discussed in the next section. Once identified, potential 

candidates were contacted via their GPs and invited to participate in the 

study. As we had no previous clinical interaction with these individuals, it was 

felt most appropriate for the GP to make initial contact on our behalf.  
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The Lookback Programme was a national initiative and so potential 

candidates were located all over England. To allow for efficient and effective 

recruitment, the study was designed to allow it to be performed in the 

subject’s home. Individuals who consented to be in the study were required to 

complete a questionnaire, perform a saliva collection for deoxyribonucleic acid 

(DNA) analysis, and provide an optional blood sample for analysis of immune 

cells. All study subjects who provided a blood sample were re-tested for HCV; 

this involved an anti-HCV antibody test and a polymerase chain reaction 

(PCR) test for HCV RNA. The Ethics committee expressed concern that if 

individuals were approached to have a blood test, which included re-testing 

for HCV, this might raise doubts regarding the validity of the original test 

performed by the Lookback Programme. Consequently, the blood-sampling 

component was made an optional part of the study.  

 

The transmission of HCV and HIV via contaminated blood products to 

thousands of recipients in the UK, mostly haemophiliacs, created a major 

public scandal in the past. During initial discussions with NHSBT, it was 

agreed that individuals who were tested by the Lookback Programme and 

found to have chronic HCV would not be contacted, to avoid any unnecessary 

distress to the individual. Hence, for this study, the group with chronic HCV 

was recruited from our outpatient clinics.  
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2.2.4 Inclusion and exclusion criteria for screening of potential study 

subjects 

The following criteria were used to select potential study subjects from the 

Lookback Programme:  

 

Inclusion criteria 

 Recipients of HCV-contaminated blood products who subsequently 

tested negative for active HCV infection by the Lookback Programme, 

defined as either: 

 anti-HCV antibody-negative; or 

 anti-HCV antibody-positive and HCV RNA-negative on PCR 

 Aged 18 years or above at study entry 

 

Exclusion criteria 

 Those lacking mental capacity to provide informed consent 

 Prisoners 

 Strong risk factors for HCV exposure other than blood transfusion 

 Diagnosis of chronic HCV (treated or untreated) 
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2.2.5 Identification, contact tracing, and recruitment of potential study 

subjects 

The following section describes the process of identifying, tracing and 

contacting individuals of the Lookback Programme to eventual recruitment 

and entry into the study. This process was extremely challenging and time-

consuming, spanning a period of 15 months.  Figure 2.1 summarises the 

outcomes at each step, from identification of potential study subjects to the 

final recruitment phase. 
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Figure 2.1 Flowchart summarising the process of identification, contact 

tracing, and recruitment of potential subjects into study 

  

HCV Lookback Database 
(anonymised) 

n = 1340 

Potential candidates 

n = 884 

Successful identification 
and deanonymisation 

n = 585 

NHS number found 

n = 459 

Alive with GP 

n = 255 

Invited 

n = 241 

Interested 

n = 127 

Recruited 

n = 91 

Declined 

n = 36 

Not interested 

n = 17 

No response 

n = 97 

Unsuitable for 
contact 

n = 14 

Alive without GP 

n = 14 

Deceased 

n = 190 

Excluded due to chronic 
HCV 

n = 456 
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2.2.6 Identification and contact tracing 

Much of the identification and tracing of affected individuals by the Lookback 

Programme occurred between 1995 and 1997 i.e. almost 20 years ago. The 

historical nature of the Lookback Programme and its cohort presented 

multiple challenges as outlined below.  

 

At the time of the Lookback Programme, the English National Blood Service 

was a regionally based service and so data on individuals contacted as part of 

this initiative were collected and stored locally by each regional centre. When 

the Service amalgamated its regional operations to form a national agency, 

the Lookback data from the 15 transfusion centres were consolidated into one 

database (referred to as the English Lookback database). 

 

The English Lookback database contained 1340 records of blood recipients in 

England who were previously identified, traced and contacted by the 

Lookback Programme.  The database provided an extensive amount of 

clinical information, including: date and hospital of transfusion, components 

transfused, date of HCV testing, laboratory that performed testing, specimen 

number of the blood sample, results of liver enzymes, results of anti-HCV 

antibody and HCV RNA PCR testing, other risk factors for HCV exposure, and 

clinical symptoms. The database, however, was anonymised i.e. it did not 

contain names. The only personal data recorded for each individual were the 

date of birth, sex, and ethnicity. There were no hospital numbers recorded to 

identify each individual. Details of the registered GP for each individual were 

recorded but out of date. 



 

86 

The first step was to narrow down the number of records using the 

aforementioned inclusion and exclusion criteria. Out of 1340 records, there 

were 456 individuals with chronic HCV who were excluded, leaving 884 

potential study subjects to be identified.  

 

The next step of identification involved matching a full name to each record. 

As the English Lookback database did not include any personally identifiable 

information, the original non-anonymised raw data collected by the respective 

regional centres had to be obtained. With the assistance of NHSBT, past 

collaborators of the English HCV Lookback Programme were contacted to 

locate and access the original raw data collected by each regional centre. 

Much of the data had been archived given their historical nature and were 

kept at different locations.  

 

Once the original databases were obtained, records in the English Lookback 

database were cross-matched with the original versions using donation and 

unit numbers as the primary unique reference. A new donation number is 

allocated each time a blood donor makes a donation. The various 

components of the blood (e.g. red blood cells, platelets, plasma) are then 

separated and given unit numbers. These unique numbers allowed the 

records in the English Lookback database to be cross-referenced with the 

original databases, which contained first and last names of individuals and 

their local hospital numbers. Other fields including date of birth, sex, specimen 

number of blood sample, date and hospital of transfusion, and results of HCV 
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testing, were also checked to ensure congruence. Out of the 885 records to 

be identified, 585 were successfully cross-matched to a first and last name. 

 

Once cases in the English Lookback database were identified and de-

anonymised, it was necessary to determine whether each individual was alive 

or deceased and who the current registered GP was before contact tracing 

could be performed. This information was accessed via the NHS Personal 

Demographics Service, a national electronic database containing 

demographic details of all patients registered under the NHS national 

numbering system introduced in 1996. The first and last name, date of birth, 

and sex of each individual were submitted electronically to the Personal 

Demographics Service and a list containing the corresponding NHS numbers 

for each patient and details of the current GP was returned. The list also 

included information on whether the individual was alive or deceased.  

 

Not all cases submitted had a successful ‘hit’ for various reasons:  

 A mismatch in the spelling of the first or last name resulted in an invalid 

search 

 An individual left the UK prior to introduction of the NHS numbering 

system and hence was not registered on the NHS national database 

 An individual had an NHS national number but was not registered with 

a GP 

 

Of the 585 records sent to the Personal Demographics Service, 459 were 

registered with an NHS national number – 269 individuals were alive and 190 
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were deceased. Of the 269 alive, details of a registered GP were available for 

255. One-fifth (54) of those alive were over the age of 75. 

 

The next step involved contact tracing for the 255 individuals who were alive 

and registered to a GP. A letter was sent to each GP explaining the purpose 

of the study. Included with this was a study invitation letter to be forwarded by 

the GP, on our behalf, to the potential study subject. As these individuals and 

their recent medical history were not known to us, GPs were advised to inform 

us of any potential factors that might make an individual unsuitable for the 

study (e.g. inability to provide informed consent, terminal illness). The 

invitation letter included a response slip for the potential study subject to 

document their interest and return to us.  

 

2.2.7 Recruitment phase 

If the potential subject responded with interest, they were sent a recruitment 

pack containing a ‘Participant Information Sheet’ (PIS; Appendix D), 

‘Participant Consent Form’ (Appendix E) and a saliva sample collection kit. 

The potential study subject was asked to read the PIS carefully and, if 

agreeable, sign the consent form enclosed.  

 

For those who consented, a questionnaire (Appendix F) had to be completed 

and a saliva sample provided. The questionnaire consisted of three parts: 

‘Transfusion History’, ‘Medical History’ and ‘Risk Factor Assessment’.  
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The section on transfusion history was designed to obtain, as 

comprehensively as possible, information regarding all transfusions that the 

study subject received (including those outside of the UK and more recent 

transfusions subsequent to the Lookback Programme). Additionally, it was 

important to corroborate the patient history with the information provided by 

the English Lookback database.  

 

The next section, on medical history, was to determine whether the study 

subject had any concurrent medical problems or was taking any medication 

(such as corticosteroids or immunosuppression) that might impact on 

laboratory analysis of their immune cells. This section also asked about a 

history of liver disease and any past symptoms of hepatitis or jaundice.  

 

The final section on risk factor assessment was included to assess for other 

potential risk factors for HCV exposure that might have excluded a subject 

from this study, in particular, a history of injecting drug use. 

 

In addition to the questionnaire, each study subject had to provide a saliva 

sample. A saliva sample collection kit manufactured by DNA Genotek 

(Ontario, Canada), known as the Oragene DNA OG500 kit, was included in 

each recruitment pack. This is an all-in-one system designed for the 

collection, transportation and long-term storage of DNA in saliva. Simple 

instructions were included in the kit. The study subject was required to spit 

into the tube provided, attach the appropriate cap, shake the tube briefly, and 

place it into a mailing bag.  
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Those who consented to the study were also asked if they were willing to 

provide an optional blood sample at a later date and to indicate their 

preference on a response slip. Once all the relevant forms and saliva 

collection were completed, these were posted back to us.  

 

In study subjects who consented to providing a blood sample, this was 

performed at a later date as a home visit or at the subject’s GP practice. It 

was important to ensure that the blood samples were processed within a 

similar time frame to maintain optimal yield and consistency of results. This 

required a research laboratory facility, which ideally had to be within a 4-hour 

commute of the subject’s home or GP practice, as lymphocyte isolation is a 

time-sensitive procedure. In addition to our local research laboratory at 

Peninsula Medical School, we were able to secure the use of a research 

laboratory in London, the Institute of Hepatology. 
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2.2.8 Classification of recruited subjects into ESN and SR groups 

A total of 91 subjects were recruited. A unique reference study identification 

number was allocated to each study subject recruited to maintain anonymity. 

For this study, only subjects who opted to provide a blood sample were 

included.  

 

Of the 91 recruited subjects, 80 agreed to provide a blood sample. Table 2.1 

summarises the possible outcomes of HCV testing and how this was used to 

classify subjects into the appropriate study group.  

 

All subjects were tested twice for HCV. The initial HCV testing was performed 

in the 1990s by the Lookback Programme, which involved testing for anti-HCV 

antibodies using third-generation assays and for HCV RNA by PCR. This is 

discussed in detail in Chapter 1 “Introduction” section 1.15.1. A repeat HCV 

test for both anti-HCV antibodies and HCV RNA was performed at recruitment 

into this study. The assays used for HCV testing in this study are discussed 

later in this chapter in section 2.7. 

 

To be considered for the ESN group, study subjects were required to be 

negative for anti-HCV antibodies and HCV RNA on both occasions. For the 

SR group, subjects were required to be positive for anti-HCV antibodies and 

negative for HCV RNA at their initial Lookback testing and again on study 

entry. None of the ESN and SR study subjects had indeterminate antibody 

results i.e. only clear “negatives” and “positives” were included.  
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Table 2.1 Classification of study subjects into ESN group vs. SR group 

based on results of HCV testing 

Initial HCV test 

by Lookback Programme 

Repeat HCV test 

at study recruitment 

 

Anti-HCV 

antibody 

HCV RNA PCR Anti-HCV 

antibody 

HCV RNA PCR Group 

NEG NEG* NEG NEG ESN 

NEG NEG* POS NEG Not eligible 

NEG NEG* POS POS Not eligible 

POS NEG POS NEG SR 

POS NEG POS POS Not eligible 

* If tested; the Lookback Programme did not routinely test for HCV RNA in every person who 

tested negative for anti-HCV antibodies 

ESN, exposed seronegative; SR, spontaneously resolved; NEG, negative; POS, positive 
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2.2.9 Quantifying HCV exposure risk in ESN subjects 

ESN individuals can be extremely challenging to identify. As they are 

asymptomatic and seronegative, identification relies heavily on being able to 

establish a clear history of exposure. There are no other clinical or laboratory 

parameters that are helpful in defining such individuals.  

 

In the case of the ESN subjects identified in this study, several issues had to 

be addressed. The blood recipients identified by the Lookback Programme 

were selected because they had received blood products from donors that 

were discovered to have either current or past HCV infection. Because the 

donors were tested some time after the recipients had already received their 

transfusions, one could not simply assume that the donors were actually 

infected at the time of transfusion. It was possible that a donor did not become 

infected until after donating blood to our ESN subject. Alternatively, it was 

possible that the donor had already cleared the virus before our ESN subject 

received blood from that donor. 

 

To address these uncertainties, we devised a strategy to strengthen the 

exposure history of our ESN subjects. We created a set of selection criteria 

based on two possible scenarios whereby we could verify that an ESN subject 

was truly exposed to HCV. 
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The first scenario is illustrated in Figure 2.2. In the case of a donor who has 

previously donated on multiple occasions, if the donor had infected other 

recipients, both before and after donating blood to our ESN subject, this 

would confirm that the donor was infectious throughout this time. 

 

The second scenario is illustrated in Figure 2.3. When a blood donor makes a 

donation, the blood may be separated into different components (e.g. red 

blood cells, platelets) and given to different recipients. Hence, if an ESN 

subject received part of a donation that was found to have infected another 

recipient (who had no other risk factors), it is highly likely that the donation 

itself was contaminated and our ESN subject would have also been exposed 

to HCV. 

 



 

 

9
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Figure 2.2 Scenario 1 

In this scenario, donor “X” donated blood on multiple occasions, which were transfused to “R1”, “ESN”, and “R2”. Donor “X” later 

tests positive for HCV when screening is introduced but it is unknown when and for long donor “X” has had HCV. If recipients 

“R1” and “R2” test positive for HCV and do not have any other risk factors, then it can be surmised that they were infected by 

donor “X”. This would indicate that donor “X” was infectious at the time he/she donated blood to “ESN”, exposing “ESN” to HCV. 

1st Donation 2nd Donation 3rd Donation 
 Tests positive for 
HCV at screening 

DONOR X 

RECIPIENT 
R1 

ESN 
SUBJECT 

RECIPIENT 
R2 

HCV SCREENING OF 
BLOOD DONORS 

STARTED 

HCV LOOKBACK 
PROGRAMME 
IMPLEMENTED 

 Tests positive for 
HCV by Lookback 

Tests negative for 
HCV by Lookback 

Tests positive for 
HCV by Lookback 

DONOR TIMELINE 



 

96 

 

Figure 2.3 Scenario 2 

The alternative scenario is when a single donation from donor “X” is 

separated into different components, which are received by “R1” and “ESN”. If 

recipient “R1” subsequently tests positive for HCV and does not have any 

other risk factors, then it can be surmised that R1 was infected by donor “X”. 

This indicates that the component transfused to recipient “ESN” (which 

originated from the same donation) would have also been contaminated with 

HCV, thus exposing “ESN” to the virus. 

  

DONOR X 
Single  

Donation 

RECIPIENT  
R1 

ESN 
SUBJECT 

Tests positive for 
HCV by 

Lookback 

Tests negative 
for HCV by 
Lookback 
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Using the two scenarios set out above, ESN subjects were stratified based on 

their risk of HCV exposure, such that only those that met at least one of these 

scenarios were selected for final inclusion into this study.  

 

To begin with, the donor records of the ESN subjects were retrieved to 

determine whether any of the donors were linked to infected recipients. Next, 

the records of the infected recipients were reviewed to ascertain whether any 

of them had risk factors for HCV other than blood transfusion. 

 

A total of 8 ESN subjects met one of the above scenarios. Table 2.2 shows 

the donor for each of the 8 ESN subjects, along with the other recipients that 

also received blood from the same donor. All the infected recipients listed did 

not have any identifiable risk factors for HCV other than blood transfusion. 

(Note: To clarify, the recipients with spontaneously resolved or chronic 

infection listed in Table 2.2 were not the same individuals as those recruited 

into the groups with SR and chronic infection in this study). 
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Table 2.2 Donations made by donors of the 8 ESN subjects and their 

corresponding recipients 

Donor Donation Recipient Transfusion date HCV testing by Lookback Programme 

X1 1 R1 17/03/1981 Infected – chronic HCV 

 2 ESN1 05/08/1982 Uninfected 

 3 R2 05/01/1983 Infected – chronic HCV 

X2 1 R3 03/03/1984 Infected – chronic HCV 

 2 ESN2 07/01/1985 Uninfected 

 3 R4 29/04/1986 Infected – chronic HCV 

 4 R5 15/02/1987 Infected – spontaneous clearance 

X3 1 R6 16/09/1983 Infected – spontaneous clearance 

 2 R7 22/09/1986 Infected – chronic HCV 

 3 ESN3 07/04/1987 Uninfected 

 4 R8 16/10/1987 Infected – spontaneous clearance 

X4 1 R9
#
 17/01/1989 Infected – chronic HCV 

 1 ESN4
#
 01/02/1989 Uninfected 

X5 1 R10 03/12/1987 Infected – spontaneous clearance 

 2 R11 08/09/1988 Infected – chronic HCV 

 3 ESN5 20/02/1989 Uninfected 

 4 R12 26/01/1990 Infected – chronic HCV 

X6 1 ESN6
#
 21/06/1990 Uninfected 

 1 R13
#
 24/06/1990 Infected – chronic HCV 

X7 1 R14
 

12/12/1985 Infected – chronic HCV 

 2 R15 03/08/1988 Infected – chronic HCV 

 3 R16 17/01/1990 Infected – chronic HCV 

 4 ESN7 29/10/1990 Uninfected 

 5 R17 28/03/1991 Infected – chronic HCV 

X8 1 R18 11/04/1989 Infected – spontaneous clearance 

 2
 

R19
#
 22/11/1990 Infected – spontaneous clearance 

 2
 

ESN8
#
 25/11/1990 Uninfected 

#
 Received products from the same donation 

ESN, exposed seronegative 
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The final step was to obtain confirmation that these 8 ESN subjects were 

actually given the blood products they were recorded as having received. This 

required access to the transfusion records held by NHSBT.  An NHSBT 

Consultant reviewed the records for the 8 selected subjects and confirmed the 

following: 

 Blood Bank records documented that the blood product unit(s) with the 

same donation and unit numbers was/were issued to the ESN subject 

and not returned. It was policy that any unused or partially transfused 

units were returned to the Blood Bank. Hence, the non-return of a unit 

can be taken to mean that it has been transfused 

 Documentation in the patient’s hospital notes that the ESN subject 

received a blood transfusion on this date 

 Documentation in the patient’s hospital notes that the blood product 

unit(s) with the corresponding reference numbers was/were given to 

the subject (i.e. signed for by nursing staff) 

 

To summarise, the measures described above were designed to ensure that 

only ESN subjects for whom the exposure history could be properly verified 

were included. This strategy identified 8 subjects who comprised the ESN 

group for this study. Their demographics and clinical characteristics are 

described later in this chapter in section 2.5. 
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2.3 Recruitment of study group with chronic hepatitis C infection 

2.3.1 Source of recruitment 

Subjects in the group with chronic HCV were recruited via another study, “The 

South West study of patients with HCV infection” (sponsored by Plymouth 

NHS Trust). Patients with chronic HCV, acquired through blood transfusion, 

were recruited from the Hepatology outpatient and trial clinics at Derriford 

Hospital. As explained earlier in section 2.2.3, we were unable to contact 

individuals with chronic HCV from the Lookback Programme for recruitment 

purposes.  

 

2.3.2 Ethics approval 

Ethics approval was previously obtained from the UK Research Ethics 

Committee (reference number 1718). 

 

2.3.3 Study design 

Treatment-naïve patients with chronic HCV infection were recruited from 

outpatient and trial clinics. For those who consented, 30 mL of blood was 

taken along with their routine blood tests.  Study subjects also had to 

complete a questionnaire regarding risk factors for HCV transmission.  
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2.3.4 Inclusion and exclusion criteria for group with chronic HCV 

The following criteria were used to select potential study subjects for the 

group with chronic infection:  

 

Inclusion criteria 

 Patients with chronic HCV, defined as those positive for both anti-HCV 

antibodies and HCV RNA PCR for at least 6 months 

 History of blood transfusion prior to universal screening of HCV 

 Treatment-naïve at study entry 

 Aged 18 years or above at study entry 

 

Exclusion criteria 

 Those lacking mental capacity to provide informed consent 

 Prisoners 

 Strong risk factors for HCV exposure other than blood transfusion 

 

2.4 Recruitment of healthy control study group 

The group of healthy controls comprised of healthy volunteers with no history 

of any risk factors for HCV exposure. The recruitment of healthy controls was 

part of another ongoing study, “Why are some people susceptible to HCV and 

not others?”, also sponsored by Plymouth NHS Trust and previously granted 

ethics approval by the UK Research Ethics Committee (reference number 

1703). Subjects comprised of staff and students at Plymouth University. 

Written consent was obtained and 30 mL of whole blood was taken. 
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2.5 Baseline demographics and clinical characteristics of study groups 

The study consisted of 8 ESN subjects, 10 SR subjects, 10 subjects with 

chronic HCV (all genotype 1 treatment-naïve), and 10 healthy controls.  

 

2.5.1 Group of interest – the ESN group 

The baseline demographics of the 8 ESN subjects are shown in Table 2.3, 

along with details of the HCV-contaminated products they received. None of 

the 8 subjects had other risk factors identified on questionnaire. There was no 

history of symptoms suggestive of hepatitis around the time of transfusion that 

might indicate transfusion-related non-A non-B hepatitis. One subject, ESN5, 

had a biopsy-proven diagnosis of non-alcoholic fatty liver disease (NAFLD) 

but the other 7 subjects had no history of known liver disease or abnormal 

liver enzymes. There was a range of active medical conditions but no subject 

was on steroids or immunosuppression at the time of recruitment. Subject 

ESN6 was transfused once for renal failure while on haemodialysis and 

subsequently, became a Jehovah’s Witness. 

 

As per the inclusion/exclusion criteria, all 8 ESN subjects were negative for 

anti-HCV antibodies and HCV RNA. For the ESN group, the median time from 

HCV exposure to the initial anti-HCV antibody testing (i.e. by the Lookback 

Programme) was 7.4 years, with an interquartile range (IQR) of 6.1-9.3 years. 

This was similar to the SR group (median 7.1 years, interquartile range 4.9-

10.7 years). 
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Table 2.3 Baseline demographics and clinical characteristics of ESN subjects 

ID Current 

Age 

(years) 

Sex 

M/F 

Ethnicity 

 

Date 

transfused 

Type of 

product  

Indication 

 

Other 

HCV 

risks 

Symptoms 

of 

hepatitis 

Abnorma

l liver 

enzymes 

Active medical 

conditions 

Immuno

suppres

sion 

ESN1 52 M White British 05/08/1982 RBC Trauma No No No Hypertension No 

ESN2 41 F White British 07/01/1985 Platelet Childhood ITP No No No No No 

ESN3 32 M White British 07/04/1987 
Whole 

blood 
Facial surgery No No No Gout No 

ESN4 72 F White British 01/02/1989 RBC Hysterectomy No No No 
Hypertension, 

type II diabetes 
No 

ESN5 61 F White British 20/02/1989 
Whole 

blood 
Menorrhagia No No NAFLD 

Hypothyrodism 

on replacement 
No 

ESN6 48 M 

Afro-

Caribbean 

British 

21/06/1990 RBC Renal failure No No No 

Haemodialysis, 

Jehovah’s 

Witness 

No 

ESN7 42 F 

Afro-

Caribbean 

British 

29/10/1990 RBC 
Sickle cell 

anaemia 
No No No 

Sickle cell 

anaemia 
No 

ESN8 34 M White British 25/11/1990 RBC Bone surgery No No No Asthma No 

ESN, exposed seronegative; RBCs, red blood cells; ITP, idiopathic thrombocytopenic purpura; NAFLD, non-alcoholic fatty liver disease 
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2.5.2 Comparison of baseline characteristics 

Table 2.4 compares the baseline characteristics of the four groups in this 

study. The SR group was older but this was not significantly different from the 

other groups. No statistical differences were observed between the groups in 

terms of sex and ethnicity. 
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Table 2.4 Baseline characteristics of all four groups in the study 

Characteristic CON 

(n = 10) 

ESN 

(n = 8) 

SR 

(n = 10) 

CHR 

(n = 10) 

p value 

Current age in years – median (IQR) 46 (39-53)
 

45 (36-59)
 

67 (47-71) 52 (43-61) NS* 

Male sex – no. (%) 5 (50) 4 (50) 4 (40) 5 (50) NS* 

White British – no. (%) 8 (80) 6 (75) 10 (100) 8 (80) NS* 

Exposed by blood transfusion – no. 

(%) 
N/A 8 (100) 10 (100) 10 (100) NS* 

* For all comparisons – CON vs. ESN, CON vs. SR, CON vs. CHR; ESN vs. SR; ESN vs. CHR 

CON, healthy control; ESN, exposed seronegative; SR, spontaneously resolved; CHR, chronic infection; IQR, interquartile range; NS, non-

significant; N/A, not applicable 
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PART TWO: LABORATORY METHODS 

2.6 Sample processing 

Blood samples were collected in sodium heparin tubes (Greiner Bio One, 

Gloucester, UK) for peripheral blood mononuclear cell (PBMC) isolation, 

serum-separating tubes (BD Biosciences, Oxford, UK) for virologic testing and 

serum collection, and ethylenediaminetetraacetic acid (EDTA) tubes (BD 

Biosciences, Oxford, UK) for DNA extraction. Saliva samples were collected 

using the Oragene DNA OG500 kit.  

