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A Study of the immune responses during antiviral treatment for 

hepatitis C virus infection 

Asma Ahmed 

 

Abstract 

Hepatitis C virus (HCV) is an RNA virus that primarily infects the liver, affecting 

70 million people worldwide, according to new estimates (Polaris Observatory 

HCV Collaborators., 2017). Only 15-25% of persons infected with HCV will 

spontaneously clear the infection with the remaining developing chronic infection. 

Chronic hepatitis C often results in progression to liver fibrosis and ultimately 

cirrhosis, with risk of developing liver failure and hepatocellular carcinoma (HCC). 

As a consequence, HCV is the most common indication for liver transplantation 

in developed countries. 

Chronic hepatitis C infection is characterised by a failure of HCV specific T cell 

responses caused by viral escape and T cell exhaustion considered to be 

mediated by constant antigen stimulation. Hepatitis C virus has developed 

strategies to escape innate immune responses leading to chronic infection in the 

face of ongoing innate immune activity. HCV protease NS3/4A and NS5A 

efficiently cleaves signalling molecules involved in pathways following activation 

of toll-like receptors and RIG-I by viral PAMPs to induce Interferons. HCV proteins 

also block signalling pathways initiated by endogenous interferon. Interferon 

stimulated genes induced despite these viral evasion mechanisms remain 
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ineffective in viral clearance. These mechanisms lead to viral persistence in 

chronic hepatitis C infection. 

Interferon based antiviral therapies failed to recover HCV specific CD8+ T cell 

function suggesting that the damage to T cells may be permanent even after 

antigen removal. 

Chronically infected patients show poor response to treatment with pegylated 

interferon- and ribavirin, particularly in the presence of endogenously activated 

innate immune pathways which are poorly responsive to exogenous interferon-

. The standard of treatment for chronic HCV has seen an extraordinary phase 

of development in recent years with new direct acting antiviral drugs achieving 

cure rates of over 96%. However, the role of adaptive and innate immune 

responses in preventing relapse, sustaining viral response and the nature and 

extent of immune restoration that occurs with interferon free treatment regimens 

remains to be defined. 

This thesis sets out work to analyse the impact of direct inhibition of ongoing viral 

replication by interferon-free therapy including direct acting antiviral agents on 

expression of T cell exhaustion markers and function of HCV specific T cells 

amongst treatment relapsers and responders. Understanding these mechanisms 

will determine their role in treatment outcomes and preventing viral relapse post 

treatment. 

Expression of T cell exhaustion markers, Programmed cell death protein – 1 (PD-

1) and Galectin-9, on T cells was studied using flow cytometry and demonstrated 

restoration of T cell phenotype following sustained viral response. Further work 

established a difference in PD-1 and Galectin 9 expression on CD8+ and CD4+ 
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T cells between treatment relapsers and responders. The functional effect of 

these findings was further confirmed by HCV specific T cell reactivity against HCV 

overlapping peptides using IFN- ELISpot assays, demonstrating the restoration 

of HCV specific T cell function following successful viral clearance. There was a 

distinct difference in baseline ELISpot responses between treatment responders 

and relapsers, showing a rapid reduction in ELISpot responses at week 2 in 

relapsers with early augmentation in T cell reactivity in treatment responders. 

These findings may predict cases which are likely to relapse, thereby guiding 

duration of treatment. 

To investigate innate immune responses, cytokine response to synthetic TLR and 

RIG-I ligands in a cohort of patients with sustained viral response was studied. 

There was an increase in the secretion of pro-inflammatory cytokines very early 

at treatment week 2 in the absence of synthetic TLR receptor ligands amongst 

treatment responders suggesting restoration of cytokine responses by use of 

direct acting antiviral agents, which may contribute towards viral clearance in 

addition to direct viral replication inhibition. This study also demonstrated at least 

partial restoration of innate immune responses after successful treatment of 

chronic HCV with interferon-free therapy shown by increase in secretion of a 

range of pro-inflammatory cytokines using TLR7/8 and RIG-I ligands 4 weeks 

after successful antiviral treatment. 

Overall, studies described in this thesis demonstrate both innate and adaptive 

immune restoration with treatment regimens not including interferon alpha and 

distinct early differences in treatment relapsers and responders, which may be 

predictive of viral clearance. 
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Introduction 

1.1 Introduction 

Hepatitis C virus (HCV) is an RNA virus that primarily infects the liver, affecting 

70 million people worldwide, according to new estimates (Polaris Observatory 

HCV Collaborators., 2017). Only 15-25% of persons infected with HCV will 

spontaneously clear the infection with the remaining developing chronic infection. 

Chronic hepatitis C infection often results in progression to liver fibrosis and 

ultimately cirrhosis, with risk of developing liver failure and hepatocellular 

carcinoma (HCC). As a consequence HCV is the most common indication for 

liver transplantation in developed countries. 

The standard of treatment for chronic HCV infection has undergone an 

extraordinarily rapid phase of development in recent years with the discovery of 

new direct acting antiviral drugs achieving cure rates of over 96%. Despite the 

development of highly effective direct acting antiviral (DAA) drugs, such treatment 

may not be easily accessible for most patients in resource limited regions. There 

is no available vaccine for hepatitis C, hence the main strategies of prevention of 

HCV focus on reduction of exposure. Thus, ongoing research in understanding 

immunological mechanisms predicting both natural and treatment induced 

clearance of hepatitis C virus remains important. 
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This chapter will outline virological and clinical features of hepatitis C virus 

infection, followed by a description of current understanding of immunological 

factors that determine the outcome of HCV infection and the concept of 

immunological changes during HCV treatment. 

 

1.2 Discovery of hepatitis C virus  

The hepatitis C virus is a hepatotropic RNA virus which was first discovered in 

1989. Prior to this, the majority of transfusion related cases of hepatitis were 

termed as Non-A Non-B hepatitis (NANBH). Early attempts to identify and 

characterise this infectious particle used complementary DNA clones constructed 

from RNA extracted from chimpanzees infected with NANBH. Despite many initial 

failures using this technique, a clone was eventually isolated which reacted with 

specific antibodies in the serum of patients with NANBH (Choo et al., 1989). HCV 

specific antibodies were later identified in the serum of individuals with NANBH 

(Alter et al., 1989, Miyamura et al., 1990) confirming it to be the cause of a 

majority of the cases with transfusion related hepatitis. HCV was classified as a 

flavivirus due to distant sequence similarities with other viruses in the Flaviviridae 

family of virus. It was later classed as the only virus in the Flaviviridae family 

under the genus Hepacivirus (Choo et al., 1991). 
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1.3 Virology 

1.3.1 HCV genome 

The HCV genome is a single stranded RNA molecule composed of a 9kb open 

reading frame (ORF) which is translated into a 3011 amino acid long polyprotein. 

The open reading frame is flanked by 5’ and 3’ untranslated regions (UTR) of 341 

and 230 nucleotides length respectively. Both 5’ and 3’ are highly conserved 

regions essential for polyprotein translation and genome replication. The 5’ UTR 

contains an internal ribosomal entry site that binds the 40S ribosomal subunit and 

initiates polyprotein translation. The polyprotein precursor is co-translationally 

and post-translationally processed by both cellular and viral proteases at the level 

of endoplasmic reticulum membrane to yield 10 mature viral proteins. These are 

divided into structural and non-structural proteins (p7, NS2, NS3, NS4A, NS4B, 

NS5A and NS5B) (Lindenbach and Rice, 2013). The structural proteins include 

core, which forms viral nucleocapsid, and the envelope viral glycoproteins E1 and 

E2. They are released by host cell endopeptidases. The single strand of positive 

sense RNA is contained within the nucleocapsid. Figure 1.1 demonstrates HCV 

genome, corresponding viral proteins and their function. 
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1.3.2 HCV cell entry and life cycle 

HCV has selective cellular tropism. In humans, it principally gains entry into 

hepatocytes which provide an effective site for continued viral replication. Many 

have also reported extrahepatic sites of viral entry and replication, particularly 

peripheral blood mononuclear cells, however this remains controversial. 

Advances in developing in-vitro HCV cell culture systems allowed greater 

understanding of HCV cell entry mechanisms and intracellular viral lifecycle. 

Initial studies used HCV like particles called HCV pseudoparticles (HCVpp). 

These HCVpp were composed of HCV glycoproteins (E1 or E2) attached to a 

lenti- or retroviral core particle. As the E1/E2 proteins were structurally intact in 

these HCVpp, they closely mimicked the attachment and entry of HCV into the 

cell, allowing to study steps of cell surface binding and viral entry (Bartosch et al., 

2003b). 

HCV particles are 50-80nm which can be found in various forms in the serum of 

infected host, including (i) free virus; (ii) virions bound to very low density 

lipoproteins (VLDL) or low density lipoproteins (LDL) which appear to represent 

the infectious fraction; and (iii) virions bound to immunoglobulins (Thomssen et 

al., 1993, Andre et al., 2002). This interaction of HCV with lipoproteins could 

contribute to the shielding of HCV glycoproteins from host immune response and 

explain poor detection and availability of HCV glycoproteins at the virion surface. 

More importantly, they play a role in HCV cell entry. 

Initial attachment of HCV particles onto hepatocytes is mediated by the heparan 

sulfate proteoglycan syndecan-1 or syndecan-4 (Shi et al., 2013, Lefevre et al., 

2014) or by the scavenger receptor B1 (SRB1) (Dao Thi et al., 2012). It was 
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initially thought that HCV glycoproteins are responsible for virion binding to 

heparan sulfate proteoglycans or SRB1, however more recent data suggests that 

apolipoprotein E (Apo-E) rather than HCV glycoproteins themselves could be 

involved in the initial contact (Jiang et al., 2013). After the initial attachment to cell 

surface, cell entry is facilitated by the co-ordinated action of cellular factors. 

These include SRB1, Tetraspanin, CD81, tight junction proteins Claudin-1 

(CLDN1) and Occludin (OCLN), and epidermal growth factor receptor (EGFR). 

CD81 and OCLN determine the tropism of HCV for human cells (Pileri et al., 

1998, Scarselli et al., 2002, Evans et al., 2007, Ploss et al., 2009). Sainz et al 

also identified cholesterol transporter Niemann-Pick C1-Like 1 (NPC1L1) as an 

additional entry factor (Sainz et al., 2012). In addition, Transferrin receptor 1 

(TfR1) has also been reported to be involved in cell entry (Martin and Uprichard, 

2013). However, precise role of these additional factors remains to be 

determined. 

On cell binding the virus forms an endosome composed of host cell lipid 

membrane. This endosome is then discharged into the cytoplasm in a pH 

dependent manner. Following this, the internal ribosomal entry site (IRES) on the 

5’UTR of the RNA virus genome enables translation of the HCV genome into a 

single polyprotein which is subsequently cleaved by the host cell endopeptidases 

and viral proteases into the non-structural and structural proteins of the virus. The 

later stages of replication continue in the cytoplasm in a complex termed as the 

“membranous web”, forming a scaffolding framework of viral replication, and is 

made up of host cell proteins and viral components. Viral proteins are also 

thought to play a role in the formation of this complex as discussed in section 

1.3.3. The virus and its constituent proteins are then assembled in the 
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membranous web, which is associated with the endoplasmic reticulum. The new 

virus particles are released by budding at the cell membrane. Virus turnover is 

very rapid and reported to be at the rate of 1010 to 1012 virions produced per day 

(Hoofnagle, 2002). Figure 1.2 summarises HCV entry and lifecycle.  
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HCV lipoviralparticle enters the cell by engagement of attachment and entry 

factors followed by Clathrin mediated endocytosis. Subsequent to internalization 

there is fusion and pH mediated release of viral genome in cytoplasm. 

Engagement with Ribosomes allows translation of viral polyprotein. RNA 

replication and assembly continues in membranous web associated with 

endoplasmic reticulum. Intact infectious viral particles are then released from the 

cell as lipoviralparticles.  

Figure 1. 2 HCV cell entry and life cycle 
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1.3.3 Role of HCV proteins 

HCV non-structural proteins are involved in polyprotein processing and viral 

replication. 

NS3 is an important non-structural viral protein. The N-terminal third is occupied 

by a serine protease essential for the cleavage of the non-structural region of the 

polyprotein. The C-terminal segment forms the NTPase/RNA helicase thought to 

be required for organisation of replicated RNA by unwinding of single and double 

stranded RNA (Brass et al., 2006). NS4A is a co-factor for the NS3 serine 

protease in releasing non-structural proteins. NS4B is an integral membrane 

protein, thought to play a role in the formation of membranous web necessary for 

the later stages of viral replication and virion assembly (Egger et al., 2002). NS5A 

is poly-phosphorylated protein also involved in viral replication. 

NS5B is an RNA-dependent RNA polymerase which is important for HCV 

replication via synthesis of complementary plus RNA strand from complementary 

minus RNA strand using the genome as template. 

Variability in subgenomic regions such as E1, NS4 and NS5 is responsible for 

HCV heterogeneity with 7 distinct major subtype genotypes with genetic 

variability of 30-50% and more than 100 further sub-types (Simmonds, 1995, 

Smith et al., 2014). 

P7 has been shown to create selective ion channels in the host cell membrane, 

but exact role of p7 and that of NS2 in HCV viral replication remains unclear 

(Pavlovic et al., 2003, Steinmann and Pietschmann, 2010). 
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The structural proteins include the core, which forms viral nucleocapsid, the 

envelope glycoproteins E1 and E2. They are released following cleavage by host 

cell endopeptidases. The two envelope glycoproteins E1 and E2 are thought to 

play pivotal roles at different steps of HCV replicative cycle (Bartosch et al., 

2003a). There is strong evidence that they are essential for host cell entry. 

Hypervariable regions have been identified in the E2 envelope glycoprotein 

sequence. The amino acid stretches differ by up to 80% among HCV genotypes, 

and even among subtypes of the same genotype (Weiner et al., 1991, Kato, 

2001).  

Function of HCV proteins encoded by HCV genome is also denoted in Figure 1.1. 

 

1.4 HCV transmission 

HCV is a blood borne virus and is transmitted mainly by the parenteral route with 

blood transfusion and injection drug use (IDU) being the highest risk modes of 

transmission. Since screening of blood donors for HCV became widespread 

between 1991 and 1992, IDU has been the main route of transmission of new 

infections in developed countries (Alter et al., 1990). 

In healthcare settings, occupational needle stick injuries, use and re-use of non-

sterile needles, syringes and haemodialysis can be a route of transmission of the 

virus. A striking example of this is in Egypt, where intravenous tartar was used as 

part of national treatment programme between 1950 and 1980 in an attempt to 

eradicate Schistosomiasis. As disposable needles had not come into common 
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use at the time, a very large number of population were inoculated with HCV 

(Frank et al., 2000). 

Sexual transmission of HCV is rare, particularly in those in a monogamous 

relationship (0-0.6% per year), but the risk is increased in those with high risk 

sexual behaviour (0.4-1.8% per year), such as men who have sex with men or 

those with multiple sexual partners (Wyld et al., 1997). 

Vertical transmission from mother to child in uncommon. However, co-infection 

with Human immunodeficiency virus (HIV) appears to increase the risk of both 

vertical and sexual transmission. Finally, non-sexual household contact 

transmission has also been reported. Overall, previous reports have also 

demonstrated that route of transmission cannot be identified in as many as 20% 

of the cases (MacDonald et al., 1996). 

 

1.5 Epidemiology 

Chronic hepatitis C virus infection is a major cause of cirrhosis and hepatocellular 

carcinoma (HCC) globally. Previous estimates reported 2.8% (range of estimates 

2.6% - 3.1%) of the world population, more than 184 million persons as being 

infected with HCV (2002). Worldwide prevalence of HCV infection varies widely, 

and precise global estimates are limited due to undiagnosed disease and lack of 

appropriate data. More recent estimates HCV to be affecting 1% of the world 

population, corresponding to a lower number of 71 million active cases (2017). 

2.3 million people worldwide are co-infected with HIV and HCV. There are major 

regional disparities in the prevalence of HCV. Globally, Egypt has the highest 



 42 

estimated prevalence of 30%, mainly nosocomial because of treatment 

administration during eradication of Schistosomiasis (Thursz and Fontanet, 

2014). Prevalence is also high in India, Pakistan, China and Indonesia but 

markedly lower in Japan, Northern and Western Europe, North America and 

Australia (1999). 

The overall mortality attributable to viral hepatitis in 2015 is approximately 

720,000 deaths from cirrhosis and 470,000 deaths from hepatocellular carcinoma 

(HCC), with an increase of 22% since 2000. 

 

1.6 Natural history of HCV infection 

Following HCV infection, active virus replication is evident by virus RNA being 

detectable in the serum as early as 1-2 weeks after infection (Hoofnagle, 2002). 

This is followed by a rise in liver enzymes within 1-3 weeks, predominantly 

Alanine aminotransferase (ALT), signalling acute hepatic inflammation and 

necrosis. This stage is most often asymptomatic, although about a third of cases 

develop an acute viral illness composed of constitutional symptoms such as 

nausea, malaise, anorexia and fatigue. Only a minority of these cases will have 

a significant enough hyperbilirubinaemia to present with jaundice  (Thimme et al., 

2001). Emergence of HCV antibody responses occur at or shortly after the onset 

of symptoms. Evolution from acute to chronic hepatitis is asymptomatic in most 

and occurs up to 85% of cases (Seeff, 2002). The chronic course is characterised 

by fluctuating levels of viral RNA and ALT with chronic infection being defined as 

persistence of viral RNA in serum for 6 months or more. In only a small proportion, 

the initial immune response to the virus results in spontaneous clearance (15-
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25%), which is marked by undetectable virus in serum measured by polymerase 

chain reaction (PCR). The majority of those who clear the virus have persistent 

positive HCV antibody after clearing the infection, although antibody titres can 

wane with time (Takaki et al., 2000). 

Once chronic infection is established the progression to liver fibrosis and 

ultimately cirrhosis occurs over a variable time scale. In most, it occurs over a 

period of decades with an estimated incidence of 5-20% after 20 years of infection 

(Seeff, 2002). A number of factors can accelerate the progression to cirrhosis 

including age at onset of greater than 40 years, male gender, daily consumption 

of alcohol of 30g or more per day, co-infection with HIV and/or hepatitis B virus, 

insulin resistance, presence of non-alcoholic steatohepatitis and 

Haemochromatosis. HCV cirrhosis is a major risk factor for development of 

hepatocellular carcinoma (HCC). It has an annual incidence of 1-4% in those with 

established HCV cirrhosis (Fattovich et al., 1997, Chiaramonte et al., 1999). 

 

1.7 Testing for HCV infection 

The confirmation of established infection with HCV requires demonstration of 

antibody to HCV and evidence of viral RNA in plasma or serum. The first 

serological tests to detect HCV antibody is a major advancement, drastically 

reducing the incidence of transfusion related transmission. The first generation 

enzyme immunoassay (EIA-1) utilized antibody reactivity to recombinant NS4 

antigen termed as c100-3. The specificity of EIA-1 was low and high false positive 

rates were a major concern, being reported to be as high as 70% in low risk 

populations. Thus positive tests often required a supplementary confirmatory test, 
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the recombinant immunoblot assay (RIBA). RIBA uses an immunoblot platform 

based on four recombinant HCV antigens. A positive RIBA test was present when 

reactivity to two or more antigens was demonstrated. In a low prevalence setting, 

RIBA was helpful in detecting false positives. Later development of the 3rd 

generation EIA made the need for RIBA testing obsolete, due to its high sensitivity 

of 97-99% and specificity approaching 99% (Colin et al., 2001). EIA-3 detects 

antibody reactivity to structural and non-structural viral proteins including core, 

NS3, NS4 and NS5. 

Molecular assays have been the mainstay in detecting circulating viral RNA, 

principally using reverse transcription (RT) PCR techniques. HCV RNA assays 

can be divided into those that detect absence or presence of viraemia 

(qualitative) and those that detect quantity of viral nucleic acid (quantitative) 

termed viral load. Quantitative assays are useful for monitoring during treatment. 

There has been rapid development in HCV RNA assays with both quantitative 

and qualitative tests becoming increasingly sensitive with similar levels of 

detection. Prior to 1999, viral titres were reported as number of viral copies in 1ml 

of serum (copies/ml). In order to standardise all available assays, the WHO 

collaborative group developed an international standard allowing viral load to be 

expressed in IU/ml providing comparison across all assays (Saldanha et al., 

1999). The conversion factor for IU/ml to copies/ml varied between the assays 

used. There are a number of commercially available highly sensitive and reliable 

assays that are able to quantify HCV RNA at a level as low as 10 IU/ml (Cobas 

v2.0, Roche Molecular Systems). 

 



 45 

1.8 Treatment of HCV 

Interferon- was used to treat patients with chronic HCV infection, then known as 

non-A non-B hepatitis, years prior to the identification of the virus itself (Hoofnagle 

et al., 1986). Treatment outcomes improved significantly after the nucleoside 

analog Ribavirin was added to prevent relapse (Reichard et al., 1998), and later 

after IFN-’s pharmacokinetics were optimised by pegylation (Pegylated IFN-) 

(Zeuzem et al., 2000). 

Until 2011, recombinant pegylated-interferon- and Ribavirin were the standard 

of treatment for HCV infection. Successful treatment outcome is defined as 

undetectable HCV RNA 6 months following completion of treatment and is termed 

as sustained virological response (SVR). This combination resulted in an SVR 

rate of 40-45% in genotype 1 patients with 48 weeks of treatment and 75% with 

24 weeks of treatment in genotypes 2 and 3, and was frequently associated with 

intolerable side effects. 

The treatment of HCV has revolutionised in recent years with development of a 

number of effective oral antiviral treatment regimens directly inhibiting non-

structural viral proteins involved in viral replication, targeting NS3/4A, NS5A and 

NS5B, thereby disrupting viral replication. These treatments are categorised as 

direct acting antiviral agents (DAA) and result in SVR rates of over 95% just after 

8 - 12 weeks of treatment. 

There are four classes of currently available DAAs, defined by their mechanism 

of action and therapeutic target. These include NS3/4A protease inhibitors (PIs), 
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NS5A inhibitors, NS5B nucleoside polymerase inhibitors (NPIs), NS5B non-

nucleoside polymerase inhibitors (NNPIs). 

NS3/4A protease inhibitors are inhibitors of the NS3/4A serine protease, an 

enzyme involved in post-translational processing and replication of HCV. 

Protease inhibitors disrupt HCV by blocking NS3 catalytic site or NS3/4A 

interaction. 

The first generation of DAAs, NS3/4A protease inhibitors were co-administered 

with pegylated interferon and Ribavirin, thereby adding to the side effect burden. 

However, subsequent DAAs, used in combination can be administered without 

pegylated interferon, are more efficacious with shorter duration of treatment and 

limited side effect profile. 

Second generation protease inhibitors currently available include Simeprevir for 

genotype 1 infection, pangenotypic Glecaprevir available in combination with 

Pibrentasvir (NS5A inhibitor), pangenotypic Grazoprevir available in combination 

with NS5A inhibitor Elbasvir, while pangenotypic Voxilaprevir is available in 

combination with NS5A inhibitor Velpatasvir and NS5B inhibitor Sofosbuvir. 