 

2.7 Serology and virology testing 

Serum-separating tubes were sent to the Microbiology Laboratory at Derriford 

Hospital for virologic testing. Anti-HCV testing was performed using the fourth-

generation enzyme immunoassay, Monolisa HCV Ag-Ab Ultra (Bio-Rad 

Laboratories, Hertfordshire, UK). This is a qualitative determination of HCV 

capsid antigen and antibodies to HCV in serum. HCV RNA was detected and 

quantified by PCR using the Cobas AmpliPrep/Cobas Taqman HCV Test v2.0 

(Roche Molecular Systems, California, United States; lower limit of detection 

15 IU/mL). 

 

2.8 Research laboratory work 

All work involving blood and serum samples were performed in a Class II 

biological safety cabinet under sterile technique. All reagents used were 

sterile unless stated otherwise. Blood and its components were disposed of in 

1% Virkon (Du Pont, Hertfordshire, UK) solution.  
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2.9 Separation of peripheral blood mononuclear cells from whole blood 

2.9.1 Principle of technique 

PBMCs consist of lymphocytes and monocytes and can be purified from 

whole blood using a method based on the principle of Ficoll density gradient 

centrifugation. Blood can be separated into its various components by taking 

advantage of the differences in density between PBMCs and other elements 

found in blood. Ficoll is a high molecular weight polysaccharide that dissolves 

readily in aqueous solutions. A Ficoll-containing separation reagent, in this 

case Histopaque-1077 (Sigma-Aldrich, Dorset, UK) with a density of 1.077 

g/mL, is placed at the bottom of a conical tube on top of which heparinised 

diluted whole blood is layered.  

 

Following centrifugation, the sample is separated into various layers (Figure 

2.4) – red blood cells and granulocytes collect at the bottom of the tube, below 

the Histopaque-1077 layer, as they have a higher density than Histopaque-

1077; PBMCs and platelets form a thin white layer called the buffy coat and sit 

just above the Histopaque-1077 layer, as they have a lower density; and at 

the very top is a layer of plasma. The PBMCs are harvested by carefully 

removing the buffy coat interface and then washed to remove the platelets 

from the lymphocytes. 
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Figure 2.4 Layers of blood components following Ficoll density gradient 

centrifugation 
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2.9.2 Reagents and materials 

Phosphate-buffered saline (PBS) and Roswell Park Memorial Institute (RPMI-

1640) media were purchased from Lonza (Berkshire, UK). Histopaque-1077 

and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Dorset, 

UK).  

 

Supplemented RPMI-1640 (sRPMI) was made with the addition of the 

following to 500 mL of RPMI-1640 – i) 12.5 mL of 1 M 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer, ii) 3 mL of 1 M sodium 

hydroxide, iii) 10 mL of penicillin (5000 units/mL)/streptomycin (5000 ug/mL), 

and iv) 10 mL of 200 mM L-glutamine. All supplements were from Lonza 

(Berkshire, UK), except for sodium hydroxide, supplied by Sigma-Aldrich 

(Dorset, UK). 

 

Foetal bovine serum (FBS) was purchased from PAA Laboratories (Somerset, 

UK). Freezing medium consisted of 90% FBS and 10% DMSO.  

 

Human AB serum was purchased from Sera Laboratories (West Sussex, UK) 

and came from a single batch, H33N03C.  

 

Counting solution for fresh PBMCs was made up of 245 mL of distilled water, 

5 mL of glacial acetic acid (Acros Organics, Fisher Scientific, Leicester, UK) 

and 500 uL of 0.4% Trypan blue solution (Sigma-Aldrich, Dorset, UK).  
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2.9.3 PBMC isolation 

Blood samples collected in sodium heparin tubes were stored at room 

temperature and processed within 4 hours of venepuncture. Whole blood was 

diluted 1:1 with room temperature PBS. In a 50 mL polypropylene centrifuge 

tube, 25 mL of diluted blood was gently layered over 20 mL of room 

temperature Histopaque-1077. The tubes were centrifuged at 750 g for 30 

minutes at 22oC with the brake inactivated.  

 

The centrifugation resulted in separation of the sample into four layers. The 

upper plasma layer was removed, without disturbing the lower PBMC 

interface. The PBMC layer was then carefully aspirated and transferred into a 

separate 15 mL centrifuge tube. To this, 10 mL of pre-warmed sRPMI is 

added and centrifuged at 400 g for 10 minutes at 22oC with the brakes on to 

form a cell pellet. The resulting supernatant was discarded. The cell pellet 

was resuspended in sRPMI and the wash step repeated. The supernatant 

was again discarded and the cell pellet resuspended in 1 mL of sRPMI for cell 

counting.  

 

2.9.4 Cell counting using haemocytometer and determination of cell 

viability with Trypan blue exclusion method 

Freshly isolated PBMCs were counted using Trypan blue counting solution 

with acetic acid. Trypan blue is only selectively taken up by dead cells and so 

is useful for staining non-viable cells. Acetic acid is used to lyse any 

contaminating red blood cells that are present, improving counting accuracy of 

PBMCs.  
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From the 1 mL cell suspension, 20 uL was pipetted into a 0.5 mL Eppendorf 

tube containing 180 uL of counting solution, making a 1 in 10 dilution. A 

Neubaeur improved double chamber haemocytometer was used for cell 

counting. Using a light microscope, unstained i.e. clear (viable) and stained 

i.e. blue (non-viable) cells were counted. The haemocytometer is designed in 

such a way that the number of cells in a large corner square is equivalent to 

the number of cells x104/mL. The cell concentration, i.e. number of 

PBMCs/mL, was obtained by taking the total number of cells counted in the 4 

large squares, dividing this by 4 to obtain the average, and then multiplying by 

10 to correct for the dilution factor. The percentage cell viability was assessed 

as the number of viable cells divided by the total number of cells counted 

(non-viable plus viable) multiplied by 100.  

 

2.9.5 Cryopreservation of PBMCs 

After counting, the 1 mL cell suspension in sRPMI was made up to a total of 

10 mL with additional sRPMI and centrifuged for a final wash. The 

supernatant was discarded and the cell pellet resuspended slowly using 

freezing medium. The volume of freezing medium added was adjusted to 

achieve a cell concentration of 5-10x106 cells/mL for cryopreservation. Finally, 

1 mL aliquots of the cell suspension in freezing medium were dispensed into 2 

mL cryovials and immediately placed into a ‘Mr Frosty’ freezing container 

(Nalgene, Fisher Scientific, Leicester, UK) for -80oC storage. After 24 hours, 

the cryovials were transferred into liquid nitrogen for long-term storage. 
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2.9.6 Thawing of cryopreserved PBMCs 

Each cryovial of frozen PBMCs was removed from liquid nitrogen and gently 

thawed in a 37oC water bath. The thawed sample was transferred into a 15 

mL centrifuge tube.  Next, 10 mL of pre-warmed sRPMI/20% FBS was slowly 

added to the sample while gently swirling the tube. The tube was rested for 20 

minutes in the 37oC water bath and then centrifuged at 400 g for 10 minutes 

at 22oC. The supernatant was discarded and the cell pellet resuspended in 1 

mL of sRPMI/10% human AB serum. 

 

Cell viability of thawed PBMCs was assessed using Trypan blue solution. 

From the 1 mL cell suspension, 20 uL was pipetted into a 0.5 mL Eppendorf 

tube containing 180 uL of 0.4% Trypan blue diluted 1:4 with sRPMI. The 

percentage cell viability was determined as described above for fresh PBMCs. 

A cell viability of >95% was required for all assays. 

 

2.10 Serum separation 

Serum-separating tubes contain a clot activator and an inert gel for serum 

separation.  After blood collection, the tubes were left to stand in a vertical 

position for at least 30 minutes. Then, they were centrifuged at 1200 g for 10 

minutes. After centrifugation, the gel in the tube formed a barrier separating 

the serum from the clot. The serum was pipetted out of the tube into cryovials 

and stored at -20oC. 
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2.11 Deoxyribonucleic acid extraction from saliva 

Saliva samples collected in the Oragene DNA OG500 kits were stored at 

room temperature for future DNA extraction. The kits were sent to Source 

Bioscience (Nottingham, UK) for extraction of salivary DNA. 

 

2.12 Deoxyribonucleic acid extraction from whole blood 

Blood samples collected in EDTA tubes were stored at -80oC for future DNA 

extraction. DNA extraction was performed using the Nucleon Blood and Cell 

Culture 3 kit (Gen-Probe Life Sciences, Manchester, UK).  

 

2.12.1 Principle of technique 

The cells are chemically lysed using a lysis buffer, which contains 

tris(hydroxymethyl)aminomethane (tris) and EDTA.  As DNA is pH sensitive, 

tris is an important biological buffer for maintaining the pH at around 8 and 

protecting the DNA from pH shifts. EDTA is required as it binds calcium and 

magnesium. These cations maintain the integrity of the cell membrane and so 

eliminating them with EDTA destabilises the membrane. A detergent is added 

as part of the cell lysis step to break down membrane lipids, exposing the 

DNA within.  

 

The DNA needs to be purified from contaminants such as RNA and proteins 

before it can be recovered. RNA is eliminated by digesting it with ribonuclease 

A (RNase A) solution. The next step involves dissociating the histones and 

cellular proteins bound to the DNA. This kit uses sodium perchlorate (instead 

of the traditionally used phenol) and chloroform for the extraction of DNA. 
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High concentrations of sodium perchlorate disrupt the structure of the DNA-

binding proteins, denaturing and removing them from the DNA. This is known 

as deproteinisation. Then, chloroform is added. Since chloroform and water 

are immiscible, the tube is mixed thoroughly, forcing the chloroform into the 

water layer where it forms an emulsion of droplets throughout. The proteins in 

the water phase become denatured by chloroform, leading to a change in 

polarity that renders them more soluble in chloroform than water.  As a result, 

the proteins become separated from the DNA, which remains in the water.  

 

After mixing, a water (aqueous) phase and a chloroform (organic) phase form. 

The protein-containing organic phase sits at the bottom of the tube due to the 

higher density of chloroform, and the DNA-containing aqueous phase sits 

above it. The proprietary Nucleon Resin is added carefully and the sample is 

centrifuged for optimal phase separation. As the resin covalently binds 

proteins, it forms a semi-solid stratum trapping proteins in the water-

chloroform interface and organic phase. This resin layer facilitates the integrity 

and easy removal of the upper aqueous phase by preventing contamination 

from the underlying organic phase. The aqueous phase is aspirated into a 

new tube and the DNA is precipitated out by addition of cold absolute ethanol. 

After centrifugation, the DNA is formed into a pellet and resuspended for 

analysis. 

 

2.12.2 Reagents and materials 

The Nucleon Blood and Cell Culture 3 DNA extraction kit included the 

following reagents – Reagent A (lysis buffer), Reagent B (detergent), sodium 
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perchlorate, and Nucleon Resin. Reagent A was diluted 1:3 with distilled 

water and autoclaved.  

 

Tris-EDTA (TE) buffer was made by mixing 1 mL of 1 M tris (adjusted to pH 

8.0 with hydrochloric acid) with 0.2 mL EDTA (0.5 M) and made up with 

distilled water up to 100 mL. 

 

2.12.3 DNA extraction from whole blood for sequencing/genotyping 

EDTA tubes stored at 80oC were thawed at room temperature. Once thawed, 

the blood was transferred to a 50 mL polypropylene tube and 4 times the 

volume of Reagent A was added to initiate cell lysis. The tube was placed on 

a tube roller to mix for 4 minutes. Then, it was centrifuged at 1300 g for 4 

minutes and the supernatant discarded. To the pellet, 2 mL of Reagent B was 

added and vortexed briefly. The tube was left incubating at 37oC for 10 

minutes and vortexed again to ensure the pellet was fully resuspended. The 

suspension was transferred to a 15 mL polypropylene tube. It was treated with 

15 uL of a 50 ug/mL RNase A solution and incubated for 30 minutes at 37oC 

to digest the RNA present.  

 

After incubation, 500 uL of sodium perchlorate was added and the tube 

inverted to mix the sample well. Then, 2 mL of chloroform was added and the 

tube inverted again to emulsify the phases. Next, 300 uL of Nucleon Resin 

was carefully added to prevent re-mixing the phases. The tube was then 

centrifuged at 1300 g for 3 minutes.  
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Following centrifugation, the upper aqueous phase was aspirated to a fresh 

15 mL polypropylene tube, taking care not to disturb the resin layer. Ice-cold 

absolute ethanol was added at double the volume of the transferred aqueous 

phase. The tube was inverted until the DNA precipitated, and then centrifuged 

at 4000 g for 5 minutes. The supernatant was discarded and the DNA pellet 

washed twice with 2 mL of cold 70% ethanol, re-centrifuged at the same 

settings. The DNA pellet was air-dried for 10 minutes and any residual ethanol 

carefully removed. The pellet was resuspended in 1 mL of TE buffer and 

transferred to a 1.5 mL Eppendorf tube. Extracted DNA samples were sent for 

commercial sequencing/genotyping. 

 

2.13 Flow cytometry 

2.13.1 Principle of technique 

Flow cytometry is a laser-based technology used to analyse the physical and 

chemical properties of single cells and its components. It has a variety of 

applications, including cell counting, cell sorting, immunophenotyping, 

detection of cell surface and intracellular molecules, cell cycle/DNA analysis, 

assessment of viability, and apoptosis assays.  

 

In the cytometer, the sample containing cells in suspension is injected into the 

centre of a stream of faster flowing sheath fluid and channelled through a 

narrowing nozzle. As the sheath fluid flows through the narrowing chamber, it 

creates a massive drag effect such that when the injected suspension hits the 

stream, the cells are dragged along into a single file of particles. This effect is 

known as hydrodynamic focusing.  
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This single stream of cells allows each cell to properly intercept the laser 

beam, one cell at a time. As the cell passes through the laser beam, light is 

scattered and collected at two angles, forward scatter (FSC) and side scatter 

(SSC). The size and granularity of a cell can be determined by the amount of 

FSC and SSC, respectively. Various lenses, mirrors and filters allow the 

emitted light to be directed to its designated detector. If there are fluorescent 

markers (fluorochromes) attached to a cellular component, they are excited 

when the cell passes through a laser beam with the appropriate excitation 

wavelength and emit a specific wavelength of light that is sensed by its 

corresponding detector. Hence, the use of fluorochromes allows the 

identification of a wide array of cell surface and cytoplasmic antigens. 

 

2.13.2 Accuri C6 flow cytometer 

The Accuri C6 flow cytometer (BD Biosciences, Oxford, UK) was used for all 

flow cytometry experiments. The system is equipped with a blue and a red 

laser, with excitation wavelengths of 488 nm and 640 nm, respectively. It can 

provide data on FSC, SSC, and four colours of fluorescence. Using the 

standard filter set, the emission detection spectra for each channel and the 

best-suited fluorochromes are shown in Table 2.5. 

 

The photomultiplier tube voltages are preset and standardised on the Accuri 

C6 by the manufacturer to minimise variation between samples and thus 

cannot be adjusted. 
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Table 2.5 Channel specifications on Accuri C6 flow cytometer 

Laser Channel Emission wavelengths detected 

(nm) 

Recommended fluorochromes 

Blue FL1 530 + 15 FITC / GFP 

Blue FL2 585 + 20 PE / PI 

Blue FL3 > 670 PerCP-Cy5.5, PE-Cy5.5, PE-Cy7 

Red FL4 675 + 12.5 APC 

nm, nanometer; FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; PE, 

phycoerythrin; PI, propodium iodide; PerCP-Cy5.5, peridinin chlorophyll protein-cyanine 5.5; 

PE-Cy5.5, phycoerythrin-cyanine 5.5; PE-Cy7, phycoerythrin-cyanine 7; APC, 

allophycocyanin 
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2.13.3 Selecting fluorochrome combinations 

All fluorochromes used were directly conjugated to primary antibodies. 

Fluorochromes were chosen to minimise spectral overlap (spillover) and the 

brightest ones were reserved for dim antibodies. Spillover from bright 

populations into channels that require highly sensitive detection of dim 

populations was avoided. Tandem fluorochromes were avoided, where 

possible, but if not, extra care was taken to minimise tandem dye degradation 

by light or heat and analysing samples as soon as possible after staining. The 

following fluorochromes were selected – fluorescein isothiocyanate (FITC), 

phycoerythrin (PE), peridinin-chlorophyll-protein-cyanine 5.5 (PerCP-Cy5.5) 

and allophycocyanin (APC). 

 

2.13.4 Reagents and materials 

Flow cytometry stain buffer was made up of PBS with 2% FBS and 0.1% 

sodium azide (Sigma-Aldrich, Dorset, UK). Fluorochrome-conjugated primary 

antibodies and their isotype controls were purchased from either BD 

Biosciences (Oxford, UK) or R&D Systems (Oxford, UK).  

 

2.13.5 Experimental controls 

The following experimental controls were used in the setting up phase of an 

experiment: 

 

Unstained cells were used as a negative control to measure 

autofluorescence. 
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Isotype control antibodies were used as a negative control to measure the 

amount of non-specific background staining caused by the specific primary 

antibodies. Each isotype control was matched to the primary antibody 

(species and isotype, including heavy and light chains) and conjugated to the 

same fluorochrome. The same antibody concentration was used for both the 

isotype control and the primary antibody. 

 

Single colour positive controls were used for compensation, each control 

consisting of cells stained with a single fluorochrome. 

 

Fluorescence-minus-one (FMO) controls were used to determine the optimal 

positive/negative boundaries for each primary antibody. Each sample of cells 

was stained with all of the primary antibodies except for the one controlled for 

in that sample. 

 

2.13.6 Direct immunofluorescence staining of PBMCs 

On the day of analysis, cryopreserved PBMCs were thawed. Then, 5 mL of 

cold flow cytometry stain buffer (stored at 4oC) was added to the PBMC 

suspension. The tube was centrifuged at 300 g for 5 minutes at 4oC. The 

supernatant was discarded and the cell pellet resuspended in flow cytometry 

buffer to a concentration of 2x107 cells/mL. Aliquots of 50 uL (1x106 cells) 

from this suspension were transferred to 12x75 mm 5 mL polystyrene test 

tubes. The appropriate volume of fluorochrome-conjugated monoclonal 

antibody was added to each test tube. The tubes were briefly mixed and then 

incubated at 4oC for 30 minutes in the dark. After incubation, 1.5 mL of cold 
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stain buffer was added to each tube and centrifuged at 300 g for 5 minutes at 

4oC to wash off any excess unbound antibody. The supernatant was removed 

and a second wash performed. Finally, after discarding the supernatant, the 

pellet was resuspended in 0.5 mL of cold stain buffer, mixed thoroughly and 

analysed on the flow cytometer. 

 

2.13.7 Lymphocyte gating 

The first step in analysis was to determine the gating for the lymphocyte 

population using the forward scatter (FSC) vs. side scatter (SSC) plot. 

Different populations of cells can be distinguished based on their physical 

characteristics. FSC measures the size of cells and SSC the granularity of 

cells. Cellular debris and dead cells have very low FSC compared with living 

cells. Lymphocytes are somewhat larger with greater FSC but still minimal 

granularity and hence low SSC. Monocytes are somewhat larger and more 

granular than lymphocytes, and so have greater FSC and SSC. Granulocytes, 

the largest and most granular cells, have the greatest FSC and SSC 

properties. Figure 2.5 is a colour illustration demonstrating the various cell 

populations that can be distinguished on an FSC vs. SSC plot. 

 

With each data acquisition, an FSC vs. SSC plot was created. Debris, 

contaminants, and dead cells were removed from analysis by adjusting the 

threshold settings.  A gate is drawn on the plot around the lymphocyte 

population and all subsequent analyses were limited to cells within this region. 
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Figure 2.5 Colour illustration of various cell populations identified on 

FSC vs. SSC plot on flow cytometry 

The lymphocyte population (in blue) can be distinguished from the other cell 

populations based on size and granularity. 
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2.13.8 Compensation for fluorochrome spectral overlap in multicolour 

assays 

An initial unstained sample was analysed and a lymphocyte gate created on 

the FSC vs. SSC plot. Compensation was set using single-stained positive 

controls for every colour to be tested. In the situation where the test antibody 

was targeting a dim or rare subset of cells, a different antibody targeting a 

bright population but conjugated to the same fluorochrome was used as a 

compensation control to ensure calculations of compensation were as 

accurate as possible.  

 

On a two-colour dot plot, compensation settings of each channel were 

adjusted so that the positive and negative cell populations were directly in line 

with each other and parallel with the appropriate axis. Once completed, 

compensation was fine-tuned by running samples stained with two colours to 

include all permutations of the test antibodies, followed by three-colour 

stained samples, and finally a four-coloured cell population.  

 

2.13.9 Gating controls 

Once compensation was completed, isotype controls were analysed. 

Restricted to the same lymphocyte gate, fluorescence intensity histograms 

were plotted for each isotype in its relevant channel and gating performed to 

exclude non-specific background staining. Finally, FMO controls were 

analysed for each primary antibody to delineate the optimal placement of 

quadrant markers in two-colour dot plots, separating the positive and negative 

subsets.  
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2.14 Isolation of natural killer cells using magnetic-activated cell sorting 

for cytotoxicity assay 

2.14.1 Principle of technique 

Various cell populations can be separated from each other based on the 

expression of their surface antigens. This form of cell sorting can be done 

using several techniques, including the method of magnetic-activated cell 

sorting (MACS), invented by Miltenyi Biotech (Surrey, UK).  

 

The MACS method involves labelling cells that express the surface antigen of 

interest with monoclonal antibodies bound to magnetic nanoparticles. The cell 

suspension is then passed through a column that sits in a magnetic field. 

Cells that are magnetically labelled are retained within the column while 

unlabelled cells will flow through.  The unlabelled fraction is collected as it 

flows out of the column. Then, the column is removed from the magnetic field 

and the retained magnetically labelled fraction is flushed out of the column. 

 

Cells can be separated using either a positive or negative selection method. 

In positive selection, the cells that need isolating are the ones that are 

magnetically labelled. In negative selection, the cells that need isolating are 

the ones that are unlabelled. Negative selection is preferred, as it reduces the 

risk of cell activation via antibody binding that may affect downstream assays. 

Cells that are isolated this way are often referred to as “untouched”. 
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2.14.2 Reagents and materials 

The natural killer (NK) Cell Isolation Kit from Miltenyi Biotec (Surrey, UK) was 

used. This kit allowed for the separation of NK cells from non-NK cells using 

the negative selection MACS method. The kit contained a cocktail of biotin-

conjugated monoclonal antibodies against antigens not expressed by NK 

cells.  A second cocktail, comprised of magnetic microbeads conjugated to 

monoclonal antibodies, is required to attach to the biotin in the first cocktail.  

 

MACS buffer was made up using PBS with 2 mM EDTA and 0.5% FBS.  

 

2.14.3 Protocol 

All reagents were at 4oC and the cells kept cold on ice to prevent cell 

clumping. Thawed PBMCs were suspended in 40 uL of MACS buffer per 107 

cells. Then, 10 uL of the biotin-antibody cocktail per 107 cells was added. This 

was mixed well and incubated for 5 minutes at 4oC. Post-incubation, another 

30 uL of MACS buffer per 107 cells was added, followed by 20 uL of the 

microbead cocktail per 107 cells. This was mixed well and incubated for 10 

minutes at 4oC. Following incubation, 500 uL of MACS buffer per 107 cells 

was added. 

 

The cell suspension was then passed through a pre-wetted column held in a 

magnet. The flow-through containing the unlabelled cells was collected in a 

12x75 mm 5 mL tube positioned below the column. The column was then 

washed x3, each time with 500 uL of MACS buffer, and the flow-through 

collected. After washing, the collected cell suspension was passed through 
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the column again to increase the purity of NK cells isolated. Once this had all 

gone through, the column was washed a final time with 500 uL of MACS 

buffer and the flow-through collected. 

 

2.15 Flow cytometry-based natural killer cell cytotoxicity assay  

2.15.1 Principle of technique 

NK cell cytotoxicity can be determined by measuring its ability to lyse 

susceptible target cells. This assay involves co-culturing effector cells with 

target cells and applying fluorescence labelling to quantify the proportion of 

target cells lysed.  

 

The K562 cell line is originally derived from a patient with chronic myeloid 

leukaemia in blast crisis. K562 cells do not express major histocompatibility 

complex (MHC) class I molecules and so are highly susceptible to NK cell 

killing. To begin with, K562 cells are fluorescently labelled with 

carboxyfluorescein succinimidyl ester (CFSE), which is used to label 

proliferating cells. As a diacetate (CFDA-SE), it crosses readily into cells in 

the non-fluorescent pro-dye form. Inside the live cell, intracellular esterases 

cleave off the acetate groups converting it into the highly fluorescent 

molecule, CFSE, which is impermeable and stays inside the cell. The 

succinimidyl ester group of CFSE reacts indiscriminately with intracellular free 

amines to form stable conjugates, allowing it to be retained within cells for 

long periods of time. When the cell undergoes division, CFSE is incorporated 

into the daughter cells, allowing visualisation of multiple generations of 

proliferating cells.  
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Once the K562 cells are labelled, they are co-cultured with the effector cells, 

in this case, NK cells. Cytokines, such as interleukin-2 (IL2), can also be 

added to the media to determine their effect on cell killing. After co-culturing, a 

second fluorescent antibody is added that identifies dead cells. 7-amino 

actinomycin D (7-AAD) is a fluorescent dye that has strong affinity for double-

stranded DNA but does not pass through intact cell membranes. Hence, it is 

excluded from viable cells but is taken up instead by dead lysed cells with 

compromised membranes.   

 

Finally, the cell suspension containing K562 and NK cells are analysed on 

flow cytometry. The total population of K562 cells can be identified by their 

CFSE positivity and the proportion of K562 cells that have been killed by NK 

cells will also be 7-AAD positive. CFSE has maximum excitation and emission 

wavelengths of 492 nm and 517 nm, respectively, and so it is readily 

detectable in the FL1 channel. 7-AAD is excited using a 488 nm laser and 

emits at a maximum wavelength of 647 nm. Lysed cells stained with 7-AAD 

are detected in the FL3 channel. 

 

2.15.2 Reagents and materials 

CFSE was purchased from Fisher Scientific (Leicester, UK) and reconstituted 

with DMSO to a concentration of 5 mM. 7-AAD was purchased from BD 

Biosciences (Oxford, UK). 
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Recombinant human IL2 was obtained from R&D Systems (Oxford, UK) and 

reconstituted in 100 mM acetic acid with 0.1% FBS to a concentration of 10 

ng/uL.  

 

2.15.3 Target cells 

K562 cells were donated by Dr Sarah Richardson. A constant working supply 

of K562 cells was maintained by keeping a suspension of these cells in 25 mL 

of sRPMI/10% FBS in a 250 mL cell culture flask, incubating at 37oC in a 5% 

CO2 incubator. K562 cells required splitting every 2-3 days to maintain a 

concentration of 0.5x106 cells/mL.  

 

2.15.4 Protocol 

On day 1, NK cells were isolated from thawed PBMCs using MACS. The NK 

cells were pelleted to remove the MACS buffer by centrifuging at 300 g for 5 

minutes. The pellet was resuspended in sRPMI/10% FBS to a concentration 

of 1x106 cells/mL and IL2 was added at 25 ng/mL. Cells in media without IL2 

served as the negative control. The NK cell suspension was then transferred 

to a 96-well plate by pipetting 100 uL (105 cells) to each well. The plate was 

left to incubate at 37oC in a 5% CO2 incubator for 48 hours. 

 

On day 3, K562 cells were transferred from the cell culture flask to a 50 mL 

tube and centrifuged at 400 g for 10 minutes. The supernatant was discarded 

and the K562 pellet resuspended in 5 mL of sRPMI with 10% FBS. A cell 

count was performed using 0.4% Trypan blue and 107 K562 cells were 
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transferred to a new 15 mL tube. This was centrifuged at 400 g for 10 minutes 

and the pellet resuspended in 1 mL of sRPMI with 10% FBS.  

 

The 5 mM CFSE was then added to stain the K562 cells at 2 uL per 1 mL of 

cell suspension, giving a concentration of 10 uM. The suspension was left to 

incubate at 37oC. After 10 minutes, 1 mL of ice-cold FBS was added to halt 

the staining reaction. The cell suspension was left to incubate for 5 minutes at 

4oC and then centrifuged at 400 g for 5 minutes. The supernatant was 

removed and the pellet resuspended in 5 mL of PBS and washed twice. After 

washing, the K562 cell pellet was resuspended in sRPMI/10% FBS to a 

concentration of 5x104 cells/mL and kept at room temperature, protected from 

light.  

 

After 48 hours, the NK cells were removed from the incubator. On a new 96-

well plate, 100 uL (5x103 cells) of the CFSE-labelled K562 cell suspension 

was pipetted into each well. Then 50 uL (5x104 cells) of the NK cell 

suspension was added to each well, to give an effector-to-target cell ratio of 

10:1. The K562 and NK cells were left to co-culture for 4 hours at 37oC in a 

5% CO2 incubator. Then, the plate was removed from the incubator and 10 uL 

of 7-AAD was added to each well. The plate was left to incubate at 4oC in the 

dark for 15 minutes and then analysed on the flow cytometer. 
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2.16 Determination of intracellular production of interferon-gamma by 

natural killer cells 

2.16.1 Principle of technique 

Another important function of NK cells is to produce interferon-gamma (IFN-). 

This assay uses flow cytometry to detect the expression of intracellular IFN- 

by fluorescence staining. Firstly, immune cells are stimulated to produce 

cytokines using a standard combination of phorbol 12-myristate 13-acetate 

(PMA) and ionomycin. PMA is an activator of protein kinase C and has a wide 

range of effects on cells and ionomycin has an effect on calcium metabolism.  

 

After production, IFN- is released out of the cell and so it is important to trap 

the cytokine while it is still intracellular, using a protein transport inhibitor. 

Brefeldin A is a fungal metabolite that inhibits the transportation of intracellular 

proteins from the endoplasmic reticulum to the Golgi complex by preventing 

the formation of transport vesicles. After treatment with brefeldin A, the cells 

are stained to determine the expression of intracellular IFN-.Anti-CD3 and 

anti-CD56 fluorescent antibodies are added to identify NK cells on the flow 

cytometer. The next step involves staining for IFN-.To stain for intracellular 

proteins, cells need to be permeabilised to allow entry of fluorescent 

antibodies. Before cells can be safely permeabilised, they need to be fixed to 

prevent cell lysis once permeabilised. Fixation stabilises cellular proteins and 

preserves cell morphology, allowing permeabilisation to occur without killing 

the cell. Once fixed and permeabilised, a fluorescent anti-IFN-antibody is 

added, which enters the cell and binds to the cytokine.  
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2.16.2 Reagents and materials 

PMA and ionomycin were purchased from Sigma-Aldrich (Dorset, UK) and 

reconstituted in DMSO. A mixture of PMA and ionomycin was made by 

combining 1 ug of PMA with 100 ug of ionomycin and adding sRPMI/10% 

FBS to give a total volume of 1 mL.  The final concentration came to 1 ug/mL 

of PMA and 100 ug/mL of ionomycin.  

 

The BD Cytofix/Cytoperm Plus Fixation/Permeabilisation Kit with BD 

GolgiPlug (brefeldin A) was obtained from BD Biosciences (Oxford, UK). This 

kit contained brefeldin A, a fixation/permeabilisation solution, and a 

permeabilisation wash buffer.  

 

Fluorescent monoclonal antibodies anti-CD3-FITC, anti-CD56-PerCP-Cy5.5, 

and anti-IFN--PE were obtained from BD Biosciences (Oxford, UK).  

 

2.16.3 Protocol 

Thawed PBMCs were resuspended in sRPMI/10% FBS to give a 

concentration of 1x106 cells/mL. Then, 1 mL of the cell suspension was added 

to each well in a 24-well plate. The cells were stimulated with 10 uL of 

PMA/ionomycin (final well concentration of PMA 10 ng/mL and ionomycin 1 

ug/mL). Wells with non-stimulated cells served as the negative control. Next, 

1 uL of brefeldin A was added to each well. The cells were incubated for 4 

hours at 37oC in a 5% CO2 incubator.  
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Then, the cells from each well were transferred to 12x75 mm 5 mL tubes and 

centrifuged at 300 g for 5 minutes. The supernatant was discarded and the 

pellet resuspended in 1.5 mL of FACS buffer. The tubes were centrifuged 

again and the supernatant discarded. The pellet was resuspended in 50 uL of 

FACS buffer. To each tube, the cells were stained with 10 uL of anti-CD3-

FITC and 5 uL of anti-CD56-PerCP-Cy5.5. The tubes were left to incubate in 

the dark for 30 minutes at 4oC. Following this, the cells were washed twice 

with 1.5 mL of FACS buffer and centrifuged at 300 g for 5 minutes. After 

washing, the supernatant was discarded and the pellet resuspended in 50 uL 

of FACS buffer. The suspension was gently vortexed and then 250 uL of the 

fixation/permeabilisation solution was added to each tube. This was left to 

incubate in the dark for 20 minutes at 4oC.  

 

After incubation, 1 mL of the permeabilisation wash buffer was added to each 

tube and centrifuged at 300 g for 5 minutes. The supernatant was discarded 

and the pellet washed again with 1 mL of permeabilisation wash buffer. After 

washing, the pellet was resuspended in 50 uL of permeabilisation wash buffer 

and 20 uL of anti-IFN--PE was added to stain for intracellular IFN-. The cells 

were left to incubate in the dark for 30 minutes at 4oC. Following incubation, 1 

mL of permeabilisation wash buffer was added to each tube and centrifuged 

at 300 g for 5 minutes. This wash step was repeated. After washing, the cell 

pellet was resuspended in 500 uL of FACS buffer and analysed on the flow 

cytometer. 
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2.17 Enzyme-linked immunospot assay  

2.17.1 Principle of technique 

The enzyme-linked immunospot (ELISpot) assay is a sensitive immunoassay 

that measures the frequency of cytokine-secreting cells at the single-cell level. 

It is a common method of monitoring immune responses and has a limit of 

detection as low as 1 cell in 100,000. 

 

The steps involved are illustrated in Figure 2.6. The fundamental principle 

involves capturing an antigen between two layers of antibodies that have 

specificity for separate epitopes on the target molecule (i.e. capture and 

detection antibody). Cells are cultured on an ELISpot plate coated with a 

capture antibody that binds specifically to the cytokine of interest. The cells 

are exposed to various antigens or mitogens in the well to stimulate them. 

Secreted cytokines in response to the stimuli bind to the capture antibody. 

The cells and excess unbound cytokines are then removed and a biotinylated 

detection antibody, with specificity for the cytokine of interest, is added. The 

detection antibody binds to the cytokine, which is now ‘sandwiched’ between 

the capture antibody and the detection antibody. Any excess unbound 

detection antibodies are washed off.  
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Figure 2.6 Outline of steps involved in the ELISpot assay 

The ELISpot assay detects the cytokine of interest, which is visualised as a 

coloured spot in the well. Each spot represents an individual cytokine-

producing cell. 
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The biotin (vitamin B7) on the detection antibody has extremely high affinity 

for streptavidin. Streptavidin is conjugated to an enzyme, horseradish 

peroxidase (HRP); when added, streptavidin-HRP binds to biotin, labelling the 

detection antibody. Next, a substrate that is catalysed by HRP is added and 

this reaction causes the substrate to precipitate forming a coloured spot in the 

well. Each spot corresponds to a cytokine-secreting cell. Hence, the number 

of spots corresponds proportionally to the strength of the immune response. 

The ELISpot plate is read using an automated ELISpot reader, which counts 

the number of spots present in each well. 

 

2.17.2 Reagents and materials 

Anti-human IFN-capture and biotinylated detection antibodies were 

purchased from BD Biosciences (Oxford, UK).  The capture antibody (1 

mg/mL) was diluted 1 in 200 with PBS to a final concentration of 5 ug/mL. The 

detection antibody (0.5 mg/mL) was diluted 1 in 250 in PBS/10% FBS to a 

final concentration of 2 ug/mL.   

 

Streptavidin-HRP and the substrate, 3-amino-9-ethylcarbazole (AEC), were 

also obtained from BD Biosciences (Oxford, UK). Streptavidin-HRP was 

diluted 1 in 100 using PBS/10% FBS. The AEC was prepared by adding a 

drop of chromagen to 1 mL of substrate, no more than 15 minutes prior to 

use. 

 

Polysorbate 20 (TWEEN 20) was obtained from Sigma-Aldrich (Dorset, UK). 
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2.17.3 Antigens 

Positive controls: Phytohaemagglutinin, a lectin found in plants, is a strong 

non-specific mitogen. It is used as a positive control to confirm cell viability. It 

was purchased from Sigma-Aldrich (Dorset, UK) in the form of leucoagglutinin 

(PHA-L) and dissolved in distilled water to a concentration of 1 ug/uL.  

 

Antigen-specific stimulation of T cells using recall antigens from human 

cytomegalovirus (HCMV), Epstein-Barr virus (EBV) and influenza virus were 

also included as positive controls. Peptides for these antigens were 

purchased from ProImmune (Oxford, UK). The CEF extended pool consisted 

of 32 peptides (9-12mers), each corresponding to a defined human leucocyte 

antigen (HLA) class I-restricted T-cell epitope from HCMV, EBV, and influenza 

virus. The HCMVA pp65 peptide pool consisted of 138 peptides, (15mer 

peptides overlapping by 11 amino acids) spanning the entire amino acid 

sequence of the HCMV 65kDa phosphoprotein (pp65). Each vial was 

reconstituted with 40 uL of DMSO and diluted with PBS to a concentration of 

50 ug per peptide/mL. 

 

HCV antigens: HCV peptides for genotypes 1b and 3a were obtained from the 

National Institutes of Health Biodefense and Emerging Infections Research 

Resources Repository (BEI Resources, Virginia, United States). These were 

overlapping peptides spanning the entire genome of each genotype. The 

lyophilised peptides were reconstituted in DMSO or distilled water to a 

concentration of 10 mg/mL and diluted with PBS to a concentration of 50 ug 

per peptide/mL. The relevant peptides corresponding to the structural and 
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non-structural proteins of HCV were combined to make up eight peptide 

pools, shown in Table 2.6.    
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Table 2.6 Composition of HCV overlapping peptide pools for genotypes 

1a and 3b 

Peptide 

pool 

Corresponding 

HCV protein(s) 

No. of peptides 

in pool 

No. of amino 

acids per peptide 

No. of amino acid 

overlap between 

adjacent peptides 

1 Core 28-29 13-19 11-12 

2 E1 28 16-18 11-12 

3 E2 55-57 15-19 11-12 

4 p7 and NS2 40-41 12-18 11-12 

5 NS3 97-98 15-19 11-12 

6 NS4 46-47 12-19 11-12 

7 NS5a 71-71 13-19 11-12 

8 NS5b 90 14-19 11-12 

  



 

139 

2.17.4 Determination of HCV-specific T cell responses via IFN- ELISpot 

assay 

On day 1, thawed PBMCs were made into a suspension using sRPMI/10% 

human AB serum, at a concentration of 2x106 cells/mL. The cell suspension 

was transferred to a 96-well microplate at a concentration of 2x105 cells (100 

uL) per well. To each well, 100 uL of a control antigen was added – PHA-L, 

CEF peptide pool, and HCMVA pp65 peptide pool as positive controls; and, 

sRPMI alone as negative control. The 96-well microplate was incubated for 20 

hours at 37oC in a 5% CO2 incubator.  

 

On the same day, a 96-well ELISpot plate (Merck Millipore, Hertfordshire, UK) 

with a high-binding hydrophobic polyvinylidene fluoride membrane was pre-

treated with 15 uL of 35% alcohol in each well for 1 minute, and then rinsed 

x3 with PBS (150 uL per well each rinse). The ELISpot plate was coated with 

5 ug/mL of IFN- capture antibody, at 100 uL per well, and incubated for 16 

hours at 4oC.  

 

On day 2, the IFN- capture antibody was discarded and the plate blotted dry.  

Each well was filled with 200 uL of sRPMI/10% human AB serum and left for 2 

minutes. Then, the media was discarded and the wells re-filled again with 200 

uL per well of sRPMI/10% human AB serum and incubated for 2 hours at 

room temperature to block the plate. The media was discarded and the 

ELISpot plate blotted dry. The cells that had been culturing in the 96-well 

microplate were transferred across to the ELISpot plate and incubated for 24 

hours at 37oC in a 5% CO2 incubator. 
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On day 3, the cells in the ELISpot plate were discarded and the plate blotted 

dry. Each well was washed twice with 200 uL of distilled water. Between each 

wash, the distilled water was left to soak for 3 minutes before discarding and 

the plate blotted dry. The wash steps were repeated x3 with 200 uL per well of 

PBS/0.05% TWEEN 20, with a 3-minute soak and blotting dry in-between. 

Then, 2 ug/mL of IFN- detection antibody was added at 100 uL per well. The 

ELISpot plate was incubated at room temperature for 2 hours. After 

incubation, the IFN- detection antibody was discarded and the plate blotted 

dry. A further 3 washes with 200 uL per well of PBS/0.05% TWEEN 20 was 

performed, again with 3-minute soaks and blotting dry in-between.  

 

Streptavidin-HRP was added at 100 uL per well and the ELISpot plate 

incubated for 1 hour at room temperature. Then, the Streptavidin-HRP was 

discarded and the plate blotted dry. A total of 6 washes were performed, each 

with a 3-minute soak – the first 4 with 200 uL per well of PBS/0.05% TWEEN 

20 and the final 2 washes with 200 uL per well of PBS. Between each wash, 

the plate was blotted dry. Finally, the AEC substrate was added at 100 uL per 

well and the ELISpot plate placed in the dark for 15 minutes. After this time, 

the AEC substrate was discarded and the ELISpot plate washed and 

immersed under running water. The wells were then blotted completely dry 

and the plastic base of the plate removed. The ELISpot plate was air-dried in 

the dark for at least 3 hours at room temperature before reading it on the 

ELISpot reader v4.0 (Autoimmun Diagnostika GmbH, Strassberg, Germany). 
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2.18 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics v20 (IBM, 

Armonk, New York, United States).  

 

In view of the small sample size, all data in this study were treated as non-

parametric. 

 

Continuous variables between two groups were compared and analysed 

using Mann-Whitney-U test. Categorical data were compared using Fisher’s 

exact test.  

 

For comparisons of continuous data with three or more groups, the Kruskal-

Wallis test was applied. If the Kruskal-Wallis test was statistically significant, 

the programme automatically performed a post-hoc analysis using Dunn’s test 

to correct for multiple comparisons. The Dunn’s multiple comparison test 

examined pairwise comparisons between all groups and calculated a 

corrected p value for each comparison to control for the experiment-wise type 

1 error rate. 

 

Statistical significance levels were determined by 2-tailed tests (p <0.05). 

Reporting of p values were as follows: p values >0.01 were reported to 2 

decimal places; those between 0.01 and 0.001 were reported to 3 decimal 

places; and those <0.001 were reported as p <0.001. 
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Chapter 3 

Phenotypic analysis of receptor expression on natural 

killer cells of exposed seronegative blood recipients 

3.1 Background and aims 

Natural killer (NK) cells are rapid responders of the innate immune system 

and are highly efficient at targeting and killing virus-infected cells. Their 

activation status is governed by surface receptors with activating and 

inhibitory functions.134,138  

 

In hepatitis C (HCV), NK cells were first implicated in determining the outcome 

of infection following the discovery that genes encoding the inhibitory NK cell 

receptor, killer cell immunoglobulin-like receptor (KIR)2DL3, and its ligand, 

human leucocyte antigen (HLA)-C1, were strongly associated with 

spontaneous resolution following acute infection. KIR2DL3 is a weaker 

inhibitor of NK cell function than other inhibitory KIRs and so may be more 

easily overridden by activating signals. Hence, a predominance of KIR2DL3-

HLA-C1 in spontaneous resolvers (SRs) suggests that their NK cells may be 

more readily activated to kill.156  

 

Other NK cell receptors may also play a role in determining the outcome of 

infection. Several studies have found the expression of NKG2A, an inhibitory 

receptor, to be increased in chronic HCV.165,167,170,173 Thus, NKG2A could 

prevent successful elimination of the virus via inhibition of NK cell activation. 
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The expression of the activating receptors, NKp30 and NKp46, has also been 

found to be altered in individuals with chronic HCV.158,165,167–170,172,219 The 

findings, however, are conflicting and varying results of upregulation,158,165,167–

169,219 downregulation,170 and no change have been reported.172  

 

Differences in NK cell receptor phenotype and function have been implicated 

as a potential mechanism of protecting HCV-exposed individuals from 

becoming infected. As discussed earlier in Chapter 1 “Introduction” section 

1.14.2, there have been two prospective studies that followed injecting drug 

users (IDUs) with high-risk behaviour over a period of time, comparing NK 

cells of those who remained seronegative with those that became 

seropositive. It was observed that IDUs with higher NKp30 expression were 

more likely to remain seronegative/uninfected, suggesting a possible role for 

innate immunity in protecting these individuals from acquiring HCV 

infection.11,18 One of these studies also demonstrated that NK cells with 

increased NKp30 expression were more cytotoxic and controlled viral 

replication more effectively in a replicon system.18 Recently, another study 

has described an association between KIR2DL3+ NKG2A- NK cells and 

protection from HCV infection.12 These findings suggest that a particular NK 

cell receptor phenotype is associated with enhanced functional activity of NK 

cells, protecting the host from acquiring HCV infection.  

 

Exposed seronegative (ESN) IDUs may also be genetically distinct from those 

who become infected. IDUs who remained seronegative following exposure 

were more likely to be homozygous for KIR2DL3 and HLA-C1 (the same 
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protective genetic combination identified in SRs) than those who became 

infected.17,21  

 

Hence, NK cell receptor phenotype could be an important factor contributing 

to the eventual outcome following HCV exposure, in terms of whether an 

individual develops infection or not. Thus far, the study of NK cells and 

protection from HCV has only been performed in individuals exposed to a 

small inoculum; it is not known whether NK cells have a similar protective 

effect against HCV in individuals exposed to a higher dose of virus, such as 

following transfusion of contaminated blood products. 

 

The aim of the experiments described in this chapter was to examine the NK 

cell receptor phenotypes of blood recipients exposed to HCV and to 

determine whether differences existed between those who remained 

seronegative and those with spontaneously resolved or chronic infection. 
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3.2 Methods 

In this set of experiments, 8 ESN subjects were studied and compared with 10 

healthy controls, 10 SRs, and 10 subjects with chronic infection. Baseline 

characteristics are detailed in Chapter 2 “Patients and Methods” section 2.5. 

 

Four-colour flow cytometry was used to perform the following experiments. 

The protocol is described in Chapter 2 “Patients and Methods” section 2.13.  

 

The fluorochrome-labelled monoclonal antibodies used were: 

 anti-CD3-FITC and anti-CD56-PerCP-Cy5.5 (both from BD 

Biosciences, Oxford) to identify NK cells and its subsets; and 

 PE- or APC-conjugated antibodies against NKp30, NKp44, NKp46, 

NKp80, KIR2DL1, CD158b, KIR2DL3, KIR2DL4, KIR2DS4, KIR3DL1, 

KIR3DL2, CD16, NKG2A, NKG2C, and NKG2D (all from R&D 

Systems, Oxford except for CD16 from BD Biosciences, Oxford) to 

determine the expression of these receptors. 

 

Note: All anti-KIR antibodies used were specific for a single 

activating/inhibitory KIR, with the exception of CD158b, which stained for 

KIR2DL2/KIR2DL3. As there was no single monoclonal antibody specific for 

KIR2DL2, CD158b was used with KIR2DL3 to determine the expression of 

KIR2DL2; NK cells that stained positive for CD158b and negative for KIR2DL3 

were identified as KIR2DL2+. 
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For the remaining KIRs not listed above, there were no commercially available 

monoclonal antibodies specific for only the activating or inhibitory form of the 

receptor and so they could not be stained for in this experiment.  

 

The appropriately matched isotype control antibodies were used. 

 

Figure 3.1 shows the gating strategy employed for the set of experiments in 

this chapter. Gating of the lymphocyte population was performed as described 

in Chapter 2 “Patients and Methods” section 2.13.7 and shown on a forward 

scatter (FSC) vs. side scatter (SSC) plot. Within the lymphocyte gate, the 

CD56+ cells were identified, which composed of those that were CD3- i.e. NK 

cells and those that were CD3+ i.e. natural killer T (NKT) cells. NKT cells 

were mentioned for completion but were not studied in this thesis. The CD3- 

CD56+ NK cell population was further subdivided into CD56dim and CD56bright 

subsets. The gating controls for the NK cell receptors are shown in Figure 3.2. 

 

3.3 Statistical analysis 

Data were analysed as described in Chapter 2 “Patients and Methods” section 

2.18. For each scatter dot plot, the median was expressed as a long 

horizontal line and the interquartile range (IQR) as a bidirectional error bar. All 

p values expressed have been corrected for multiple comparisons (where 

applicable) using The Dunn’s multiple comparison test.  
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Figure 3.1 Representative plots showing the gating strategy used to 

identify NK cells and NKT cells on flow cytometry 

Plot A shows the gated lymphocyte population (labelled as P1) on an FSC vs. 

SSC plot. Plot B Within the P1 lymphocyte gate, NK cells were identified as 

CD3- CD56+ on staining. Plot C Once the NK cell population was identified, it 

was divided into CD56dim and CD56bright subsets, as determined by the 

intensity of CD56 staining. 



 

 

1
4
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Figure 3.2 Representative plots of gating controls used to determine receptor expression on flow cytometry  

Plots A and B show the gating boundaries determined using isotype and fluorescence-minus-one (FMO) controls, 

respectively. Plot C With these boundaries, positive- and negative-staining populations were separated out on flow 

cytometry. Plot D shows the percentages of NK cells that stained positive or negative for each receptor. 
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3.4 Results 

Distribution of natural killer cells 

3.4.1 Proportions of NK cells in the peripheral blood were increased in 

ESN subjects without any alterations in the distribution of CD56dim 

and CD56bright subsets 

There are two populations of CD56+ cells in the circulation – CD3- CD56+ NK 

cells and CD3+ CD56+ NKT cells. The overall levels of CD56+ cells in 

peripheral blood were not significantly different between groups (Figure 3.3).  

 

When each of these two populations was analysed individually (Figures 3.4A 

and 3.4B), ESN subjects were observed to have a higher proportion of NK 

cells (median 15.64%, IQR 10.81-24.43%) than healthy controls (median 

7.50%, IQR 5.52-10.10%; p = 0.006) and those with chronic infection (median 

7.81%, IQR 6.51-10.04%; p = 0.007).  
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Figure 3.3 Peripheral blood levels of CD56+ cells  

The levels of CD56+ cells, which include NK (CD3- CD56+) cells and NKT 

(CD3+ CD56+) cells, are shown for all four groups. There were no significant 

differences found when comparing any two groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.4 Peripheral blood levels of NKT cells and NK cells  

Plot A Levels of NKT cells were no different between groups. Plot B Levels of 

NK cells, however, were significantly higher in ESN subjects than in healthy 

controls (p = 0.006) and those with chronic infection (p = 0.007). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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In all groups, NK cells were predominantly CD56dim NK cells. The proportions 

of NK cells that belong to the CD56dim or CD56bright subset in the ESN group 

were no different from the other groups (Figures 3.5A and 3.5B), suggesting 

that the higher relative frequencies of NK cells in ESN subjects were due to 

an increase in both subsets.  