NS5A inhibitors are potent drugs with low barrier to viral resistance and 

associated with high SVR rates when used in combination with other direct acting 

anti-viral agents. Currently available drugs in this class include Daclatasvir, 

Elbasvir, Ledipasvir, Ombitasvir, Pibrentasvir and Velpatasvir. 

NS5B, as discussed previously, is an RNA dependent RNA polymerase which is 

highly conserved across all HCV genotypes and essential for viral replication. 

Thus, giving NS5B inhibitors efficacy against all HCV genotypes. The enzyme 
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has a catalytic site for nucleoside binding and four other sites where non-

nucleoside compounds can bind and cause allosteric alteration. Hence NS5B 

inhibitors are divided into Nucleoside polymerase inhibitors, which includes 

Sofosbuvir and non-nucleoside inhibitors, which has only been studied as an 

adjunct to other more potent compounds and includes Dasabuvir used with 

combination of Ombitasvir-Paritaprevir-Ritonavir. 

Currently available direct acting antiviral agents, fixed dose combination 

regimens available and their therapeutic target proteins are outlined in Table 1.1 
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Table 1. 1 Direct acting antiviral agents and their mechanism of action 

Drug Class /Therapeutic target Names 

NS3 Protease Inhibitors 

Glecaprevir 

Grazoprevir 

Paritaprevir 

Simeprevir 

Voxilaprevir 

NS5A Inhibitors 

Daclatasvir 

Elbasvir 

Ledipasvir 

Ombitasvir 

Pribentasvir 

Velpatasvir 

NS5B 

Inhibitors 

Nucleoside 

polymerase 

inhibitors 

Sofosbuvir 

Non-nucleoside 

polymerase 

inhibitors 

Dasabuvirr 

Fixed dose combinations available 

Elbasvir-Grazoprevir 

Glecaprevir-Pibrentasvir 

Ledipasvir-Sofosbuvir 

Ombitasvir-Paritaprevir-Ritonavir 

Sofosbuvir-Velpatasvir 

Sofosbuvir-Velpatasvir-Voxilaprevir 
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1.9 Models for the study of HCV infection 

1.9.1 In-vivo models 

Since its discovery, the study of HCV has always been in need of robust small 

animal model for the study of HCV cell entry, replication and cell virus 

interactions. The only established animal model for hepatitis C infection is 

Chimpanzee (Pan Troglodytes) (Houghton, 2009). They can be infected with 

isolates of the 6 epidemiologically important hepatitis C virus genotypes and have 

innate and adaptive immune responses similar to those observed in infected 

humans (Bukh, 2004). Conservation issues, high expenses and limited 

availability are the limitations to study HCV in these animals. Hence, National 

Institute of Health (NIH) has stopped all research involving Chimpanzees.  

A wild smaller mammal related to primates, the tree shrew (Tupai b. chinensis) 

has been shown to be infected by HCV although viraemia is transient and clinical 

illness is difficult to establish without immunosuppression (Xie et al., 1998).  

Attempts have also been made to study HCV in immunodeficient mice carrying 

engrafted human hepatic cells. These models have numerous limitations and are 

difficult to translate to human infection (Bukh et al., 2001). 

 

1.9.2 In vitro models 

Early in-vitro models used primary cells from humans and chimpanzees to study 

the establishment of HCV infection. However, these models were limited as 

infection was frequently transient (Castet et al., 2002). The challenge was to 

develop a stable model to support replication as well as production and release 
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of intact virus. The development of replicon has been a great breakthrough. 

Lohmann et al developed subgenomic clones of HCV genotype 1b containing 

only non-structural portion of the genome and combined it with a heterologous 

encephalomyelitis virus (EMCV) internal ribosomal entry site sequence (IRES) to 

facilitate the translation of non-structural proteins in-vitro (Lohmann et al., 1999). 

Upstream of the ECMV IRES, a coding sequence for the neomycin 

phosphotransferase gene was used for later selection of replicating clones. 

Intracellular replication of viral RNA was demonstrated when this subgenomic 

replicon construct was transfected into the human hepatoma cell line, Huh 7. 

Although these systems provide autonomous replication which could be 

sustained beyond a year, it became clear that effective replication of clones 

reduced with time. This problem was solved by adaptive mutations in the non-

structural region of the genotype 1b clone which greatly increased replication 

levels (Lohmann et al., 2001, Blight et al., 2000). 

Wakita developed a genotype 2a full length replicon (JFH-1) isolated from a 

Japanese patient with fulminant hepatitis. This full length HCV genome replicates 

efficiently producing virus particles in Huh-7 (Wakita et al., 2005). Further 

developments have led to Huh 7 derived cell line Huh 7.5.1 which is highly 

permissible to JFH-1 virus infection and releases higher viral titres of 104 – 105 

infectious units per ml of culture supernatant. This led to the development of 

infectious hepatitis C virus cell culture system (HCVcc). This is a cell culture 

infection system based on JFH-1 clone and Huh 7 derived cell lines that allows 

production of the virus which can be efficiently propagated in tissue culture 

(Zhong et al., 2005). 



 51 

HCV pseudo particles (HCV pp) allowed study of early stages of viral life cycle, 

which were produced by transfecting three vectors encoding retroviral Gag and 

Pol proteins, reporter protein luciferase, and HCV glycoproteins E1 and E2 in 

human embryo kidney cells (293T). 293T cells then secrete viral pseudo particles 

which can be used to infect Huh-7 cells. Infectivity is evaluated by quantification 

of the amount of luciferase expressed in Huh-7 cells (Bartosch et al., 2003a). 

 

1.10 Outcome of HCV infection – Non-immune factors 

A number of non-immune factors have been recognized, mainly from 

epidemiological studies that may influence the natural clearance of HCV 

infection. This includes a number of host and viral factors described further in this 

section. 

The most influential immunogenetic host factor linked to viral clearance is single 

nucleotide polymorphism (SNP) close to locus for IL28B gene. This is discussed 

in detail in section 1.12.3. In addition,  two key factors that determine viral 

clearance are female gender and symptomatic acute infection (Micallef et al., 

2006). Several studies have demonstrated that clearance is more likely in those 

with acute jaundice and other symptoms (Villano et al., 1999, Santantonio et al., 

2003). Earlier reports have suggested that this could be due to stronger immune 

responses to the virus seen in these symptomatic individuals, however these 

responses can be similarly demonstrated in asymptomatic individuals. Numerous 

studies identify female gender as an independent predictor of viral clearance 

(Alric et al., 2000, Micallef et al., 2006, Grebely et al., 2006). 
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Additional predictor was found to be ethnicity, Caucasians are more likely to clear 

the virus compared to Afro-Caribbeans (Villano et al., 1999, Piasecki et al., 2004). 

The advantageous IL28B allele is also more frequently found in mixed European 

descent and Asian populations relative to the African-Americans. Hence, some 

of the race related differences in response to therapy with pegylated interferon 

and ribavirin can be explained by these population differences. 

Co-infection with HIV also favours HCV chronicity, likely to be related to 

immunosuppression due to reduced CD4+ T cell counts (Grebely et al., 2014, 

Thomas et al., 2000). Conversely, co-infection with HBV increases the likelihood 

of spontaneous clearance of HCV particularly in acute setting (Piasecki et al., 

2004). 

A 5 year prospective follow up study where more than half of the individuals had 

symptomatic infection demonstrated that acquisition of infection at an older age 

was predictive of resolution of infection (Santantonio et al., 2003). This was not 

replicated in other studies (Thomas et al., 2000, Rolfe et al., 2011). 

 

1.11 Outcome of HCV infection - Immune factors 

Immune responses are vital in achieving viral clearance. However, chronic HCV 

infection usually results from the inability of the host to mount an effective immune 

response and due to the propensity of the hepatitis C virus to escape or subvert 

immune responses. The following sections will discuss innate and adaptive 

immunity which may influence HCV outcome spontaneously and in context of 

antiviral treatment. 
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1.12 Innate immunity 

Innate immune responses are the first line of defence against viral infections. 

Interferons are the central cytokines responsible for the induction of antiviral state 

in cells and for activation and regulation of cellular components of innate 

immunity such as natural killer (NK) cells (Stetson and Medzhitov, 2006). 

 

1.12.1 HCV recognition by PRR and signalling pathways 

HCV is sensed as non-self by specific innate immune receptors called pathogen 

recognition receptors (PRRs) which bind to conserved motifs within viral particles 

called pathogen associated molecular patterns (PAMPs) leading to coordinated 

activation of innate immune response. Recognition of PAMPs by PRR activates 

the antiviral immune mechanisms and enables early viral clearance as well as 

the priming of adaptive responses. A number of PRRs sense viruses as foreign 

invaders leading to activation of innate immune signalling pathways. Following 

internalization of viral antigens by antigen presenting cells or infected 

hepatocytes, viral RNA is recognised by PRRs. These include Toll like receptors 

(TLR3 and TLR7/8 for RNA) and cytosolic receptor RNA helicase Retinoic acid 

inducible gene-I (RIG-I). HCV core and non-structural proteins are important 

PAMPs for these pattern recognition receptors. A single point mutation in RIG-I 

and a lack of TLR3 expression in the human hepatocellular carcinoma derived 

cell line Huh-7.5 and its derivatives contribute to a 50-fold greater permissiveness 

for HCV replication (Bartenschlager and Pietschmann, 2005, Li et al., 2005). 
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HCV is recognised by RIG-I within hours of infection and activates downstream 

signalling(Loo et al., 2006). HCV recognition by RIG-I occurs upon its binding with 

the exposed 3’UTR of HCV RNA rich in polyuridine motifs poly U/UC 

ribonucleotides (Uzri and Gehrke, 2009). HCV binding with RIG-I induces a 

conformational change that promotes its translocation from cytosol into 

intracellular membranes facilitating the interaction of RIG-I with Mitochondrial 

antiviral signalling protein (MAVS) (Gack et al., 2007). The RIG-I/MAVS 

interaction promotes the formation of a MAVS signalosome that propagates 

activation of downstream effector molecules including interferon regulatory factor 

3 (IRF-3) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

B) (Loo and Gale, 2011), which in turn induce the production of type I and type 

III IFNs via IRF-3, and pro-inflammatory cytokines and chemokines via NF-B 

and AP-1. The endoplasmic reticulum (ER) contains a specialised domain, the 

mitochondrial associated membrane (MAM) which physically links ER to 

mitochondria and has been implicated in inflammasome signalling (Horner et al., 

2011). 

TLR3 is an endosomal sensor of dsRNA expressed on peripheral immune cells 

including myeloid dendritic cells (mDCs) and natural killer (NK) cells. TLR3 is also 

expressed on cells within the liver, including hepatocytes and the liver resident 

macrophages called Kupffer cells. TLR3 signals are transmitted through the 

adaptor protein Toll/interleukin-1 receptor (TIR) domain containing adaptor 

protein including interferon beta (TRIF), which activates IRF3 and NF-B leading 

to the production of type I interferons, proinflammatory cytokines and chemokines 

(Takeuchi and Akira, 2009). While synthetic dsRNA ligands of TLR3 can induce 
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IRF3 dependent signalling in cells within 24 hours, HCV infection triggers this 

response 3-4 days after the infection (Wang et al., 2009). 

TLR7 and 8 recognise viral ssRNA. These are expressed predominantly on pDCs 

and mDCs and also on NK cells and Hepatocytes. HCV RNA leads to the 

activation of TLR7 and TLR8 through HCV RNA polyuridine tail (Zhang et al., 

2009, Zhang et al., 2005, Decalf et al., 2007, Meier et al., 2007, Judge et al., 

2005, Hornung et al., 2005). TLR7 and 8 use myeloid differentiation factor 88 

(MyD88) as main adaptor protein to induce activation of IRF7 and NF-B leading 

to production of IFN- (Zhang et al., 2009). There is also increased expression 

TLR7 and 8 on monocytes in HCV infection, although the significance of this 

remains unclear (Sato et al., 2007). 

 

1.12.2 Role of interferons 

Interferons are a family of cytokines grouped in three classes: type I, II and III. 

Type I interferons include IFN-, IFN-, IFN-, IFN-. Type I interferons are 

produced by most mammalian cells in response to viral and bacterial infections, 

with increased levels found in liver in both acute and chronic HCV (Bigger et al., 

2001, Mihm et al., 2004, Su et al., 2002). Type II IFN, IFN- is produced by NK 

and natural killer T (NKT) cells as part of the innate immune response, and by 

activated antigen specific T cells (both CD4+ Th1 and CD8+ cytotoxic T cells) in 

response to viral infections. Type III IFN include IFN-1 (IL-29), IFN-2 (IL28A) 

and IFN-3 (IL28B), which are also produced in viral infections by cells of innate 

immune system, amongst which IFL-3 is most potent in inhibiting JFH-1 
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replication (Thomas et al., 2012, Marcello et al., 2006). All types of interferons 

induce an antiviral state by transcriptional activation of hundreds of interferon 

stimulated genes (ISGs). Macrophages and dendritic cells (DCs) do not have to 

be infected by viruses in order to produce interferons. Instead, they constantly 

sample material from outside, including intact viral particles as well virus 

containing remnants of apoptotic cells. Degradation processes in the endosomes 

then exposes viral nucleic acid to recognition by Toll like receptors. Type I and II 

interferons are essential for the defence against viruses. Knockout mice that lack 

the receptors for IFN- or IFN- or components of IFN signalling pathways 

succumb to otherwise harmless viruses (Muller et al., 1994, Durbin et al., 1996). 

Type I interferons bind with heterodimeric transmembrane receptors IFNA-

R1/IFNA-R2 leading to activation of receptor associated protein tyrosine kinases, 

Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), which phosphorylate 

transcription factors known as signal transducers and activators of transcription 

(STATs). IFN- binds to widely expressed IFN- receptor. IFN- binds to a 

receptor consisting of the ubiquitously expressed IL-10R2 chain shared with 

Interleukin 10 (IL-10) receptor and a unique IFN- receptor 1 chain whose 

expression is mainly restricted to epithelial cells (Kotenko et al., 2003, Donnelly 

et al., 2004). IFN- expression has been shown to be very low in control liver 

biopsy samples but significantly increased in the setting of chronic viral infections 

(Duong et al., 2014). All IFNs activate STAT1 to form homodimers that 

translocate into the nucleus and bind to the gamma-activated sequence (GAS) 

elements in interferon stimulated genes (ISGs). Type I and II IFNs additionally 

activate STAT 1 and STAT 2 triggering their stable association with interferon 

response factor 9 (IRF-9). The resulting IFN-stimulated gene factor 3 (ISGF3) 
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transcription factor complex localises to the nucleus and binds to Interferon 

stimulated response elements (ISRES) leading to transcription of Interferon 

stimulated genes (ISGs). The ISG encoded proteins inhibit viral transcription, 

translation and replication through a variety of mechanisms (Levy and Darnell, 

2002, Schoggins et al., 2011, Stark and Darnell, 2012, MacMicking, 2012). These 

also promote further release of IFN- and IFN- in an autocrine fashion. 

The subtype of Interferon driving permanent expression of ISGs in chronic 

hepatitis C is not entirely clear. IFN- can be excluded because the set of ISGs 

induced in chronic HCV are not typical type II interferon induced genes (Sarasin-

Filipowicz et al., 2008, Dill et al., 2012, Bigger et al., 2004). IFN- can be 

cautiously excluded because IFN- signalling is subject to negative feedback 

inhibition by Ubiquitin specific peptidase (USP18) which would prevent long 

lasting activation of ISGs (Dill et al., 2012, Sarasin-Filipowicz et al., 2009). 

Interestingly, USP18 does not inhibit IFN- signalling (Makowska et al., 2011). 

Therefore, Type III interferons are considered to be the primary drivers of ISG 

induction in chronic hepatitis C patients with an activated endogenous IFN 

system. 

 

1.12.3 Role of Interferon- 

IFN-s display type I interferon-like antiviral activity, although are structurally 

closer to members of Interleukin-10 (IL-10) cytokine family. Receptor signalling 

leading to production of ISGs is discussed in Section 1.12.2. Following both in-

vitro and in-vivo HCV infection, type III are upregulated at the mRNA and protein 
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levels to an even greater extent than type I IFNs (Thomas et al., 2012, Park et 

al., 2012). Type III interferons in addition to inducing well known ISGs activate a 

distinct set of genes in primary human hepatocytes from the type I interferons, 

including those involved in chemotaxis and antigen presentation, suggesting 

possible divergent signalling pathways following receptor engagement (Thomas 

et al., 2012). The induction of type III interferons as the predominant antiviral 

pathway and driver of ISG induction may render hepatocytes refractory to further 

type I interferon action, which is supported by the observation that blocking type 

III interferon enhances the antiviral activity of exogenous IFN- (Thomas et al., 

2012). 

One of the major discoveries in the area of HCV immune response has been the 

finding that SNPs within or near IFNL3 gene locus encoding IFN-3 or IL28B are 

highly predictive of both spontaneous resolution of infection and antiviral 

treatment response. A genome wide association study demonstrated that 

patients homozygous for the C allele at the rs12979860 SNP of IFNL3 had a 2 

fold greater chance of cure with previous standard of care pegylated IFN and 

Ribavirin (Ge et al., 2009). This favourable IFNL3 variant is associated with lower 

ISG expression in pre-treatment liver biopsies (Urban et al., 2010) and 

exogenous IFN- is seen to induce a rapid antiviral state (Sarasin-Filipowicz et 

al., 2008). 

 

1.12.4 HCV evasion of innate immune signalling 

Hepatitis C virus has evolved important interactions with host cell that benefits 

the viral lifecycle by disarming and evading innate immune responses. Once 
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sufficient viral proteins have accumulated, HCV uses its NS3/4A protease to 

target MAM anchored synapse, thereby cleaving MAVS from MAM (but not from 

the mitochondria) and ablating RIG-I mediated innate immune signalling (Horner 

et al., 2011). NS3/4A also interferes with TLR3 signalling mediated by binding of 

activated TLR3 to the adaptor TRIF (Toll/interleukin-1 receptor domain-

containing adapter-inducing IFN-), which is then cleaved by NS3/4A (Horner 

and Gale, 2009). In addition, NS3/4A also interacts directly with TANK-binding 

kinase 1 (TBK1) to reduce TBK1-IRF3 interaction and therefore inhibits IRF3 

activation (Otsuka et al., 2005). 

HCV also interferes with the TLR-MyD88 pathway through NS5A interaction with 

MyD88 to prevent IRAK (Interleukin-1 receptor associated kinase) recruitment 

and cytokine production (Abe et al., 2007). 

In addition, HCV also escapes immunomodulatory effects of type I interferons via 

variety of mechanisms. The induction of endogenous IFN system in the liver has 

little antiviral efficacy in chronic HCV infection and HCV persists for decades 

despite the expression of hundreds of ISGs (Sarasin-Filipowicz et al., 2008, Chen 

et al., 2005, Asselah et al., 2008). 

HCV core protein induces synthesis of suppressor of cytokine signalling 1 and 3 

(SOCS1 and 3), which inhibits STAT 1 phosphorylation thereby interfering with 

JAK-STAT signalling and contributes to diminished binding of ISGF3 to nuclear 

IFN stimulated response elements (ISREs) (Horner and Gale, 2009, Bode et al., 

2003). 

Furthermore, NS5A and E2 proteins have been shown to impair the function of 

ISGs, protein kinase R (PKR) and 2’-5’-oligoadenylate synthetase (Gale et al., 
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1997, Taylor et al., 1999). In cell culture experiments, HCV triggers 

phosphorylation and activation of the RNA-dependent protein kinase PKR which 

phosphorylates eukaryotic translation initiation factor, elF2a (Garaigorta and 

Chisari, 2009). Because elF2a inhibits cap-dependent translation, no proteins are 

produced from ISG mRNAs. HCV protein production is however not impaired 

because HCV RNA translation occurs through IRES dependent mechanism, 

which is not impaired by elF2a (Garaigorta and Chisari, 2009). 

These mechanisms suggest that HCV directly affects signal transduction 

cascades following virus sensing thereby attenuating innate immune responses 

leading to chronicity and failure to clear the virus during acute infection. 

Recent extraordinary development of drugs including NS3 serine protease 

inhibitors, NS5A and NS5B inhibitors used as part of direct acting antiviral therapy 

inhibit viral replication by directly acting against these viral proteins. Due to the 

role of these proteins in immune evasion by HCV, DAA treatment may also be 

expected to restore innate immune responses. Such immune restoration may 

also play a role in relapse prevention. However, the nature and extent of such 

immune restoration remains to be defined. 

Innate immune signalling pathways and the mechanisms of immune evasion by 

hepatitis C virus are demonstrated in Figure 1.3 and Figure 1.4. 

  



 61 

 

Figure 1. 3 HCV recognition by TLR3 and RIG-I signalling pathways 

Intracellular HCV recognition occurs through dsRNA sensors including RIG-I and 
TLR. Endosomal toll like receptor 3 (TLR3) via adaptor molecule TRIF (Toll/IL-1 

receptor domain containing adaptor inducing IFN-) activates a cascade of 
signalling proteins, leading to phosphorylation of interferon regulatory factor 3 
(IRF3) which homodimerizes and translocates to the nucleus, where it stimulates 
the expression of type I interferons. 

Retinoic acid inducible gene-I (RIG-I) receptor, situated in the cytoplasm, senses 
viral RNA resulting in transduction via mitochondrial associated adaptor proteins 
(MAVS/IPS-1), with downstream signalling pathways resulting in expression of 
type 1 interferons. 

HCV NS3/4A protease cleaves both TRIF and MAVS, and interferes with signal 
transduction and interferon production. 
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Figure 1. 4 Type I interferon mediated signalling and HCV evasion by HCV 

Binding of type I interferons to IFN-/ receptors results in the activation of 
JAK/STAT pathway, conferring stable association with IRF-9. The resultant IFN-
stimulated gene factor 3 (ISGF3) localises to the nucleus, where it binds to the 
ISREs within the promoter /enhancer region of hundreds of ISGs. 

HCV core protein subverts immunity by the induction of suppressors of cytokine 
signalling (SOCS1/SOCS3) and HCV NS5A impairs the production of ISGs by 
inhibiting binding of ISGF3 to ISRE. 
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1.12.5 Role of dendritic cells 

Dendritic cells (DCs) play crucial roles in innate pathogen sensing as well as in 

the initiation of adaptive immunity (Lande and Gilliet, 2010). They circulate in the 

peripheral blood as either mature or immature forms. In humans, DCs are 

differentiated into two subsets, plasmacytoid DCs (pDCs) and myeloid DCs 

(mDCs) (Kadowaki, 2009), which make up a small proportion of the total 

peripheral blood mononuclear cells (PBMCs) in the blood (0.5-1% and 0.2-0.5% 

respectively) (Woltman et al., 2010). As immature cells they express low levels 

of MHC class I and II antigens but following maturation after detection of 

pathogen, MHC expression is increased with increased ability to present antigens 

to T cells, activate NK cells, and produce IFNs. Both subsets differ in their 

phenotype, antigen presenting characteristics and effector functions. mDCs 

express high levels of MHC class II, interact with T cells to induce strong Th1 

cellular response. pDCs express high levels of MHC class I molecules and are 

potent secretors of Type I interferons, which then exert a direct antiviral effect 

and stimulate other immune cells, such as NK cells. 

pDCs are the main producers of type I interferons which is mediated by TLR7 

activation in pDCs, and is independent of HCV viral replication within pDCs 

(Takahashi et al., 2010). HCV RNA containing exosomes produced by infected 

hepatocytes have been shown to transfer their RNA to pDCs which subsequently 

respond by producing IFN- (Dreux et al., 2012). In addition, HCV subgenomic 

replicon cells that replicate viral RNA without producing infectious viral particles 

can trigger type I interferons by pDCs. A previous study has demonstrated that 

intracellular sensing of HCV PAMPs by pDCs leads to robust type I and III 
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interferon production and is mediated by signalling through cytosolic RIG-I (Stone 

et al., 2013, Takeuchi and Akira, 2008). 