 

In subjects with chronic infection, there was a shift in the distribution of NK cell 

subsets, which was skewed towards a more immature phenotype (Figures 

3.5A and 3.5B). These subjects had a lower proportion of CD56dim NK cells 

but a greater proportion of CD56bright NK cells (p = 0.01 chronic vs. SR). 
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Figure 3.5 Distribution of NK cell subsets in peripheral blood 

Plot A and Plot B demonstrate the altered distribution in NK cell subsets 

seen in subjects with chronic infection, with a reduction in the proportion of 

CD56dim NK cells and a correlating increase in the CD56bright subset, 

respectively (p = 0.01 compared with SR subjects). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 

  



 

154 

Natural cytotoxicity receptors and NKp80 receptor 

3.4.2 NK cells of ESN subjects demonstrated greater expression of the 

activating receptor NKp30 than any other group 

NKp30, NKp44 and NKp46 are activating receptors collectively known as 

natural cytotoxicity receptors (NCRs). NKp80 is also an activating receptor but 

it belongs instead to the C-type lectin-like family of receptors.  

 

Expression of NKp30 on NK cells (Figure 3.6) was significantly higher in ESN 

subjects (median 30.55%, IQR 26.38-33.83%) than in healthy controls 

(median 16.50%, IQR 11.95-24.28%; p = 0.01), SR subjects (median 14.20%, 

IQR 9.93-19.23%; p = 0.002), and subjects with chronic infection (median 

17.25%, IQR 15.25-22.73%; p = 0.04).  

 

A similar pattern was seen in the CD56dim subset (Figure 3.7A), with higher 

NKp30 levels in the ESN group (median 30.80%, IQR 29.60-33.88%) than in 

healthy controls (median 15.85%, IQR 10.25-23.58%; p = 0.03) and SR 

subjects (median 13.80%, IQR 8.18-19.30%; p = 0.007), although comparison 

with the chronically infected group did not reach statistical significance (p = 

0.06). In the CD56bright subset (Figure 3.7B), the enhanced expression of 

NKp30 observed in the ESN group (median 35.10%, IQR 33.48-40.93%) was 

significant across all comparisons – with the healthy control group (median 

18.35%, IQR 13.85-24.03%; p <0.001), the SR group (median 28.25%, IQR 

17.78-31.18%; p = 0.047), and the group with chronic infection (median 

22.20%, IQR 18.88-27.15%; p = 0.02).  
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Figure 3.6 Percentage of NK cells expressing NKp30 receptor 

The expression of NKp30 on NK cells was significantly different between 

groups, with the ESN group demonstrating the highest level of expression in 

comparison with healthy controls (p = 0.01), SR subjects (p = 0.002), and 

those with chronic infection (p = 0.04). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.7 Percentage of CD56dim and CD56bright NK cells expressing 

NKp30 receptor 

Plot A Expression of NKp30 on CD56dim NK cells was significantly higher in 

ESN subjects than in healthy controls (p = 0.03) and SR subjects (p = 0.007). 

Plot B Similarly, in the CD56bright subset, NKp30 levels were significantly 

increased in ESN subjects when compared with healthy controls (p <0.001), 

SR subjects (p = 0.047) and those with chronic infection (p = 0.02). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Compared with healthy controls (median 19.95%, IQR 13.25-24.75%), 

expression of NKp80 on NK cells (Figure 3.8) was significantly higher in the 

ESN group (median 38.90%, IQR 25.58-52.78%; p = 0.009) and SR group 

(median 30.70%, IQR 26.18-36.53%; p = 0.045). NKp80 expression in 

subjects with chronic infection, however, was no different from healthy 

controls. 

 

On analysis of the CD56dim subset (Figure 3.9A), the highest expression was 

seen again in ESN subjects (median 39.60%, IQR 29.23-54.85%), 

significantly greater than that observed in healthy controls (median 20.80%, 

IQR 13.25-25.90%; p = 0.004). In the CD56bright subset (Figure 3.9B), ESN 

subjects also had the highest expression of NKp80 (median 30.55%, IQR 

23.65-46.58%) and this was significant when compared with the group with 

chronic infection (median 13.00, IQR 9.55-23.65; p = 0.047). 
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Figure 3.8 Percentage of NK cells expressing NKp80 receptor 

Relative to healthy controls, NKp80 expression on NK cells was significantly 

higher in the ESN group (p = 0.009) and the SR group (p = 0.045). NKp80 

expression in those with chronic infection, however, was not significantly 

different from that seen in healthy controls.  

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.9 Percentage of CD56dim and CD56bright NK cells expressing 

NKp80 receptor 

Plot A ESN subjects demonstrated higher levels of NKp80 on CD56dim NK 

cells than healthy controls  (p = 0.004). Plot B In the CD56bright subset, NKp80 

expression was again highest in the ESN group, significant when compared 

with subjects with chronic infection (p = 0.047). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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For the remaining two NCRs, NKp44 and NKp46, no significant differences 

were found between groups. 

 

The expression of NKp44 on NK cells was observed to be low in all groups 

with no differences found (Figure 3.10). This is consistent with previous 

observations that NKp44 is expressed only minimally on resting NK cells. On 

subset analysis, NKp44 was expressed at higher frequencies on CD56bright NK 

cells (Figure 3.11A) than CD56dim NK cells (Figure 3.11B) but within each 

subset, no differences were found between groups.  
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Figure 3.10 Percentage of NK cells expressing NKp44 receptor 

Comparison of NKp44 expression on NK cells did not reveal any significant 

differences between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.11 Percentage of CD56dim and CD56bright NK cells expressing 

NKp44 receptor 

Plot A NKp44 levels on CD56dim NK cells were low across all groups and did 

not differ significantly. Plot B The expression of NKp44 on the CD56bright 

subset also did not differ between groups.  

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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The expression of NKp46 on NK cells was similar in all groups (Figure 3.12). 

On subset analysis, NKp46 expression on CD56dim (Figure 3.13A) and 

CD56bright (Figure 3.13B) NK cells did not differ significantly between groups. 

 

In summary, ESN subjects had significantly higher expression of NKp30 on 

peripheral blood NK cells and this was consistently observed when compared 

with the other groups.  This difference in NKp30 expression was observed in 

both the CD56dim and CD56bright subsets. Both ESN and SR groups also 

demonstrated higher expression of NKp80 on peripheral NK cells when 

compared with healthy controls.  

 

Hence, the NK cells of ESN subjects demonstrated a more activated receptor 

phenotype, with increased expression of NKp30, observed in both subsets of 

NK cells. NKp80 expression also appeared to be increased in both ESN and 

SR subjects. 
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Figure 3.12 Percentage of NK cells expressing NKp46 receptor 

No significant differences in NKp46 expression on NK cells were observed 

between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.13 Percentage of CD56dim and CD56bright NK cells expressing 

NKp46 receptor 

Plot A and Plot B show that the expression of NKp46 on both CD56dim and 

CD56bright subsets, respectively, did not differ significantly between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Killer cell immunoglobulin-like receptors 

3.4.3 Increased KIR2DL3 expression on CD56bright NK cells was 

associated with favourable outcomes  

Next, the expression of the inhibitory KIRs, KIR2DL1, KIR2DL2, KIR2DL3, 

KIR3DL1 and KIR3DL2, were studied. Overall, these receptors were observed 

more frequently on CD56dim than CD56bright NK cells, consistent with previous 

descriptions.  

 

KIR2DL1 expression was detected in the following individuals in each group – 

all 10 healthy controls, 7 out of 8 ESN subjects, all 10 SR subjects, and 8 out 

of 10 subjects with chronic infection.  

 

The median percentage of NK cells expressing KIR2DL1 was observed to be 

higher in SR subjects than in the other groups, but this was not statistically 

significant (Figure 3.14). This is likely due to the large spread of values in the 

SR group, which is reflected in the IQR (20.45-49.40%).  

 

Similarly, on subset analysis, the median percentages of KIR2DL1+ CD56dim 

(Figure 3.15A) and CD56bright (Figure 3.15B) NK cells were highest in SR 

subjects, but this was only statistically significant in the CD56bright subset of 

SRs (median 4.90%, IQR 3.35-12.18%) relative to healthy controls (median 

2.10, IQR 1.40-3.10%; p = 0.03).  
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Figure 3.14 Percentage of NK cells expressing KIR2DL1 receptor 

The median percentage of KIR2DL1+ NK cells was highest in SR subjects, 

but this was not a statistically significant difference relative to the other 

comparison groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.15 Percentage of CD56dim and CD56bright NK cells expressing 

KIR2DL1 receptor 

Plot A and Plot B show the expression of KIR2DL1 in the CD56dim and 

CD56bright subsets, respectively. Although the median expression of KIR2DL1 

is highest in SR subjects in both subsets, this was only statistically significant 

in the CD56bright subset relative to healthy controls (p = 0.03). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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The next receptor examined was KIR2DL2. This receptor was expressed in 7 

out of 10 healthy controls, 6 out of 8 ESN subjects, 8 out of 10 SR subjects, 

and 8 out of 10 subjects with chronic infection. 

 

The expression of KIR2DL2 on NK cells was observed to be similar in all 

groups (Figure 3.16). On subset analysis, no significant differences were 

found in KIR2DL2 expression on both CD56dim (Figure 3.17A) and CD56bright 

(Figure 3.17B) subsets. 
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Figure 3.16 Percentage of NK cells expressing KIR2DL2 receptor 

Comparisons of KIR2DL2 expression on NK cells did not reveal any 

significant differences between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.17 Percentage of CD56dim and CD56bright NK cells expressing 

KIR2DL2 receptor 

Plot A and Plot B demonstrate the expression of KIR2DL2 on CD56dim and 

CD56bright NK cells, respectively, for the four groups. No significant differences 

were found. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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KIR2DL3 is well known for its association with spontaneous resolution 

following HCV infection and may confer some form of immunity to HCV.  

 

KIR2DL3 was expressed in 8 out of 10 healthy controls, 7 out of 8 ESN 

subjects, 9 out of 10 SR subjects, and 8 out of 10 subjects with chronic 

infection. 

 

When analysing the NK cell population as a whole, there were no differences 

in the KIR2DL3 expression observed between groups (Figure 3.18). Similarly, 

when analysis was limited to only the CD56dim subset (Figure 3.19A), 

KIR2DL3 expression was not significantly different between the four groups. 

 

In the CD56bright subset (Figure 3.19B), however, KIR2DL3 expression in ESN 

subjects was significantly higher (median 15.20, IQR 13.60-17.20%) than in 

healthy controls (median 6.40%, IQR 3.50-8.60%; p = 0.001) and those with 

chronic infection (median 10.85%, IQR 5.83-11.45%; p = 0.04). An increased 

expression of KIR2DL3 was also observed in SR subjects (median 13.70%, 

IQR 11.10-18.85%) relative to healthy controls (median 6.40%, IQR 3.50-

8.60%; p = 0.006). 
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Figure 3.18 Percentage of NK cells expressing KIR2DL3 receptor 

There were no significant differences between groups in the expression of 

KIR2DL3 on circulating NK cells. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.19 Percentage of CD56dim and CD56bright NK cells expressing 

KIR2DL3 receptor 

Plot A No differences in KIR2DL3 expression were observed in the CD56dim 

subset. Plot B In the CD56bright subset, however, KIR2DL3 expression was 

significantly higher in ESN subjects than in healthy controls (p = 0.001) and 

those with chronic infection (p = 0.04). Increased expression was also noted 

in the SR group relative to healthy controls (p = 0.006). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Next, the expression of KIR3DL1 was studied on peripheral blood NK cells 

and its subsets.  

 

KIR3DL1 expression was detected in 9 out of 10 healthy controls, all 8 ESN 

subjects, 9 out of 10 SR subjects, and 7 out of 10 subjects with chronic 

infection. 

 

No differences in KIR3DL1 expression were detected between groups on 

analysis of the NK cell population as a whole (Figure 3.20). When the subsets 

were analysed separately (Figures 3.21A and 3.21B), the only significant 

difference observed was a higher expression of KIR3DL1 on the CD56bright NK 

cells of ESN subjects (median 6.30%, IQR 4.25-9.05%) relative to healthy 

controls (median 1.90%, IQR 1.00-2.40%; p = 0.01).  
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Figure 3.20 Percentage of NK cells expressing KIR3DL1 receptor 

The expression of KIR3DL1 on NK cells was not significantly different 

between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.21 Percentage of CD56dim and CD56bright NK cells expressing 

KIR3DL1 receptor 

Plot A In the CD56dim subset, no significant differences in KIR3DL1 

expression was observed. Plot B In the CD56bright subset, however, KIR3DL1 

was expressed at higher levels in ESN subjects than in healthy controls (p = 

0.01). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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The expression of KIR3DL2 on NK cells was detected in the following 

subjects – 9 out of 10 healthy controls, all 8 ESN subjects, 9 out of 10 SRs, 

and 8 out of 10 subjects with chronic infection. 

 

When NK cells were examined as one population (Figure 3.22), subjects with 

chronic infection had significantly reduced expression of KIR3DL2 (median 

8.75%, IQR 5.08-10.43%), in comparison with healthy controls (median 

20.60%, IQR 11.80-23.20%; p = 0.01), ESN subjects (median 18.05%, IQR 

14.73-24.10%; p = 0.004) and SR subjects (median 18.20%, IQR 13.20-

20.80%; p = 0.01). 

 

In the CD56dim subset (Figure 3.23A), the same was observed; KIR3DL2 

expression was much lower in individuals with chronic infection (median 

9.50%, IQR 7.45-12.25%) than in healthy controls (median 22.40%, IQR 

13.95-24.30%; p = 0.008), ESN subjects (median 20.15%, IQR 15.45-27.20%; 

p = 0.006), and SR subjects (median 16.40%, IQR 14.55-21.20%; p = 0.04).  

 

In the CD56bright subset (Figure 3.23B), a similar pattern of reduced KIR3DL2 

expression was noted in subjects with chronic infection  (median 2.20%, IQR 

0.73-3.83%), relative to ESN subjects (median 5.30%, IQR 4.08-9.30%; p = 

0.02). Additionally, the expression of KIR3DL2 in the ESN subjects was higher 

than that observed in healthy controls (median 2.00%, IQR 1.40-3.33%; p = 

0.008). 
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Figure 3.22 Percentage of NK cells expressing KIR3DL2 receptor 

Subjects with chronic infection had decreased expression of KIR3DL2 on NK 

cells, significantly lower than healthy controls (p = 0.01), ESN subjects (p = 

0.004) and SR subjects (p = 0.01).  

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.23 Percentage of CD56dim and CD56bright NK cells expressing 

KIR3DL2 receptor 

Plot A In the CD56dim subset, KIR3DL2 expression in subjects with chronic 

infection was lower than in healthy controls (p = 0.008), ESN subjects (p = 

0.006), and SR subjects (p = 0.04). Plot B In the CD56bright subset, a similar 

pattern of reduced KIR3DL2 expression was observed in the chronic group, 

relative to ESN subjects (p = 0.02). ESN subjects also had higher levels of 

KIR3DL2 than healthy controls (p = 0.008). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection  
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To summarise, KIR2DL3 expression on NK cells was associated with a 

favourable outcome following HCV exposure, with higher levels of this 

receptor observed on CD56bright NK cells of both ESN and SR subjects. This is 

consistent with previous genetic studies that observed a protective effect of 

KIR2DL3 in individuals exposed to HCV.  

 

Interestingly, chronic infection was associated with a reduced expression of 

KIR3DL2. This receptor has not previously been associated with HCV 

outcomes and so the reason for this association is unclear. 
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3.4.4 No differences in the expression of activating KIRs were detected 

between groups 

The study of activating KIRs was limited to only two receptors, KIR2DL4 and 

KIR2DS4, due to a lack of suitable antibodies for the other activating KIRs.  

 

KIR2DL4 has been reported to have dual functions, both inhibitory and 

activating. KIR2DL4 was expressed in all subjects. Its expression on 

circulating NK cells was relatively consistent across all four groups with no 

differences observed (Figure 3.24). Similarly, analysis of the NK cell subsets 

did not reveal any differences in expression of this receptor (Figures 3.25A 

and 3.25B). 
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Figure 3.24 Percentage of NK cells expressing KIR2DL4 receptor 

Expression of KIR2DL4 on circulating NK cells was not statistically different 

across all four groups.  

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.25 Percentage of CD56dim and CD56bright NK cells expressing 

KIR2DL4 receptor 

Plot A and Plot B show that the expression of KIR2DL4 on both CD56dim and 

CD56bright subsets, respectively, did not differ significantly between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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KIR2DS4 expression was detected in 9 out of 10 healthy controls, 6 out of 8 

ESN subjects, 9 out of 10 SR subjects, and 9 out of 10 subjects with chronic 

infection. Its expression was somewhat variable between individuals. There 

were no significant differences observed between groups when examining the 

NK cell population as a whole (Figure 3.26) and its subsets separately 

(Figures 3.27A and 3.27B).  
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Figure 3.26 Percentage of NK cells expressing KIR2DS4 receptor 

The four groups did not differ in their expression of KIR2DS4 on NK cells. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.27 Percentage of CD56dim and CD56bright NK cells expressing 

KIR2DS4 receptor 

Plot A There were no significant differences in the expression of KIR2DS4 on 

the CD56dim subset. Plot B Similar results were obtained in the CD56bright 

subset. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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CD16 receptor 

3.4.5 Reduced expression of CD16 on NK cells observed in subjects with 

chronic infection 

The Fc receptor, CD16, is present predominantly on CD56dim NK cells and 

crosslinks with the Fc portion of immunoglobulin G (IgG) coating the surfaces 

of pathogen-infected cells. This, in turn, activates the NK cell to release 

cytotoxic granules.  

 

ESN and SR subjects had similar levels of CD16 to healthy controls with no 

significant differences detected. The group with chronic infection, however, 

demonstrated much lower expression of CD16 (median 57.10%, IQR 50.25-

62.50%) in comparison with other groups; this was statistically significant 

when compared with ESN subjects (median 78.25%, IQR 68.95-79.50%; p = 

0.02) and SR subjects (median 82.05%, IQR 76.58-88.75%; p <0.001), but 

did not reach statistical significance when compared with healthy controls (p = 

0.06). 
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Figure 3.28 Percentage of NK cells expressing CD16 receptor 

CD16 expression was significantly lower on NK cells of chronically infected 

subjects than that of ESN subjects (p = 0.02) and SR subjects (p <0.001). 

Comparison with healthy controls did not reach statistical significance (p = 

0.06). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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The distribution of CD16 on NK cell subsets was also significantly different. In 

the CD56dim subset (Figure 3.29A), CD16 levels in subjects with chronic 

infection were significantly lower (median 56.90%, IQR 50.05-61.80%) than in 

healthy controls (median 74.70%, IQR 66.70-79.95%; p = 0.04), ESN subjects 

(median 80.40%, IQR 70.68-81.48%; p = 0.009), and SR subjects (median 

83.30%, IQR 77.50-90.68%; p <0.001).  

 

In the CD56bright subset (Figure 3.27B), the converse was observed, with 

higher expression of CD16 in subjects with chronic infection (median 58.35%, 

IQR 52.35-70.25%) than in healthy controls (median 47.65%, IQR 42.93-

50.85%; p = 0.02) and ESN subjects (median 41.55%, IQR 32.33-52.25%; p = 

0.005). 
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Figure 3.29 Percentage of CD56dim and CD56bright NK cells expressing 

CD16 receptor 

Plot A In the CD56dim subset, CD16 expression was significantly lower in the 

group with chronic infection than in healthy controls (p = 0.04), ESN subjects 

(p = 0.009), and SR subjects (p <0.001). Plot B In the CD56bright subset, the 

converse was observed; the group with chronic infection had the greatest 

expression of CD16, significantly higher than healthy controls (p = 0.02) and 

ESN subjects (p = 0.005). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection  



 

192 

NKG2 receptors 

3.4.6 Expression of NKG2 receptors was not associated with outcomes 

following exposure to HCV 

The NKG2 family of C-type lectin-like receptors consists of activating 

receptors, apart from NKG2A, which is inhibitory. The NKG2 receptors studied 

were NKG2A (inhibitory), NKG2C (activating), and NKG2D (activating). 

Expression of each receptor was measured on total circulating NK cells and 

their subsets.  

 

There was no difference in receptor expression between groups with any of 

the NKG2 receptors examined.  

 

With the inhibitory receptor NKG2A, expression was higher on CD56bright NK 

cells than CD56dim NK cells, consistent with published reports, but the 

expression was not significantly different between groups when examining the 

peripheral blood NK cell population as a whole (Figure 3.30) or separately as 

two subsets (Figures 3.31A and 3.31B).  
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Figure 3.30 Percentage of NK cells expressing NKG2A receptor 

The median levels of NKG2A expression on NK cells were similar between 

groups with no significant difference found. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.31 Percentage of CD56dim and CD56bright NK cells expressing 

NKG2A receptor 

Plot A and Plot B show no significant differences between groups in the 

expression of NKG2A on both CD56dim and CD56bright subsets, respectively. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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The next receptor to be studied was NKG2C, an activating receptor. The 

expression of NKG2C on peripheral blood NK cells (Figure 3.32) and their 

subsets, CD56dim NK cells (Figure 3.33A), and CD56bright NK cells (Figure 

3.33B), was examined. No statistically significant differences were observed.  
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Figure 3.32 Percentage of NK cells expressing NKG2C receptor 

Expression of NKG2C on NK cells was not significantly different between 

groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.33 Percentage of CD56dim and CD56bright NK cells expressing 

NKG2C receptor 

Plot A and Plot B show no significant differences between groups in the 

expression of NKG2C on both CD56dim and CD56bright subsets, respectively. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Finally, the expression of the activating receptor NKG2D was examined. Of 

the three NKG2 receptors studied, NKG2D was the most highly expressed in 

all groups (Figure 3.34). Again, no difference in NKG2D expression on NK 

cells (Figure 3.34) and their subsets (Figures 3.35A and 3.35B) was found 

between groups. 

  



 

199 

 

 

 

 

 

 

 

 

Figure 3.34 Percentage of NK cells expressing NKG2D receptor 

The levels of NKG2D expression on NK cells in the four groups were not 

significantly different.  

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Figure 3.35 Percentage of CD56dim and CD56bright NK cells expressing 

NKG2D receptor 

Plot A and Plot B show the expression of NKG2D on both the CD56dim and 

CD56bright subsets, respectively. No significant differences were detected. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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Table 3.1 Summary of significant differences in NK cell receptor 

expression between groups 

Receptor Function Expression on total NK cells Expression on NK cell subsets 

NKp30  Activating ESN > CON, SR, CHR 
Dim: ESN > CON, SR 

Bright: ESN > CON, SR, CHR 

NKp80 Activating ESN and SR > CON 
Dim: ESN > CON 

Bright: ESN > CHR 

NKp44 Activating No significant differences No significant differences 

NKp46 Activating No significant differences No significant differences 

KIR2DL1 Inhibitory No significant differences 
Dim: No significant differences 

Bright: SR > CON 

KIR2DL2 Inhibitory No significant differences No significant differences 

KIR2DL3 Inhibitory No significant differences 

Dim: No significant differences 

Bright:  ESN and SR > CON; 

ESN > CHR 

KIR3DL1 Inhibitory No significant differences 
Dim: No significant differences 

Bright: ESN > CON 

KIR3DL2 Inhibitory CHR < CON, ESN, SR 
Dim: CHR < CON, ESN, SR 

Bright: ESN > CON, CHR 

KIR2DL4 

Activating 

and 

inhibitory 

No significant differences No significant differences 

KIR2DS4 Activating No significant differences No significant differences 

CD16 ADCC CHR < ESN, SR 
Dim: CHR < CON, ESN, SR 

Bright: CHR > CON, ESN 

NKG2A Inhibitory No significant differences No significant differences 

NKG2C Activating No significant differences No significant differences 

NKG2D Activating No significant differences No significant differences 

Only statistically significant (p <0.05 after adjustment for multiple comparisons) differences 

are expressed. 

CON, healthy control; ESN, exposed seronegative; SR, spontaneously resolved; CHR, 

chronic infection; ADCC, antibody-dependent cell-mediated cytotoxicity 
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3.5 Discussion 

NK cells have been implicated as key players in the early control and 

clearance of HCV. This was prompted by observations that individuals with 

different infection outcomes also demonstrate differences in the frequency 

and phenotype of their NK cells. The aim of this study was to determine 

whether the NK cell receptor profile of ESN blood recipients was different from 

that of SRs and chronically infected individuals. 

 

Overall, ESN recipients in this study exhibited greater proportions of NK cells 

in their peripheral blood, and had a more activated NK cell phenotype. The 

most significant finding was the increased expression of the activating 

receptor NKp30 in the ESN group relative to the other groups. Other minor 

differences observed were increased expression of the activating receptor 

NKp80 and the inhibitory receptor KIR2DL3. This combination of receptor 

phenotype could represent a specific population of NK cells that, when 

confronted with HCV, are more readily activated and more effective at 

eliminating the virus. 

 

As mentioned above, our ESN subjects were found to have increased 

proportions of peripheral blood NK cells. This was due to an overall increase 

in the NK cell population as a whole, rather than in a particular subset of NK 

cells. Indeed, the subset distribution of NK cells in ESN individuals was similar 

to that seen in SRs and healthy controls. In contrast, in subjects with chronic 

infection, we observed a shift in the distribution of NK cell subsets; much like 
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in previous studies160–163,167, there was a decrease in the CD56dim subset and 

a corresponding increase in the CD56bright subset.  