A host of studies have been performed to determine mechanism and role of 

dendritic cell dysfunction in preventing viral clearance leading to chronic HCV 

infection. However, the results remain conflicting. It has been shown that the 

ligation of C-type lectin immunoreceptors, Blood Dendritic Cell antigen 2 

(BDCA2), and Dendritic Cell Immunoreceptor (DCIR) on pDCs by HCV E2 

glycoprotein antagonizes production of interferons (Florentin et al., 2012), and 

the relative expression of these receptors likely affects the ability of pDCs to 

respond to HCV. 

Further studies have also looked at the role of dysfunctional dendritic cells in the 

lack of a strong adaptive immune response in HCV.  The data remains 

controversial. Monocyte derived dendritic cells (MoDCs) from patients with HCV 

have shown to be impaired with reduced capacity to activate and induce 

proliferation of autologous T cells (Bain et al., 2001, Kanto et al., 1999). However, 

multiple later studies failed to confirm these findings (Larsson et al., 2004, Barnes 

et al., 2008, Echeverria et al., 2008). The main criticism being that MoDCs are in-

vitro generated from culture of monocytes with IL-4 and GM-CSF and do not 

represent in-vivo circulating DCs. Later, Kanto et al and others reported reduced 

circulating levels and function of both mDCs and pDCs in chronic HCV (Kanto et 

al., 2004, Murakami et al., 2004). Several mechanisms proposed include direct 

HCV infection of DCs and interference with viral signalling through TLR pathways 

(Albert et al., 2008). In contrast to this, Longman et al and others have reported 

reduced frequency of circulating DCs, but preserved function(Longman et al., 
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2004, Decalf et al., 2007). Such differences more likely represent differences in 

study groups and experimental models and require further evaluation. 

 

1.12.6 Role of NK cells 

NK cells are large granular lymphocytes, and an important cellular component of 

the innate immune system providing early host defence against viral pathogens. 

NK cells account for 5-20% of peripheral blood mononuclear cells and represent 

30-50% of lymphocytes in the liver (Corado et al., 1997). They are potently 

cytolytic with the ability to lyse virally infected or tumour cells and unlike T cells, 

they do not require prior sensitisation. They exert their function by degranulation 

of cytotoxic granules such as perforin and granzyme B as well as inducing 

apoptosis by expression of death receptors, Fas ligand (FasL) and TNF related 

apoptosis inducing ligand (TRAIL). NK cell function is amplified by IFN- released 

by dendritic cells and virally infected cells. NK cells are also rapidly activated by 

other monocyte and dendritic cell derived cytokines such as IL-1, IL10, IL-12, IL-

15, IFN- and IL-18. In addition, NK cells exert antiviral effect indirectly by 

secreting immunostimulatory cytokines, chiefly IFN- and TNF-, which can exert 

an effect on innate as well as adaptive arms of the immune system (Biron and 

Brossay, 2001, Cooper et al., 2001).  

NK cell function is regulated by a combination of regulatory receptors with either 

inhibitory or stimulatory effect which interact with MHC-I alleles and other ligands 

on a variety of cells with viral infections or tumours. This receptor/ligand 

interaction provides a mechanism of self-tolerance and inhibition of NK cell 

autoreactivity. 
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Table 1.2 outlines key NK cells receptors, their function and ligands. 
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Table 1. 2 Key NK cell activating and inhibitory receptors and their 

ligands 

NK cell receptor family Receptor Receptor ligand 

Activating receptors 

Killer immunoglobulin-

like receptors (KIR) 

sDS1 HLA-Bw4 

C-type lectin receptors NKG2D 

CD94:NKG2C/E 

 

MICA A/B 

HLA -E 

Natural cytotoxicity 

receptors 

NKp30, NKp44, NKp46 Viral haemagglutinin 

BAT-3, B7-H6, CMV 

pp65 

Others CD16 IgG (Fc) 

 Toll like receptors PAMPs 

Inhibitory receptors 

Killer immunoglobulin-

like receptors (KIR) 

2DL1/2/3 HLA – C 

C-type lectin receptors CD94:NKG2A HLA-E 
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Current data indicate that NK cells play central role in every stage of HCV 

infection, from protection against infection in injection drug users to prediction of 

antiviral success with previously used IFN-based therapies. The original 

implication of NK cells in the outcome of HCV infection was associated with killer 

Ig-like receptor (KIR) genes and their human leucocyte antigen – C (HLA-C) 

ligands, which are highly polymorphic. Therefore, certain combinations are 

protective from HCV infection. Khakoo et al showed that genes encoding the 

inhibitory NK cell receptor KIR2DL3 and its human leukocyte antigen C group 1 

(HLA – C1) ligand directly influence resolution of hepatitis C virus infection in 

patients with low volume inoculum (Khakoo et al., 2004). Several studies have 

shown increased expression of NKG2A on NK cells in chronic HCV infection 

causing reduction in NK cell mediated cytotoxicity and dendritic cell activation 

(Jinushi et al., 2004). 

CD56+NK cells have been assigned to functional categories on the basis of cell 

surface density of CD56. These subsets include CD56dim NK cells and CD56 bright 

NK cells. CD56dim NK cells are predominant in peripheral blood representing 90% 

of circulating NK cells and display potent cytolytic activity whereas the CD56 bright 

NK cells are enriched in tissues, are poorly cytolytic and are responsible for 

cytokine production. Compared to peripheral blood and spleen, NK cells present 

in liver exist in a hyporesponsive state, are less cytotoxic and produce lower level 

of IFN- and higher levels of IL-10. This feature may contribute to the 

development of chronic hepatotropic viral infections. 

Injecting drug users repeatedly exposed to HCV infection but who remain 

uninfected have proportionally higher circulating levels of CD56dim mature NK 

cells (Golden-Mason et al., 2010). This study also found that activating receptor 
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NKp30, which is induced by IL-2 is most highly expressed on the NK cells and 

NKT cells of exposed uninfected subjects (Golden-Mason et al., 2010). The 

NKp46 receptor is considered the major human natural cytotoxicity receptor 

involved in NK cell mediated killing (Sivori et al., 1999, Mandelboim et al., 2001) 

and is more highly expressed on the NK cells of people with mixed European 

descent and women i.e. populations who are known to demonstrate high rate of 

spontaneous resolution. NKp46 ligand expression is induced on hepatocytes 

following HCV infection (Golden-Mason et al., 2012). TLR stimulation of purified 

NKp46hi cells is associated with increased transcription of cytotoxicity related 

genes as compared with NKp46lo counterparts. Two further studies (Golden-

Mason et al., 2012, Kramer et al., 2012) have highlighted that NKp46hi NK cells 

have increased anti- HCV activity in vitro, a process mediated by IFN-. 

Intrahepatic accumulation of NKp46hi NK cells is also found to be inversely 

correlated with HCV RNA levels (Kramer et al., 2012). 

HCV has a number of strategies through which it can evade NK cell activity. HCV 

core can upregulate HLA-E leading to CD94:NKG2A mediated inhibition of NK 

cells (Nattermann et al., 2005). The result is an increase in IL-10 production which 

promotes Th2 as opposed to Th1 differentiation, an effect that can be restored 

following inhibition of NKG2A (Jinushi et al., 2004, De Maria et al., 2007).  Earlier 

studies had also demonstrated the ability of HCV E2 to reduce IFN- production 

by linking to CD81 on NK cells. These experiments used plate bound E2 and 

subsequent studies using infectious particles refuted this theory (Yoon et al., 

2009, Crotta et al., 2002). In chronic HCV, NK cells are polarised towards 

cytotoxicity with deficient IFN- secretion as a consequence of chronic exposure 

to endogenous IFN- (Oliviero et al., 2009, Ahlenstiel et al., 2010). This 
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phenomenon is caused by type I interferon induced phosphorylation of STAT-1, 

which displaces STAT4 at the interferon / receptor resulting in decreased 

phosphorylated STAT4 (pSTAT4) dependent IFN- production, and increased 

pSTAT1 dependent cytotoxicity (Miyagi et al., 2010). 

Our understanding of NK cell function in HCV infection is still emerging and there 

remains a difference in NK cell number, activation and cytokine profile between 

acute and chronic HCV. 

 

1.12.7 Natural Killer T cells 

Natural killer T cells (NKT) are a subset of lymphocytes that possess both NK 

markers and CD1d-resticted T cell receptor (TCR). NKT cells recognise lipids 

derived from pathogens, tumours or allergens that are presented to them by 

CD1d, a non-classical MHC class I molecule. Ligation of NKT cell TCR leads to 

rapid and copious secretion of Th1 and Th2 cytokines. In addition, they express 

cytotoxic granules containing granzyme and perforin which are able to kill target 

cells. 

 

1.13 Adaptive immunity 

Adaptive immune response to HCV consists of CD4+ and CD8+ HCV specific T 

cell responses as well as humoral responses. In contrast to the innate responses 

which are induced within hours or days after infection, there is a delay of 6-8 

weeks before adaptive immune responses become detectable (Thimme et al., 
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2002, Shin et al., 2011). T cell responses coincide with a reduction in viral load 

indicating the role of adaptive responses in viral clearance. HCV elimination in 

individuals who spontaneously resolve infection is associated with strong and 

high amplitude CD4+ and CD8+ T cell responses targeting multiple epitopes in 

HCV proteins (Thimme et al., 2001, Cooper et al., 1999, Diepolder et al., 1997, 

Lechner et al., 2000, Missale et al., 1996, Takaki et al., 2000), which are 

sustained over time and detectable long after resolution of infection (Takaki et al., 

2000). In contrast, individuals who develop chronic infection may have strong 

responses initially, but these give way to low amplitude T cell responses with a 

restriction in the HCV epitopes targeted (Diepolder et al., 1996, Lechmann et al., 

1996, Missale et al., 1996, Thimme et al., 2002). 

 

1.13.1 T cell responses in HCV clearance 

CD4+ and CD8+ T cells recognise antigens presented to T cell receptors (TCR) 

by MHC class II and I molecules on the surface of antigen presenting cells (APC) 

respectively. 

Naïve CD4+ T cells further differentiate following activation and depending on the 

cytokine milieu of the microenvironment. T helper 1 cells (Th1) produce IFN- 

which leads to macrophage activation, promote development of cytotoxic T 

lymphocytes and NK cells in addition to activation of CD4+ and CD8+ T cells. T-

helper 2 (Th2) cells secrete a variety of cytokines which promote B cell activation, 

proliferation and antibody production. CD8+ T cells are main effector cells. 
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Both T cell subsets, CD4+ and CD8+ T cells are essential for successful cell 

mediated response to HCV infection. This is supported by a clear temporal 

association between the onset of peripheral and intrahepatic virus specific T cell 

responses and HCV clearance (Thimme et al., 2001, Thimme et al., 2002, Cooper 

et al., 1999, Lechner et al., 2000). Antibody mediated CD8+ T cell depletion in 

Chimpanzees prior to experimental infection led to HCV persistence until CD8+ 

T cell response recovered (Shoukry et al., 2003). 

However, out of the two, CD4+ T cells are central regulators while virus specific 

CD8+ T cells primarily function as the key effector cells (Gerlach et al., 1999). 

This was demonstrated by chimpanzee studies where depletion of CD4+ cells in 

previously protected chimpanzees led to the persistence of HCV following re-

infection despite the presence of strong intrahepatic memory CD8+ T cell 

responses (Grakoui et al., 2003). The important role of CD4+ T cell responses is 

also supported by a study showing an association between expansion of IL-17 

and IL-21 producing CD4+ T cell responses and viral clearance (Kared et al., 

2013). 

Resolution of HCV infection is seen in individuals who mount a strong CD4+ T 

cell response (Diepolder et al., 1995, Missale et al., 1996, Urbani et al., 2006). 

Studies have shown that this response needs to be sustained over time and loss 

of initial strong responses can lead to rebound viraemia (Gerlach et al., 1999) 

and viral escape mutations in MHC class I epitopes emerge leading to CD8+ T 

cell escape (Grakoui et al., 2003). Breadth and specificity of HCV epitopes 

targeted is equally important. In order to be effective, these responses should be 

targeted towards multiple immunodominant epitopes in non-structural HCV 
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proteins such as NS3, NS4 and NS5 (Diepolder et al., 1995, Lechner et al., 2000, 

Day et al., 2002). 

CD8+ T cell responses are also vital to effective clearance of acute HCV infection. 

Their functions include direct cytotoxicity and production of antiviral cytokines, 

including TNF- and IFN-. Their activation requires prior sensitization to HCV 

antigens presented by antigen presenting cells on MHC Class I molecules. 

Further studies established that as with CD4+ T cells, mounting vigorous and 

multispecific CD8+ T cell responses in periphery and liver is an important 

determinant of viral clearance (Gruner et al., 2000, Lechner et al., 2000). HCV 

specific CD8+ T cells have also been shown to inhibit the replication of HCV in 

replicon model by Liu et al (Liu et al., 2003). Jo et al used subgenomic replicon 

containing cell line transduced with common MHC class I allele HLA-A2 gene to 

demonstrate that HCV specific CD8+ T cells exert strong antiviral effects primarily 

by IFN- secretion, and to a lower extent by cytolytic effector functions (Jo et al., 

2012). 

Virus specific CD8+ T cells are seen to emerge in acute stages irrespective of 

the outcome of viral infection. However, these initial CD8+ T cells may show 

impaired function including cytotoxic function and inability to produce IFN-. 

These are often referred to as ‘stunned phenotype’. Active CD8+ T cell phenotype 

is only seen in individuals who clear infection which coincides with peak CD4+ T 

cell responses and a decline in viral load (Gruner et al., 2000, Lechner et al., 

2000, Wedemeyer et al., 2002, Urbani et al., 2006). Persistence of this stunned 

phenotype is only seen in those who progress to chronic infection. 
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1.13.2 Failure of T cell responses in chronic HCV infection 

Multiple mechanisms have been suggested to explain T cell failure leading to viral 

persistence and chronic HCV infection although the relative contribution of each 

of these are not entirely clear.  

As discussed in previous section, several studies have demonstrated that CD4+ 

and CD8+ T cell responses are of low amplitude or completely absent in cases 

progressing to chronic infection. If present, the response is oligo-specific and 

directed towards a contracted number of viral epitopes (Cramp et al., 1999, Day 

et al., 2002, Ulsenheimer et al., 2006). It is often difficult to differentiate between 

primary T cell failure and early T cell exhaustion following initial priming (Thimme 

et al., 2001). 

Studies on early phase of acute HCV infection in Chimpanzees (Thimme et al., 

2002) and in health care workers infected via needlestick injury (Thimme et al., 

2001) support the concept that in some individuals virus specific T cells are 

weakly primed during acute infection. This may be due to functional impairment 

of antigen presenting cells such as dendritic cells or macrophages (Rosen, 2013, 

Sarobe et al., 2002, Longman et al., 2004) or interference of HCV with interferon 

signalling pathways impacting on downstream T cell responses as discussed in 

section 1.12.4. 

Emergence of viral escape mutations has also been associated with development 

of chronic infection, while absence of these mutations is related to viral clearance 

(Cox et al., 2005a). As previously discussed HCV RNA replicates by its RNA 

dependent polymerase which lacks proof reading and natural selection leads to 

evolution of variants resistant to cellular and humoral immune responses. Earlier 
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studies in chimpanzees and humans had shown that substitution of amino acids 

that inhibit CD4+ and CD8+ T cell recognition is linked to chronic HCV infection 

(Weiner et al., 1995a, Tsai et al., 1998, Chang et al., 1997). However, viral 

escape is usually focussed on a single epitope which is not seen in T cell 

responses in acute HCV infection, and hence loss of a single epitope would 

probably not be sufficient for the survival of viral escape mutants (Neumann-

Haefelin et al., 2005). In addition, viral escape is also limited by viral fitness cost 

e.g. inability of the virus to tolerate certain mutations and have a high cost to viral 

replicative fitness (Neumann-Haefelin and Thimme, 2013). 

 

1.13.3 T cell exhaustion 

T cell exposure to persistent antigen or inflammatory signals in chronic infections 

has been associated with deterioration of T cell function leading to a state of T 

cell ‘exhaustion’. Higher and sustained expression of inhibitory receptors and 

negative immune check points is a hallmark of exhausted T cells. Programmed 

cell death protein 1 (PD-1) is an inhibitory receptor, expression of which is 

substantially higher on effector or memory CD8+ T cells in chronic infection 

(Blackburn et al., 2008). Sustained upregulation of PD-1 is usually dependent on 

continued epitope recognition (Blattman et al., 2009). The mechanisms by which 

PD-1 mediates T cell exhaustion are incompletely understood. Studies have 

implicated a role of PD-1 signalling in modulating phosphoinositide 3-kinase 

(P13K), AKT and RAS pathways (Parry et al., 2005, Patsoukis et al., 2012); as 

well as cell cycle control (Patsoukis et al., 2012). 
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In addition to PD-1, exhausted T cells express a range of other cell surface 

inhibitory molecules. Exhausted T cells can co-express PD-1 with lymphocyte 

activation gene 3 protein (LAG3), 2B4, CD160, T cell immunoglobulin domain 

and mucin domain containing protein 3 (TIM3) and Cytotoxic T lymphocyte 

associated protein 4 (CTLA-4). Such co-expression is a cardinal feature of T cell 

exhaustion. The higher the number of inhibitory receptors co-expressed by 

exhausted T cells, the more severe the exhaustion. 

The intracellular domain of PD-1 contains an immunoreceptor tyrosine-based 

inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif 

(ITSM). Inhibitory receptor B and T lymphocyte attenuator (BTLA) also contains 

both ITIM and ITSM, whilst 2B4 contains ITSM and T cell immunoreceptor with 

Ig (TIGIT) contains ITIM in their intracellular domains. Other receptors have 

specific motifs, such as YVKM for CTLA4 and KIEELE for LAG3. The molecular 

mechanism of inhibitory receptor signalling includes binding with their cognate 

ligands expressed on APCs during infection and modulation of intracellular 

mediators resulting in attenuation of positive signals from activating receptors 

such as T cell receptors and co-stimulatory receptors; and induction of inhibitory 

genes. Molecular pathways of inhibitory receptors associated with T cell 

exhaustion are illustrated in figure 1.5. 
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Figure 1. 5 Molecular pathways of inhibitory receptors associated with T 

cell exhaustion 

Ligand and receptor pairs for inhibitory pathways and intracellular domains of 
receptors that contribute to T cell exhaustion are shown. The molecular 
mechanisms of inhibitory receptor signalling are also depicted including; 
inhibitory receptor sequestration of target receptors or ligands, modulation of 
intracellular mediators causing attenuation of signals from T cell receptors and 
co-stimulatory receptors, and induction of inhibitory genes. 

AP-1, activator protein 1; BTLA, B and T lymphocyte attenuator; CEACAM1, 
carcinoembryonic antigen related cell adhesion molecule 1; HVEM, herpes virus 

entry mediator; NF-B, nuclear factor – kappa B; PD-1, programmed cell death 
protein-1; PDL1, PL1 ligand 1; P13K, phosphoinositide 3-kinase; TIGIT, T cell 
immunoreceptor with ITIM domains; TIM3, T cell immunoglobulin and mucin 
domain containing protein 3. 

ITSM, Immunoreceptor tyrosine based switch motifs; ITIM, immunoreceptor 
tyrosine based inhibitor motifs. 
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In addition to inhibitory receptors, immunosuppressive cytokines such IL-10 and 

transforming growth factor- (TGF) also regulate T cell exhaustion (Tinoco et 

al., 2009, Brooks et al., 2008), suggested by the evidence that blockade of IL-10 

restores T cell function and improves control of chronic viral infections (Brooks et 

al., 2006, Ejrnaes et al., 2006, Brooks et al., 2008). However, the molecular 

events downstream of IL-10 signalling which shape T cell exhaustion remain to 

be clearly defined. 

As discussed earlier, a prominent feature observed in chronic HCV infection is 

presence of functionally impaired or ‘stunned’ CD8+ T cells which are 

characterised by their inability to proliferate, lack of cytolytic activity and inability 

to secrete cytokines such as IFN- (Klenerman and Thimme, 2012, Rehermann, 

2009). These ‘stunned’ or ‘exhausted’ T cells are characterised by upregulation 

of inhibitory receptor Programmed death-1 (PD-1) (Radziewicz et al., 2007, 

Golden-Mason et al., 2007) and a low expression of CD127 (Golden-Mason et 

al., 2007, Radziewicz et al., 2007). These HCV specific CD8+ T cells with high 

expression of PD-1 are prone to apoptosis (Radziewicz et al., 2008). Blockade of 

PD-1 by antibodies targeting PD-1 increases the response of these CD127-

PD1+HCV specific CD8+ T cells to antigenic stimuli (Penna et al., 2007, 

Nakamoto et al., 2008, Golden-Mason et al., 2007). In addition to PD-1, T cell 

exhaustion is mediated by co-expression of several different inhibitory receptors. 

Targeting of these additional receptors including cytotoxic T-lymphocyte-

associated antigen 4 (CTLA-4) and T-cell immunoglobulin and mucin containing-

3 (TIM-3) is required in addition to PD-1 blockade in order to restore T cell 

function (Nakamoto et al., 2009, McMahan et al., 2010). A previous study has 

also associated expression of 2B4 with HCV specific CD8+ T cell exhaustion 
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(Schlaphoff et al., 2011). Another study showed co-expression of inhibitory 

receptors 2B4, KLRG1, CD160 and PD-1 on CD127-HCV specific CD8+ T cells 

in chronic HCV infection (Bengsch et al., 2010). 

Regulatory T cells (T reg) expressing CD4+CD25+ are responsible for 

maintaining a balance between the inflammatory response and viral control. They 

can induce immune tolerance in viral epitopes in case of excessive host damage. 

They inhibit antigen presenting cell maturation and T cell activation. A higher 

frequency of suppressive CD4+CD25+ T cells has been found in chronic HCV 

(Boettler et al., 2005, Cabrera et al., 2004, Rushbrook et al., 2005). In vitro studies 

have demonstrated that depletion of CD25+ leads to enhanced CD8+ HCV 

specific  T cells responses (Rushbrook et al., 2005, Boettler et al., 2005), 

suggesting their role in development of T cell exhaustion. 

Another type of regulatory T cells detected in the liver of HCV infected individuals 

are virus specific regulatory CD8+T cells expressing high levels of IL10 and 

neutralizing IL10 antibodies can block their suppression of virus-specific CD8+ 

effector T cells (Accapezzato et al., 2004, Abel et al., 2006). 

 

1.14 Humoral immunity 

Antibodies to HCV appear late in the course of infection between 8 – 12 weeks 

(Chen et al., 1999). These are of low titre, restricted to IgG1 isotype and do not 

affect the outcome of infection (Cooper et al., 1999, Cramp et al., 1999). All cases 

develop an antibody response, however this does not correlate with viral 

clearance. Previous studies suggested that serum antibodies from patients with 



 80 

acute HCV could neutralize and protect chimpanzees from HCV infection (Farci 

et al., 1994). However, chimpanzees who had cleared HCV and were re-

challenged with the same or different HCV strain, antibody did not provide any 

protection from subsequent infections (Farci et al., 1992). Further evidence that 

a humoral response was not required to clear the virus was evident from 

resolution of infection in agammaglobulinaemic patients (Semmo et al., 2006). 

Newer evidence suggests early production of broad neutralising antibodies 

targeting epitopes within envelope glycoproteins E1 and E2 (Osburn et al., 2014, 

Giang et al., 2012). One study suggested that spontaneous clearance of HCV 

infection is associated with the appearance of neutralising antibodies and 

reversal of T cell exhaustion (Raghuraman et al., 2012). There is also data 

suggesting that individuals with apparent resistance to HCV infection can 

produce neutralising anti-envelope antibodies, but whether these antibodies 

contribute to host immunity is yet to be determined (Swann et al., 2016). 

Most of the neutralising antibodies target epitopes in hypervariable region of E2. 

Even though neutralisation of HCV by antibodies targeting envelope 

glycoproteins is demonstrable in vitro (Pestka et al., 2007); in vivo this antibody 

response lags behind as virus continuously escapes due to emergence of 

glycoprotein variability termed as quasispecies (von Hahn et al., 2007). 

The virus also has other ways of evading humoral immune response. These 

include glycosylation shielding and lipid shielding of epitopes targeted by 

neutralising antibodies (Helle et al., 2007, Nielsen et al., 2006). 
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Overall, antibodies directed against HCV do not appear to provide protective 

immunity from subsequent infection, nor do they influence the outcome of acute 

HCV. 

 

1.15 Cytokines and chemokines in HCV infection 

Cytokines are small soluble regulatory proteins, secreted mainly by immune cells 

which act locally in an autocrine and paracrine fashion facilitating intercellular 

communication to orchestrate an immune response to infections. In HCV 

infection, cytokines play an important role in viral clearance, and can also induce 

tissue damage. 

More than 100 cytokines have been identified and can be roughly classified 

according to their main function and source, although strict classification is 

challenging due to frequently overlapping actions and cells of origin. 

 

1.15.1 Helper T cell cytokine profiles in HCV infection 

Activated CD4+ helper T cells can be subdivided into different subsets dependent 

on cytokines they produce. A T-helper 1 (Th1) cytokine profile is recognised by 

release of IL-2, IL-12 and IFN-, which are important in generating cytotoxic CD8+ 

T cell responses, as well as activating NK cells. It is this phenotype which leads 

to strong and polyclonal CD4+ and CD8+ T cell responses associated with HCV 

clearance. A T helper 2 (Th2) response results in release of  IL-4, IL-5, IL-10 and 
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IL-13 which principally mediates humoral immune responses by promoting B cell 

activation, proliferation and production of HCV specific antibodies. 

Many groups have investigated whether a skewed Th1/Th2 contributes towards 

outcome of infection, including HCV. In acute HCV infection, polarization of CD4+ 

T cell response towards Th1 phenotype with release of IL-2 and IFN- is crucial 

to activation of CD8+ T cell responses and subsequent viral clearance (Urbani et 

al., 2006).  However, these Th1 responses were also seen in intrahepatic 

lymphocytes in chronic infection (Bertoletti et al., 1997, Penna et al., 2002). In the 

later situation, Th1 response results in liver injury, inflammation and progression 

to liver fibrosis. This also illustrates that the timing of Th1 responses is crucial in 

enabling self-limiting infection as well as reducing tissue damage. However, 

findings from other studies do not support this theory and have shown lower 

levels of IFN- in chronic HCV (Osna et al., 1997, Sofian et al., 2012). The 

discrepancies between these studies may be due to composition of study 

populations. 

In contrast, findings regarding a skewed Th2 response are more consistent and   

associated with viral persistence (Cramp et al., 1999) and reduced liver 

inflammation. Diminished liver inflammation is a consequence of suppression of 

inflammatory Th1 responses. 

The mechanism through which polarization of Th2 cells in chronic HCV infection 

occurs is unclear, but dendritic cell function has been shown to have the profound 

ability to prime IL-10 producing T cells in the context of viral infection (Kanto et 

al., 2004). 
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Overall, as mentioned previously, cytokine biology and pathways are complex. 

Th1/Th2 categories are not clear cut and often the function of both can show 

overlap and heterogeneity. 

 

1.15.2 Innate cytokines in HCV infection 

Type I interferons are the main innate immune cytokines released early in HCV 

infection. Their role, signalling pathways and ability of HCV to evade their action 

is described in sections 1.12.2 and 1.12.4. 

More recently described Type III interferons, also called IFN- have been 

described as a further group of interferons with potent anti-HCV effects. IFN- 

mediated signalling and responses in HCV infection as well as role spontaneous 

and treatment induced HCV clearance is discussed in section 1.12.3. 

Interleukin 6 (IL-6) was previously named Interferon 2 due to its initially 

described interferon type effects. This proinflammatory cytokine, is 

overexpressed and exhibits pleiotropic effects in patients with HCV infection. 

Similar to interferons, it is released by both immune and non-immune cells, such 

as hepatocytes and sinusoidal epithelial cells. The receptor complex mediating 

biological activities of IL-6 consists of the transmembrane glycoprotein 80 (gp80) 

and glycoprotein 130 (gp130). Receptors for IL-6 have also been found in many 

immune and non-immune cells, including hepatocytes. Intracellular signal 

transduction is similar to type 1 interferons involving activation of JAK/STAT 

pathway except STAT 3, which is the main coupling protein with JAK-TYK as 

opposed to STAT1/STAT2. This results in the production of IL-6 stimulated 
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genes, the expression of which consequently impacts apoptosis, cell 

differentiation, cell proliferation, cell recruitment and the acute phase response. 

IL-6 has shown to directly reduce viral replication in vitro (Hosel et al., 2009). 

There is good evidence to suggest that IL-6 plays an important role in transition 

from innate to adaptive immunity. In the initial phase of immune response, IL-6 

attracts neutrophils, but subsequently switches from neutrophil to monocyte 

recruitment and skews their differentiation towards macrophages (Chomarat et 

al., 2000). IL-6 directly stimulates NK cells and dendritic cells that are necessary 

for T cell recruitment. Additionally, IL-6 plays a role in B cell proliferation, 

differentiation into antibody secreting plasma cells and antibody production 

(McLoughlin et al., 2005). 

IL-6 is an acute phase reactant found to be raised in inflammatory responses to 

multiple stimuli. The dysregulation of IL-6 production has been described in 

numerous inflammatory conditions including inflammatory bowel disease and 

rheumatoid arthritis. In relation to the liver, IL-6 induces growth and proliferation 

of hepatocytes and has a protective role in liver injury by enhancing hepatocyte 

survival during stress (Xia et al., 2015). 

IL-6 has complicated pleiotropic effects in the context of hepatitis C infection, 

associated with HCV clearance, poor response to antiviral therapy and 

development of progressive fibrosis and hepatocellular carcinoma (Nakagawa et 

al., 2009, Ueyama et al., 2011, Giannitrapani et al., 2013). 
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1.15.3 Chemokines in HCV infection 

An effective and vigorous intrahepatic T cell response is required for clearance 

of HCV, as discussed in section 1.12.1. As the liver a has propensity to immune 

tolerance, the activation of T cells is likely to occur in secondary lymphoid tissues 

under the influence of activated dendritic cells (Bowen and Walker, 2005). Hence 

the mechanisms to co-ordinate migration of T cells to lymphoid tissue and 

subsequently to liver are crucial to facilitate intra-hepatic immune responses.  

Chemokines are a family of chemoattractant cytokines which play an important 

role in trafficking and retention of these effector immune cells to the site of 

inflammation. In addition chemokines also play a role in immune cell activation, 

differentiation and proliferation, angiogenesis and tissue regeneration. 

Structurally chemokines can be divided into four subgroups; C-X-C motif (CXC), 

C-C motif (CC), (X)-C motif ((X)C) and C-X3-C motif (CX3C) depending on the 

position of the two N-terminal cysteine residues. Functionally, chemokines can 

be divided into inflammatory or homeostatic. Inflammatory chemokines facilitate 

recruitment of leucocytes to inflamed tissues, whereas homeostatic chemokines 

are constantly expressed in lymphoid organs mediating migration of various cells. 

However, there remains a degree of overlap in function amongst some 

chemokines. 

Chemokines exert their effect by binding to seven transmembrane spanning 

receptors. Homeostatic chemokine receptors bind only one or two chemokines, 

while inflammatory chemokine receptors bind several ligands. Chemokine 

receptor expression is variable depending on stage of infection. A list of human 
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chemokines that act on immune cells infiltrating the liver tissue is summarised in 

Table 1.3. 

  



 87 

Table 1. 3 Chemokines, their receptors, and predominant effector cells 

Chemokine Alternative name Chemokine 

receptors 

Lymphocyte 

subsets 

CCL2 MCP-1 monocyte 

chemoattractant protein-1 

CCR2 Monocytes 

CCL3 MIP-1 Macrophage 

inflammatory protein-1 

CCR1, CCR5 T, NK, NKT, 

DC, monocytes 

& macrophages 

CCL4 MIP-1 Macrophage 

inflammatory protein-1 

CCR1, CCR5 T, NK, NKT, 

DC, monocytes 

& macrophages 

CCL5 RANTES – Regulated 

upon activation, normal T 

cell expressed, and 

secreted 

CCR1, CCR5 T, NK, NKT, 

monocytes 

CXCL8 Interleukin-8 CXCR1, 

CXCR2 

Neutrophils, 

lymphocytes 

CXCL9 Mig, Monokine induced by 

interferon- 

CXCR3 T (activated and 

memory), NK, 

NKT 

CXCL10 Interferon- inducible 

protein-10 

CXCR3 T (activated and 

memory), NK, 

NKT 

CXCL11 ITAC, interferon- inducible 

T-cell  chemoattractant 

CXCR3 T (activated and 

memory), NK, 

NKT 

Note: NKT, natural killer T cells; DCs, dendritic cells; NK, natural killer cells 
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Inflammatory chemokines are released early in HCV infection resulting in 

recruitment of immune cells including neutrophils, dendritic cells, NK cells and 

NKT cells to the liver (Decalf et al., 2007). CXCL8, CXCL16, CXCL2 and CXCL3 

are the main cytokines responsible for this effect. Recruitment of dendritic cells 

to the liver enables sampling of HCV antigens by them, allowing sensitization of 

T cells when these DCs subsequently migrate to lymph nodes. These activated 

T cells then migrate to the liver under influence of an array of chemokines. 

Chemokines that recruit activated T cells include the ligands for CXCR3, namely 

CXCL9, CXCL10 and CXCL11, and those for CCR5 including CCL3, CCL4 and 

CCL5. Chemokines with CXCR3 as their ligand have been linked to favourable 

Th1 T cell phenotype. Th1 cytokine IFN- is also a strong inducer of chemokine 

CXCL9, CXCL10 and CXCL11. No clear links between HCV clearance and these 

chemokines has been established so far. 

Despite this role of chemokines as potent chemoattractants, certain chemokines 

have been associated with HCV evasion from immune responses. Although 

CXCL8 (or IL-8) is important for the initial recruitment of neutrophils and 

lymphocytes to the liver (Heydtmann and Adams, 2009), it facilitates HCV 

evasion by inhibiting IFN- activity and suppressing ISGs (Polyak et al., 2001). 

In addition, HCV induced secretion of CCL5 has been shown to attract immature 

DC to the liver unresponsive to CCR7 ligand as a result of HCV-E2 and CD81 

interaction and delays activation of T cells (Nattermann et al., 2006). HCV-E2 

also attracts CD8+ T cells which co-express CCR5 and inhibitory NKG2A 

receptor, where the latter leads to their inactivation (Nattermann et al., 2008). 
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As with perpetual Th1 responses due to failed immune mechanisms, continued 

secretion of chemokines perpetuates ongoing liver inflammation and disease 

progression. Many studies have implicated elevated chemokine levels in 

continued hepatic necro-inflammation, progression to liver fibrosis and risk of 

developing hepatocellular carcinoma. Such studies have associated levels of 

CXCL10 (also called Interferon-inducible protein-10 or IP-10), CXCL11 and 

CXCL8 with fibrosis progression and hepatocellular carcinoma (Li et al., 2007, 

Ren et al., 2003, Apolinario et al., 2002). 

 

1.15.4 Role of cytokine gene polymorphisms in HCV infection 

Cytokine and chemokine gene polymorphisms can influence their production and 

thereby alter disease outcome. Several such gene polymorphisms have been 

studied in HCV and linked to HCV clearance, progression and response to 

treatment. 

IL-10 forms part of Th2 response, and is produced by macrophages and 

monocytes in addition to T cells. As discussed previously it promotes humoral 

responses and limits Th1 response. The gene responsible for IL -10 production 

is located on chromosome 1. Few studies have linked the variations in the 

promoter region with HCV outcome. The G/G genotype is known to be related to 

increased IL-10  production and has been associated with high risk of HCV 

persistence as well as resistance to interferon based therapy (Oleksyk et al., 

2005, Paladino et al., 2006).  However, this effect has not been confirmed in other 

studies and may be gender and ethnicity  related (Constantini et al., 2002, 

Paladino et al., 2006). 
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IL-12 forms part of Th1 responses which favour HCV clearance. The single 

nucleotide polymorphism (SNP) at position 1188 (A/C) of the 3’-UTR of the IL12B 

gene has been found to be associated with differential production of IL-12 

(Morahan et al., 2002, Seegers et al., 2002). A/A genotype corresponds to low 

IL-12 production and is more frequent in those with chronic HCV infection (Yin et 

al., 2004, Houldsworth et al., 2005). Yin and co-workers also found that A/C 

genotype, with C allele is associated with increased levels of IL-12 associated 

with spontaneous resolution of HCV infection. 

In relation to other Th1 cytokines, Huang et al reported a SNP (-766G/C) in the 

non-coding promoter region of the IFN- gene to be associated with spontaneous 

clearance (Huang et al., 2007). INF- gene polymorphisms have also been 

studied, but failed to demonstrate any association with HCV infection outcome 

(Constantini et al., 2002). 

Il-6 gene is located on chromosome 7 and more than 150 different gene 

polymorphisms have been identified. The presence of SNP in the promoter region 

at position -174 has been extensively studied for its effect on HCV outcome with 

mixed results. Two phenotypes G/G and G/C are associated with high circulating 

IL-6 while C/C is associated with low circulating IL-6. Barret et al found that low 

circulating IL-6 phenotype was associated with SVR, whereas presence of G/G 

and G/C SNPs were associated with persistent infection which became more 

apparent when combined (Barrett et al., 2003). Counter-intuitively in another 

study Nattermann et al showed that genotype associated with high circulating IL-

6 CC is associated with higher SVR rates following treatment (Nattermann et al., 

2007). Yee et al subsequently examined IL-6 promoter region haplotypes in 
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relation to treatment response and spontaneous viral clearance. They found that 

specific IL-6 haplotype combinations are associated with decreased chance of 

spontaneous clearance, however did not comment on whether there is correlation 

with the levels of IL-6 produced (Yee et al., 2009). 

As cytokine gene expression is often a complex process involving multiple 

transcriptional and post translational events, it is difficult to associate a multi-step 

process with a single nucleotide polymorphism. This highlights the need for 

evaluating such SNPs in combination rather than individually. 

 

1.15.5 Role of chemokine gene polymorphisms in HCV infection 

Chemokine receptor polymorphisms have also been studied. In HCV, no studies 

have identified gene polymorphisms associated with HCV outcome. Gene wide 

association studies have reported that CCR5 and CXCL5 polymorphisms are 

associated with chronic HCV but the data are controversial (Woitas et al., 2002). 

One  study in an Irish cohort of women acquiring HCV via blood transfusion has 

shown that CCR5d32 variant (with 32bp depletion) is associated with SVR 

(Goulding et al., 2005). 

 

1.15.6 Role of Major histocompatibility complex genes in the outcome of 

HCV infection 

Host genetic factors may influence the immune responses to various pathogens. 

The major histocompatibility complex (MHC) genes regulate both innate and 

adaptive immune responses in HCV infection. They are located on chromosome 
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6 and are among the most polymorphic in human genome. These genes encode 

human leucocyte antigen (HLA) class I and II molecules which are responsible 

for effective presentation of antigen to T cells for recognition via T cell receptors. 

HLA class II presents HCV antigens to CD4+ T cells while HLA class I  presents 

HCV antigens to CD8+ T cells. 

Several HLA polymorphisms have been demonstrated to influence the outcome 

of HCV infection. This includes many class II alleles and haplotypes associated 

with spontaneous resolution. The HLA alleles most commonly associated with 

spontaneous HCV clearance are DQB1*0301 and DRB1*1101, which positively 

influence the presentation of immune-dominant HCV epitopes to T cells  (Cramp 

et al., 1998, Minton et al., 1998, Yee, 2004, Mangia et al., 1999, Alric et al., 2000). 

This observation was found to be consistent across all HCV genotypes and other 

ethnically diverse study populations (Yoon et al., 2005, Yenigun and Durupinar, 

2002, Vejbaesya et al., 2000). 

There is less data reporting polymorphisms of HLA class I, as opposed to class 

II, alleles in the outcome of HCV infection. HLA class I molecules both present 

antigen to CD8+ T cells and are cognate ligands for NK cell receptor. Genetic 

variations in HLA class I locus can influence responses of both innate and 

adaptive immune responses to HCV. Thio et al performed molecular genotyping 

of HLA class I loci in 231 individuals with well documented spontaneously 

resolving HCV infection and 444 matched chronically infected patients. They 

found HLA class I alleles HLA-A*1101, HLA-B*57 and HLA-Cw*0102 to be 

associated with viral clearance and HLA-Cw*04 with viral persistence (Thio et al., 

2002). HLA-B*27 has been shown to be associated with viral clearance in a 

cohort of Irish women who acquired genotype 2b from contaminated Rhesus-D 
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immunoglobulin (McKiernan et al., 2004). At a functional level, they later found 

greater IFN- secretion from HLA-B27 restricted CD8+ T cells amongst those with 

spontaneous clearance of infection (Neumann-Haefelin et al., 2006). 

 

1.15.7 NK cell receptor polymorphisms in HCV infection 

The role of NK cells in the outcome of HCV infection is described in section-. NK 

cell function is regulated by a combination of regulatory receptors which interact 

with MHC molecules and other ligands on a variety of cells with infections or 

tumours, and the net balance of signals will determine the threshold at which NK 

cells will be activated. 

KIR genes, amongst NK receptor genes are the most polymorphic. There are 14 

KIR genes located on chromosome 19, encoding for both inhibitory and activating 

receptors (Kulkarni et al., 2008). These genes are highly polymorphic at the allele 

and haplotype level which generates a substantial level of population diversity in 

expression of KIR. In addition, the MHC class I molecules, which are ligands of 

KIR receptors, include HLA-A, B and C are encoded on chromosome 6. These 

molecules are additionally highly polymorphic. It is possible to have a KIR in an 

individual which lacks its cognate class – I ligand. This multiple layer diversity of 

KIR/HLA receptor system provides NK cells with a broader capacity to response 

to multiple different organisms in a specific manner. Many association studies 

have been carried out in role of KIR genetics in infectious diseases. Khakoo et al 

genotyped KKIR genes and their corresponding HLA in cases with chronic HCV 

and spontaneous resolvers. They determined that homozygous KIR receptor 

KIR2DL3, and its corresponding class 1 HLA ligand HLA-C1 was found to be 
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associated with spontaneous resolution of HCV infection. KIR2DL2 is another 

ligand for HLA-C1, however there was no association found between infection 

resolution and the compound KIR2DL2/HLA-C1 genotype (Khakoo et al., 2004). 

However, this effect was only shown in individuals that acquired HCV infection 

through small inoculums by injection drug use or needle stick injuries as opposed 

to through blood transfusion thereby suggesting a threshold of HCV inoculum 

beyond which this immune defence mechanism could be overcome. 

Knapp et al validated the role of KIR and HLA-C in individuals achieving SVR 

following treatment for HCV and individuals spontaneously clearing infection. 

They demonstrated that KIR2DL3/HLA-Cw*03 was associated with SVR and 

spontaneous resolution of HCV infection (Knapp et al., 2010). 

In conclusion, there is a great polymorphic diversity and a number of genetic 

variations and haplotypes may be associated with different HCV outcomes. How 

this affects outcomes at a functional level, however still needs to answered. 

 

1.16 Immune responses and antiviral treatment 

Most previous studies evaluating immune responses on antiviral treatment and  

immune predictors of treatment outcome are based on interferon alpha based 

treatment. 
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1.16.1 Innate responses and antiviral treatment 

The co-existence of high viral loads and high ISG expression has been 

interpreted as a proof that innate interferon response in ineffective against HCV. 

A higher hepatic ISG expression is predictive of a non-response to exogenous 

IFN- treatment (Sarasin-Filipowicz et al., 2009, Afdhal et al., 2011) suggesting 

refractoriness of hepatocytes to any further type I interferon action. A study of 

paired liver biopsies obtained before treatment and 4 hours after the first injection 

of pegylated interferon alpha (Peg IFN-) revealed that patients with an activated 

endogenous IFN system had hundreds of ISGs expressed at high levels already, 

which was not increased by exogenous pegylated interferon alpha (Sarasin-

Filipowicz et al., 2008). In addition, staining for phosphorylated STAT1 revealed 

faint staining in pre-treatment hepatocyte nuclei which did not increase after 

administration of Pegylated IFN-. In contrast, no phospho-STAT1 signals were 

detected in pre-treatment biopsies of ‘treatment responder’ patients, but Peg IFN-

 injections induced a very prominent and strong activation and nuclear 

translocation within 4 hours (Sarasin-Filipowicz et al., 2008). 

Similar to the predictive value of high pre-treatment ISG levels, NK cell responses 

have also been studied to evaluate predictors of treatment response. Higher pre-

treatment levels of inhibitory receptors, such as NKG2A predict treatment failure 

with IFN-alpha based therapy (Golden-Mason et al., 2011). In addition, dynamic 

changes in NK cells are observed during such treatment demonstrating an 

association between higher NK perforin content, higher natural and antibody 

dependent NK cell cytotoxicity with a virological response (Oliviero et al., 2013). 

Also, treatment responders show greater levels of NK cell degranulation than 
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non-responders in first 12 weeks of therapy (Edlich et al., 2012, Ahlenstiel et al., 

2011). 

As described in section 1.12.6, there is a net “functional dichotomy” of NK cells 

in chronic HCV infection due to chronic exposure to endogenous IFN- 

characterised by failure to produce IFN- and TNF- while demonstrating 

enhanced cytolytic activity leading to persistence of HCV infection. IFN- based 

therapies further accentuate NK cell dichotomy, resulting in decrease in IFN- 

production early in treatment which does not recover for at least several weeks 

after treatment (Ahlenstiel et al., 2011). 