 

Next, the expression of various activating and inhibitory receptors on NK cells 

was examined. The NCRs, NKp30, NKp44, and NKp46, are one of the main 

groups of activating receptors on NK cells.134,138 In this study, ESN recipients 

had significantly higher levels of NKp30 on both CD56dim and CD56bright 

subsets of NK cells than any other group. Two studies have previously 

implicated NKp30 in protecting high-risk IDUs from becoming infected with 

HCV. Both studies prospectively followed IDUs at high risk of HCV exposure, 

and found that those with higher expression of NKp30 were more likely to 

remain seronegative.11,18 This study confirms that NKp30 also plays a similar 

role in individuals exposed to a much higher dose of HCV. Interestingly, there 

was no difference in NKp30 expression between SRs and those who were 

chronically infected. Thus, the enhanced expression of NKp30 was only 

observed in the ESN group, which could be responsible for a unique immune 

response to HCV that is not seen in SRs.  

 

In this study, expression of the other two activating NCRs, NKp44 and NKp46, 

had no effect on outcome following HCV exposure. In healthy individuals, 

NKp46 is expressed more frequently in females and Caucasians;220 both 

groups have a more favourable response following infection, in terms of 

spontaneous and treatment-induced clearance. In vitro studies suggest that 

NK cells with high expression of NKp46 are more efficient at controlling viral 

replication, and exhibit increased cytotoxicity and IFN- production.220,221 
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Despite these findings, no direct relationship between NKp46 and infection 

outcomes has as yet been consistently demonstrated. It is important to note 

that studies examining NKp46 expression and infection outcomes have not 

performed any type of matching on sex or ethnicity, despite the sex- and race-

related variation in NKp46 expression.  This study also did not identify any 

association between NKp46 and outcomes following HCV exposure. Although 

there was no specific matching performed in this study due to the small 

sample size, no significant differences were found in the sex and ethnic 

distribution between groups (Chapter 2 “Patients and Methods” Table 2.4). 

 

NKp80 is another activating NK cell receptor, although very little is known 

about its role in HCV. NKp80 is a C-type lectin-like receptor. Based on in vitro 

experiments, it has been proposed that NKp80 stimulates NK cell cytotoxicity, 

possibly by co-operating with other activating receptors, such as NKp46.148 

This study found an increased expression of NKp80 in ESN recipients, 

although this was not consistently demonstrated against all comparison 

groups. Nevertheless, given a similar pattern of higher NKp80 expression was 

also observed in SRs, this receptor would benefit from further investigation to 

examine its potential role in anti-HCV immunity.  

 

Another family of receptors, the KIRs, have received a great deal of attention 

in the study of innate immune response to HCV.  KIRs were first implicated in 

determining outcome following infection by Khakoo and colleagues, who 

discovered that genetic homozygosity for the inhibitory receptor, KIR2DL3, 

and its ligand, HLA-C1, was associated with a higher chance of spontaneous 
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clearance in IDUs. KIR2DL3 is a weaker inhibitor of NK cell activation than 

other inhibitory KIRs and so the authors proposed that NK cells carrying this 

receptor were more easily activated.156 The beneficial effect of KIR2DL3 

appears to extend beyond resolving infection, as further studies suggest that it 

might also play a part in preventing infection. Knapp and colleagues found 

that KIR2DL3/HLA-C1 homozygosity was more prevalent in ESN IDUs than in 

those who became infected.17 This finding was further supported in a study 

this year by Thoens and colleagues, which found that ESN IDUs had higher 

frequencies of KIR2DL3+ NKG2A- NK cells than IDUs with spontaneously 

resolved or chronic infection.12 

 

This study observed a beneficial effect of KIR2DL3 in individuals with high-

dose exposure to HCV via blood transfusion. Increased expression of 

KIR2DL3 was detected in both ESN individuals and SRs, but this increase 

was only observed in the CD56bright subset of NK cells. KIRs are usually 

expressed only at minimal levels on CD56bright NK cells.133 Hence, an 

upregulation of KIR2DL3 might render CD56bright NK cells more easily 

activated and enhance their functional activity against HCV. These findings, 

however, are in conflict with previous results reported by Khakoo and 

colleagues, who found that the beneficial effect of the KIR2DL3 gene was only 

confined to IDUs and did not apply to blood recipients. The reason for this 

discrepancy is uncertain and further work is required to determine the role of 

this receptor in the setting of transfusion-related HCV exposure. 
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CD16 is an activating receptor on NK cells that mediates antibody-dependent 

cell-mediated cytotoxicity. Thus, it is involved in regulating the activation 

status and killing function of NK cells.133 In this study, expression of CD16 

was significantly reduced in individuals with chronic infection relative to the 

other groups, similar to previous findings by Golden-Mason and colleagues.162 

The reduced CD16 expression in chronically infected subjects was due to a 

decrease in CD16 levels in the CD56dim subset, although this was somewhat 

offset by a relative rise in the levels of CD16 in the CD56bright subset. 

Therefore, a lower expression of CD16 in those with chronic infection could 

result in impairment of CD16-mediated NK cell cytotoxicity and an inability of 

NK cells to eliminate the virus. On the other hand, the levels of CD16+ NK 

cells in ESN subjects were similar to that seen in SRs and healthy controls. 

 

This study is limited by the small sample size, which reduces its statistical 

power. The ESN cohort is a rare group of individuals and difficult to identify; 

inevitably, the number of subjects studied will be small. A study with low 

statistical power has a reduced chance of detecting a true effect but is also at 

risk of reporting a statistically significant result that does not reflect a true 

effect. As this limitation applies to all of the result chapters, it will be 

addressed in Chapter 7 “Summary and Conclusions” section 7.3.1 to reduce 

repetition. 

 

In summary, ESN blood recipients expressed a more activated phenotype of 

NK cells with higher levels of NKp30. This receptor is a strong activator of NK 

cell function, and so its increased expression may, in turn, lead to an 
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enhanced NK cell-mediated innate immune response to HCV. This finding 

was restricted to the ESN group, which may indicate that this immune 

mechanism is unique to this cohort. In addition, the greater proportions of 

circulating NK cells and differences in expression of NKp80 and KIR2DL3 

might contribute to an overall enhanced innate immunity in ESN blood 

recipients. In the following chapter, we explore whether this specific receptor 

phenotype observed on NK cells of ESN subjects gives rise to enhanced NK 

cell function, in terms of cytotoxicity and cytokine release.   
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Chapter 4 

Functional analysis of natural killer cells of exposed 

seronegative blood recipients 

4.1 Background and aims 

Natural killer (NK) cells play a key role in the killing of virus-infected cells, 

either directly, via cytotoxicity; or indirectly, by releasing cytokines that inhibit 

viral replication.133 The functional activity of NK cells has been shown to be 

impaired in individuals with chronic hepatitis C (HCV).160,169–171,173–176 Certain 

individuals may be predisposed to developing chronic infection due to their 

particular NK cell receptor profile that renders their NK cells less able to 

kill.156,169–171,173,220,221 Moreover, HCV itself can interfere with the activation of 

NK cells by modulating its activating and inhibitory signals, leading to 

suppression of their effector functions.151,152,171,222,223 

 

NK cells have been demonstrated in vitro to successfully suppress HCV 

replication in the Huh-7.5.1 human hepatocyte cell line,224 which suggests that 

these cells could play an important role in determining outcome of infection. 

The handful of studies on acutely infected individuals have also observed 

increased activity of NK cells in the acute phase, although were unable to 

demonstrate a correlation between NK cell activity and eventual 

outcome.19,150 
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Enhanced NK cell activity has been reported to protect individuals exposed to 

HCV from developing infection. Injecting drug users (IDUs) exposed to the 

virus who remained seronegative had greater levels of NK cell cytotoxicity or 

interferon-gamma (IFN-) production than IDUs who went on to develop 

infection.11,18 These findings lend support to the hypothesis that innate 

immunity is enhanced in a subset of individuals, protecting them from 

acquiring HCV infection. 

 

In the previous chapter, our exposed seronegative (ESN) blood recipients 

were found to express increased levels of certain NK cell receptors. It is 

unknown whether the differences in NK cell receptor expression observed in 

our ESN recipients translate to greater NK cell activity. Thus, the aim of the 

experiments in the following chapter was to investigate whether ESN blood 

recipients possessed NK cells with increased functional activity that could 

protect them from HCV, and if so, whether this enhanced NK cell function was 

related to the expression of certain NK cell receptors. 
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4.2 Methods 

Function of NK cells was assessed by analysis of their cytotoxic potential and 

their ability to produce IFN-.  

 

In this set of experiments, 8 ESN subjects were studied and compared with 10 

healthy controls, 10 spontaneously resolved (SR) subjects and 10 subjects 

with chronic infection. Baseline characteristics are detailed in Chapter 2 

“Patients and Methods” section 2.5.  

 

4.2.1 Flow cytometry-based NK cell cytotoxicity assay 

Cytotoxicity assays to assess NK cell killing are ideally performed using 

isolated NK cells. Cryopreserved peripheral blood mononuclear cells 

(PBMCs) were thawed and used for NK cell isolation using magnetic-activated 

cell sorting (MACS). The protocol is detailed in Chapter 2 “Patients and 

Methods” section 2.14. 

 

In this study, a flow cytometry-based cytotoxicity assay was employed using 

the K562 cell line as target cells. K562 cells are commonly used to assess NK 

cell cytotoxicity, as they do not express major histocompatibility complex 

(MHC) class I molecules and so are highly susceptible to NK cell-mediated 

killing. The protocol is described in Chapter 2 “Patients and Methods” section 

2.15. In most studies that employ this assay, NK cells are not separated into 

CD56dim and CD56bright subsets, but are assessed as an entire population. 

Although the cytotoxic activity of NK cells is primarily attributed to the CD56dim 

subset, it is difficult to measure the cytotoxicity of each subset individually for 
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the following reason: separation of NK cell subsets can be achieved using a 

flow cytometry cell sorter, which uses a positive selection method, but this 

runs the risk of activating cells of interest prior to the assay (see Chapter 2 

“Patients and Methods” section 2.14). Currently, there are no negative 

selection kits for the separation of CD56dim and CD56bright NK cells. Hence, in 

line with previous studies, cytotoxicity assays here have been performed 

using the entire population of NK cells.  

 

Figure 4.1A shows the gating strategy used to identify the target population of 

K562 cells on a forward scatter (FSC) vs. side scatter (SSC) plot. Within this 

gate, unlabelled K562 cells  (Figure 4.1B) were first used as a negative 

control to determine the gating boundary, and subsequent   samples 

containing carboxyfluorescein succinimidyl ester (CFSE)-labelled K562 cells 

(Figure 4.1C; appearing to the right of the boundary) were analysed.  
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Figure 4.1 Representative plots showing the gating strategy used to 

identify CFSE-stained K562 cells on flow cytometry  

Plot A shows the gating strategy used to identify the target population of 

K562 cells on an FSC vs. SSC plot. Plot B shows a negative control 

consisting of unstained K562 cells used to identify the gating boundary for 

CFSE.  Plot C With this boundary, the population of CFSE-stained K562 cells 

were readily identified. 
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Figure 4.2 demonstrates how the level of cytotoxicity can be determined using 

this assay. 7-amino actinomycin D (7-AAD) is used to identify dead cells. In 

Figure 4.2A, K562 cells were stained only with CFSE and so all cells were 

negative for 7-AAD, showing up in the bottom right quadrant i.e. CFSE+ and 

7-AAD-. In Figure 4.2B, 7-AAD was added to CFSE-stained K562 cells but no 

effector NK cells were added. The proportion of dead K562 cells is shown in 

the top right quadrant i.e. CFSE+ and 7-AAD+; this represents background 

cell death (in this example, 1.2%). Finally, in Figure 4.2C, effector NK cells 

were added to K562 cells at a ratio of 10:1. As NK cells are highly effective at 

lysing K562 cells, there is a notable increase in the proportion of dead K562 

cells, shown in the top right quadrant (in this example, 55.4%).  
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Figure 4.2 Representative plots showing how to identify target K562 

cells lysed by effector NK cells following cytotoxicity assay  

Plot A CFSE+ K562 cells without 7-AAD appeared in the bottom right 

quadrant. Plot B With 7-AAD added, only a small percentage of K562 cells 

(CFSE+, 7-AAD+; top right quadrant) died in the absence of any effector NK 

cells (background death). Plot C In the cytotoxicity assay, effector NK cells 

were added to CFSE+ 7-AAD+ K562 cells at a ratio of 10:1. Post-assay, the 

percentage of dead K562 cells is displayed in the top right quadrant.  



 

215 

Hence, NK cell cytotoxicity, represented as the percentage of K562 cells lysed 

by NK cells, can be determined after correcting for background death, as 

shown below: 

 

% K562 cell lysis =  
% dead K562 (with NK cells) - % dead K562 (without NK cells) 

X 100 

100 - % dead K562 (without NK cells) 

 

In the example shown in Figure 4.2, this is calculated to be (55.4-1.2) / (100-

1.2) X 100 = 54.9%. 

 

4.2.2 Intracellular production of IFN- 

IFN- production by NK cells is the primary responsibility of CD6bright NK cells, 

although the CD6dim subset may contribute to this function to some extent. 

The production of IFN- was determined by measuring the intracellular levels 

of this cytokine in the CD6dim and CD6bright subsets of NK cells.  

 

Three-colour flow cytometry was used to perform this experiment. 

Cryopreserved PBMCs were thawed and stained for intracellular IFN- 

according to the protocol described in Chapter 2 “Patients and Methods” 

section 2.16. Anti-CD3-FITC and anti-CD56-PerCP-Cy5.5 were used to 

identify NK cells and its subsets, and anti-IFN--PE to identify intracellular 

IFN- (all antibodies from BD Biosciences, Oxford). The appropriately 

matched isotype control antibodies were used. 
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Following staining, NK cells and their CD6dim and CD6bright subsets were 

identified on flow cytometry using the gating strategy illustrated earlier in 

Chapter 3 “Phenotypic analysis of receptor expression on natural killer cells of 

exposed seronegative blood recipients” Figure 3.1. Then, gated on NK cells, 

the intracellular expression of IFN- was determined for the NK cell 

population. The same was repeated for the CD6dim and CD6bright subsets to 

determine the expression of IFN- on these cells. Figure 4.3 shows the gating 

controls used for IFN-. 

 

4.3 Statistical analysis 

Data were analysed as described in Chapter 2 “Patients and Methods” section 

2.18. For each scatter dot plot, the median was expressed as a long 

horizontal line and the interquartile range (IQR) as a bidirectional error bar.  

 

The relationship between two variables was examined by performing a 

correlation analysis and calculating the Pearson product-moment correlation 

coefficient (r). With statistically significant correlations, a line of best fit was 

drawn using linear regression. 

 

All p values expressed have been corrected for multiple comparisons (where 

applicable) using The Dunn’s multiple comparison test.  

  



 

217 

Figure 4.3 Representative plots of gating controls used to determine 

intracellular IFN- expression on flow cytometry  

Plots A and B show the gating boundaries determined using isotype and 

fluorescence-minus-one (FMO) controls, respectively. Plot C With these 

boundaries, positive- and negative-staining populations were separated out 

on flow cytometry. Plot D The percentages of NK cells that stained positive or 

negative for IFN- were then determined. 
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4.4 Results 

Natural killer cell cytotoxicity 

4.4.1 NK cells of ESN subjects demonstrated enhanced interleukin-2 

(IL2)-induced cytotoxicity 

The majority of NK cells, in general, belong to the CD56dim subset and are 

directly cytotoxic. Hence, the cytotoxic function of NK cells in our study 

subjects were analysed first. 

 

NK cells were first isolated as per protocol. Flow cytometry was used to 

confirm the purity of NK cells in each sample, as shown in Figure 4.4. Within 

the lymphocyte gate P1, cells that stained negative for CD3 and positive for 

CD56 were identified as NK cells. Following MACS separation, the purity of 

NK cells was >90% in all samples, comparable with purities obtained by other 

studies.  
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Figure 4.4 Representative plots showing purity of NK cell samples on 

flow cytometry following MACS separation method 

Plot A The FSC vs. SSC plot was used to gate for the lymphocyte population, 

labelled as P1. Plot B Within the P1 lymphocyte-gated population, NK cells 

were identified as CD3- CD56+ (upper left quadrant enclosed within the grey 

box). Purity of NK cells following MACS separation was 91.10% in this 

representative sample. 
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Once purified, the cytotoxic activity of NK cells in our subjects was assessed 

with a flow-based cytotoxicity assay. K562 cells were used as target cells and 

NK cells as effector cells. The K562 cell line is NK cell-sensitive, as they lack 

MHC class I molecules and are ideal as target cells. The assay was 

performed at a 10:1 effector-to-target cell ratio, the same ratio used in recent 

studies to allow comparison. Cytotoxicity was measured as the percentage of 

K562 cells lysed by NK cells, as per the formula outlined in section 4.2.1 of 

this chapter. 

 

Natural NK cell cytotoxicity was measured first, representing cytotoxic activity 

of NK cells at rest. Then, the assay was repeated with addition of IL2 to 

simulate immune activation of NK cells.  

 

NK cells at rest (Figure 4.5A) had very little cytotoxic potential, with <10% of 

K562 target cells lysed in all groups. There were no significant differences 

detected between the groups. Following IL2 stimulation and activation of NK 

cells (Figure 4.5B), there was a dramatic rise in cytotoxicity in all groups. The 

highest cytotoxic activity was observed in ESN subjects (median 68.05%, IQR 

57.80-81.10%), significantly greater than in healthy controls (median 49.00%, 

IQR 38.93-61.68%; p = 0.01) and subjects with chronic infection (median 

50.75%, IQR 43.80-59.63%; p = 0.04). The median cytotoxicity of NK cells in 

the ESN group was also higher than in the SR group (median 51.05%, IQR 

46.38-62.28%) but this did not reach statistical significance (p = 0.06). 
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Figure 4.5 Natural and IL2-induced cytotoxicity of NK cells against K562 

target cells 

Plot A There were no differences observed in the natural cytotoxicity of NK 

cells between groups. Plot B When NK cells were stimulated with IL2, 

cytotoxicity was significantly increased in the ESN group relative to healthy 

controls (p = 0.01) and the group with chronic infection (p = 0.04). 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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4.4.2 Enhanced NK cell cytotoxicity in ESN subjects correlated with 

expression of NKp30 on NK cells 

The activation status of an NK cell determines its ability to lyse target cells. 

This activation is, in turn, dependent on various activating and inhibitory NK 

cell receptors. The expression of NK cell receptors was studied earlier in 

Chapter 3 “Phenotypic analysis of receptor expression on natural killer cells of 

exposed seronegative blood recipients” and differences in receptor 

expression were observed. The most striking difference was the expression of 

NKp30, which was significantly increased in the ESN subjects relative to all 

the other groups. Minor differences were also noted in the expression of 

NKp80 and killer cell immunoglobulin-like receptor (KIR)2DL3. Given that 

these receptors play a central role in regulating the activation status of NK 

cells, differences in their expression might account for the enhanced NK cell 

cytotoxicity observed in ESN subjects. 

 

To examine this further, an analysis was performed to determine whether 

there was a correlation between the expression of NKp30 and NKp80 on NK 

cells and the level of cytotoxicity. For KIR2DL3, however, the increased 

expression seen in the ESN group was only observed in the CD56bright subset, 

which makes up a small minority of NK cells. It did not seem appropriate to 

attribute cytotoxic activity of the entire population of NK cells to the expression 

of a receptor present on only a small number of cells. As cytotoxicity could not 

be assessed separately for the CD56bright subset, no correlation analysis was 

performed for KIR2DL3. 
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Each subject’s expression of the relevant NK cell receptor was plotted against 

NK cell cytotoxicity observed in that individual. This was performed for all 

subjects in the study population (all four groups) to ascertain whether the level 

of NKp30/NKp80 expression was a determinant of cytotoxic activity. Receptor 

expression was measured as percentage of NK cells staining positive for that 

receptor, and NK cell cytotoxicity was expressed as percentage of K562 

target cells lysed. 

 

The first NK cell receptor analysed was NKp30, an activating receptor. In the 

previous chapter, the expression of NKp30 on NK cells, both CD56dim and 

CD56bright, was reported to be significantly higher in ESN subjects than in the 

other three groups. Figure 4.6 is a plot showing the levels of NKp30 vs. IL2-

induced NK cell cytotoxicity. The expression of NKp30 was found to positively 

correlate (r = 0.38) with IL2-induced cytotoxic activity of NK cells; this 

correlation was statistically significant (p = 0.02). 
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Figure 4.6 Correlation between NKp30 expression and IL2-induced 

cytotoxicity  

IL2-induced cytotoxic activity of NK cells was positively correlated (r = 0.38) 

with the expression of NKp30 at a statistically significant level (p = 0.02). The 

line of best fit obtained with linear regression is also shown. 
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The next NK cell receptor analysed was NKp80, also an activating receptor. 

The expression of NKp80 was observed in the previous chapter to be 

significantly higher on NK cells of ESN subjects than those of healthy controls. 

A similar pattern was also observed in the SR group relative to healthy 

controls. This suggested a potential contribution of NKp80 in determining 

outcome following exposure to HCV.  

 

The expression of NKp80 was plotted against IL2-induced NK cell cytotoxicity, 

as shown in Figure 4.7. There was no correlation found between the two. 

Hence, NKp80 levels on NK cells did not affect their cytotoxic potential. 
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Figure 4.7 Correlation between NKp80 expression and IL2-induced 

cytotoxicity  

There was no significant association between the expression of NKp80 on NK 

cells and their IL2-induced cytotoxic activity. 
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Natural killer cell cytokine function 

4.4.3 IFN- production in ESN subjects were no different from SR 

subjects and healthy controls  

In addition to their cytotoxic activity, NK cells are characterised functionally by 

their ability to rapidly produce IFN-, which is an important cytokine in the 

control of viral replication. The production of IFN- was examined in all four 

groups; firstly in resting NK cells, then in NK cells stimulation with phorbol 12-

myristate 13-acetate (PMA) and ionomycin. 

 

At rest (Figure 4.5A), very few NK cells produced IFN- and no differences 

were observed between groups. Following stimulation (Figure 4.5B), IFN- 

production was increased in all subjects, although to a lesser extent in the 

group with chronic infection. In both the CD56dim and CD56bright subsets, IFN- 

production in ESN subjects was no different from SR subjects and healthy 

controls. Subjects with chronic infection (median 16.15%, IQR 6.58-27.05%), 

however, demonstrated reduced levels of IFN- in the CD56dim subset relative 

to ESN subjects (median 31.45%, IQR 24.23-45.58%; p = 0.047) and SR 

subjects (median 37.10%, IQR 27.05-42.83%; p = 0.02). 
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Figure 4.8 Percentage of NK cells producing IFN- at rest and following 

stimulation with PMA and ionomycin 

Plot A There was minimal production of IFN- by NK cells at rest across all 

groups. Plot B When stimulated, NK cell production of IFN- increased in all 

groups, although to a lesser extent in subjects with chronic infection. 

Regardless, no significant differences were found. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 

  



 

229 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Percentage of CD56dim and CD56bright NK cells producing IFN- 

following stimulation with PMA and ionomycin 

Plot A IFN-production by CD56dim NK cells was significantly impaired in 

subjects with chronic infection compared with ESN subjects (p = 0.047) and 

SR subjects (p = 0.02). Plot B On the other hand, levels of IFN-produced by 

CD56bright NK cells were no different between groups. 

Abbreviations: CON, healthy control; ESN, exposed seronegative; SR, 

spontaneously resolved; CHR, chronic infection 
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4.5 Discussion 

This study observed a higher level of IL2-induced NK cell cytotoxicity in ESN 

blood recipients than in healthy controls and those with chronic infection. This 

enhanced killing potential of NK cells in ESN individuals was in turn positively 

correlated with the expression of the activating receptor, NKp30; the greater 

the proportion of NK cells bearing NKp30, the greater their killing potential.  

 

In the last chapter, ESN recipients were found to have the highest proportions 

of NKp30+ NK cells and, in this chapter, their NK cells were observed to be 

the most cytotoxic. These findings mirrored those of a previous study 

conducted on IDUs; Golden-Mason and colleagues previously reported 

increased NK cell cytotoxicity protected IDUs exposed to HCV from becoming 

infected and that this enhanced cytotoxicity was associated with higher 

expression of NKp30. They were able to demonstrate further that NK cells 

with a high expression of NKp30 were more effective at reducing the level of 

viral infection in Huh-7.5 cells infected with the Japanese fulminant hepatitis-1 

strain than NK cells with low or negative expression of NKp30.18 Collectively, 

these findings support the hypothesis that NKp30, when present on NK cells, 

is a major activating receptor that upregulates the activation of these cells 

leading to an increase in their cytotoxicity. NKp30-mediated NK cell 

cytotoxicity could be a mechanism by which individuals exposed to HCV are 

protected from becoming infected, and appears to be equally relevant in the 

situation of both low- and high-dose exposures.  
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The cytotoxic potential of NK cells was enhanced in ESN recipients but not in 

SRs, suggesting a different immune mechanism involved in protecting ESN 

subjects from HCV. Following IL2 induction, NK cell cytotoxicity was 

significantly higher in the ESN recipients than in healthy controls and those 

with chronic infection. On the other hand, no difference in NK cell cytotoxicity 

was observed between SRs and those with chronic infection. These findings 

suggest that NK cell cytotoxic killing played an important role in protecting 

ESN recipients from HCV but was not responsible for mediating spontaneous 

clearance in those with seropositive infection. This is consistent with several 

studies on patients with acute HCV that have failed to demonstrate an 

association between NK cell killing and spontaneous resolution.19,150 It would 

appear that spontaneous clearance is not reliant on NK cell cytotoxicity, but 

instead appears to be driven by other immune mechanisms. 

 

In addition to their cytotoxic activity, NK cells are functionally capable of 

producing IFN- rapidly upon stimulation. This study did not find IFN- 

production by NK cells of ESN recipients to be significantly different from 

healthy controls. There was, however, impairment in IFN- production 

observed in the CD56dim subset of subjects with chronic infection. IFN- is a 

key cytokine in the host immune defence against HCV; although CD56dim NK 

cells are only minor contributors to the overall amount of IFN-produced by 

innate cells, this might be one reason why HCV persists in these individuals. 