Recently, subsequent to the development of new interferon free direct acting 

antiviral therapy, Serti at al demonstrated that the expression of several NK cell 

activating receptors decreased to normal levels within hours of commencement 

of treatment with direct acting antiviral agents including NS3 protease inhibitor 

and NS5A inhibitor. IFN- production was also shown to normalise by week 2 of 

therapy, whereas markers of cytotoxicity lagged behind to normalise by treatment 

week 8 (Serti et al., 2015). 

Further studies are required to establish the effect of new interferon free direct 

acting antiviral treatments on innate immune signalling and NK cell profile in 

treatment responders and those who fail treatment. 
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1.16.2 T cell immune responses and antiviral treatment 

As discussed in section 1.8, pegylated interferon- based therapies were 

standard of care for treatment of chronic HCV until 2014 when second generation 

direct acting antiviral agents became available. 

Previous studies on HCV specific CD8+ T cell function have demonstrated lack 

of restoration of T cell function following treatment with pegylated type Interferon-

 (Badr et al., 2008, Seigel et al., 2013, Abdel-Hakeem et al., 2010). Barnes et al 

demonstrated that there was a profound decline in IFN- secreting HCV specific 

T-cells during high dose IFN- treatment, although noted that these responses 

recovered to baseline after cessation of treatment (Barnes et al., 2009). This 

indicates that restoration of T cell responses is unlikely to be linked to an early 

response or sustained virological response to IFN- based therapy. Further 

studies showed lack of complete restoration of antiviral T cell function following 

antiviral therapy with pegylated interferon- in chronic hepatitis C (Missale et al., 

2012, Abdel-Hakeem et al., 2010), suggesting irreversible damage to the HCV 

specific memory T cell response associated with chronic HCV infection. 

In recent years, there has been a significant development of potent new direct 

acting interferon free antiviral therapy regimens which lead to sustained viral 

response rates reaching almost 100%. These therapies have been discussed in 

section 1.8. It has been observed that detection of low levels of HCV RNA at the 

end of treatment does not preclude achievement of sustained virological 

response with these treatment options suggesting role of restored innate and 

adaptive immune responses contributing towards ongoing treatment success and 

prevention of relapse. There have been some initial recent studies suggesting 
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positive effect of DAA therapy on T cell mediated immune responses. Fard et al 

demonstrated an increase in overall circulating T helper and T cytotoxic cells 

producing IFN-, IL-17 and IL-22 (Najafi Fard et al., 2018). Burchill et al studied 

T cell phenotype in patients undergoing DAA treatment when they showed re-

differentiation of memory T-cells towards a more effector phenotype and a 

reduction in expression of co-inhibitory molecule TGIT on bulk lymphocytes 

(Burchill et al., 2015). Meissner et al also demonstrated a significant increase of 

CD4+ and CD8+ T lymphocytes in the peripheral blood early after initiation of the 

DAA treatment, however percentage of both activated cell types with activated 

phenotype decreased (Meissner et al., 2017). These studies focussed on the bulk 

T-cell populations without specifically focussing on HCV specific T cells. While 

there is currently no published data on DAA induced alterations in HCV-specific 

CD4 T cells, Martin et al demonstrated changes in CD8+ T cell compartment. 

They demonstrated that while the amount of circulating HCV specific CD8 T cells 

does not significantly change following DAA therapy, their functional capacity, in 

particular proliferation, is restored (Martin et al., 2014). 

Taken together, although this initial data suggest at least partial restoration of 

different T cell populations following DAA therapy, the nature and extent of 

immune restoration with these treatment regimens remain to be fully defined. In 

addition, the role of immune responses in preventing relapse and sustaining viral 

response with treatment not containing interferon alpha also remains unclear. 
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1.17 Aims and Objectives 

The aim of this thesis was to analyse the evolution of innate and adaptive immune 

responses in patients undergoing interferon free anti-viral treatment and to 

determine if these immune responses play a role in treatment outcomes and 

preventing viral relapse post-treatment. 

Factors determining the course of HCV infection are still poorly understood. 

Improved understanding of the role that innate and adaptive immune responses 

play in determining treatment outcomes has the potential to translate into 

individually tailored treatment, including drugs used and duration of treatment. 

A cohort of patients with chronic HCV undergoing interferon free antiviral 

treatment were recruited, allowing study of longitudinal changes in immune 

responses whilst on interferon free antiviral treatment. 

Innate immune responses were studied in response to single TLR and RIG-I 

ligands as a model for virus PAMPs to establish if loss of antigenic stimuli results 

in restoration of these important innate immune signalling pathways. Longitudinal 

study of such response during treatment will allow to establish if restoration of 

innate responses contributes towards viral clearance or has a predictive role in 

determining treatment outcome. 

In addition, T cells were evaluated for phenotypic changes characteristic of 

exhaustion and functional HCV specific T cell responses to evaluate for changes 

in keeping with recovery of adaptive immune mechanisms following loss of 

antigenic stimuli with successful interferon free treatment and whether recovery 

of this immune component contributes towards viral clearance. Furthermore, 
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longitudinal study of these characteristics throughout the treatment allowed 

comparison of such responses between treatment responders and treatment 

relapsers in order to identify patterns predictive of successful treatment outcome. 

This study was carried out between 2014 and 2016, prior to the widespread 

availability of second generation of highly effective DAA agents. 

The aims of this thesis were investigated as follows: 

1. Frequency and expression of exhaustion markers on CD4+ and CD8+ T 

cells was studied using flow cytometry to establish if there is restoration of 

immune cell phenotype following interferon free treatment. 

2. HCV specific T cell responses in form of cytokine production was 

measured using overlapping HCV peptides at baseline, and changes 

during and after treatment were studied to elicit differences. 

3. Comparisons were made between treatment responders and relapsers for 

changes in phenotypic markers of T cell exhaustion and HCV specific T 

cell function in form of cytokine production to seek patterns predictive of 

differing treatment outcomes 

4. Cytokine responses were measured in response to HCV related innate 

immune stimulation by using specific single ligands for RIG-I and toll-like 

receptors 3, 7 and 8 at baseline and changes whilst on interferon free DAA 

treatment were studied. 
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Material and Methods 

 

2.1 Setting of research 

Patients were recruited from the Southwest Liver Unit, Derriford Hospital, 

Plymouth University Hospital NHS Trust attending as outpatient (Hepatology 

outpatient clinics or Lind Research Centre) between February 2013 and June 

2015 in accordance with appropriate ethical approval. 

Healthy volunteer samples matched for age and gender were obtained from 

colleagues at John Bull Building, University of Plymouth. 

All laboratory experiments were conducted either in John Bull Building, School of 

Medicine and Dentistry or Davy building, School of Biomedical Sciences, at 

University of Plymouth. 

 

2.2 Ethical approval 

Ethical approval was obtained from local Research Ethics Committee (REC). Full 

written informed consent was obtained from all study participants including 
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patients (Appendix 1) and healthy volunteers (Appendix 2) which was maintained 

in the study file stored in a secure location in John Bull Building, School of 

Medicine and Dentistry.  

2.3 Study subject recruitment 

2.3.1 Patients 

Adult patients with chronic hepatitis C undergoing antiviral treatment under two 

different protocols were recruited. 

In the first protocol, patients recruited were also participants of a randomised 

multicentre clinical trial using Sofosbuvir (NS5B inhibitor) and Ribavirin with or 

without pegylated interferon alpha for treatment naïve or experienced patients 

with chronic hepatitis C genotype 2 or 3 (BOSON trial). 

The second protocol included a cohort of patients with advanced liver disease 

who received interferon free combination direct acting antiviral therapy as part of 

Early Access Programme for treatment of chronic hepatitis C in England. 

Treatment regimens included NS5A inhibitor + NS5B inhibitor  Ribavirin for 12 

weeks. 

Each study subject was assigned a unique study number to ensure 

confidentiality. Baseline characteristics of patients were recorded. Heparinised 

blood samples were used for isolating peripheral blood mononuclear cells 

(PBMCs) at baseline prior to commencing treatment, and at different time points 

during treatment and post treatment alongside samples obtained as part of 

clinical trial protocols. 
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Study subjects were followed prospectively during treatment on each protocol 

and further divided into two groups based on treatment response; treatment 

responders are individuals who achieved sustained virologic response (defined 

as undetected hepatitis C virus by polymerase chain reaction at 24 weeks after 

treatment) while treatment relapsers either relapsed after completing treatment 

or developed viral breakthrough during treatment defined by detectable viral 

titres/rise in viral titres in serum.  

Of the total of 35 patients recruited, 6 were treatment relapsers. One of these 6 

patients with relapse was on treatment regimen containing pegylated interferon 

alpha and was excluded from further study. The remaining 29 of 35 patients 

achieved sustained virologic response. 12 out of 29 cases matching in baseline 

and clinical characteristics with treatment relapsers had sufficient PBMCs 

available at all study time points and were included in this study. Baseline 

characteristics of all patients included are described in Table 2.1.  
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Table 2. 1 Demographics and baseline characteristics of cases and 

healthy volunteers 

  

SVR cases 

(n=12) 

Relapsers 

(n=5) 

HC 

(n=10) 

Gender Male: Female 8:4 3:2 6:4 

Age Mean ±SD 45.9 ± 5.0 41.6 ± 8.2 37 ± 9 

HCV genotype 1 4 1  

 3 8 4  

Fibrosis F4 9 4  

 F0-F3 3 1  

Treatment 

regimen 
Sofosbuvir +Ribavirin 3 2  

 
Sofosbuvir + Ledipasvir 

+ Ribavirin 
2 2  

 Sofosbuvir + Daclatasvir 2 1  

 Sofosbuvir + Ledipasvir 4   

 
Sofosbuvir + Daclatasvir 

+ Ribavirin 
1   

Relapse time 

point 
Week 24 post treatment  1  

 Week 4 post treatment  4  
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2.3.2 Healthy controls 

Healthy control heparinised blood samples for isolating PBMCs were obtained 

from medical school laboratory staff. Healthy volunteers did not have a history of 

exposure to hepatitis C virus, while majority had negative hepatitis C virus 

antibody screening within one year of recruitment. 

 

2.4 Materials  

2.4.1 Cell culture media 

Royal Park Memorial Institute (RPMI) 1640 culture medium was purchased 

from Lonza Biowhittaker (Lonza, Walkersville, USA). 

 

Supplemented RPMI 1640 (sRPMI) was made by the addition of the following 

to RPMI 1640: (1) 12.5 ml of 1M Hepes buffer (Lonza Biowhittaker, Walkersville, 

USA), (2) 3ml of 1M NaOH,  (3) 1% Benzyl Penicillin/Streptomycin, (Invitrogen, 

Paisley, Scotland) (4) 1% L-Glutamine (Sigma, Poole, Dorset, UK). 

sRPMI was stored at 4oC and prepared fresh every month. 
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2.4.2 Serum 

Human AB serum 

Human AB serum (AB) was purchased from sera labs (Sera laboratories 

International limited, West Sussex, UK). It was frozen at -20oC in aliquots of 10ml 

and thawed prior to use.  

 

Foetal calf serum 

Foetal calf serum (FCS) were purchased from PAA labs (Pasching, Austria), 

stored in aliquots of 50 ml at -20oC and thawed prior to use. 

 

2.4.3 Salt solutions 

Phosphate-buffered saline (PBS) 

Sterile PBS without calcium or magnesium was purchased from Lonza (Lonza 

Biowhittaker, Walkersville, USA). 

 

Flow cytometry wash buffer (FWB) 

FWB was made using PBS supplemented with 2%FCS, 0.5M 

Ethylenediaminetetraacetic acid (EDTA; Life technologies). 
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2.4.4 Reagents 

Histopaque 

Histopaque – 1077 used for PBMC isolation was purchased from Sigma (Sigma, 

Dorset, UK). 

 

Dimethylsulfoxide 

Dimethylsulfoxide (DMSO) was used as cryoprotectant to reduce ice formation 

and preventing cell death during slow freezing process of PBMCs. It was 

purchased from Sigma (Sigma, Dorset, UK). 

 

2.4.5 Cell viability reagents 

These fluorescent reagents were used to exclude dead cells from flow cytometry 

analyses by labelling non-viable cells either when fresh or frozen. 

Live/dead reagent  

Live/dead near infra-red (Life technologies) was reconstituted in 

dimethylsulfoxide (DMSO) according to the manufacturer’s instructions and 

stored in aliquots at -20oC. All work used a 1:1000 dilution in PBS, which was 

prepared prior to use. 
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7-Aminoactinomycin (7AAD) 

7AAD (Life technologies) is used for exclusion of non-viable cells in flow 

cytometric analysis. Fluorescence is detected in the far red range of spectrum 

(650nm). It was reconstituted in 1ml ethanol and stored at -20oC in aliquots. Stock 

was diluted to working concentration on 1:300 in FWB. 

 

2.4.6 Cell counting reagents 

Cell counting solution for freshly isolated PBMCs contained 1:50 1M acetic acid 

and 1:500 0.4% Trypan blue solution (Sigma-Aldrich, Dorset, UK) made up to a 

volume of 250ml with distilled water. 

Cell counting solution for frozen PBMCs contained 1ml ml 0.4% Trypan Blue and 

4ml sRPMI. 

Trypan blue can only cross the cell membrane of dead cells staining them blue, 

allowing the distinction of dead from viable cells under a light microscope. 

 

2.4.7 Drugs for PBMC stimulation experiments 

Polyinosinic-polycytidylic acid (Poly (1:C)) 

Polyinosinic-polycytidylic acid (Poly (I:C)) was purchased from Invivogen 

(InvivoGen, San Diego, USA). It is a synthetic analogue of viral replication 

intermediate double stranded RNA (dsRNA) which is recognised by Toll like 

receptor 3 (TLR 3) (Alexopoulou et al., 2001, Matsumoto et al., 2002). 
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It is provided lyophilised, and was resuspended in sterile endotoxin free 

physiological water to prepare stock solution of 1mg/ml and stored in aliquots at 

– 20oC.  

 

Resiquimod (R848) 

R848 was purchased from Invivogen (InvivoGen, San Diego, USA). It is an 

imidazoquinoline compound which activates immune cells via Toll like receptors 

7 and 8 (TLR 7/TLR 8) (Hemmi et al., 2002, Jurk et al., 2002).  

It is provided lyophilised, and was resuspended in sterile endotoxin free water. 

Upon resuspension, aliquots were prepared and stored at -20oC.  

 

Poly(I:C)-LMW/Lyovec complex 

Polyinosinic-polycytidylic (Poly(I:C)) and Lyovec were purchased separately from 

Invivogen (InvivoGen, San Diego, USA). Lyovec is an efficient transfection 

reagent. Poly (I:C) complexed with Lyovec allows transfection of Poly (I:C) into 

the cells to allow stimulation of cytoplasmic RIG-I pathway (Gitlin et al., 2006, 

Kato et al., 2005). 

Lyophilised Lyovec was resuspended in sterile de-ionised endotoxin free water 

and placed at 4oC in aliquots. Lyovec was brought to room temperature prior to 

use and gently vortexed to homogenise. Poly(I:C) was added to Lyovec at 

concentration of 3g poly(I:C)/100l Lyovec and incubated at room temperature 
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for at least 15 minutes to allow formation of the complex prior to use in stimulation 

experiments. 

 

2.5 Sample preparation  

2.5.1 Sample collection 

All peripheral blood samples were obtained by a trained phlebotomist at Derriford 

Hospital, Plymouth using standard venepuncture techniques. Blood was obtained 

in 2 x 9 ml sodium heparin tubes (BD, Becton Dickinson and company), which 

are coated on the inside wall with sodium heparin acting as anticoagulant to block 

clotting cascade allowing separation of peripheral blood mononuclear cells 

(PBMCs).  

 

2.5.2 Peripheral blood mononuclear cell (PBMC) isolation 

PBMCs were isolated from whole blood using density gradient centrifugation. 15 

ml of blood obtained in sodium-heparin tubes (BD, Becton Dickinson and 

company, USA) was diluted 1:1 with sterile Phosphate buffered saline (Lonza 

Biowhittaker, Lonza, USA) in a 50 ml polypropylene falcon tube (Greiner Bio One, 

UK). The diluted blood was then gently layered on top of 15ml Histopaque -1077 

(Sigma Dorset, UK), using a Pasteur pipette (Fisher scientific, USA). Care was 

taken to avoid disrupting the surface interface with Histopaque. The Falcon tube 

was then centrifuged for 30 mins at 750g with no brake applied (Heraeus labofuge 

centrifuge 400R, Newport Pagnel, UK). The centrifugation resulted in the 
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separation of sample into 3 layers. The uppermost layer, composed of serum was 

carefully removed and discarded into 5% Virkon. The second layer of opaque 

interface above the histopaque -1077, containing mononuclear cells was gently 

aspirated using Pasteur pipette into a 30ml universal container (Greiner Bio-one, 

Gluocestershire, UK). The supernatant was then washed with 10ml of 

supplemented RPMI (sRPMI) medium and centrifuged at 750g for 10 minutes 

with the brake activated. The supernatant was discarded into 5% Virkon. 

Remaining cell pellets was further re-suspended in 10ml sRPMI. This process 

was repeated once more. The pellet following third wash was re-suspended in 

1.5 ml of supplemented foetal calf serum (FCS) and counted.  

 

2.5.3 PBMC counting and viability testing 

Freshly isolated PBMCs were counted using a counting solution containing 1M 

Acetate and 0.4% trypan blue (as described in section 2.4.6). The PBMC 

suspension was diluted to 1:20 with counting solution (25μl PBMC cell 

suspension in 475μL of counting solution). An Improved Neubauer 

haemocytometer with haemocytometer cover slip were used for cell counting and 

viability testing. The filling chamber was gently filled with PBMC and counting 

solution suspension prepared as above. Using a light microscope (AE 2000, 

Motic) at x100 magnification all cells within the 4 quadrants containing 16 grid 

squares were counted with a hand tally counter. This corresponded to number of 

cells in 10
-4 

ml. The number of cells in 1ml was thus calculated based on a dilution 

factor of 1:20. Trypan Blue is not absorbed by viable cells but traverses the 

membrane in dead cells, thereby staining dead cells blue giving them distinctive 
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blue colour under the microscope. Since live cells are excluded from staining, this 

is called dye exclusion method. The percentage of viable cells was calculated as 

the number of viable cells divided by the total of the number of non-viable and 

viable cells multiplied by 100.  

 

2.5.4 Freezing and storage of freshly isolated PBMCs 

The freezing solution, consisting of 3 parts of supplemented RPMI and 2 parts 

DMSO was prepared at least 15 minutes prior to use to allow cooling to ambient 

temperature. 250μL of freezing solution was added to each 1ml cryotube 

(Sarstedt, Germany). Freshly isolated PBMCs were re-suspended in FCS at a 

concentration of 5-15 x 10
6 

per 750μL. 750μl of PBMC suspension was added to 

each cryotube already containing freezing solution. The cryotubes were then 

placed immediately in a Nalgene cryofreezing container (Thermofisher Scientific, 

Denmark) and stored at -80
o
C for 24 hours.  This allowed freezing at a rate of 

1
o
C per minute. After 24 hours the cryotubes were placed in liquid nitrogen for 

long term storage (BOC cryospeed/CRY/00809/APUK/0205/7.5 M). All cryotubes 

were labelled with the South West (SW) number of the case, date of freezing, 

number of PBMCs in the tube and treatment time point. All cryotubes were 

indexed in laboratory liquid nitrogen database with details included on cryotube 

labels to allow quick retrieval when required. 
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2.5.5 Thawing of PBMCs 

Supplemented RPMI with 10% FCS (sRPMI/10% FCS) solution was removed 

from the fridge and warmed in a water bath at 37oC. For each sample 10 ml of 

sRPMI/10%FCS was added to 15ml Falcon tube. The cryotubes with PBMCs to 

be thawed were removed from liquid nitrogen and placed on ice. Cryotubes were 

thawed individually by placing in 37oC water bath until majority of the contents 

had thawed and only a small piece of ice was left in the tube. The outside of the 

cryotube was sprayed with 70% ethanol and dried. This partially thawed 

suspension was immediately transferred to a 15ml falcon tube. 1 ml of warm 

sRPMI/10%FCS was added dropwise with slow shaking of universal tube. A 

further 2ml of warm medium was added dropwise using the same technique in 

order to allow slow thawing of PBMC suspension. This was repeated to a final 

volume of 10mls. The cell suspension was then placed in the water bath at 37oC 

for 20 minutes. The suspension was later centrifuged at 750g with the brake 

activated for 10mins and the supernatant containing DMSO was discarded. The 

cell pellet was then gently resuspended in 1ml of sRPMI/10%FCS.  

A counting solution of 160l of sRPMI to 40ul of 0.4% Trypan blue (1:4 Trypan 

blue: sRPMI) was then used. 190ul of counting solution and 10l of PBMC 

suspension was added to a 500l Eppendorf tube and mixed by pipetting. 10l 

was loaded onto and improved Neubauer Haemocytometer and cover slip. Cells 

in two of the 4x4 squares were counted using manual tally counter. The viability 

was calculated as before by dividing the number of viable cells by the total 

number of cells (viable and trypan blue stained) and expressed as a percentage. 
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This technique of thawing consistently resulted in cell viability greater than 98%. 

Any thawed PBMCs below this threshold were not used for experimental assays.  

 

2.6 T cell exhaustion phenotyping using flow cytometry  

2.6.1 Principles 

Four colour staining of PBMCs was performed to determine total CD3+ T cell 

population, CD8+ T cells and expression of exhaustion markers Programmed cell 

death protein 1 (PD-1) and Galectin-9 using flow cytometry. Frozen cells in liquid 

nitrogen were used for these assays. Thawing of these PBMCs, viability testing 

and counting was carried out using methodology described in section 2.6.6. 

 

2.6.2 Flow cytometer characteristics 

The coulter Epics XL MCL flow cytometer (Beckmann Coulter, High Wycombe, 

UK) was used for these experiments. It had a laser emitting light at 488nm 

wavelength with four fluorescent detector channels with a detection range of 200 

to 800nm allowing the simultaneous detection of signals from 4 fluorescent dyes 

bound to the cells of interest. The fluorescent dyes that were compatible with 

emission detection wavelength of the detectors dictated which fluorescent-

conjugated antibodies could be used for these experiments. Spectra for individual 

channels for the Epics XL flow cytometer are listed in Table 2.2. 
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Table 2. 2 Epics XL Flow cytometer channel wavelengths and compatible 

fluorochromes 

 

 

Channel Name Wavelength (nm) 
Fluorescent dye 

emission detected 

FL1 525 FITC 

FL2 575 PE 

FL3 620 PCeF710 

FL4 675 PE-Cy5 
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2.6.3 FACS antibody panels selected for cell surface and intracellular 

staining  

CD3+Lymphocytes were identified by using fluorochrome bound antibody CD3 

PerCP -eFluor710 (eBiosciences 46-0037). CD8+ T cells were identified by CD8 

FITC (BD 555366). Cells which stained positive for CD3 and negative for CD8 

were identified as CD4 + T cells.  

PD-1 PE fluorochrome bound antibody was used to determine expression of 

inhibitory receptor PD-1. Intracellular expression of Galectin 9 was determined 

using PE fluorochrome bound Galectin – 9 antibody.  

Two separate antibody panels for staining was used for each case and control 

sample as in table 2.3.  

All experiments were conducted using appropriate single colour compensation 

controls to identify and correct for spill over into other detectors. Fluorescence 

minus one (FMO) controls were used to determine the negative population to 

allow best gating for analysis. 
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Table 2. 3 List of flow cytometry antibodies used in each panel 

 

Antibody 
Fluorescent 

label 
Dilution Supplier 

Panel 1 

CD3 PCeF710 1:20 eBiosciences 

CD8 FITC 1:20 BD 

PD-1 PE 1:20 BD 

Live/Dead far red  1:1000 Thermofisher 

Panel 2 

CD3 PCeF710 1:20 eBiosciences 

CD8 FITC 1:20 BD 

Galectin - 9 PE 1:20 BD 

Live/Dead far red  1:1000 Thermofisher 
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2.6.4 Antibody titration 

All antibodies were titrated with 3 concentrations (1:10, 1:20, 1:50) based around 

manufacturer’s suggested concentration to find the lowest necessary 

concentration that could accurately detect the relevant cell population with high 

specificity. 

 

2.6.5 Sample preparation for flow cytometric analysis 

Initial optimisation experiments on PBMCs obtained from healthy controls found 

no difference in results between freshly isolated PBMCs and previously frozen 

and thawed PBMCs. PBMCs were thawed on the day of analysis as described in 

section 2.6.6 and viable cell count obtained. 1 x 105 PBMCs from each HCV 

treatment timepoint being studied was added to two wells in a 96 well V bottom 

plate; one well to be used for each panel. Same number of PBMCs from healthy 

controls was added into 9 wells to be used for compensation controls, 

Fluorescence minus one (FMO) controls and controls for each panel. 200l FACS 

wash buffer (FWB) was added to each of the wells and centrifuged at 750g for 2 

mins. Supernatant was then discarded and pellets were resuspended in 100l of 

Live/Dead far red dye. This was allowed to incubate in the fridge for 30 mins. 

100l of FWB was added to each of the wells and centrifuged at 750g for 2 mins 

following which supernatant was discarded. All antibodies were prepared in 

concentration of 1:20 as per manufacturer recommendations. Antibodies for 

surface staining were diluted in FWB, while antibodies for intracellular staining 

were diluted in Perm/wash buffer. 
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2.6.6 Surface staining 

Protocol in section 2.6.5 was followed by surface staining of PBMCs. CD3 

PCeF710, CD8 FITC and PD-1 PE fluorochrome bound antibodies were added 

to the relevant samples at manufacturer recommended concentration of 1:20. 

Samples were then incubated in fridge in dark for 45 minutes. 100 l FWB was 

the added to samples to wash any excess unbound antibody and centrifuged at 

750g for 2 mins. Supernatant was discarded and 100l of cytofix/cytoperm (BD) 

was added and mixed well with pipetting. This was incubated in the fridge for 15-

20 minutes. Any excess was removed by adding FWB and centrifuging at 750 g  

for 2 minutes. Supernatant was discarded and pellets were resuspended in FWB 

for analyses on flow cytometer. 

 

2.6.7 Intracellular staining of Galectin 9 

Appropriate samples for panel 2 staining and FMO for panel 2 were transferred 

to a fresh 96 well plate and washed with 200l of FWB by centrifugation at 750g. 

Supernatant was discarded and each pellet was re-suspended in Perm/wash 

solution (BD, Becton Dickinson and company) followed by incubation in dark in 

fridge at 4oC for 15 minutes. This was centrifuged at 750g for 2 mins. Cells were 

then stained with intracellular antibody for Galectin-9 (made up in BD 

Perm/Wash) by resuspending the pellet in antibody mixture and incubated at 4oC 

for 45 minutes. Excess antibody was removed by washing with FWB and 

centrifugation at 750g for 2 mins. Cells were then resuspended in 200l FWB for 

analyses on flow cytometer. 
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2.6.8 Compensation and gating strategy 

PBMCs were gated on forward and side scatter dot plots. Dead cells were 

excluded by Live/Dead far red staining. PD1 and Galectin 9 expressing cells were 

determined on CD8+ CD4+ cells within the live CD3+ gate as shown in Figure 

2.1. 
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Figure 2. 1 FACS gating strategy 

PBMCs were gated on forward and side scatter dotplots. Dead cells were 

excluded by Live/Dead far red staining. Live cells were gated for CD3. PD1 and 

Galectin 9 expressing cells were determined on live CD3 gate.  

Fluorescence minus one negative control and a case of healthy controls is 

shown. 
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2.7 HCV specific T cell responses using Interferon- Enzyme-linked 

ImmunoSpot (ELISpot) assay 

2.7.1 Principles of assay 

ELISpot assay was used to determine individual T cell response in the form of 

IFN- production to determine reaction to specific antigen. The results are then 

represented as number of activated cells per million. In this thesis, CEFT peptide 

pool and Phytohaemagglutinin (PHA) were used as positive control antigens, 

while HCV overlapping peptides for genotype 1 and 3 were used to determine 

HCV specific response. 

The ELISpot technique is summarised in Figure 2.2. 
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Figure 2.2 Outline of ELISpot technique

(A)Wells of high membrane binding plate was coated with IFN- capture 

antibody and incubated with antigen exposed PBMCs (B) The plate was 

washed off cells, secreted IFN- remained bound to capture antibody 

(C) Incubation with biotinylated antibody forms sandwich complex with 

primary antibody-IFN complex (D) Streptavidin and chromogen allows 

colour development detecting bound IFN- (E) Spots as seen on plate 

and detected by ELISpot plate reader as spot forming unit 

Figure 2. 2 Outline of ELISpot technique 
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2.7.2 Antigens 

Control Antigens 

Pepmix CEFT peptide pool purchased from jpt (jpt peptide technologies, 

Germany) was used as positive control. This pool consists of 27 peptides, each 

corresponding to a defined HLA class I or II restricted T-cell epitope from 

Cytomegalovirus, Epstein-Barr virus, Influenza virus or Clostridium tetani. As 

majority of the individuals would have been exposed to these organisms, it was 

expected to generate a reactive T cell clone. It was stored at – 20oC, reconstituted 

prior to use and diluted with PBS to achieve final concentration of 3g/ml per 2 x 

105 PBMCs. 

Phytohaemagglutinin (PHA) (Sigma-Aldrich, Dorset, UK) was used as a mitogen 

for T lymphocytes and served as a further positive control. It was used at a final 

concentration of 1g/ml per 2 x 105 PBMCs. 

 

HCV overlapping peptides 

The HCV overlapping peptides for HCV genotype 3a and genotype 1b were 

obtained from the NIH Biodefense and Emerging Infections Research Resources 

Repository (BEI resources, Virginia, USA). These consisted of recombinant 

overlapping peptide arrays spanning the entire genome of HCV genotype 3a and 

1b. The lyophilised peptides were reconstituted in DMSO to a stock concentration 

of 20mg/ml to ensure small volume of DMSO used in cell culture. Subsequently, 

reconstituted peptide arrays corresponding to structural and non-structural 

regions were made up into peptide pools to be used as antigens in ELISpot 
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assays. Peptide pools were stored in aliquots at -20oC and defrosted prior to use. 

Genotype 3a peptide pools were used for cases with genotype 3 infection and 

genotype 1b peptide pools were used for cases with genotype 1 infection. All 

peptide pools were used at a final concentration of 3g/ml for each constituent 

peptide. Details of each peptide pool are shown in Table 2.3. 
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Table 2. 4 Composition of HCV overlapping peptide pools used for 

ELISpot assay 

 

 

Corresponding 

HCV region 

Number  

of peptides 

in pool 

Length of individual 

peptides  

(amino acids) 

Overlap of 

adjacent peptides 

(amino acids) 

Genotype 3a 

Core 29 13 – 18 11 – 12 

NS3 97 15 – 19 11 – 12 

NS5A 72 13 – 19 11 – 12 

NS5B 90 14 – 19 11 – 12 

Genotype 1b 

Core 28 13 – 19 11 – 12 

NS3 98 15 – 19 11 – 12 

NS5A 71 13 – 19 11 

NS5B 90 14 – 19 11 
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2.7.3 IFN- ELISpot assay kits 

Human IFN- ELISpot assay kits were obtained from BD Biosciences (Batch no 

5266669), including ELISpot plates, purified anti-human IFN- capture antibody, 

biotinylated anti-human IFN- detection antibody and streptavidin HRP. 

 

2.7.4 Interferon- ELISpot technique 

Previously frozen PBMCs were removed from liquid nitrogen, thawed and 

counted after cell viability assessment using protocol described on section 2.6.6. 

Cells were re-suspended in sRPMI/10%AB serum to a concentration of 2 x 106/ml 

so 100l suspension has 2 x 105 cells. 

A master mix 100l/well of HCV antigen in form of HCV overlapping peptide mix 

in a concentration of 6g/ml was prepared by diluting in sRPMI/10% AB serum. 

Lectin and CEFT peptides served as positive controls to assess the validity of the 

assay and culture medium was used in the control wells as a negative control to 

determine background activity. 100l of antigen mix was added to each relevant 

well in a round bottom 96 well plate. 100l of medium alone (sRPMI/10%AB 

serum) was added to negative control wells. This was followed by addition of 

100l of PBMC suspension to each well. This allowed the final concentrations of 

antigen mix to be 1g/ml for other antigens and 3g/ml for HCV overlapping 

peptides. This plate was incubated for 20 hours at 37
o
C at 5%CO2. Replicates of 

3 wells per antigen or peptide pool  and negative control were used. 
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On the same day, 96-well high membrane binding plate (MAIPS4510, Millipore, 

UK) was prepared by adding IFN- primary capture antibody (BD Biosciences, 

Oxford, UK) in a concentration of 5g/ml (1:200) after diluting in sterile PBS. 

100l per well was added to each well to ensure full coverage in a corresponding 

layout to that of the 96 well culture plate. This was then incubated in fridge at 4
o
C 

overnight (16 hours). 

On day 2, the primary capture antibody was flicked off from the high membrane 

binding plate which was then washed once with 200 l/well of sRPMI/10%AB 

serum and then blocked for 2 hours at room temperature using 200 l/well of 

sRPMI/10% AB serum. After 2 hours, the medium from ELISpot plate was flicked 

off and cultured PBMCs were transferred to the corresponding wells on the 

ELISpot plate. This was further incubated at 37
o
C in a 5%CO2 incubator for 24 

hours. 

On day 3, PBMCs were flicked off the ELISpot plate and the plate was blotted 

dry. Each well then washed twice using 200 l/well of deionised water (diH20) 

allowing each well to soak for 3 minutes at each step. Wash solution was flicked 

off and plate blotted briefly after each wash step. The plate was then washed 

three times by 200 l/well PBS with 0.05% Tween 20 (Sigma-aldrich, Dorset, UK) 

allowing to soak for 1-2 minutes at each step. Wash buffer was discarded. 100μL 

of secondary detection IFN- antibody (BD Biosciences, UK) at a concentration 

of 2μg/ml (1:250 dilution) diluted in PBS/ 10% FCS was added to each well and 

further incubated at room temperature for 2 hrs. The addition of FCS was to avoid 

non-specific binding of the secondary antibody. 
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Secondary detection antibody was discarded after 2 hours. The plate was then 

washed 3 times with 0.05% Tween 20 in PBS using 200 l/well allowing to soak 

for 1-2 minutes at each wash step. 100μL of Streptavidin- Horse Radish 

Peroxidase conjugate in PBS/10% FCS (concentration of 10μg/ml) was added to 

each well and the plate incubated for a further 1 hr at room temperature. 

Following this, the plate was washed four times with 0.05% Tween 20 in PBS 

using 200 l/well at each step followed by washing twice with 200l/well PBS 

alone, allowing to soak for 3 minutes at each step. Finally the plate was left to 

develop by adding 100 l per well of amino-9- ethyl-carbazole (AEC) substrate 

(Sigma-Aldridge, Dorset, UK) and incubated in the dark at room temperature for 

15 min. The reaction was stopped by immersing the plate in cold tap water. The 

plate was then thoroughly blotted dry and left in the dark for 3 hrs to develop fully. 

The individual spots in the wells were quantified using an ELISPOT reader (AID 

Diagnostika, Starssberg, Germany). 

 

2.8 Stimulation of PBMCs with PRR ligands 

2.8.1 Principles 

PBMCs were cultured with Toll like receptor and RIG-I ligands to study cytokine 

response. Single TLR ligands used as a model for virus PAMPs to study cytokine 

responses. Ligands used were Polyinosinic-polycytidylic acid (Poly (1:C)), Poly 

(I:C) Lyovec complex and R848. This is outlined in Figure 2.3. 
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Figure 2. 3 Outline of PBMC stimulation experiments 

  

PBMCs

PRR ligands

TLR-3 ligand

Poly (I:C)

TLR 7/8 ligand

R848

RIG-I ligand

Poly(I:C)/Lyovec

complex

PBMCs PBMCs

Cytokines in supernatant using 
Multiplex Luminex 

IL-6, IL-8, IP-10,IFN-g, IL1a, IL-15, 
IL1b, MIP-1a, IL-12, IL-27 

Fig 2.3 Outline pf PBMC stimulation experiments
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2.8.2 Technique 

Aliquots of PBMCs from patient group at selected timepoints were defrosted and 

the viability assessed using methodology described in Section 2.6.6. PBMCs 

were re-suspended in supplemented RPMI/10% FCS. The cell suspension was 

centrifuged at 750g for 10 minutes. Supernatant was discarded and remaining 

cell pellet was re-suspended in sRPMI/10% FCS. Cells were counted and 2 x 105 

PBMCs in 200 l of sRPMI/10% FCS were added to each well in a flat bottom 96 

well culture plate. 20g/ml Poly I:C and 2g/ml R848 were added to appropriate 

experiment wells containing PBMCs. Prepared Lyovec/Poly I:C complexes were 

used. All experiments were performed in triplicates. Plates were incubated at 

37oC in 5% CO2 for 16 hours. After 16hrs, plates were removed from the 

incubator, supernatant was aspirated into RNA-ase free Eppendorfs, and 

centrifuged at 750g for 5 minutes. Supernatant was aspirated from each 

Eppendorf, stored in 3 aliquots of 60l each. These were frozen at -20 for 

assessment of cytokine secretion. 
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Table 2. 5 Drug concentration used for TLR3/7/8 and RIG-I stimulation on 

mixed PBMCs 

 

 

PBMC stimulation drug Final concentration 

Poly (I:C) 20 g/ml 

R848 2 g/ml 

Poly (I:C)/Lyovec complex 6g/ml poly(I:C) in 10l Lyovec 

 

  



 133 

2.8.3 Optimisation experiments for PBMC stimulation with PRR ligands 

Different experimental conditions were considered when planning stimulation of 

PBMCs with Poly (I:C), R848 and Poly (I:C)/Lyovec complex and explored in a 

series of experiments using PBMCs from healthy controls to determine conditions 

for optimal results. This included: 

(1) Number of PBMCs per well, including 10 x 103, 50 x 103,1 x 105 in 200l 

sRPMI/10%FCS in each well in 96 well plate. 2 x 105 PBMCs were cultured with 

stimuli in 200l sRPMI/10%FCS in each well in 96 well plate and 500l 

sRPMI/10%FCS in each well in 24 well plate. 

(2) Duration of incubation time including 6 hours, 16 hours and 24 hours. 

(3) Two concentrations of PRR ligands were used to determine optimal final 

concentration. Poly (I:C) was used at 20g/ml and 100g/ml, R848 at 2g/ml and 

20g/ml, Poly (I:C)/Lyovec complex at 1g/ml, 3g/ml and 6g/ml. 

(4) Exclusion of serial change in response over time in healthy controls. PBMCs 

obtained from same healthy control at 3 different time points at least 2 weeks 

apart did not show any difference in production of IL-6. 

Output parameter used was measurement of IL-6 and IFN- produced, using 

ELISA. ELISA technique used is described in detail in section 2.10.2. 
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2.9 Luminex magnetic multiplex cytokine bead assay 

2.9.1 Principle 

Cytokines in supernatant produced by PBMCs in culture with toll like receptor and 

RIG-I ligands (Poly (I:C), R848, and Poly (I:C)/Lyovec complex were analysed by 

magnetic multiplex cytokine bead assay using Luminex platform. This technique 

has advantage over ELISA in that it allows simultaneous measurement of multiple 

cytokines in a limited sample volume. 

Analyte-specific antibodies are pre-coated into colour-coded microparticles. 

Microparticles, standards and samples are pipetted into wells. Immobilized 

antibodies bind the analyte of interest. After washing away any unbound 

substances, a biotinylated antibody cocktail specific to the analytes of interest is 

added to each well. Following a wash to remove any unbound biotinylated 

antibody, streptavidin-phycoerythrin conjugate (Streptavidin-PE) is added to 

each well. A final wash removes unbound Streptavidin-PE, microparticles are 

resuspended in buffer and read using Luminex MAGPIX analyser. 

A magnet in the analyser captures and holds the superparamagnetic 

microparticles in a monolayer. Two spectrally distinct Light Emitting Diodes 

(LEDs) illuminate the beads. One LED identifies the analyte that is being detected 

and the second LED determines the magnitude of the PE-derived signal, which 

is in direct proportion to the amount of analyte bound. 
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2.9.2 Reagents 

Magnetic Luminex multiplex premixed multi-analyte kit including all reagents 

required was purchased from R&D systems (RD systems, USA)(Kit Lot number: 

1372866, microparticle mix Lot number: 1372859, Biotin antibody mix lot number: 

1372862). Luminex kit was used to analyse 10 cytokines including interleukin-6 

(IL-6), Interleukin-8 (IL-8), Interferon- inducible protein-10 (IP-10), Interferon- 

(IFN-, Interleukin-1alpha (IL1-), Interleukin-15 (IL-15), Interleukin-1 (IL1-), 

(MIP-1), Interleukin-12 (IL-12) and Interleukin-27 (IL-27). 

 

2.9.3 Technique 

Microparticle cocktail supplied was centrifuged for 30 seconds at 1000 x g prior 

to removing the cap, followed by gentle vortex to re-suspend the microparticles. 

The microparticle cocktail is diluted in a mixing bottle with the diluent provided. 

This microparticle cocktail was prepared within 30 minutes of use and care was 

taken to prevent exposure to light during handling. 

For reconstituting the 4 standards provided, each is reconstituted in calibrator 

diluent with a volume specified for the kit by the manufacturer in certificate of 

analysis. Allow the standard to sit for a minimum of 15 minutes with gentle 

agitation prior to making further dilutions. This will result in 10 x concentrate of 

each standard cocktail resulting in four 10 x concentrated standards. 100 l of 

each standard cocktail is combined with Calibrator Diluent to make a total volume 

of 1000l as per manufacturer recommendations to make a single standard which 

contains 1 x concentration of all the analytes. This standard cocktail is used to 
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make a 3 fold serial dilution with Standard 1 serving as high standard and 

Calibrator Diluent as blank. 

Cell culture supernatant samples previously stored at -20 C were defrosted for 

use in assay. 

Microparticle cocktail was re-suspended by vortexing and 50 l was added to 

each well of the microplate. 50 l of standard or sample was added to appropriate 

wells and plate was securely covered with a foil plate sealer. Microplate was 

incubated at room temperature for 2 hours on a horizontal orbital microplate 

shaker set at 800  50 rpm. A magnetic plate designed to accommodate the 

microplate was used to wash the plate. Magnet was applied to the bottom of the 

microplate, followed by removing the liquid, filling each well with 100 l of wash 

buffer and removing the liquid again. Wash procedure was performed for a total 

of three times. 

50 l of diluted antibody cocktail was added to each well. The plate was securely 

covered with a foil plate sealer and incubated at room temperature on the 

horizontal orbital microplate shaker set at 800  50 rpm. Microplate was then 

washed three times after applying magnet to the bottom of the plate and adding 

100 l of wash buffer and removing the liquid again. 

50 l of Streptavidin-PE was added to each well. The plate was then incubated 

at room temperature for 30 minutes after covering with a foil plate sealer on the 

shaker set at 800  50 rpm. This was followed by washing the plate 3 times using 

100 l of wash buffer and magnet applied to the bottom of plate. Microparticles 
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were then re-suspended by adding 100 l of wash buffer to each well and 

incubating on the shaker set at 800  50 rpm for two minutes. 

The plate was read on Luminex 200 platform within 90 minutes. 

 

2.9.4 Instrument setting 

Luminex 200 was used to read the plate. Microplate region for each analyte being 

measured was assigned as specified on the certificate of analysis. Further 

settings were: (1) 50 events per bead (2) Minimum events 0 (3) Flow rate fast at 

60 l/minute (4) Sample size 50 l (5) Double discriminator gates set at 

approximately 8000 and 16,500 and (6) MFI was collected. 

 

2.9.5 Calculation of results 

Concentration of analytes in the sample was read from the standard curve 

generated. Standard concentrations for each analyte provided were by the 

manufacturer in the certificate of analysis and 3-fold dilutions for the remaining 

levels were calculated. Average of two duplicate readings was obtained. 

Standard curve was created for each analyte using computer software (ponent 

software solutions) capable of generating a five parameter logistic (5-PL) curve-

fit.  
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2.10 ELISA for estimation of IL-6 and IFN- 

2.10.1 Principle 

ELISA is used to measure an analyte protein, which is initially immobilized on 

microplate wells bound to a capture antibody, followed by use of another target 

protein specific enzyme labelled antibody. A substrate added later reacts with 

enzyme-antibody-analyte complex to produce signal measurable by light 

absorption. 

IL-6 (Invitrogen) and IFN- ELISA (Mabtech) assays were used to analyse 

presence of IL-6 and IFN- in cell culture supernatant during optimisation of 

conditions for PBMC stimulation with TLR and RIG-I ligands. 

 

2.10.2 Technique 

High protein binding plate was coated with 100 l/well of capture antibody diluted 

in PBS as per manufacturers recommendation and incubated overnight at 4oC to 

allow binding process to take place. On day 2, the wells were emptied and plate 

was washed three times using ELISA wash buffer (PBS and 0.1% Tween 20) and 

blotted dry. The plate was blocked by adding 200 l/well of 2% BSA in PBS and 

incubated at room temperature for one hour. Once blocked, all wells were washed 

three times and blotted dry on absorbent paper. Standard protein and 

supernatant samples were added to relevant wells in duplicate and plate was 

further incubated overnight at 4oC. The following day, wells were emptied, 

washed three times and blotted followed by addition of biotinylated antibody 



 139 

diluted in PBS as per manufacturer’s recommendations. The plate was incubated 

at room temperature for 1 hour followed by three washes with PBS. Once dry, 

100l/well Avidin-HRP was added and incubated for 30 minutes at room 

temperature. A further cycle of three washes was carried out before adding 

100l/well of 3-ethylbenzthiazoline-6-sulfonic acid solution and allowed to 

develop for 15 minutes. The absorbance was read on a microplate reader with a 

405nm filter (Tecan multiplate reader, Tecan Trading, AG Switzerland). A 

standard curve was plotted by use of known standard concentrations and mean 

absorbance values. Using linear regression, a best fit line was used for 

calculation of sample values. 