Alternatively, the reduced levels of IFN- might be a consequence of HCV 

infection itself, whereby the virus is responsible for inhibiting the production of 

this cytokine.  
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This study is limited by the small sample size, which reduces its statistical 

power. The ESN cohort is a rare group of individuals and difficult to identify; 

inevitably, the number of subjects studied will be small. A study with low 

statistical power has a reduced chance of detecting a true effect but is also at 

risk of reporting a statistically significant result that does not reflect a true 

effect. As this limitation applies to all of the result chapters, it will be 

addressed in Chapter 7 “Summary and Conclusions” section 7.3.1 to reduce 

repetition. 

 

In summary, HCV-exposed individuals who did not develop infection 

possessed NK cells with an enhanced ability to kill following immune 

stimulation, which was directly related to the expression of the activating 

receptor, NKp30. It is postulated that NKp30 upregulates the activation of NK 

cells, leading to increased NK cell cytotoxicity in ESN individuals. This 

enhanced innate immunity could potentially protect such individuals from 

developing infection by rapidly eliminating the virus. IFN-, on the other hand, 

did not appear to play a central part in the immune response of ESN 

recipients to HCV.  

  



 

233 

Chapter 5  

Hepatitis C-specific T cell responses in exposed 

seronegative blood recipients 

5.1 Background and aims 

Both CD8+ and CD4+ T cell responses play an important role in determining 

the outcome of acute hepatitis C (HCV) infection. A strong and sustained 

response by both populations of T cells, targeting multiple epitopes of HCV 

proteins, has been shown to be associated with spontaneous clearance of the 

virus.179–184,186–189,203,225,226  

 

In vivo depletion of either one of these populations in chimpanzees results in 

HCV persistence, supporting the contribution of both CD8+ and CD4+ T cells 

in the control of viraemia.195,196 Upon resolution of infection, these responses 

can persist for decades and may even outlive humoral responses.190  

 

T cell reactivity to HCV antigens has been documented in the absence of anti-

HCV antibodies and viraemia in a number of cohorts, including injecting drug 

users (IDUs),11–13,15,20,22–24 sexual partners and household contacts of patients 

with chronic HCV,25,26,212,213 neonates of infected mothers,28 and 

occupationally exposed health care workers.27 The presence of HCV-specific 

T cell response in these seronegative subjects suggests that they were 

indeed exposed to the virus, despite appearing uninfected. The significance of 

this virus-specific T cell response remains speculative. In some cases, the 
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responses in exposed seronegative (ESN) individuals, although clearly 

significant, were comparatively weaker than those observed in spontaneous 

resolvers (SRs).12,13,22,26 Therefore, it has been suggested that these 

responses are too weak to mediate any kind of protective effect in ESN 

subjects, but may be purely a marker of exposure. 

 

Thus far, T cell-mediated immunity has been studied in seronegative 

individuals exposed to low doses of the virus. The aim of the experiments in 

this chapter was to investigate whether, in ESN individuals exposed to higher 

doses, HCV-specific T cell responses would be detectable; and if so, the 

magnitude and breadth of these responses.  
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5.2 Methods 

In this set of experiments, HCV-specific T cell responses were examined in 8 

ESN subjects and compared with 8 healthy controls. Baseline characteristics 

are as detailed in Chapter 2 “Patients and Methods” section 2.5. HCV-specific 

T cell responses were assessed in each subject using the interferon-gamma 

(IFN- enzyme-linked immunospot (ELISpot) assay. This assay was 

performed as per the protocol set out in Chapter 2 “Patients and Methods” 

section 2.17. 

 

Figure 5.1 is a template showing the layout of the ELISpot experiment. For 

each subject, 2x105 peripheral blood mononuclear cells (PBMCs) were added 

to each well in triplicates containing: media alone without antigen (negative 

control), positive control antigens, and HCV antigens from genotypes 1b and 

3a. Because it was not known which genotype each ESN subject was 

exposed to, it was decided to test each subject against both genotypes.  

 

For each genotype, HCV overlapping peptides were combined to form eight 

pools – core, envelope (E) protein E1, E2, non-structural (NS) protein NS2 

and p7, NS3, NS4, NS5A, and NS5B. The positive control antigens were 

derived from leucoagglutinin (PHA-L), cytomegalovirus (CMV), Epstein-Barr 

virus (EBV), and influenza virus. Detailed descriptions of the antigens used 

are given in Chapter 2 “Patients and Methods” section 2.17.3. In addition to 

the above controls, PBMCs from 2 SRs, previously found to have strongly 

detectable positive responses to HCV NS3 from genotypes 1b and 3a, were 

included in the assay as an internal control. 



 

 

2
3
6

 

HCV overlapping peptides (from 

genotypes 1b and 3a) were 

combined to form a total of 16 

pools of HCV proteins (8 pools 

per genotype). Each well 

contained an HCV peptide pool, 

positive control, or negative 

control and was repeated in 

triplicate.  

 

Abbreviations: E – envelope protein; NS – non-structural protein; Neg Con – negative control (media without antigen);  

PHA-L – leucoagglutinin; CEF – CMV, EBV, and influenza virus peptides; CMV pp65 – CMV 65kDa phosphoprotein; SR1 

– SR with strong response to genotype 1b; SR3 – SR with strong response to genotype 3a  

Figure 5.1 Layout of IFN- 

ELISpot experiment 
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As each control or peptide pool was performed in triplicate wells, results were 

taken as the average number of spots for the three wells and expressed as 

spot-forming units per million cells (SFU/106 PBMCs). The average number of 

spots in negative control wells (media alone) was subtracted from that in the 

antigen-treated wells to correct for background. Assays with high background 

(negative control >5 spots per well) or absent PHA-L responses were 

excluded from analysis. For each peptide pool, the cut-off value for a positive 

response was defined as more than twice the background value and greater 

than 3 standard deviations (SDs) above the mean response for the respective 

peptide pool in the healthy control group.  

 

5.3 Statistical analysis 

Data were analysed as described in Chapter 2 “Patients and Methods” section 

2.18. For bar graphs, where applicable, the median was expressed as the 

height of the bar and the interquartile range (IQR) as a bidirectional error bar. 

For each scatter dot plot, the median was expressed as a long horizontal line 

and the IQR as a bidirectional error bar. With each box-and-whisker plot, the 

median was expressed as a line inside the box; the 1st and 3rd quartiles as the 

bottom and top of the box, respectively; and the minimum and maximum 

values as the bottom and top whiskers, respectively. 
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5.4 Results 

5.4.1 IFN- ELISpot responses to positive control antigens 

Positive control antigens were used to check that cells were both viable and 

functional. T cell responses to the positive controls are shown in Figure 5.2. 

 

The non-specific mitogen, PHA-L, was used to confirm cell viability. All ESN 

and healthy control subjects had viable T cells demonstrated by strong IFN- 

responses to PHA-L. Responses were too strong to quantify (expressed as 

“too numerous to count” or “TNTC”), as is commonly the case with lectin-

derived mitogens.  

 

Two control peptide pools, one containing CMV, EBV, and influenza virus 

(CEF) and the other containing CMV 65kDa phosphoprotein (CMV pp65), 

were used as recall antigens to demonstrate intact antigen-specific memory T 

cell responses to CMV, EBV, and influenza virus. All subjects except one in 

the healthy control group had a positive response to at least one of these 

peptide pools. ESN and healthy control groups were equally reactive to the 

recall antigens used.  
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Figure 5.2 Antigen-specific T cell responses to positive control antigens, 

determined by IFN- ELISpot assay 

Cell viability was confirmed by strong IFN- responses to PHA-L. The 

numbers of spots were too numerous to count (TNTC) in both ESN subjects 

and healthy controls.  

The release of IFN- in response to a pool of antigens derived from CMV, 

EBV, and influenza virus was of similar magnitude between ESN subjects and 

healthy controls, confirming intact memory T cell function.  

Abbreviations: CON, healthy control; ESN, exposed seronegative; CEF, 

peptides of CMV, EBV, and influenza virus; CMV pp65, CMV 65kDa 

phosphoprotein; PHA-L, leucoagglutinin 
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Frequency of T cell responses to hepatitis C antigens 

5.4.2 Half of ESN subjects had positive IFN-responses to HCV  

First, the proportion of study subjects in each group who demonstrated a 

positive IFN-response to at least one HCV-related peptide was analysed. As 

shown in Figure 5.3, HCV-specific T cell responses to either genotype 1b or 

3a were seen more frequently in ESN subjects than in healthy controls, with 

half of the ESN group (4/8) showing a positive IFN- response on ELISpot, 

although this difference was not statistically significant (p = 0.08).  

 

Time elapsed since HCV exposure can have an effect on the durability of 

HCV-specific T cell responses. The median times from exposure (taken as 

date of transfusion) to ELISpot testing were not significantly different between 

ESN subjects with positive responses (23.6 years) and ESN subjects without 

a response (25.3 years). 

 

Next, the strength of the IFN- responses to each peptide pool and to the 

entire genotype was examined, comparing the magnitudes of the responses 

between the ESN subjects and healthy controls. 
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Figure 5.3 Proportion of study subjects in each group with a positive 

IFN-response to HCV, determined by IFN- ELISpot assay 

A positive IFN- response was defined as more than twice the background 

value and greater than 3 SDs above the mean response observed in the 

healthy control population.  

In the ESN group, 4 out of the 8 subjects had a positive IFN- response to 

HCV vs. none in the control group. This difference, however, did not reach 

statistical significance (p = 0.08). 

Abbreviations: CON, healthy control; ESN, exposed seronegative 
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Strength and breadth of T cell responses to hepatitis C antigens 

5.4.3 Strength of HCV-specific T cell responses to genotype 1b viral 

proteins 

HCV-specific T cell responses were first tested using genotype 1b proteins in 

both groups.  

 

In the ESN group, 3 subjects demonstrated a positive IFN- response to at 

least one of the genotype 1b HCV peptide pools (Figures 5.4 and 5.5). 

Subject ESN2 had a positive IFN- response to core (16.7 SFU/106 PBMCs) 

and NS3 (10.0 SFU/106 PBMCs); subject ESN4 had a positive IFN- response 

to NS3 (11.7 SFU/106 PBMCs), NS4 (23.3 SFU/106 PBMCs), and NS5B (18.3 

SFU/106 PBMCs); and subject ESN8 responded to core (20.0 SFU/106 

PBMCs), NS3 (15.0 SFU/106 PBMCs), and NS4 (31.7 SFU/106 PBMCs).  

 

No positive responses were observed in the healthy controls. 

 

The magnitudes of the IFN- responses of the ESN group, as a whole, to 

each HCV peptide pool, were not significantly different to those observed in 

the healthy controls (Figures 5.4 and 5.5).  
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Figure 5.4 HCV-specific T cell responses to genotype 1b core, E1, E2, 

NS2 and p7 proteins, determined by IFN- ELISpot assay  

There were 2 ESN subjects with positive IFN- responses to core (Plot A). 

Overall, however, there were no significant differences detected in the 

magnitudes of the responses between the ESN subjects and healthy controls 

(Plots A-D). 

The dotted line indicates the cut-off value for a positive response. 

Abbreviations: CON, healthy control; ESN, exposed seronegative 
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Figure 5.5 HCV-specific T cell responses to genotype 1b NS3, NS4, 

NS5A and NS5B proteins, determined by IFN- ELISpot assay 

Positive IFN- responses to NS3, NS4, and NS5B were observed in ESN 

subjects (Plots A, B, and D). Overall, however, the magnitudes of responses 

were not significantly different between the ESN group and healthy control 

group (Plots A-D). 

The dotted line indicates the cut-off value for a positive response. 

Abbreviations: CON, healthy control; ESN, exposed seronegative 
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5.4.4 Strength of HCV-specific T cell responses to genotype 3a viral 

proteins 

Next, HCV-specific T cell responses to HCV genotype 3a proteins were 

examined for both groups.  

 

Two subjects, ESN7 and ESN8, had positive IFN- responses to at least one 

of the genotype 3a HCV peptide pools (Figures 5.6 and 5.7). Subject ESN7 

responded to core (18.3 SFU/106 PBMCs), NS3 (31.7 SFU/106 PBMCs), and 

NS5A (26.7 SFU/106 PBMCs); and subject ESN8 responded to core (10.0 

SFU/106 PBMCs) and NS3 (15.0 SFU/106 PBMCs).  

 

No positive responses were observed in the healthy controls. 

 

When examining the ESN group as a whole however, the magnitudes of their 

IFN- responses to each HCV peptide pool did not differ significantly from the 

healthy control group (Figures 5.6 and 5.7). 
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Figure 5.6 HCV-specific T cell responses to genotype 3a core, E1, E2, 

NS2 and p7 proteins, determined by IFN- ELISpot assay 

Among the ESN subjects, 2 had positive IFN- responses to core (Plot A). 

The magnitudes of the responses were not significantly different between the 

ESN group and healthy control group (Plots A-D). 

The dotted line indicates the cut-off value for a positive response. 

Abbreviations: CON, healthy control; ESN, exposed seronegative 
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Figure 5.7 HCV-specific T cell responses to genotype 3a NS3, NS4, NS5A 

and NS5B proteins, determined by IFN-ELISpot assay 

Positive IFN- responses to NS3 and NS5A were detected in the ESN group 

(Plots A and C). There were no significant differences in the overall 

magnitudes of the responses between ESN subjects and healthy controls 

(Plots A-D). 

The dotted line indicates the cut-off value for a positive response. 

Abbreviations: CON, healthy control; ESN, exposed seronegative 
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5.4.5 Overall HCV-specific T cell responses to genotypes 1b and 3a 

Results thus far indicated that there was no significant difference between the 

ESN group and healthy control group as far as their T cell responses to each 

peptide pool were concerned. Next, we examined whether there might be a 

difference in the overall T cell response to each genotype. To do so, the 

responses to all of the peptide pools for the entire genotype were combined 

and compared between the two groups. The results of this are shown in 

Figure 5.8. The magnitudes of the combined IFN- responses to genotypes 

1b and 3a in the ESN group were similar to those observed in the healthy 

control group, as shown in Plots A and B, respectively.  
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Figure 5.8 HCV-specific T cell responses combined for all antigens in 

genotypes 1b and 3a, respectively, determined by IFN- ELISpot assay 

For each group, the IFN-responses to the antigens were combined for the 

entire genotype. In the ESN group, the combined IFN- responses to all 

antigens in genotype 1b (Plot A) and genotype 3a (Plot B) did not differ from 

the responses observed in the healthy control group.  

Abbreviations: CON, healthy control; ESN, exposed seronegative 
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5.4.6 Breadth of HCV-specific T cell responses to HCV 

Finally, the breadth of the T cell responses to HCV was measured (Figure 

5.9). In the 4 ESN subjects with positive IFN- responses, two responded to 

genotype 1b proteins, one responded to genotype 3a proteins, and one 

responded to both genotypes.  

 

The positive IFN- responses were multi-specific in all 4 ESN subjects i.e. 

targeting more than one peptide pool. Subject ESN2 responded to two 

peptide pools, subjects ESN4 and ESN7 responded to three peptide pools, 

and subject ESN8 responded to three peptide pools from genotype 1b and 

two peptide pools from genotype 3a.   
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 Figure 5.9 Study subjects with positive IFN- responses to >1 HCV 

peptide pool, determined by IFN- ELISpot assay 

The positive IFN- responses observed in the 4 ESN subjects were multi-

specific i.e. directed against multiple HCV proteins. Most of them responded 

to one genotype, except for ESN8, who had positive IFN- responses to both 

genotypes 1b and 3a. 
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5.5 Discussion 

This study measured HCV-specific T cell responses in a cohort of ESN blood 

recipients and found that half of them had IFN- responses directed against 

HCV antigens. In the literature, the proportion of ESN individuals with positive 

HCV-specific T cell responses varies somewhat, with figures reported to be 

between 45% and 70% in high-risk seronegative IDUs.11,13,20,22–24 As there is 

no consensus on the definition of a positive IFN-ELISpot result, this study 

defined positive responses using criteria in line with previous literature to 

allow comparison of results between studies.11,13,20 Hence, the finding that 

50% of the ESN group had a positive IFN-response is consistent with other 

studies and supports a significant prevalence of virus-specific T cell 

responses in otherwise healthy seronegative individuals exposed to HCV.  

 

Although there is a high prevalence of HCV-specific T cell responses in ESN 

cohorts, these responses are not present in every ESN individual. In our 

group of ESN blood recipients, half did not have a positive IFN- response to 

HCV. One may initially question whether the ESN blood recipients without 

HCV-specific T cell responses were in fact truly exposed, but it is important to 

appreciate that these responses can wane over time and are not always 

present, even in SRs.  

 

The disappearance of T cell responses to HCV has been observed in a 

longitudinal study of IDUs. Thurairajah and colleagues followed a group of 

seronegative IDUs with high-risk injecting behaviour and examined their T cell 

responses over time. They observed that, in those who continued to inject, T 
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cell responses to the virus were maintained, but in those who entered 

rehabilitation and stopped injecting, their T cell responses waned within 

months of cessation of drug use.15 Thus, it appears that maintenance of T cell 

responses in these ESN individuals was dependent on continual exposure to 

the virus via ongoing injecting drug use. In the case of our ESN blood 

recipients, the exposure to HCV dates back to 20 years ago and this may be a 

contributing factor to the lack of HCV-specific T cell responses in some. It is 

plausible therefore that some of our ESN blood recipients had lost their virus-

specific T cell responses over time given the historical nature of their 

exposure.  

 

Even in SRs, T cell responses to HCV are not present in every person, 

despite remaining seropositive.13,20,22,23 This may also be due to waning of T 

cell responses over time, or, could indicate that viral clearance was achieved 

through immune responses not detected by IFN-ELISpot assays. 

Regardless, it suggests that cellular immune responses may not be present in 

all persons exposed to HCV.  

 

Next, the magnitudes and breadth of the IFN- responses were examined. 

Despite the numbers of ESN subjects with positive IFN-ELISpot responses, 

there were no significant differences in the magnitudes of IFN- responses 

between the ESN group and the healthy control group. The magnitudes of the 

positive IFN-responses, although noticeably higher than the cut-off values, 

were relatively weak when compared with the strength of responses typically 

observed in SRs.188 Apart from the explanations already provided so far, 
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these responses might be inherently low in magnitude because they are 

simply a marker of exposure and do not provide any form of protective 

immunity in ESN blood recipients. Indeed, the current literature suggests that 

HCV-specific T cell responses, unlike in SRs, do not play a significant role in 

protecting ESN individuals from HCV. This was supported by a recent study 

by Sugden and colleagues, who found no difference in the prevalence, 

magnitude, or breadth of such responses between IDUs who went on to 

become infected and those that remained uninfected.11 Furthermore, T cell 

responses in SRs appear to be stronger and more broadly directed against 

multiple antigens than in ESN subjects,12,13,26 which favours the theory that 

these responses are insufficient to either prevent or clear infection in ESN 

individuals. 

 

In the 4 ESN blood recipients that had a positive IFN- response, all of them 

responded to two or more HCV proteins. The viral proteins that elicited a 

positive response were core, NS3, NS4, and NS5B from genotype 1 and core, 

NS3, and NS5A from genotype 3. Of these 4 ESN subjects, three responded 

to both structural and non-structural proteins and one responded to only non-

structural proteins. Previous studies examining IFN- ELISpot responses in 

ESN individuals have observed positive T cell responses to both structural 

and non-structural proteins, although no particular region has been 

consistently identified as more immunogenic than the others.11,13,20,22–24,213 

The mounting of T cell responses to non-structural proteins supports the idea 

that replicating virus must have once been present, as these proteins are only 

produced in the setting of transcription and translation.20,23,212,213  
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Finally, in one of the ESN subjects, the IFN-response was directed against 

both genotypes, although it was stronger in genotype 1 than 3. In some 

patients with HCV infection, their T cells can demonstrate reactivity to other 

genotypes in addition to the one they are infected with. This cross-genotype 

reactivity is thought to be due to the presence of certain epitopes that are 

relatively conserved across genotypes.227–230 In our ESN subject, the cross-

genotype response was directed against the relatively conserved core 

protein231 and the non-structural protein NS3. 

 

The significance of T cell responses to HCV in the absence of seroconversion 

remains unclear, and several points warrant further discussion. The first 

question is, are these responses real? In this study, to prevent over-

interpretation of non-specific IFN-production, background responses in the 

negative control wells were corrected for, and the cut-off for determining an 

IFN- response as positive was set at 3 SDs above the mean of the healthy 

controls. The magnitudes of responses observed in this study were similar to 

those previously reported by our group in a study of ESN IDUs,22 and the 

positive responses in these ESN IDUs have been demonstrated to be 

reproducible on serial testing.15  

 

Accepting that the observed positive IFN- responses are significant, the next 

question is, are they specific for HCV? Cross-reactivity has been described 

between HCV epitopes and those found in common viruses, such as influenza 

A and herpes simplex, which share homologous sequences with NS3 and 

NS5B, respectively.214,215 This is unlikely to account for the positive responses 
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seen in this study, because of the breadth of the responses; i.e. in each 

subject, the responses were directed not just against NS3 or NS5B, but also 

against other HCV proteins that have not reported to be involved in cross-

reactivity. 

 

We are confident that the positive IFN-responses observed in our ESN blood 

recipients are indeed significant and HCV-specific. There are a number of 

possible reasons for the presence of HCV-specific T cell responses in 

seronegative individuals. They might have either lost their anti-HCV 

antibodies after spontaneous clearance of previous infection; or, they might 

have never mounted an antibody response to begin with. These two scenarios 

will be briefly discussed here for completion but have already been covered in 

detail in Chapter 1 “Introduction” section 1.14.  

 

Seroreversion describes the loss of antibodies over time and in HCV, it is 

certainly not uncommon beyond 10 years post-exposure.190 In this study, 

however, seroreversion is unlikely given that the median time from exposure 

to initial anti-HCV antibody testing in the ESN cohort was 7.4 years, which is 

comparable to the seropositive blood recipients in this study and relatively 

early for seroreversion.  

 

The other possibility is the absence of seroconversion following infection. 

Infection without seroconversion has only been reported in humans and 

chimpanzees exposed to low doses of HCV.232–234 Experimentally, this 

phenomenon does not seem to hold true following high-dose exposure in 
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chimpanzees,232 and so it is unlikely to provide an adequate explanation in 

our cohort of ESN blood recipients.  

 

The final theory is that ESN individuals are seronegative because they were 

uninfected due to an immune system that protects them from acquiring HCV 

infection. This theory remains to be confirmed, but is based on similar 

observations previously made by researchers working on human 

immunodeficiency virus (HIV). Indeed, exposure without infection is an 

accepted concept in HIV and cohorts of HIV-exposed individuals resistant to 

infection have been extensively studied.208–211 Whether or not the same 

phenomenon occurs in HCV remains to be proven. 

 

This study is limited by the small sample size, which reduces its statistical 

power. The ESN cohort is a rare group of individuals and difficult to identify; 

inevitably, the number of subjects studied will be small. A study with low 

statistical power has a reduced chance of detecting a true effect but is also at 

risk of reporting a statistically significant result that does not reflect a true 

effect. As this limitation applies to all of the result chapters, it will be 

addressed in Chapter 7 “Summary and Conclusions” section 7.3.1 to reduce 

repetition. 

 

To conclude, a substantial proportion of ESN blood recipients demonstrated 

multi-specific IFN-T cell responses to HCV, although these responses were 

relatively weak. We speculate that these responses are insufficient to confer 

protective immunity to HCV; instead, it is more likely that they represent an 
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immunological footprint of past exposure to the virus. Future studies are 

needed to examine this in greater detail and determine what role, if any, T cell 

immunity has to play in the protection of ESN individuals from HCV. 
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Chapter 6 

Genetic factors that protect exposed seronegative 

blood recipients from hepatitis C 

6.1 Background and aims 

Interleukin-28B (IL28B) is believed to play a central role in both spontaneous 

and treatment-induced clearance of hepatitis C (HCV). This was first 

discovered in 2009, when three independent genome-wide association 

studies identified genetic variations in the IL28B region as important 

predictors of treatment-induced clearance, stronger than any other previously 

identified factors, including viral load, fibrosis stage, and gender.111–113  

 

IL28B is also important in influencing the spontaneous clearance of acute 

HCV. The IL28B single nucleotide polymorphisms (SNPs) rs12979860 CC 

genotype and rs8099917 TT genotype have been found to associate 

favourably with spontaneous elimination of the virus.126–130 Furthermore, the 

significance of IL28B polymorphisms has been repeatedly verified in cohorts 

from different geographical and ethnic backgrounds. These findings indicate 

that IL28B is indeed a key player in the success of the host immune response 

to HCV.110 

 

Another important gene that has been a focus of HCV research is the killer 

cell immunoglobulin-like receptor (KIR)2DL3 gene. Khakoo and colleagues 

reported that homozygosity for KIR2DL3 and its cognate ligand, human 
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leucocyte antigen (HLA)-C1, was predictive of spontaneous resolution in 

injecting drug users (IDUs). KIR2DL3 is an inhibitory receptor of natural killer 

(NK) cell activity, but is thought to be protective as it binds poorly to HLA-C1, 

relative to another inhibitory receptor, KIR2DL2.156 Hence, NK cells of 

individuals homozygous for KIR2DL3 and HLA-C1 appear to be less inhibited 

and more able to contribute to the host immune defence against HCV. 

 

Several studies have observed that a subset of IDUs exposed to HCV do not 

demonstrate any serological evidence of infection.11–20,22–24 These exposed 

seronegative (ESN) IDUs have been examined from an immunological 

perspective and found to have an enhanced innate immune response to HCV, 

which has been postulated to protect them from becoming infected.11,12,18 

From a genetic perspective, however, not much is known about this cohort of 

individuals. There has been one study by Knapp and colleagues, which 

suggested that ESN IDUs were genetically distinct from spontaneous 

resolvers (SRs) and those with chronic infection.16 Whether or not genes play 

a role in determining the immune response of ESN individuals to HCV 

remains unclear. This study explores whether there are genetic factors unique 

to our cohort of ESN blood recipients that may be involved in their immune 

response to HCV.  
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6.2 Methods 

In this set of experiments, genomic deoxyribonucleic acid (DNA) was 

extracted from ESN blood recipients, as outlined in Chapter 2 “Patients and 

Methods” sections 2.11 and 2.12, and sent to Oxford Gene Technology for 

whole exome sequencing. Whole exome sequencing involves selectively 

sequencing all of the coding regions (exons) of the genome.  

 

Given the importance of controlling for ethnicity in genetic studies, only the 6 

White British ESN recipients were included in this study. For comparison, 

genomic DNA was extracted from 12 SRs and 20 subjects with chronic 

infection, all ethnically matched. Samples were then sent to Source 

Bioscience for microarray-based genotyping of polymorphisms using the 

Fluidigm EP1 system. Table 6.1 shows the baseline characteristics of the 

three study groups. 
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Table 6.1 Baseline characteristics of study groups 

Characteristic ESN 

(n = 6) 

SR 

(n = 12) 

CHR 

(n = 20) 

p value 

Age in years – median (IQR) 50 (39-64) 63 (46-70) 52 (46-59) NS* 

Male sex – no. (%) 3 (50) 5 (42) 11 (55) NS* 

White British – no. (%) 6 (100) 12 (100) 20 (100) NS* 

Exposed by blood transfusion – no. (%) 6 (100) 12 (100) 20 (100) NS* 

* For all comparisons 

ESN, exposed seronegative; SR, spontaneously resolved; CHR, chronic infection; IQR, 

interquartile range; NS, not significant 
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6.2.1 Selection of genetic polymorphisms for study  

In this genetic study, a candidate gene approach was used. Suitable 

candidate genes were selected on the basis of their known or hypothesised 

association with the immunopathogenesis of HCV and outcomes of infection. 

For each candidate gene, a list of all known polymorphisms was compiled. 

This was achieved using the Ensembl Variation database, a widely accepted 

reference tool that supplies information on genes and sequence variants for 

different ethnic populations around the world. This large body of reference 

data is taken from a variety of sources including the International Hapmap 

Project and the 1000 Genome Project.235  

 

Only non-synonymous polymorphisms in coding regions were considered. For 

each polymorphism, the genotype frequencies were determined in a control 

population. Given the subjects of interest, the ESN recipients, were all White 

British, the general population of Great Britain who identified as “White British” 

was chosen as the control. The Ensembl database was accessed to acquire 

the genotype frequencies of each polymorphism in the White British 

population. Each polymorphism in the control population was tested for 

Hardy-Weinberg equilibrium and any variant with a significant deviation was 

excluded.  

 

Next, a search was performed looking for the same polymorphisms in the 

ESN recipients. The genotype frequencies of each polymorphism were 

compared between the ESN group and the control population. If ESN 

individuals have a true ability to protect themselves from acquiring HCV 
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infection, then this is a unique phenomenon and any genetic factor central to 

this immune mechanism would be commonly found in the ESN group but 

extremely rare in the control population. An arbitrary cut-off of 0.10 in 

genotype frequency was applied to the control population, meaning that 

genotypes of polymorphisms found in more than 10% of the control population 

were excluded from further study.  

 

6.2.2 Association between genetic polymorphisms and the ESN clinical 

profile 

Polymorphisms that were rare in the control population and common in the 

ESN group were examined further to determine whether these variants were 

specifically associated with the ESN clinical profile. To do so, the genotype 

frequencies of each polymorphism were compared between the three groups 

with different outcomes – ESN recipients (exposed; no infection), SRs 

(exposed; resolved infection) and those with chronic HCV (exposed; 

persistent infection).  

 

6.2.3 Identification of novel polymorphisms in candidate genes 

In addition to studying known polymorphisms, the sequencing data of ESN 

individuals were also searched for novel variants affecting candidate genes.  
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6.2.4 IL28B genotyping 

IL28B genotyping for the SNPs rs12979860 and rs8099917 was performed on 

the three groups.  

 

6.3 Statistical analysis 

Data were analysed as described in Chapter 2 “Patients and Methods” section 

2.18. Genotype frequencies were compared using Fisher’s exact test, and 

where applicable, corrected p values for multiple comparisons were calculated 

by applying the Bonferroni correction. 
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6.4 Results 

6.4.1 Selection of candidate genes 

Table 6.2 lists the candidate genes selected for this study. The selection 

process focused on genes encoding proteins involved in viral entry and the 

innate immune response to HCV. Other genes known or hypothesised to be 

associated with outcomes of infection were also considered. Following Table 

6.2 is a brief description of the proteins encoded by these candidate genes 

and their role in HCV infection.  
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Table 6.2 Candidate genes selected for study 

Family/Gene Function of protein(s) Role in HCV 

CD81 
Mediates cell development, activation, 

growth and motility 
Viral entry 

SCARB1 Receptor for HDL Viral entry 

Claudins Tight junction proteins Viral entry 

Occludin Tight junction protein Viral entry 

Apolipoproteins 

and related genes 
Bind lipids to form lipoproteins Viral infectivity 

LDL and related 

genes 
Lipid transportation Viral infectivity 

VLDL and related 

genes 
Lipid transportation Viral infectivity 

HDL and related 

genes 
Lipid transportation Viral infectivity 

TLR gene family 
Sensory receptors for detection of 

pathogens 
Innate immune response 

Type I IFNs 
Early response to infection; generation 

of antiviral state 
Innate immune response 

Type III IFNs 
Early response to infection; generation 

of antiviral state 

Innate immune response  

IL28B predicts spontaneous 

and treatment-induced 

clearance 

KIR gene family NK cell receptors – KIR family 

Innate immune response 

KIR2DL3-HLA-C1 predicts 

spontaneous clearance 

KLR gene family 
NK cell receptors – NKG2 family, 

CD94 and NKp80 
Innate immune response 

NCR gene family 
NK cell receptors – NKp30, NKp44 and 

NKp46  
Innate immune response 

SCARB1, scavenger receptor class B member 1; LDL, low-density lipoprotein; VLDL, very-

low density lipoprotein; HDL, high-density lipoprotein; TLR, toll-like receptors; IFN, interferon; 

IL, interleukin; KIR, killer cell immunoglobulin-like receptor; HLA, human leucocyte antigen; 

KLR, killer cell lectin-like receptor; NCR, natural cytotoxicity receptor 
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Host cell co-receptors: Viral entry requires interaction with at least four 

essential host cell surface receptors – CD81, scavenger receptor class B 

member 1 (SCARB1), occludin, and claudin-1. These host proteins function 

as co-receptors to facilitate endocytosis of the virus.32 Hence, genetic 

variations that affect any of these host factors can interfere with viral entry. 

 

Lipoproteins and apolipoproteins: The HCV life cycle and lipid metabolism are 

closely inter-connected, although the full significance of this remains unclear. 

HCV particles circulate as virions complexed to very-low-density lipoproteins 

(VLDLs) and low-density lipoproteins (LDLs) and are known as lipoviral 

particles. The association of virions with lipoproteins and their apolipoprotein 

components appear to modulate the infectivity of the virus.32,54 Genetic 

variations that affect host lipoproteins and apolipoproteins may alter this 

interaction and interfere with the infective capability of the virus. 

 

Toll-like receptors: These are sensory receptors of the innate immune system 

that detect viral components in the earliest stage of infection leading to 

induction of an interferon (IFN) response.118 Genetic variations affecting these 

receptors may potentially enhance or deter the detection of HCV. 

 

IFNs: Type I IFNs play a crucial role in the earliest response to HCV infection 

by creating an antiviral state.116 The role of type III IFNs, which consist of 

three IFN-lambda (IFN-) molecules, is less well defined. A polymorphism in 

the IL28B (IFN-3) gene has been found to be a strong predictor of 

spontaneous and treatment-induced clearance of HCV. The functional 
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consequence of this polymorphism, however, remains unknown. IL29 (IFN-

1) is highly similar in amino acid sequence to IL28 but, as yet, it has not 

been associated with outcomes of infection.110 

 

NK cell receptors: NK cells are one of the earliest responding effector cells of 

the innate immune system. Their activation is tightly regulated by activating 

and inhibitory receptors.134 Genes encoding these receptors include the killer 

KIR genes, the killer cell lectin-like receptor (KLR) genes, and the natural 

cytotoxicity receptor (NCR) genes. Certain KIR genes combined with specific 

HLA ligands have been proposed to, firstly, protect exposed IDUs from 

infection;16,17 and, secondly, predict spontaneous clearance in those 

infected.156 Thus, variations in these genes might play an important role in 

determining outcomes following exposure to HCV. 
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6.4.2 Identification of genetic polymorphisms in candidate genes 

Once the candidate genes were selected, we searched for polymorphisms 

affecting each gene using the Ensembl Variation database. Polymorphisms 

identified were predominantly SNPs but also included insertion/deletion 

variants. Only non-synonymous polymorphisms in coding regions were 

considered. 

 

As mentioned earlier in the “Methods” section 6.2.1, the White British general 

population was selected as the control, and genetic data for this population 

were obtained from the Ensembl database (n = 89). For each polymorphism, 

the genotype frequencies in the control population were tested for Hardy-

Weinberg equilibrium; polymorphisms that violated this law were excluded 

from analysis.  

 

As discussed earlier in section 6.2.1, if ESN individuals are indeed protected 

from acquiring HCV infection via some genetic predisposition, then this would 

be a unique phenomenon and might be explained by genetic variants 

common to the ESN cohort but rarely observed in the general population. To 

identify such polymorphisms, we selected variants that were: i) present in 

<10% of the general population; and ii) occurred more commonly in the ESN 

cohort than in the general population. These are listed in Table 6.3. For each 

variant, the frequency of the relevant allele and its genotype frequencies, 

based on either a recessive or dominant model of penetrance, are shown for 

the ESN cohort and compared with the control population.  
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Table 6.3 Genotype frequencies of polymorphisms in candidate genes 

of ESN recipients (n = 6) compared with the general population (n = 89) 

Recessive model: Genotype frequency (GF) based on having two minor alleles 

Gene Gene 

location 

dbSNP ID MAF Minor 

allele 

ESN 

GF 

GBR 

GF 

Difference 

in GF 

p value 

IFNA1 9p22 35960747 0.04 C 0.833 0.000 0.833 <0.001 

APOBEC3H 22q13.1 139300 0.00 A 0.667 0.000 0.667 <0.001 

APOA1BP 1q21 6427321 0.03 G 0.333 0.000 0.333 0.003 

APOA1BP 1q21 6668178 0.03 G 0.333 0.000 0.333 0.003 

APOA1BP 1q21 6427322 0.03 A 0.333 0.000 0.333 0.003 

APOA1BP 1q21 7516274 0.03 G 0.333 0.000 0.333 0.003 

APOL2 22q12 132760 0.00 T 0.333 0.000 0.333 0.003 

APOBEC3B 
22q13.1-

q13.2 
5995649 0.04 C 0.333 0.000 0.333 0.003 

APOL3 22q13.1 132653 0.10 G 0.333 0.011 0.322 0.010 

TLR5 1q41-q42 2072493 0.17 C 0.333 0.023 0.310 0.019 

NCR2 6p21.1 2273962 0.23 A 0.333 0.056 0.277 0.061 

LDLRAD2 1p36.12 10917051 0.30 A 0.333 0.056 0.277 0.061 

IFNGR1 6q23.3 1327475 0.14 A 0.167 0.023 0.144 0.180 

APOB 2p24-p23 1042031 0.19 T 0.167 0.034 0.133 0.233 

TLR1 4p14 4833095 0.21 C 0.167 0.034 0.133 0.233 

APOBEC2 6p21 2076472 0.21 C 0.167 0.045 0.122 0.284 

TLR1 4p14 5743618 0.21 A 0.167 0.056 0.111 0.331 

TLR8 Xp22 3764880 0.26 G 0.167 0.067 0.100 0.385 

CLDN24 4q35.1 6839940 0.27 G 0.167 0.079 0.088 0.419 

TLR10 4p14 11096955 0.34 G 0.167 0.079 0.088 0.419 

TLR10 4p14 11096957 0.34 G 0.167 0.079 0.088 0.419 

TLR7 Xp22.3 179008 0.28 T 0.167 0.079 0.088 0.449 

IL28B 19q13.13 8103142 0.26 C 0.167 0.090 0.077 0.459 

MTTP 4q24 2306985 0.31 G 0.167 0.090 0.077 0.459 

ESN, exposed seronegative; GBR, White British; MAF, minor allele frequency 
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Table 6.3 continued 

Dominant model: Genotype frequency (GF) based on having at least one minor allele 

Gene Gene 

location 

dbSNP ID MAF Minor 

allele 

ESN 

GF 

GBR 

GF 

Difference 

in GF 

p value 

KLRF1 12p13.31 33911869 0.00 TGT 1.000 0.000 1.000 <0.001 

APOA1BP 1q21 6427321* 0.03 G 0.500 0.067 0.433 0.010 

APOA1BP 1q21 6668178* 0.03 G 0.500 0.067 0.433 0.010 

APOA1BP 1q21 6427322* 0.03 A 0.500 0.067 0.433 0.010 

APOA1BP 1q21 7516274* 0.03 G 0.500 0.067 0.433 0.010 

APOL2 22q12 132760 0.00 T 0.333 0.000 0.333 0.003 

APOBEC3B 
22q13.1-

q13.2 
5995649 0.04 C 0.333 0.079 0.254 0.098 

TLR2 4q32 5743704 0.02 A 0.333 0.034 0.299 0.031 

APOBEC1 12p13.31 34275479 0.02 T 0.333 0.045 0.288 0.045 

APOL2 22q12 118097350 0.00 T 0.167 0.000 0.167 0.063 

CLDN12 4q32 76988207 0.00 G 0.167 0.000 0.167 0.063 

CLDN20 6q25 34434986 0.00 A 0.167 0.000 0.167 0.063 

CLDN9 16p13.3 34769999 0.00 T 0.167 0.000 0.167 0.063 

IFNA14 9p22 702212 0.00 A 0.167 0.000 0.167 0.063 

LDLR 19p13.2 45508991 0.01 T 0.167 0.011 0.156 0.123 

APOA4 11q23 12721041 0.01 T 0.167 0.023 0.145 0.180 

APOBEC3F 22q13.1 13056825 0.01 G 0.167 0.023 0.145 0.180 

CLDN19 1p34.2 116804195 0.02 T 0.167 0.034 0.133 0.233 

IL6ST 5q11.2 34417936 0.02 T 0.167 0.034 0.133 0.233 

NCR3 6p21.3 3179003 0.02 A 0.167 0.034 0.133 0.233 

IL27 16p11 17855750 0.02 C 0.167 0.045 0.122 0.284 

MTTP 4q24 113337987 0.02 A 0.167 0.045 0.122 0.284 

TLR2 4q32 5743708 0.03 A 0.167 0.056 0.111 0.331 

NCR2 6p21.1 2273961 0.03 A 0.167 0.067 0.100 0.376 

CLDN19 1p34.2 9660973 0.04 R 0.167 0.079 0.088 0.419 

* In linkage disequilibrium 

ESN, exposed seronegative; GBR, White British; MAF, minor allele frequency 

Table 6.3 continued 
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Gene Gene 

location 

dbSNP ID MAF Allele ESN 

GF 

GBR 

GF 

Difference 

in GF 

p value 

TLR4 9q33.1 4986791 0.04 T 0.167 0.079 0.088 0.419 

TLR4 9q33.1 4986790 0.04 G 0.167 0.079 0.088 0.419 

APOH 17q24.2 8178847 0.04 T 0.167 0.090 0.077 0.459 

APOH 17q24.2 52797880 0.04 G 0.167 0.090 0.077 0.459 

ESN, exposed seronegative; GBR, White British; MAF, minor allele frequency 
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As demonstrated in Table 6.3, the polymorphisms highlighted in bold were 

present in at least half of ESN individuals, despite being extremely rare in the 

control population: IFN-alpha 1 (IFNA1) rs35960747 CC genotype; 

apolipoprotein B messenger ribonucleic acid (mRNA)-editing enzyme catalytic 

polypeptide-like 3H (APOBEC3H) rs139300 AA genotype; KLR subfamily F, 

member 1 (KLRF1) rs33911869 TGT allele; and apolipoprotein A-I binding 

protein (APOA1BP) rs6427321* G allele, rs6668178* G allele, rs6427322* A 

allele, and rs7516274* G allele (*in linkage disequilibrium).  

 

The above variants were identified as over-represented in the ESN cohort, 

relative to the general population. To determine whether any of these variants 

were specifically associated with the ESN clinical profile, the relationship 

between each variant and the different outcomes following HCV exposure 

was examined. 

 

6.4.3 Genetic polymorphisms associated with outcome following 

exposure to HCV 

The genotype frequencies of the following polymorphisms rs35960747, 

rs139300, rs33911869, and rs6427321, were compared between the different 

HCV-exposed groups (ESN, SR, chronic infection) to determine whether any 

of these polymorphisms might be associated solely with the ESN profile. 
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IFNA1 gene and outcomes post-exposure 

rs35960747: This polymorphism is a variant of the IFNA1 gene. Figure 6.1 

shows the distribution of the genotypes for this SNP in the three HCV-

exposed groups – the ESN group, the SR group, and the group with chronic 

infection. Data for the general White British population was included as 

reference. 

 

The CC genotype was strongly associated with exposure without serological 

infection (ESN group). This genotype was observed in 5 of the 6 ESN blood 

recipients but, outside of this group, appeared to be quite rare, as it was not 

found in the general population (0/89; p <0.001 from Table 6.3), in the SR 

group (0/12; padj <0.002), or in the group with chronic infection (0/20; padj 

<0.001).  
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Figure 6.1 Genotype frequencies of IFNA1 gene dbSNP ID rs35960747 in 

individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

CC 5 (83) 0 (0) 0 (0) 
p <0.001 

padj = 0.002 

p <0.001 

padj <0.001 

p = 1.00 

padj = 1.00 

CT 1 (17) 0 (0) 2 (10) 
p = 0.33 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 0.52 

padj = 1.00 

TT 0 (0) 12 (100) 18 (90) 
p <0.001 

padj <0.001 

p <0.001 

padj <0.001 

p = 0.52 

padj = 1.00 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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APOBEC3H gene and outcomes post-exposure 

rs139300: This polymorphism is a variant of the APOBEC3H gene. Figure 6.2 

shows the distribution of the genotypes for this SNP in the three HCV-

exposed groups – the ESN group, the SR group, and the group with chronic 

infection. Data for the general White British population was included as 

reference. 

 

A strong association was found between the AA genotype of this SNP and 

exposure without serological infection (ESN group). This genotype was 

observed in 4 of the 6 ESN blood recipients, but was absent in exposed 

seropositive individuals (vs. SR 0/12; padj = 0.02; vs. chronic 0/20; padj = 

0.003). It was also absent in the general population (0/89; p <0.001 from 

Table 6.3). Instead, all individuals from the general population, the SR group, 

and the group with chronic infection expressed the GG genotype. 
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Figure 6.2 Genotype frequencies of APOBEC3H gene dbSNP ID rs139300 

in individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

AA 4 (67) 0 (0) 0 (0) 
p = 0.005 

padj = 0.02 

p = 0.001 

padj = 0.003 

p = 1.00 

padj = 1.00 

AG 0 (0) 0 (0) 0 (0) 
p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

GG 2 (33) 12 (100) 20 (100) 
p = 0.005 

padj = 0.02 

p = 0.001 

padj = 0.003 

p = 1.00 

padj = 1.00 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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KLRF1 gene and outcomes post-exposure 

rs33911869: This polymorphism is a variant of the KLRF1 gene. Figure 6.3 

shows the distribution of the genotypes for this SNP in the three HCV-

exposed groups – the ESN group, the SR group, and the group with chronic 

infection. Data for the general White British population was included as 

reference. 

 

The TGT allele was significantly associated with exposure without serological 

infection (ESN group). All 6 ESN subjects were heterozygous for this SNP 

and expressed at least one copy of the TGT allele, whereas all subjects in the 

SR group (0/12; padj <0.001) and the group with chronic infection (0/20; padj 

<0.001) did not express this allele. This allele appeared to be quite rare, as it 

was also absent from the general population (0/89; p <0.001 vs. ESN from 

Table 6.3). 
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Figure 6.3 Genotype frequencies of KLRF1 gene dbSNP ID rs33911869 in 

individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

TGT/TGT 0 (0) 0 (0) 0 (0) 
p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

TGT/- - 6 (100) 0 (0) 0 (0) 
p <0.001 

padj <0.001 

p <0.001 

padj <0.001 

p = 1.00 

padj = 1.00 

- -/- - 0 (0) 12 (100) 20 (100) 
p <0.001 

padj <0.001 

p <0.001 

padj <0.001 

p = 1.00 

padj = 1.00 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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APOA1BP gene and outcomes post-exposure 

rs6427321: This polymorphism is a variant of the APOA1BP gene. Figure 6.4 

shows the distribution of the genotypes for this SNP in the three HCV-

exposed groups – the ESN group, the SR group, and the group with chronic 

infection. Data for the general White British population was included as 

reference. 

 

In the ESN cohort, half (3/6) of the subjects had at least one copy of the G 

allele. Although this was significantly more frequent than that observed in the 

general population (6/89; p = 0.01 from Table 6.3), no statistical differences 

were found between the HCV-exposed groups. Hence, there was no 

association between this SNP and outcomes following HCV exposure. 
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Figure 6.4 Genotype frequencies of APOA1BP gene dbSNP ID rs6427321 

in individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

GG 2 (33) 0 (0) 1 (5) 
p = 0.10 

padj = 0.29 

p = 0.12 

padj = 0.37 

p = 1.00 

padj = 1.00 

GA 1 (17) 4 (33) 4 (20) 
p = 0.62 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 0.43 

padj = 1.00 

AA 3 (50) 8 (67) 15 (75) 
p = 0.63 

padj = 1.00 

p = 0.33 

padj = 1.00 

p = 0.70 

padj = 1.00 

GG or GA 3 (50) 4 (33) 5 (25) 
p = 0.63 

padj = 1.00 

p = 0.33 

padj = 1.00 

p = 0.70 

padj = 1.00 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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Novel mutation of APOBEC3H gene and outcomes post-exposure 

Deletion of AAC in APOBEC3H gene: This study identified a novel 

polymorphism affecting the APOBEC3H gene, which involves a deletion of 

three bases, AAC, at position 39,496,323 on chromosome 22. Figure 6.5 

shows the distribution of the genotypes for this variant in the three HCV-

exposed groups – the ESN group, the SR group, and the group with chronic 

infection. As this was not a previously described SNP, the frequency of this 

variant in the general population was unknown. 

 

Deletion of at least one copy of AAC was more frequently observed in the 

ESN group (4/6) than in the SR group (1/12; padj = 0.07) and the group with 

chronic infection (2/20; padj = 0.04), although only the latter comparison was 

statistically significant.   



 

284 

Figure 6.5 Genotype frequencies of a novel APOBEC3H polymorphism 

in individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

- -/- - 1 (17) 1 (8) 2 (10) 
p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

- -/AAC 3 (50) 0 (0) 0 (0) 
p = 0.02 

padj = 0.07 

p = 0.008 

padj = 0.02 

p = 1.00 

padj = 1.00 

AAC/AAC 2 (33) 11 (92) 18 (90) 
p = 0.02 

padj = 0.07 

p = 0.01 

padj = 0.04 

p = 1.00 

padj = 1.00 

- -/- - 

or - -/AAC 
4 (67) 1(8) 2 (10) 

p = 0.02 

padj = 0.07 

p = 0.01 

padj = 0.04 

p = 1.00 

padj = 1.00 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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In summary, HCV-exposed seronegative individuals were genetically distinct 

from HCV-exposed seropositive individuals and the general population. High 

frequencies of certain rare genetic variants were observed in the ESN group, 

despite these variants being absent in the general population. Specifically, the 

CC genotype of rs35960747, the AA genotype of rs139300, and the TGT 

allele of rs33911869 were present in at least two-thirds of the ESN cohort, but 

were not found in any of the 89 White British individuals from the general 

population. Importantly, these variants were also not observed in SRs, which 

supports the concept that ESN individuals represent a separate and distinct 

population from individuals with resolved infection and cannot be thought of 

simply as SRs who have lost serological evidence of infection. The absence 

of these genetic variants in both the SR group and the group with chronic 

infection suggests that these variants are strongly associated with the ESN 

profile and might play a role in protecting such individuals from HCV. 

 

6.4.4 IL28B genotyping in ESN blood recipients 

The IL28B SNPs, rs12979860 and rs8099917, are strongly associated with 

spontaneous clearance of viraemia once infection is established.126–130 It is 

not known, however, whether IL28B polymorphisms play a role in the immune 

response of ESN individuals to HCV. The genotype frequencies of these 

SNPs were examined in the ESN group and compared them with the SR 

group and group with chronic infection, to determine whether IL28B might be 

associated with the ESN clinical phenotype. 
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IL28B gene and outcomes post-exposure 

rs12979860: The CC genotype of this SNP has been shown to be protective 

and is strongly predictive of spontaneous clearance.126,128,130 Figure 6.6 

shows the distribution of the genotypes for this SNP in the three HCV-

exposed groups – the ESN group, the SR group, and the group with chronic 

infection. Data for the general White British population was included as 

reference. 

 

The proportion of individuals in the ESN group with the CC genotype (33%) 

was similar to that observed in the group with chronic infection (40%) and the 

general population. As expected, the frequency of the CC genotype was 

highest in the SR group at 58%. None of the comparisons, however, were 

statistically significant.  