 

2.11 Statistical analysis 

GraphPad Prism version 8 (GraphPad Software, California, USA) and SPSS 

software version 9 (International Business Machines, IBM, New York) were used 

for data analysis. 

Majority of the data analysed in this group was assumed to be non-parametrically 

distributed due to small sample size. Mann-Whitney U test was used for 

comparison of continuous variables between two groups, Wilcoxon-Signed Rank 

test was used for comparison of paired data. Student t test was used for data with 

parametric distribution. 

Statistical significance was considered with a p<0.05 (*p<0.05, **p<0.001, 

***p<0.0001). 
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Evolution of expression of T cell 

exhaustion markers during DAA 

treatment 

 

3.1 Background 

Virus specific CD8+ T cells play a central role in the outcome of acute HCV 

infection. This is evidenced by functional CD8+ T cell responses in spontaneous 

viral clearance (Rehermann, 2013). Failure of viral clearance leading to chronic 

infection is associated with T cell exhaustion and viral escape (Bengsch et al., 

2010, Klenerman and Thimme, 2012). Most groups have reported an irreversible 

damage to the HCV specific T cell pool characterised by functional defects, 

reduced antiviral efficacy, and lack of full CD8+ T cell maturation that cannot be 

restored by pegylated interferon therapy (Abdel-Hakeem et al., 2010, Missale et 

al., 2012, Seigel et al., 2013). It has not been established whether this effect is 

due to chronic viral infection itself or direct inhibitory effects of interferon on 

lymphocytes (Barnes et al., 2002, Welsh et al., 2012). Recent advances in HCV 
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treatment that directly target viral replication has allowed the opportunity to 

analyse the nature of this loss of CD8+ T cell function more clearly. 

Exhausted CD8+ T cells overexpress several inhibitory receptors and molecules 

including PD-1, TIM-3, CTLA-4, 2B4, in addition to changes in T cell receptor and 

cytoplasmic signalling pathways (Golden-Mason et al., 2009, Kasprowicz et al., 

2008, Nakamoto et al., 2008, Radziewicz et al., 2007, Schlaphoff et al., 2011, 

Rutebemberwa et al., 2008). 

Programmed cell death protein 1 (PD-1) is an immunoreceptor containing 

tyrosine-based inhibition motif expressed on activated T cells that mediates 

hyporesponsiveness (Radziewicz et al., 2007). Expression of inhibitory receptor 

PD-1 has been postulated to characterise a state of exhaustion of HCV specific 

CD8+ T cells in chronic HCV infection (Barber et al., 2006). High levels of PD-1 

expression on CD8+ T cells has been identified in patients with chronic HCV 

infection (Radziewicz et al., 2007). Blockade of PD-1 signalling has shown to 

result in restoration of HCV specific CD8+ T cell responses (Radziewicz et al., 

2007, Penna et al., 2007). 

TIM-3 also mediates CD8+ T cell exhaustion along with other inhibitory receptors 

and is expressed at high levels in patients with chronic HCV infection (Mengshol 

et al., 2010). Galectin-9 is a ligand for TIM-3. TIM-3 is activated by Galectin 9, 

allowing TIM-3 to send inhibitory signals to T cell receptor. Binding of Galectin-9 

to TIM-3 has shown to induce apoptosis of HCV specific CD8+ T cells (Mengshol 

et al., 2010). 

The aim of this study was to analyse phenotypic changes in expression of 

exhaustion markers including PD-1 and Galectin 9 within the adaptive immune 



 143 

compartments of PBMCs at baseline, during interferon free antiviral treatment 

and after achieving SVR, using flow cytometry. 

 

3.2 Methods 

A cohort of patients with chronic HCV infection undergoing treatment with varying 

interferon free regimens was recruited. PBMCs were isolated from blood samples 

obtained at baseline (week 0) and during treatment including treatment weeks 2, 

4, and end of treatment. Relapse time point samples were acquired in cases of 

individuals who relapsed. Post treatment samples were obtained from cases 

achieving SVR at post treatment week 2 (SVR 2), post treatment week 4 (SVR4) 

and post treatment week 12 (SVR 12). Isolated PBMCs were frozen in liquid 

nitrogen and thawed prior to preparing for flow cytometry using methodology 

detailed in Chapter 2. 

PBMCs were prepared by staining for CD3 and CD8 as well as for exhaustion 

markers, which include cell surface exhaustion marker PD-1 and intracellular 

Galectin-9 using fluorochrome bound antibodies. Staining for CD4 was not used 

due to the limitation of our flow cytometry equipment to four channels. However, 

CD3+CD8- cell population was assumed to be CD4+ T cells for the purpose of 

this study. Expression of PD1 and Galectin-9 was measured on total CD3+ cells, 

CD3+CD8-cells, and CD3+CD8+ cells. 
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3.3 Results 

3.3.1 Baseline characteristics 

6 cases relapsed amongst a total of 36 cases recruited. 1 out of 6 relapse cases 

received pegylated interferon alpha as part of treatment regimen and was 

excluded from further analysis. Amongst cases with sustained viral response, 

only 10 cases could be identified as matching with relapse group in baseline 

characteristics and the treatment regimen received, which were included in 

further experiments. Healthy controls were volunteers recruited from healthy 

laboratory staff members. 

Baseline characteristics of study populations are summarised in table 3.1. 
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Table 3. 1 Baseline characteristics of subjects included in the study of T 

cell phenotype 

  SVR cases 

(n=10) 

Relapsers 

(n=5) 

HC 

(n=10) 

Gender Male: Female 7:3 3:2 6:4 

Age Mean ±SD 45.9 ± 5.0 41.6 ± 8.2 37 ± 9 

HCV genotype 1 4 1  

 3 6 4  

Fibrosis F4 9 4  

 F0-F3 1 1  

Treatment 

regimen 

Sofosbuvir +Ribavirin 3 2  

 Sofosbuvir + 

Ledipasvir + Ribavirin 

1 2  

 Sofosbuvir + 

Daclatasvir 

2 1  

 Sofosbuvir + 

Ledipasvir 

4   

Relapse time 

point 

Week 24 post 

treatment 

 1  

 Week 4 post 

treatment 

 4  
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3.3.2 T cell expression of PD-1 and Galectin-9 is higher in cases with 

chronic hepatitis C infection 

PD-1 and Galectin-9 expression in the total T cell population (defined as CD3+ 

cells), CD8+ T cells and CD4+ T cells were studied in all cases with chronic 

hepatitis C infection included in this study prior to commencing interferon free 

antiviral treatment for HCV and compared with healthy controls included in each 

experimental plan. 

PD-1 expression on all T cell populations was significantly higher at baseline in 

cases with chronic HCV infection when compared with healthy controls. This 

includes cases who later achieved sustained viral response following interferon 

free antiviral therapy and cases which relapsed following treatment. This was 

observed on total T cell population identified as CD3+ T cells (p=0.0001), CD8+ 

T cells (p=0.0001) as well as CD3+CD8- T cells which act as a surrogate for 

CD4+ T cell population (p=0.001) (Figure 3.1). 

Galectin-9 expression was also significantly higher in cases with chronic HCV 

infection in comparison with healthy controls at baseline (week 0) on total CD3+ 

T cells (p=0.02) and CD8+ T cells (p=0.01). There was no statistically significant 

difference in Galectin-9 expression on CD4+ T cells between healthy controls 

and patients with chronic HCV infection. (Figure 3.2). 

These findings are consistent with the concept that chronic HCV infection aligns 

with signs of T cell exhaustion.  
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Figure 3. 1 Scatter plot of PD-1 expression on T cell populations 

Study groups were Healthy controls (HC, n=12) and baseline samples (Wk0) from 

chronic HCV cases (n=12). Dots indicate percentage of T cells in each group 

expressing PD1 with (A) representing total CD3+ T cells, (B) showing CD8+ T 

cells and (C) representing CD4+ T cells expressing PD1. Horizontal lines 

represent group median. *p<0.05, **p<0.001, ***p<0.0001. 

  

(A) 

 

(B) 

 

(C) 
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Figure 3. 2 Scatter plot of Galectin-9 expression on T cell populations 

Study groups were Healthy controls (HC, n=15) and baseline samples (Wk0) from 

chronic HCV cases (n=15). Dots indicate percentage of T cells in each group 

expressing Galectin 9 with (A) representing total CD3+ T cells, (B) showing CD8+ 

T cells and (C) representing CD4+ T cells expressing Galectin-9. Horizontal lines 

represent group median. * p<0.05, ns not significant.  

(A) 

 

(C) 

 

(B) 
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3.3.3 Decrease in PD-1 expression following SVR with interferon free 

therapy 

PD-1 expression was studied in 8 cases achieving SVR following treatment with 

interferon free antiviral therapy. Baseline characteristics are described in section 

3.2.1. PD-1 expression on T cell populations was quantified using flow cytometry 

at baseline (week 0) and 12 weeks after completing treatment (SVR12).  

There was a significant decrease in expression of T cell exhaustion marker PD1 

at SVR12 when compared to pre-treatment expression at week 0 in all cases 

except one case (SW517) where there was an increase in PD1 expression. This 

was seen in case of CD3+T cells (p=0.02), CD8+ T cells (p=0.02), and CD4+ T 

cells (p=0.04) defined as CD3+CD8-Tcells (Figure 3.3). 
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Figure 3. 3 Impact of antiviral therapy on T cell phenotype in CHCV cases 

achieving SVR (n=8) 

Frequency of PD1 expressing T cells measured at baseline (week 0) and 12 

weeks after completing interferon free treatment (SVR 12). (A) Compares PD1 

expression on total CD3+ T cell population in each group, (B) represents PD1 

expression on CD8+ T cells and (C) shows PD1 expression on CD4+ T cells 

(CD3+CD8-Tcells).* p<0.05.   

(A) 

 

(C) 

 

(B) 
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3.3.4 Decrease in Galectin-9 expression following SVR with interferon free 

therapy 

Galectin 9 expression on T cells was also studied in 9 cases achieving SVR with 

interferon free therapy. This decreased at SVR12 when compared to baseline on 

CD3+ T cells in all cases studied and the difference in mean reached statistical 

significance (p=0.0002). There was also a significant decline in Galectin 9 

expression on CD3+CD8+ T cells on all except one case (SW517) where there 

was an increase in Galectin 9 expression. This case also showed higher PD-1 

expression at SVR12 as explained in section 3.2.2. Six out of eight cases studied 

showed a decline in expression of Galectin 9 on CD3+CD8-T cells but this was 

not statistically significant. The remaining two cases showed a slight increase in 

Galectin 9 expression on only this T cell subpopulation (CD4 T cells) while there 

was a sharper decline in Galectin 9 expression on CD3+CD8+ T cells in these 

cases (Figure 3.4). 
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Figure 3. 4 Impact of antiviral therapy on T cell phenotype in CHCV cases 

achieving SVR (n=9) 

Frequency of Galectin 9 expressing T cells measured at baseline (week 0) and 

12 weeks after completing interferon free treatment (SVR 12).  (A) Compares 

Galectin 9 expression on total CD3+ T cell population in each group, (B) 

represents Galectin 9 expression on CD8+ T cells and (C) shows Galectin 9 

expression on CD4+ T cells (CD3+CD8-Tcells). *p<0.05, ***p<0.0001, ns not 

significant. 

  

(A) 

 

(B) 

 

(C) 
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3.3.5 Baseline expression of PD-1 on T cells in Relapser cases 

Following the finding that patients with chronic HCV have increased PD-1 

expression relative to healthy controls, we sought to find differences in PD-1 

expression after discriminating populations between those we could 

retrospectively determine were responders or relapsers. Expression of T cell 

exhaustion marker PD-1 was analysed at baseline (week 0) in five cases who 

relapsed following interferon free antiviral treatment and compared with cases 

achieving SVR (responders) and healthy controls. There was no significant 

difference in expression of PD1 on total CD3+ T cells prior to commencing 

treatment between cases which relapsed following treatment and those which 

achieved SVR (Figure 3.5C). There was a non-significant trend towards higher 

expression of PD-1 on CD8+ T cells while lower on CD4+ T cells in relapsers 

when compared with cases which achieved SVR, suggesting CD8+ T cells to be 

the main subtype with exhausted T cells (Figure 3.5 A, B). 

Expression of PD-1 was significantly higher in relapsers when compared with 

healthy controls on total CD3+ T cells and CD8+ T cells (Figure 3.5 A, C). 

Although median PD-1 expression was numerically higher than healthy controls 

on CD4+ T cells, it was not statistically significant (Figure 3.5B). 

Together, this data indicate that the difference between response and relapse is 

not related baseline PD1 expression. 
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Figure 3. 5 Scatter plots of PD-1 expressing T cell populations in healthy 

controls, relapsers and treatment Responders 

Study groups were Healthy controls (HC, n=13), baseline samples (Wk0) from 

chronic HCV cases achieving SVR (n=8) and cases which relapsed following 

interferon free treatment (n=5). Dots indicate percentage of T cells in each group 

with (A) showing PD1 expressing CD3+CD8+T cells, (B) showing PD1 

expression on CD4+T cells (CD3+CD8-Tcells) and (C) showing PD1 expression 

on total CD3+ T cells. Horizontal line represents group median. *p<0.05, 

**p<0.001, ***p<0.0001, ns not significant. 

A) 

 

(B) 

(C) 
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3.3.6 Baseline expression of Galectin-9 on T cells in Relapser cases 

Galectin-9 levels were elevated on CD8+ T cells and lower on CD4+ T cells in 

relapsers at baseline in comparison with responders (Figure 3.6 A, B). The 

frequency of Galectin-9 expressing cells amongst the total CD3+T cell population 

was lower in relapsers relative to this population in treatment responders (Figure 

3.6 C). 

CD8+ T cells also showed a significantly higher expression of Galectin-9 on 

relapsers when compared with healthy controls, while there was no difference in 

frequency of Galectin 9 expressing cells between two groups amongst CD4+ and 

total CD3+ T cell populations (Figure 3.6 A). 

This data indicates that viral relapse associates with higher CD8+ T cell 

expression of Galectin-9 compared to sustained responders to therapy. 
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Figure 3. 6 Scatter plots of Galectin 9 expressing T cell populations in 

healthy controls, relapsers and treatment Responders 

Study groups were Healthy controls (HC, n=15), baseline samples (Wk0) from 

chronic HCV cases achieving SVR (n=10) and cases which relapsed following 

interferon free treatment (n=5). Dots indicate percentage of T cells in each group 

with (A) showing Galectin-9 expressing CD3+CD8+T cells, (B) showing Galectin-

9 expression on CD4+T cells (CD3+CD8-Tcells) and (C) showing Galectin-9  

expression on total CD3+ T cells. Horizontal line represents group median. 

*p<0.05, **p<0.001, ns denotes not significant.  

(A) 

 

(B) 

 

(C) 
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3.3.7 Changes in expression of T cell exhaustion markers during treatment 

were different between relapsers and treatment responders  

Expression of PD1 and Galectin-9 on total CD3+ T cells, and CD8+, CD4+ 

subpopulations in relapsers and treatment responders was studied at treatment 

week 0, 2, 4, end of treatment (EOT), at relapse time point in relapsers, and post 

treatment in responders at weeks 2 (SVR 2), 4 (SVR 4) and 12 (SVR 12). 

The frequencies of PD1+ and Galectin 9+ expressing T cells showed different 

trends in both groups. Surprisingly, relapser cases had a lower median PD-1 and 

Galectin-9 expression on total CD3+ T cells and subpopulation of CD3+CD8- T 

cells before initiating therapy (Figure 3.7 A, B, E, F). However, expression of 

these exhaustion markers was higher at baseline on CD3+ CD8+ T cells 

throughout the treatment in case of PD-1 and at baseline in case of Galectin-9 

(Figure 3.7 C, D). 

There was no significant change in expression of these exhaustion markers on 

all cell types studied over time during treatment in case of relapsers. On the other 

hand, PD-1 and Galectin 9 expression showed a gradual decline during and after 

treatment towards lowest at week 12 post treatment (Figure 3.7). 
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Figure 3. 7 Changes in PD1 and Galectin 9 expression on T cell 

populations in cases achieving SVR (Responders) and Relapsers during 

interferon free treatment 
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3.4 Discussion 

This study has demonstrated that chronic HCV infection is characterised by 

increased expression of inhibitory receptors and checkpoint inhibitors including 

PD-1 and TIM-3 ligand Galectin-9 on T cells when compared with healthy 

controls. This is consistent with previous findings that a large fraction of HCV 

specific CD8+ T cells co-express inhibitory receptors including PD-1 (Bengsch et 

al., 2010) and TIM-3 ((Martin et al., 2014, Golden-Mason et al., 2009, Kasprowicz 

et al., 2008, Nakamoto et al., 2008, Radziewicz et al., 2007, Schlaphoff et al., 

2011, Rutebemberwa et al., 2008). 

Importantly, this study demonstrated that sustained virological response following 

interferon free treatment was associated with a significant reduction in expression 

of T cell exhaustion markers indicating restoration of T cell phenotype. Previous 

studies have demonstrated that successful treatment with pegylated type I 

interferon may rescue function of HCV specific CD8+ T cells, and thus prevent T 

cell exhaustion in acute HCV infection (Abdel-Hakeem et al., 2010, Badr et al., 

2008). However, such immune restoration was not seen following treatment with 

pegylated interferon once chronic infection had developed as a result  of ongoing 

recognition of viral antigen leading to T cell exhaustion. Indeed most groups have 

reported an irreversible damage to HCV-specific T cell pools, that are not restored 

by pegylated interferon therapy (Abdel-Hakeem et al., 2010, Missale et al., 2012, 

Seigel et al., 2013). However, since IFN also has direct inhibitory effects on 

lymphocytes, it has not been established whether this is due to direct effect of 

interferon therapy or long lasting exposure to viral replication. Results described 

in this chapter were able to establish at least phenotypic restoration of T cells 
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with loss/decline in exhausted T cells following treatment with interferon free 

direct acting antiviral treatment regimens. This finding was further explored by 

evaluating HCV specific T cell functional changes in response to interferon free 

therapy and will be covered in chapter 4. 

There have been further recent reports of partial T cell restoration. Martin et al. 

reported a decrease in mean PD-1 expression on HCV specific CD8+ T cells at 

follow up following DAA treatment (Martin et al., 2014). Burchill et al reported 

reduction in expression of inhibitory molecule T cell immunoreceptor with 

immunoglobulin on all T lymphocytes and a partial reduction in PD-1 expression 

on HCV specific CD8+ T cells following DAA treatment (Burchill et al., 2015). 

Contrary to this, Zhang et al have recently reported no significant differences in 

PD-1 expression before and after treatment (Zhang et al., 2017). The reasons for 

this difference in results is not clear and larger studies may be warranted. 

Previous studies have demonstrated that chronic activation of the adaptive 

immune responses in chronic HCV infection also predicts treatment failure with 

previous standard of care (pegylated interferon-alpha and Ribavirin). This is 

evidenced by increased pre-treatment expression of the programmed death (PD-

1) molecule on lymphocytes of treatment non-responders (Golden-Mason et al., 

2008). 

Work described in this chapter studied PD-1 and Galectin-9 expression on T cells 

in treatment relapsers and compared with responders in order to identify any 

patterns predictive of treatment response between the two groups. There was no 

difference in expression of PD-1 on total CD3+ T cells between two groups while 

Galectin-9 expression was significantly higher in relapsers at baseline. Other co-
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inhibitory exhaustion markers could not be studied due to limited cell numbers. It 

is possible that exhaustion in this cohort was augmented by other co-inhibitory 

receptors. There was however a difference in PD-1 and Galectin 9 expression on 

CD8+ and CD4+ T cells between the two groups. Relapsers had a higher PD-1 

and Galectin-9 expression on CD8+ T cells while this was lower on CD4+ T cells 

in comparison with treatment responders. The reason and pathways behind this 

difference is unclear and merits further investigation. Exhausted CD8+ T cells are 

expected to result in loss of their effector function with lack of cytokine production 

and reduced cytotoxic activity, and may contribute to treatment failure in 

relapsers amongst patients treated with interferon free treatment. Restoration of 

T cell phenotype demonstrated in cases which achieved SVR and persistent 

expression of exhaustion markers on T cells who failed to achieve SVR points 

towards probable contribution of restoration of immune responses in achieving 

SVR following treatment with interferon free treatment regimens. 

Regulation of CD8+ T cell responses is one of the core functions of CD4+ T cells. 

HCV specific CD4+T cell has shown to be a strong immunological factor in cases 

where there is spontaneous resolution of HCV infection following acute infection 

(Schulze Zur Wiesch et al., 2012, Chang et al., 2001). While the term exhaustion 

has been used to describe functionally impaired CD8+ T cell response, its use 

with regards to CD4+ T cells is less well established. Proliferation and secretion 

of IFN- are traits of CD4+ Th1 cells, and the expression of PD-1 on their surface 

as a sign of exhaustion in context of chronic hepatitis C infection is not well 

explored. In this context, significance of the findings in this chapter of lower PD-

1 and Galectin-9 expression on CD4 T cells in relapse cases needs to be studied 

further. One explanation for lower PD-1 and Galectin-9 expression on CD4+ cells 
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could be from lack of exhaustion due to emergence of virus escape mutations not 

recognised by these cells, and hence loss of exhausted cells. However, this issue 

can only be addressed in cohorts where RNA sequence of inoculum HCV 

infection and T cell responses prior to treatment and at relapse are known and 

correlated. Secondly, this finding also confirms the concept that viral persistence 

is related to loss of CD8+ effector function in relapse related to interferon free 

treatment rather than CD4+T cell exhaustion. 

Interestingly, contrary to observations in treatment responders, the frequency of 

exhaustion markers did not significantly change during the course of treatment in 

relapsers. On the other hand, there was continued longitudinal loss of exhaustion 

markers on T cells in treatment responders. Although this can be explained by 

loss of ongoing antigenic stimuli as a result of viral clearance in treatment 

responders and probable continued antigenic exposure preventing restoration of 

T cell exhaustion phenotype in treatment relapsers. However, in this cohort of 

relapsers, all cases developed low serum viral titres as determined by PCR during 

treatment, with a relapse demonstrated post treatment. Hence, a more likely 

plausible explanation would be the contribution of effector T cell restoration 

towards achieving viral clearance in the SVR group and lack of such restoration 

resulting in viral persistence despite interferon free treatment. Further studies will 

be required to establish CD8+ T cell exhaustion in this group is due to ongoing 

antigenic stimuli as a result of viral non-clearance or if this is the reason behind 

lack of response. Similarly, it is unclear whether restoration of T cell phenotype 

in SVR group is the cause or effect of viral clearance. 
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HCV specific T cell responses 

during Direct Acting antiviral 

therapy 

 

4.1 Background 

Chronic hepatitis C infection is featured by an impaired HCV specific T cell 

response unable to control HCV replication (Larrubia et al., 2014, Wedemeyer et 

al., 2002). This response becomes exhausted due to long-lasting high antigenic 

burden (Larrubia et al., 2011, Penna et al., 2007) characterised by expression of 

negative co-inhibitory receptors, impaired proliferation, cytotoxicity and IFN- 

secretion (Bengsch et al., 2010, Wood et al., 2011). As discussed previously, 

restoration of specific T cell function was not detected in patients who achieved 

sustained virological response (SVR) with pegylated interferon based treatment 

(Humphreys et al., 2012). Also, therapeutic vaccines also fail to restore T cell 

immune responses in SVR patients implying persistent T cell exhaustion 

(Wieland and Thimme, 2016, Kelly et al., 2016). It remains to be fully established 

whether direct acting antiviral therapy in the absence of interferon is able re-

establish HCV specific T cell function. Documentation of how successful DAA 
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therapy affects the immune compartment will allow understanding of the potential 

of effective T cell responses in the event of subsequent HCV challenges and 

guide development of preventive intervention i.e. vaccination to generate life-long 

sterilising immunity to HCV in high risk individuals. 