 

287 

Figure 6.6 Genotype frequencies of IL28B gene dbSNP ID rs12979860 in 

individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

CC 2 (33) 7 (58) 8 (40) 
p = 0.62 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 0.47 

padj = 1.00 

CT 3 (50) 4 (34) 8 (40) 
p = 0.63 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

TT 1 (17) 1 (8) 4 (20) 
p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 0.63 

padj = 1.00 

CC 

or CT 
5 (83) 11 (92) 16 (80) 

p = 1.00 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 0.63 

padj = 1.00 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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rs8099917: The TT genotype of this SNP has also been shown to be 

favourably associated with spontaneous clearance.127,129 Figure 6.7 shows 

the distribution of the genotypes for this SNP in the three HCV-exposed 

groups – the ESN group, the SR group, and the group with chronic infection. 

Data for the general White British population was included as reference. 

 

The TT genotype was similar in frequency between the ESN group (67%) and 

the group with chronic infection (60%) but over-represented in the SR group 

(83%). No significant differences, however, were found.  
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Figure 6.7 Genotype frequencies of IL28B gene dbSNP ID rs8099917 in 

individuals with different outcomes following HCV exposure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype ESN 

no. (%) 

SR 

no. (%) 

CHR 

no. (%) 

ESN vs. SR 

p value 

ESN vs. CHR 

p value 

SR vs. CHR 

p value 

TT 4 (67) 10 (83) 12 (60) 
p = 0.57 

padj = 1.00 

p = 1.00 

padj = 1.00 

p = 0.25 

padj = 0.74 

TG 1 (17) 2 (17) 7 (35) 
p = 1.00 

padj = 0.63 

p = 1.00 

padj = 1.00 

p = 0.42 

padj = 1.00 

GG 1 (16*) 0 (0) 1 (5) 
p = 0.33 

padj = 1.00 

p = 0.42 

padj = 1.00 

p = 1.00 

padj = 1.00 

TT 

or TG 
5 (83) 12 (100) 19 (95) 

p = 0.33 

padj = 1.00 

p = 0.42 

padj = 1.00 

p = 1.00 

padj = 1.00 

* Rounded down for total % to add to 100 

ESN, exposed seronegative; GBR, White British; SR, spontaneously resolved; CHR, chronic 

infection; padj, p value with Bonferroni correction applied 
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In summary, the IL28B profile of the ESN group was similar to the group with 

chronic infection, with no observed differences in the frequencies of 

rs12979860 CC genotype and rs8099917 TT genotype between these two 

groups. The highest frequencies of the favourable genotypes were noted in 

the SR group, consistent with previous literature, although this did not reach 

statistical significance when compared with the other groups. 
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Table 6.4 Overview of the genetic and immune characteristics of the ESN group 

ID IFNA1 

rs35960747 

genotype 

APOBEC3H 

rs139300 

genotype 

KLRF1 

rs33911869 

genotype 

IL28B  

rs12979860 

genotype  

IL28B 

rs8099917 

genotype 

NKp30 

expression  

(% of NK cells 

expressing 

NKp30) 

IL2- induced 

cytotoxicity  

(% of K562 

cells lysed) 

IFN- 

production  

(% of NK cells 

producing  

IFN-) 

T cell 

response 

(IFN-

ELISpot) 

ESN1 CC AA TGT/-- CT TG 56.3 86.5 21.0 NS 

ESN2 CT GG TGT/-- CC TT 34.1 69.8 49.1 Positive 

ESN3 CC GG TGT/-- CT TT 33.0 81.6 23.3 NS 

ESN4 CC AA TGT/-- CT TT 23.5 55.8 24.5 Positive 

ESN5 CC AA TGT/-- TT GG 25.8 56.7 46.5 NS 

ESN8 CC AA TGT/-- CC TT 28.4 66.3 36.4 Positive 

Only results for the 6 ESN subjects (White British) with genetic data are shown above. 

ESN, exposed seronegative; IL, interleukin; IFN-, interferon-gamma; ELISpot, enzyme-linked immunospot assay 
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6.5 Discussion 

This study investigated the genetic profiles of ESN individuals and found that 

this cohort was genetically distinct from the general population and HCV-

seropositive individuals. Rare genetic variants, some with minor allele 

frequencies of <0.01 in the general population, were observed in at least two-

thirds of ESN subjects. A strong association was found between certain 

variants and the ESN group – CC genotype of rs35960747 (IFNA1 gene), AA 

genotype of rs139300 (APOBEC3H gene), and TGT allele of rs33911869 

(KLRF1 gene). Outside of this group, these variants were extremely rare in 

the British population and other Caucasian/European populations (some with 

sample size as high as 560).235 

 

The variants identified above were only seen in the ESN group and not in 

seropositive subjects i.e. those with spontaneously resolved or chronic 

infection. The discovery of these variants, almost exclusively, in the ESN 

group, suggests that these genes could be central to the immune control of 

HCV in these individuals and in determining their outcomes following 

exposure. 

 

These variants and their respective genes have not previously been 

associated with HCV immunopathogenesis or clinical outcomes. The first 

variant identified, rs35960747, is a bi-allelic (C/T) polymorphism affecting the 

IFNA1 gene. This missense mutation results in a change in amino acid 

sequence, from valine to alanine. The protein IFN-1 is one of 13 subtypes of 

IFN-, found on chromosome 9. IFN-1 is an important antiviral cytokine 
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produced by innate immune cells.124 Its role in HCV infection has already 

been discussed in detail in Chapter 1 “Introduction” section 1.7. In early HCV 

infection, a vigorous IFN- response is observed, but despite this, the virus 

persists in the majority of cases. Exactly how this polymorphism affects HCV 

immunity is currently unknown; it could result in a variant gene product with 

longer half-life, greater affinity for its receptor, or accelerated activation of the 

Janus kinase-signal transducer and activator of transcription (Jak-STAT) 

signalling pathway. Any of these factors could contribute to a more rapid and 

efficient elimination of the virus. 

 

The second polymorphism, rs139300, affects the splice region of the 

APOBEC3H gene, located on chromosome 22. It is a missense mutation 

(A/G) causing a change from lysine to glutamine. APOBEC3H is a member of 

the APOBEC family. This family of enzymes function as cytidine deaminases, 

converting cytidines to uracils, and are involved in mRNA editing. APOBEC 

enzymes are found in low levels in normal liver, but their expression is 

strongly stimulated by IFNs.236 APOBEC enzymes have significant antiviral 

activity; they are able to block replication of human immunodeficiency virus 

(HIV) and hepatitis B (HBV) by generating lethal hypermutations in the viral 

genome.236,237 APOBEC proteins are less well studied in HCV but could 

potentially play a part in the immune response to the virus. For example, 

APOBEC3G has been reported to inhibit HCV replication, and although the 

mechanism for this has not been elucidated, it does appear to be different to 

that seen in HIV and HBV.238 Our findings support the role of APOBEC 

proteins, in particular, APOBEC3H, in the immune control of HCV; very little, 
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however, is known about this protein in HCV and much more work is required 

to ascertain its role and mechanism of action in HCV infection.  

 

This study also discovered a novel polymorphism affecting the APOBEC3H 

gene. This variant involves a deletion of three bases, AAC, at position 

39,496,323 on chromosome 22, resulting in the loss of asparagine. As this is 

a novel variant, its frequency in the general population is unknown. Examining 

this variant in HCV-exposed individuals revealed an interesting finding; 

deletion of at least one copy of AAC was found in the majority of ESN 

individuals, but in SRs and those with chronic infection, this deletion was 

rarely seen. Although the association of this variant with the ESN clinical 

phenotype was not as strong as the other variants identified, this might have 

been due to the small sample size and hence, this novel variant warrants 

further investigation. 

 

The third polymorphism, rs33911869, is an in-frame deletion affecting the 

KLRF1 gene. This polymorphism involves deletion of TGT and its 

corresponding amino acid, cysteine. The KLRF1 gene is located on 

chromosome 12 and encodes NKp80, a receptor that activates NK cells.147 

This receptor is discussed in further detail in Chapter 1 “Introduction” section 

1.8.6. NK cells are one of the main effector cells of the innate immune system. 

Previous studies have found increased NK cell functional activity in ESN IDUs 

and have suggested this as an innate mechanism of defence against 

HCV.11,18 A polymorphism affecting an activating receptor, such as NKp80, 

could contribute to this increased functional activity; for example, by altering 
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receptor binding interactions, level of expression, or delivery of activating 

signals to NK cells, leading to an enhanced innate immune response to the 

virus.  

 

Genetic variation in the IL28B gene is strongly associated with favourable 

outcomes following HCV infection.110 Therefore, the role of IL28B 

polymorphisms was investigated. Consistent with previous literature,126–130 the 

favourable genotypes (rs12979860 CC genotype and rs8099917 TT 

genotype) occurred more frequently in blood recipients with spontaneously 

resolved infection than in those with chronic infection, although this was not 

statistically significant in this study. This is likely an effect of the small sample 

size of this study. Nevertheless, it is interesting to note that the frequencies of 

the IL28B genotypes in the ESN group were more similar to the chronically 

infected group than to the SR group, which may indicate that IL28B does not 

play a central role in the immune response of ESN blood recipients to HCV. 

This is in keeping with findings from a previous study by Knapp and 

colleagues, who also did not find any difference in IL28B genotypes between 

IDUs who were ESN and those with chronic infection.16 

 

Genetic association studies require large sample sizes to achieve sufficient 

statistical power. In HCV, cohorts of ESN individuals are rarely encountered 

and can be very challenging to identify; as a consequence, they have only 

been reported infrequently in the literature. This, in turn, limits the number of 

cases available for study and is reflected in our very small cohort of ESN 

blood recipients. A study with a small sample size, and hence low statistical 
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power, has a reduced chance of detecting a true effect (i.e. type II error) but 

also any significant effect observed is less reproducible and may be an over-

estimate of its true effect. In this study, a number of genetic variants were 

found to be significantly more frequent in the ESN cohort than in the others. 

Given the limitations of our sample size, significant findings in this study will 

need to be verified in an experimental model to test causality. It is unlikely that 

a repeat study with a much larger sample size of ESN individuals is feasible 

given the novelty of this cohort. 

 

In conclusion, our ESN blood recipients represent a unique cohort, genetically 

distinct from the general population and HCV-seropositive individuals. ESN 

individuals and SRs both have favourable outcomes following exposure to 

HCV, but genetically they appear to be very different. The occurrence of the 

genetic polymorphisms, rs35960747 CC genotype, rs139300 AA genotype, 

and rs33911869 TGT allele solely in the ESN cohort, could explain an 

unusual phenomenon whereby these individuals are protected from infection 

via a unique immune response to the virus. These genetic polymorphisms 

would benefit from further study using experimental models to test for 

causality.  
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Chapter 7 

Summary and Conclusions 

7.1 Introduction 

In hepatitis C (HCV), several studies have reported on subsets of individuals 

who, despite being exposed to HCV, do not have any clinical, serological, or 

virologic markers of infection. This phenomenon has been best studied in 

high-risk injecting drug users (IDUs).11–24 These exposed seronegative (ESN) 

IDUs pose an intriguing question: are they truly uninfected, or were they 

infected but either failed to develop antibodies, or lost them over time? 

Interestingly, ESN individuals have an enhanced innate immune response to 

HCV that is distinctive and not observed in spontaneous resolvers (SRs). The 

exact immune mechanisms involved are unknown, but this enhanced innate 

immunity could protect them from becoming infected.  

 

The main purpose of this thesis was to investigate whether this phenomenon 

occurred in the context of high-dose exposure to HCV, and if so, what 

immune mechanisms were involved. Prior to this study, ESN cases had only 

been reported in people exposed to small inocula of virus, for example, 

through injecting drug use, sexual contact, or needle stick injury. This study 

identified for the first time a novel cohort of blood recipients who remained 

seronegative following large-volume exposure to HCV via blood transfusion. 

The innate immunity of these ESN blood recipients was investigated at a 
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genetic and cellular level and compared with seropositive blood recipients 

with spontaneously resolved or chronic infection. 

 

One of the major findings was that the natural killer (NK) cells of ESN 

recipients were enhanced, displaying a more activated receptor phenotype 

and increased killing potential than that observed in seropositive recipients.  

The other important finding was on a genetic level; several rare 

polymorphisms of innate immune genes were found in ESN recipients but not 

in SRs or those with chronic infection. These genetic variants could potentially 

lead to alterations in innate immunity unique to ESN individuals that enhance 

their immune response to HCV. These results further support the role of 

innate immunity in the host immune defence against HCV and suggest 

possible mechanisms by which some individuals may be protected from 

acquiring infection. 

 

This chapter will present a summary of the main findings followed by 

conclusions drawn from this research, along with their potential implications. It 

will also discuss the limitations of this thesis and make recommendations for 

future work. 
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7.2 Research aims and summary of related findings 

7.2.1 Identification and characterisation of ESN individuals in the setting 

of high-dose exposure to HCV 

The first aim of this thesis was to identify and characterise individuals who 

remained seronegative following high-dose exposure to HCV. We elected to 

study a population of blood recipients exposed to the virus by blood 

transfusion, as this mode of exposure involves a much larger inoculum than 

the ones previously studied, such as IDU, sexual transmission and 

occupational exposure.  

 

A total of 1340 anonymous blood recipients were recorded in the English 

Lookback database as having received HCV-contaminated blood products 

pre-1991. Of the blood recipients that were successfully de-anonymised, over 

one-third were already deceased; of those that were still alive, one-fifth were 

older than 75 years (Chapter 2). 

 

To be recruited into the ESN group, each blood recipient was required to meet 

a set of selection criteria to confirm i) a history of definitive exposure to HCV 

and ii) the absence of any serological and virologic evidence of infection. A 

total of 8 cases of ESN blood recipients were identified using the criteria 

described below. 

 

Exposure to HCV: A set of criteria was employed to verify that each ESN 

blood recipient was definitively exposed to HCV. These criteria (outlined in 

detail in Chapter 2) were designed to demonstrate one of two scenarios; that 
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the donor had infected other recipients, both before and after donating blood 

to our seronegative recipient, thus confirming that the donor was infectious 

during this time; or, that our seronegative recipient had received part of a 

blood donation that was responsible for infecting another recipient, thus 

confirming the donation itself was contaminated. 

 

Seronegative status: All 8 subjects were seronegative on initial testing by the 

Lookback Programme. The median time from transfusion to initial testing for 

anti-HCV antibodies was 7.4 years in ESN individuals, not significantly 

different to seropositive blood recipients. At study entry, all 8 ESN subjects 

remained seronegative and were also aviraemic. Serological testing was 

performed using third-/fourth-generation assays and detection of HCV 

ribonucleic acid (RNA) was by commercial up-to-date polymerase chain 

reaction (PCR) assays. In addition to the absence of serological infection, 

these ESN individuals did not demonstrate any clinical evidence of infection. 

All of them were asymptomatic post-transfusion; specifically, none reported 

any symptoms of hepatitis or jaundice. There was no clinical or biochemical 

evidence of liver disease in the subjects, except for one who had biopsy-

proven non-alcoholic fatty liver disease (Chapter 2). 

 

Baseline demographics: There were no significant differences in the baseline 

characteristics between ESN individuals and the other comparison groups.  
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7.2.2 Genetic and innate immune factors that contributed to the immune 

response of ESN individuals to HCV 

Once a subset of blood recipients who fulfilled the criteria of “exposed 

seronegative” was identified, we went on to address the second major aim of 

this thesis. As mentioned earlier, some studies suggest that ESN individuals 

are protected from HCV by an enhanced innate immunity. Thus, this study 

investigated the potential role of innate immunity in seronegative individuals 

exposed to a high dose of HCV, to determine whether genetic or immune 

factors might play a part in protecting these individuals from HCV. 

 

The first major finding was that ESN blood recipients were genetically distinct 

from the general population and HCV-seropositive individuals (Chapter 6). A 

candidate gene approach was used to identify polymorphisms in innate genes 

that might be associated with the ESN clinical profile. Interestingly, genetic 

variants that were rarely seen in the general population were found in high 

frequencies in the ESN group, but not in SRs or those with chronic infection. 

The following variants, CC genotype of rs35960747 (IFNA1 gene), AA 

genotype of rs139300 (APOBEC3H gene), and TGT allele of rs33911869 

(KLRF1 gene), were found almost exclusively in ESN individuals. These 

variants could play a central role in the innate immune defence against HCV 

in ESN individuals. Although the precise mechanisms are not yet known, the 

presence of certain immune-related genetic variants in ESN individuals but 

not in SRs would support the hypothesis that the two groups are 

immunologically distinct populations.  
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In addition to being genetically distinct, ESN blood recipients also 

demonstrated differences in their natural killer (NK) cell phenotype (Chapter 

3) and function (Chapter 4). NK cells are one of the main effector cells of 

innate immunity. We found that ESN blood recipients possessed NK cells with 

a more activated receptor phenotype, characterised by a greater expression 

of the activating receptor NKp30, and this, in turn, was correlated with 

enhanced cytotoxic killing in vitro.  

 

In Chapter 3, the expression of activating and inhibitory receptors on NK cells 

was examined. The most striking difference between the ESN group and the 

others was the expression of NKp30. The NK cells of ESN individuals 

expressed significantly higher levels of NKp30 than any other group. This 

increased NKp30 expression was only seen in the ESN group; in SRs and 

those with chronic infection on the other hand, their NKp30 levels were similar 

to healthy controls. Although a polymorphism affecting the gene (KLRF1) 

encoding the activating receptor NKp80 was found exclusively in the ESN 

group, the expression of this receptor was not significantly increased in ESN 

subjects across all comparisons. This might have been due to the small 

sample size of this study failing to detect a true difference, or it is possible that 

the KLRF1 polymorphism may exert its effect on NKp80 in other ways (e.g. 

binding affinity) rather than its expression. 

 

NKp30 is an activating receptor of NK cells and so the study went on to 

examine in Chapter 4 whether the enhanced expression of this receptor had 

any effect on the function of NK cells. When stimulated, NK cells of the ESN 
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group demonstrated increased cytotoxic activity, and this killing potential was 

correlated with the level of NKp30. There were no differences, however, in 

interferon-gamma (IFN-) production between ESN blood recipients and the 

other groups.  

 

The role of HCV-specific T cell responses in ESN individuals is unclear. It is 

not known whether these responses are simply a marker of previous 

exposure to the virus, or whether they play a protective role. In Chapter 5, 

HCV-specific T cell responses were detectable in half of ESN blood recipients 

and absent in healthy controls. The responses in the ESN group, although 

weak, were consistent with previous exposure in that they were multi-specific 

i.e. targeted multiple HCV epitopes. The ESN subjects were exposed to HCV 

over 20 years ago, and so it is possible that virus-specific T cell responses 

had waned during this time. 

  



 

304 

7.3 Conclusions and potential implications 

This thesis describes for the first time a cohort of individuals who remained 

seronegative following exposure to HCV via blood transfusion. The 

identification of this cohort deserves special mention for several reasons. 

Cases of ESN individuals have not previously been reported in people 

exposed to high doses of HCV, such as blood transfusion. This form of 

exposure on a wide-scale level will remain a historical event that will never be 

repeated, following the implementation of universal screening. This is 

important to appreciate as it means that the opportunity to study such 

individuals will not present itself again. There is also the added time pressure 

with this being an aging cohort; many of the exposed individuals today are 

either already deceased or elderly. 

 

ESN individuals are challenging to identify; by being seronegative and 

asymptomatic, there are no laboratory markers that easily define a person as 

ESN. Instead, case identification relies heavily on being able to demonstrate a 

strong history of exposure. In this study, the ESN blood recipients were 

carefully selected to ensure that each and every individual had a definitive 

exposure to HCV. To do so, a set of selection criteria were designed to 

demonstrate that the donor was infectious at the time of making the donation 

to our ESN blood recipient, or, the donation itself received by our ESN blood 

recipient was contaminated. 

 

All our ESN blood recipients were confirmed to be seronegative and aviraemic 

using commercial highly sensitive up-to-date assays. The absence of any 
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serological evidence of infection defines this subset of individuals, although 

the significance of this seronegative status remains a matter of debate. Some 

researchers believe that the negative antibody status indicates an absence of 

infection, which could be due to a naturally occurring resistance to HCV that 

prevents them from becoming infected.11–13,16–18,20,22 A lack of anti-HCV 

antibodies, however, does not necessarily indicate an absence of infection, 

and other possibilities including seroreversion and failure to seroconvert at 

time of infection, are discussed below.  

 

From a clinical perspective, the main difference between the ESN group and 

the SR group in this study was the lack of an antibody response to the virus in 

ESN blood recipients. As this antibody response can wane and disappear 

over time, some might argue that ESN recipients were in fact SRs who 

became seronegative. The time to disappearance of antibodies, i.e. 

seroreversion, is somewhat variable, but is uncommon within 10 years from 

exposure, based on studies using sensitive third-generation assays.190 In our 

ESN subjects, the median time from exposure to initial anti-HCV antibody 

testing was 7.4 years, which is comparatively early for seroreversion to occur 

and makes this unlikely to account for the seronegative status observed.  

 

Another point to consider is whether the ESN blood recipients might have 

been SRs who cleared acute infection without seroconverting. HCV viraemia 

without seroconversion has been described in immunocompetent individuals; 

prison inmates have been reported to spontaneously clear viraemia without 

detectable anti-HCV antibodies, even with the use of sensitive third-
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generation assays. One possible explanation for this kind of phenomenon 

could be the size of the infective dose. The prisoners in these reports 

identified risk factors such as IDU, fighting with blood-to-blood contact, and 

unsafe sexual practice, which could in some cases involve exposure to only a 

small inoculum of virus.233,234 There is some evidence in animal studies that 

the size of the infective dose has an effect on whether seroconversion occurs 

or not. When the chimpanzees were exposed to low infective doses, infection 

without seroconversion occurred; with higher infective doses, however, 

seroconversion was induced and antibodies became strongly detectable.232 

Transfusion of contaminated blood products, on the other hand, involves the 

recipient receiving a much greater infective dose of the virus than in the 

situations described above. Thus, it is highly unlikely that any of our ESN 

blood recipients, who are all immunocompetent, would have been infected 

without developing seroconversion. 

 

This study discovered a number of genetic and immune factors that were 

unique to ESN blood recipients. The most significant finding was found at a 

genetic level. We observed a number of rare polymorphisms affecting innate 

immune genes that were found almost exclusively in the ESN group. The 

absence of these polymorphisms in SRs and those with chronic infection 

indicates that ESN blood recipients are genetically distinct. Although it is 

currently unknown what effect these genetic variants have on innate 

immunity, it is possible that they result in immune alterations that affect the 

way ESN blood recipients respond to HCV. Indeed, the ESN group 

demonstrated differences in their innate immune response, with a more 
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activated phenotype of NK cells, which, in turn, correlated with enhanced 

killing activity. This increased activation and killing potential of NK cells in 

ESN blood recipients has previously been reported to protect seronegative 

IDUs exposed to HCV. Our study confirms that a similar innate mechanism 

appears to be equally relevant in protecting blood recipients exposed to HCV. 

This feature of innate immunity was only observed in the ESN group and not 

in SRs, which further supports the notion that these two populations are 

immunologically distinct and respond to the virus differently. 

 

Finally, the role of T cells in the immune response of ESN blood recipients to 

HCV was also examined. HCV-specific T cell responses were present and 

multi-specific in the ESN group. These responses, however, were relatively 

weak, although they might have waned over time given the historical nature of 

the exposure. Previous studies have similarly noted that HCV-specific T cell 

responses in ESN IDUs tended to be weak, especially when compared with 

SRs.11,12 The low amplitude T cell responses observed in this study and those 

before it suggest that these responses are unlikely to mediate immune control 

of HCV in ESN subjects; instead, they are more likely to be a consequence of 

previous exposure. 

 

7.3.1 Limitations 

There are some limitations to this study. The sample size was limited by the 

small number of individuals that met the definition of “exposed seronegative”. 

Many of the seronegative recipients could not have their exposure confidently 

verified and so were excluded from the study. Consequently, the size of the 
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ESN group was very small. The comparison groups were recruited to similar 

numbers as the ESN group, to keep the sample sizes equal. With small 

numbers, this limits the power of the study and increases the risk of type I and 

type II errors. Both positive and negative findings have to be interpreted with 

caution. In a study with low statistical power, a true effect may not be detected 

i.e. false negative result; conversely, a positive finding may not actually 

represent a true effect i.e. false positive result. Therefore, results from this 

thesis, although highly intriguing and provide some insight into this cohort, 

requires further work and validation in an in vitro model. 

 

Secondly, the results obtained in this study were based on experiments 

performed using peripheral blood NK cells. HCV is a hepatotropic virus and 

the innate immune response to the virus is reliant on intrahepatic immune 

cells. Intrahepatic NK cells, however, are not easily obtained, as it requires 

invasive sampling of the liver. It is difficult to justify performing a liver biopsy in 

ESN individuals, who are healthy and do not have liver disease. Hence, many 

studies on ESN cohorts, including ours, have had to rely on extrapolating 

results from samples obtained peripherally. 

 

7.3.2 Recommendations for future work 

The significance of the genetic polymorphisms identified in our ESN blood 

recipients, including what, if any, effects they might have on the innate 

immune response to HCV is currently unknown. The genetic findings in this 

study require further validation by determining whether the proteins encoded 



 

309 

by these genes have antiviral activity that could suppress HCV replication in 

an in vitro cell culture system.  

 

7.4 Concluding remarks 

This thesis has described a novel cohort of blood recipients who, despite 

exposure to a large inoculum of HCV, did not develop any clinical or 

serological markers of infection. These ESN blood recipients demonstrated 

differences in their innate immune system, both at a genetic level and a 

cellular level, which may account for a distinctive immune response to HCV. 

Further research into the genetic and immune factors identified in this study 

could lead to the discovery of novel immune mechanisms against HCV that 

have the ability to resist infection. 
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