There have been no reports to date studying the differences in HCV specific T 

cell activation between relapsers and responders to interferon free DAA 

treatment. 

Study of T cell exhaustion markers during interferon free treatment described in 

Chapter 3 demonstrates restoration of T cell phenotype with a decline in 

expression of exhaustion markers following interferon free antiviral treatment. 

The aim of this study was to evaluate functional HCV specific T cell responses 

using overlapping HCV peptides before and after SVR with interferon free 

treatment regimens and compare with treatment relapsers to establish trends 

predictive of SVR and correlate these findings with trends in exhaustion marker 

expression reported in Chapter 3. 

 

4.2 Methods 

Previously isolated and frozen PBMCs in liquid nitrogen from healthy controls and 

cases with chronic hepatitis C infection undergoing interferon free treatment were 

thawed and used to perform IFN- ELISpot assays. 6 cases relapsed amongst a 

total of 36 cases recruited. 1 out of 5 relapsers received pegylated interferon 

alpha as part of treatment regimen and were excluded from further study. 10 

cases which achieved SVR and were matching in baseline characteristics had 
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sufficient PBMCs available for inclusion in ELISpot assays. This is the same 

cohort of cases used to study expression of exhaustion markers described in 

chapter 3. PBMCs for all included cases with SVR were available at baseline, 

treatment week 0, 2, 4, end of treatment (EOT), post treatment weeks 2, 4 and 

12. PBMCs for relapsers were available at baseline (week 0), treatment week 2, 

4, EOT, relapse time point and 4 weeks post treatment. Most relapsers 

commenced second line treatment 4 weeks post relapse, hence further samples 

after completing treatment were not available. Healthy controls were recruited 

from healthy laboratory staff members. 

HCV overlapping peptides for core, NS3, NS5A and NS5B were used as 

antigens. These polypeptide regions were chosen on basis of previously 

demonstrated dominant immunogenic epitopes. Overlapping peptides for HCV 

genotype 1 were used for cases with genotype 1 infection and overlapping 

peptides for genotype 3 were used for cases with genotype 3 infection. 

Assay technique and materials used are detailed in materials and methods 

section 2.7. 

 

4.3 Results 

4.3.1 Study Groups 

Baseline characteristics of study groups included in IFN- ELISpot assays are 

described in table 4.1. 
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Table 4. 1 Subjects included in study of HCV T cells responses to HCV 

overlapping peptides 

  SVR cases 

(n=10) 

Relapsers 

(n=5) 

HC 

(n=10) 

Gender Male: Female 7:3 3:2 6:4 

Age Mean ±SD 45.9 ± 5.0 41.6 ± 8.2 37 ± 9 

HCV genotype 1 4 1  

 3 6 4  

Fibrosis F4 9 4  

 F0-F3 1 1  

Treatment 

regimen 

Sofosbuvir +Ribavirin 3 2  

 Sofosbuvir + 

Ledispavir + Ribavirin 

1 2  

 Sofosbuvir + 

Daclatasvir 

2 1  

 Sofosbuvir + 

Ledispavir 

4   

Relapse time 

point 

Week 24 post 

treatment 

 1  

 Week 4 post 

treatment 

 4  
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4.3.2 IFN- ELISpot responses in relapser cases are higher and more 

polygenic than treatment responders at baseline 

Cases who relapsed had higher median HCV specific IFN- ELISpot T-cell 

responses at baseline prior to commencing antiviral treatment than those who 

achieved sustained viral response when cases with both genotype 1 and 3 

infection were analysed. This was seen across all overlapping peptide pools 

studied including viral proteins core, NS3, NS5A and NS5B. This difference in 

ELISpot responses was statistically significant in case of NS3 and NS5A, with a 

clear trend observed in core and NS5B (Figure 4.1). 

4 out of 5 relapsers had genotype 3 infection. The median HCV specific T cell 

responses of these cases when analysed separately at baseline were also higher 

when compared with treatment responders with HCV genotype 3 infection, 

although this difference did not reach statistical significance. This was seen in 

response to all overlapping peptide pools used including core, NS3, NS5A and 

NS5B (Figure 4.2). One patient in genotype 1 group relapsed, which showed 

similar quantitative differences on comparison with treatment responders, as 

seen in genotype 3 cases. However, findings were not amenable to find statistical 

significance due to a single case in genotype 1 relapser group. 
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Figure 4. 1 Scatter plots of IFN-  ELISpot responses to overlapping HCV 

peptides at baseline 

IFN-  ELISpot responses in relapsers (n= 5) and cases achieving SVR (n=10). 

Overlapping peptides for HCV core protein, Non-structural protein 3 (NS3), NS5A 

and NS5B were used. Y- axis shows number of spot forming units per million 

PBMCs. Horizontal line represents group median. * means p<0.05, ns denotes 

not significant. 
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Figure 4. 2 Scatter plots of IFN-  ELISpot responses to overlapping HCV 

peptides at baseline in Genotype 3 infection 

IFN- ELISpot responses at baseline in relapsers (n= 4) and cases achieving 

SVR (n=6) with genotype 3 chronic hepatitis C infection. Overlapping peptides 

for HCV core protein, Non-structural protein 3 (NS3), NS5A and NS5B were used. 

Y axis shows number of spot forming units per million peripheral blood 

mononuclear cells (PBMCs ). Horizontal line represents group median. 
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4.3.3 Pooled ELISpot responses in relapsers are higher than cases with 

SVR at baseline 

The overall magnitude of HCV specific IFN- secretion could be assessed by 

pooling responses to all overlapping peptides. Pooled IFN- ELISpot T cell 

responses to all HCV peptide pools used including Core, NS3, NS5A and NS5B 

were significantly stronger in relapsers in comparison with cases which reached 

SVR (Responders). 4 out of 6 relapsers had genotype 3 infection. Pooled HCV 

specific ELISpot responses in this group of relapsers were also significantly 

higher than treatment responders with genotype 3 infection (Figure 4.3). 
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Figure 4. 3 Scatter plots of pooled IFN- ELISpot responses at baseline  

(A) Represents chronic HCV cases with either genotype 1 or 3 infection. Study 

groups included relapsers (n=6) and cases with SVR following antiviral treatment 

(n=10). (B) represents cases with genotype 3 infection in both groups. Study 

groups included relapsers (n=4) and cases achieving SVR (n=6)  

Y-axis represents number of spot forming units per million peripheral blood 

mononuclear cells (PBMCs). Dots indicate pooled response of each case to 

overlapping peptides. Short horizontal lines represent group median. 

 * means p<0.05. 
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4.3.4 IFN- ELISpot responses increase after successful treatment of 

chronic HCV  

IFN- ELISpot T cell responses to overlapping HCV peptides for Core, NS3, 

NS5A and NS5B were examined at baseline and 12 weeks after completion of 

antiviral treatment in 8 cases which reached SVR following interferon free 

antiviral treatment. There was an increase in IFN- ELISpot T cell responses to 

all HCV overlapping peptides used individually and when pooled in all cases 

following successful treatment. This shows restoration of T cell function in these 

cases after attaining SVR with interferon free antiviral treatment (Figure 4.4). 

In comparison to this, IFN- ELISpot responses in relapsers could only be 

assessed 4 weeks following relapse which demonstrated a decline in ELISpot 

responses to all overlapping peptides independently (Core, NS3, NS5A, NS5B) 

and on analysing pooled responses (Figure 4.5). No PBMCs were available at 

later time points in relapsers due to these patients commencing second line 

treatment. 
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Figure 4. 4 Impact of antiviral treatment on IFN-  T cell ELISpot responses 

in cases with SVR 

Comparison of IFN- ELISpot T cell responses in cases who achieved SVR at 

week 0 and post treatment (n=8). This shows restoration of T cell function with 

increase in IFN- responses post successful treatment of chronic HCV with IFN 

free antiviral treatment.     * denotes p<0.05, ** denotes p<0.01.  
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Figure 4. 5 Impact of antiviral treatment on IFN-  T cell ELISpot responses 

in relapsers 

Comparison of IFN- ELISpot responses in relapsers at week 0 and 4 weeks after 

relapse to HCV overlapping peptides. * denotes p<0.05, ** denotes p<0.01 
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4.3.5 Trend in IFN-  T cell responses during treatment in relapsers is 

different from treatment responders 

Trends in IFN-  ELISpot response during treatment was studied in 5 relapsers 

who received interferon free treatment. All cases had higher baseline T cell 

response to all overlapping peptides separately and when pooled, which rapidly 

reduced to minimal at week 1/2 in all 5 cases. PBMC sample was available for 4 

out of 5 cases at the time point of relapse. All of these cases showed an increase 

in IFN- T cell response to overlapping peptides for core protein and NS5B at 

relapse time point. This response was higher when responses to all overlapping 

peptides were pooled (Figure 4.6). 

Post relapse PBMC sample was available for all 5 cases at week 4 post relapse. 

This showed a rapid reduction in T cell responses to minimal in all cases. 

This is dissimilar to the trend observed in responders. IFN- ELISpot T cell 

responses were studied in 8 cases who received interferon free antiviral 

treatment for genotype 1 and 3 chronic hepatitis C infection. All cases showed 

significantly lower baseline IFN- ELISpot responses in comparison with 

relapsers. This gradually increased throughout the treatment, highest being 12 

weeks post treatment (Figure 4.7). 
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Figure 4. 6 Trends in T cell responses using IFN -  ELISPOT assay in 

relapsers receiving IFN free treatment 
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Figure 4. 7 Bar graphs comparing on treatment trend in pooled IFN- 

ELISpot T cell responses in relapsers and responders to pooled 

Trends in pooled IFN- ELISpot T cell responses expressed as spot forming units 

(SFU) per million PBMCs against overlapping HCV peptides from core, NS3, 

NS5A and NS5B during and after interferon-free treatment. 

(A) represents pooled IFN- ELISpot T cell responses in relapsers studied at 

treatment weeks 0, 1 or 2, end of treatment (EOT), relapse time point and 4 

weeks post relapse. (B) represents pooled IFN- ELISpot T cell responses in 

responders studied at treatment weeks 0, 1 or 2, EOT and 12 weeks post 

treatment. 

  

(A) 

 

(B) 
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4.4 Discussion 

In this study using a patient cohort of previously treatment naïve patients with 

chronic HCV genotype 1 and 3 who received interferon free antiviral treatment, it 

was found that there is restoration of HCV specific T cell function following 

successful viral clearance. 

This was elucidated by significantly higher HCV specific IFN- ELISpot responses 

expressed as SFU/million 12 weeks post treatment (SVR 12) in comparison with 

baseline. T cell ELISpot responses were observed to gradually improve 

throughout the course of treatment when analysed at week 0, 2, 4, end of 

treatment and post treatment reaching maximum at SVR week 12. Recently, 

Martin et al also demonstrated that both the frequency of HCV specific CD8+ T 

cells in peripheral blood and their proliferative capacity in vitro increased in 

patients who responded to a combination DAA therapy but not in non-responders 

(Martin et al., 2014). A remaining question unanswered is whether this 

immunological recovery remains stable over time or perhaps there is enhanced 

restoration of immune function if studied over longer periods of time. 

An interesting finding in this study was a distinct difference in baseline ELISpot 

responses between treatment responders and relapsers, and early during the 

course of treatment. IFN- ELISpot responses in relapser cases are of higher 

amplitude and multi-specific in comparison with treatment responders at 

baseline. This finding was not specific for viral genotype and was observed for 

both genotype 1 and 3. Furthermore, the magnitude of this difference was higher 

in response to pooled HCV peptides. Previously, similar strong and multi-specific  

CD4+ and CD8+ T cell responses are observed and thought to be essential in 



 179 

spontaneous virus clearance following acute HCV infection (Diepolder et al., 

1995, Cramp et al., 1999, Lechner et al., 2000, Thimme et al., 2001, Missale et 

al., 1996). Following clearance, memory responses to multiple HCV epitopes can 

persist beyond 10 years (Takaki et al., 2000). 

A possible explanation of these findings could be the presence of viral escape 

mechanisms which led to viral persistence leading to chronic HCV infection in 

relapsers despite stronger and higher T cell responses to prototype virus, which 

also prevented viral clearance using direct acting antiviral drugs. 

HCV exhibits high replicative fitness paired with a high error rate of its 

polymerase, and many dominant T cell epitopes are lost due to HCV sequence 

mutations. The first HCV mutations in T cell epitopes were demonstrated in HCV 

infected chimpanzees (Weiner et al., 1995b). Subsequent studies in humans led 

to the identification of HCV variant sequences encoding peptides with reduced 

MHC affinity; they had decreased T cell recognition or competed with T cell 

recognition of wild type peptide (Chang et al., 1997). A series of studies later 

showed that variant sequences were more frequently found in the presence of 

prototype T cell responses confirming the hypothesis of viral escape (Cox et al., 

2005b, Ray et al., 2005, Seifert et al., 2004, Tester et al., 2005, Timm et al., 

2004). The selection of HCV escape mutants occurs in the acute phase of 

infection (Callendret et al., 2011, Fernandez et al., 2004, Fuller et al., 2010). 

CD8+ T cells that target the wild type sequence of ‘escape regions’ have 

previously shown to display CD127 memory phenotype (Kasprowicz et al., 2010, 

Rutebemberwa et al., 2008). Such T cells respond well in in vitro assays upon 

stimulation with their wild type epitope but are ineffective in vivo as they do not 

recognise alternate variants. 



 180 

Another novel finding of this study is the rapid reduction in ELISpot responses to 

antigenic stimulation by overlapping HCV peptides at week 2 in relapsers whilst 

T cell responses in SVR cases started to increase at this time point which 

continued to reach a maximum at 12 weeks post treatment. The reason behind 

this early decline in T cell response in relapsers whilst on antiviral therapy is 

unclear, but may predict cases which are likely to relapse. One plausible 

explanation could be that early improvement in T cell function contributes to viral 

clearance in addition to direct antiviral effect of these new therapeutic agents 

leading to high SVR rates observed with interferon free direct acting antiviral 

therapy. 

Further questions need to be explored regarding the timing of recovery of effector 

T cell function and if it persists longer term and plays a role in preventing HCV 

infection or leads to early robust spontaneous clearance of HCV in case of re-

infection. Further research interest would be to establish if further induction of 

functional T cell responses in treatment responders through vaccination could 

provide robust HCV protection in previously treated cases. 
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Innate Immune responses during 

antiviral treatment for HCV 

infection 

 

5.1 Background 

Innate immune responses are crucial in the antimicrobial defence against 

invading pathogens in humans. Pathogen associated molecular patterns 

(PAMPs), such as bacterial endotoxins, viral nucleic acids and replicating 

intermediates are recognised by various pattern recognition receptors (PRRs) 

including Toll like receptors (TLRs) and cytoplasmic RIG-I like receptors. Virus 

sensing mechanisms are activated mostly by viral nucleic acids via endosomal 

TLR3, 7, 8 and 9 as well as through non-TLR cytoplasmic signalling RIG-I 

receptors. The activation of these receptors leads to the production of Type I and 

III interferons (IFNs), chemokines and proinflammatory cytokines. 

Hepatitis C virus activates innate immune response by several mechanisms. 

Double stranded RNA (dsRNA) is recognised by two types of pattern recognition 

receptors, endosomal toll like receptors (Meier et al., 2007, Decalf et al., 2007, 
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Zhang et al., 2009, Wang et al., 2009) and cytoplasmic RNA helicases RIG-I and 

Md5 (Loo and Gale, 2011, Takeuchi and Akira, 2008). Activation of both leads to 

downstream signalling which differ in their initial steps but converge in the 

activation of transcription factors interferon regulatory factor 3 (IRF3), IRF7 and 

NF-B. Activated IRF3 and NF-B promotes transcription of type I and III 

interferons as well as pro-inflammatory cytokines and chemokines. These type I 

and III interferons are essential for defence against viruses which induce an 

antiviral state by transcription activation of a multitude of interferon stimulated 

genes (ISGs) (Zhang et al., 2009, Takeuchi and Akira, 2009). 

Hepatitis C virus simultaneously has mechanisms to evade this immune 

response leading to chronic infection by impairing these signalling pathways 

through several mechanisms. Firstly, NS3/4A ablates innate immune signalling 

at TLR-3 and RIG-I receptors by inducing degradation of Toll/interleukin-1 

receptor domain-containing adaptor-inducing IFN- (TRIF) and MAVS involved 

in downward signalling at the two receptors respectively (Horner et al., 2011, 

Horner and Gale, 2009). NS3/4A also binds to TBK1 protein kinase to reduce 

TBK1-IRF3 interaction, thereby inhibiting IRF3 activation and IFN production 

(Otsuka et al., 2005). In addition, HCV NS5A binds with MyD88 to impair cytokine 

production in response to ligands for TLR2, TLR4, TLR7 and TLR9 (Abe et al., 

2007). HCV lipoviral particles have been shown to directly interfere with TLR4 

signalling in dendritic cells (DCs) while core protein suppresses TLR4 expression 

(Agaugue et al., 2007, Sato et al., 2007). Greater production of anti-inflammatory 

cytokine IL-10 by macrophages with TLR2 stimulation in chronic HCV infection 

has also been reported reported (Chang et al., 2007). It is agreed that these 
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mechanisms lead to evasion of an effective immune response and persistence of 

hepatitis C virus leading to chronic infection. 

HCV proteins also inhibit JAK-STAT pathway involved in interferon mediated 

signalling (Horner and Gale, 2009, Bode et al., 2003). It is well established that 

patients with activated endogenous IFN system are poor responders to IFN alpha 

based therapies which has been the standard of care until recent development of 

direct acting antiviral drugs. 

Interferon free treatment regimens combining direct acting antiviral drugs 

targeting HCV proteins, which play a role in evasion of immune system, have 

shown to achieve high treatment response rates of above 96% across all HCV 

genotypes. These viral protein targets are involved in viral replication, and 

efficacy of these drugs has been associated with direct inhibition of viral 

replication. 

This study was carried out to determine if these newer interferon free treatment 

regimens have an effect in restoration of defective receptor mediated signalling 

of innate immune pathways and if this restoration contributes towards viral 

clearance. In addition, receptor mediated signalling was studied during treatment 

to determine any patterns predictive of treatment response. 

 

5.2 Methods 

PBMCs obtained from a cohort of 5 cases with chronic HCV infection undergoing 

interferon free antiviral treatment were used to study longitudinal changes in 

innate immune responses during and after treatment. All cases achieved SVR 
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following treatment. Baseline characteristics of these cases are described in 

Section 5.3.1. 

PBMCs were obtained at baseline, treatment week 2(TW2), week 4 (TW4), week 

8 (TW8), end of treatment (EOT), 2 weeks (SVR2), 4 weeks (SVR4), 12 weeks 

(SVR12) and 24 weeks post treatment (SVR24), and aliquots were frozen in liquid 

nitrogen. Sufficient PBMCs were only available for all cases included at week 0, 

2, 4, end of treatment and 4 weeks post treatment (SVR4) for inclusion in this 

study. Hence, samples obtained at these timepoints were used to study cytokine 

production in response to TLR and RIG-I agonist stimulation. Aliquots of PBMCs 

from patient group at these timepoints were defrosted and viability assessed 

using methodology described in Section 2.5.6. 

A range of single TLR ligands were used as a model for virus PAMPs to study 

cytokine responses. The following stimuli were used: 

Polyinosinic-polycytidylic acid (Poly (1:C)), which is a synthetic analog of viral 

replication intermediate nucleic acid double stranded RNA (ds RNA). Poly (I:C) 

is recognised by Toll like receptor 3 (TLR 3). 

Poly (I:C) Lyovec complex, which is a complex of Poly (I:C) and transfection 

reagent Lyovec. Poly (I:C) also stimulates strong innate immune response 

initiated by RIG-I like receptors, which are cytoplasmic. While Poly (I:C) alone is 

recognised by cell surface and endosomal TLR3, Poly (I:C)/Lyovec complex 

allows transfection of cell with Poly (I:C) thereby allowing activation of the 

cytoplasmic RIG-I receptor signalling pathway. 
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R848, which is imidazoquinoline compound, acts as a ligand for Toll like receptor 

7 and 8, thereby activating immune cells expressing these receptors via the 

TLR7/TLR8-MyD88 dependent signalling pathway. 

Secreted cytokines were measured before and after stimulating PBMCs with 

ligands described above at each time point studied. Mononuclear phagocyte 

produced inflammatory mediators including type III interferons, IFN- IL-6, IL-8, 

IL1-, IL1-, CCL3 and IL-12 were measured. Luminex multiple cytokine 

detection system was used to measure levels of secreted cytokines. ELISA for 

detecting type I interferons was planned but not performed due to limited PBMCs 

and hence supernatant availability. 

Methodology used for pattern recognition receptor stimulation and Luminex 

multiple cytokine detection assays are described in detail in Sections 2.8 and 2.9. 

 

5.3 Results  

5.3.1 Baseline Characteristics  

5 cases with chronic HCV infection who underwent interferon free antiviral 

treatment were included in the study of longitudinal changes in innate immune 

responses whilst on antiviral treatment. Their baseline characteristics are 

summarised in table 5.1. 
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Table 5. 1 Baseline characteristics of subjects included in the study of 

innate immune responses 

  

 

Cases 

(n=5) 

Gender Male : Female 3:2 

Age (Mean  SD)  41  14 

HCV Genotype 3 4 

 1a 1 

Cirrhosis Present 2 

 Absent 3 

Treatment regimen Sofosbuvir + Ribavirin 3 

 
Sofosbuvir + 

Daclatasvir+ Ribavirin 
1 

 Sofosbuvir + Daclatasvir 1 

Treatment outcome SVR 5 
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5.3.2 Baseline cytokine secretion by PBMCs in culture 

PBMCs from cases with chronic HCV infection who reached SVR following 

interferon free antiviral treatment demonstrated production of cytokines in the 

absence of stimulatory drugs. The level of cytokine production was studied at 

treatment week (TW) 0, 2, 4, end of treatment (EOT) and 4 weeks post treatment 

and changed throughout these timepoints. There was an early rapid increase at 

week 2 in the levels of most pro-inflammatory cytokines studied including IL-8, 

IFN-, IL- 6, IL1-beta, IL1-alpha, and CCL3. There was an increase in IL28A 

levels at week 2 which peaked at treatment week 4. Following this peak there 

was a decline in production of these cytokines with lowest values at EOT. IFN-, 

IL-6, IL1alpha, IL1 beta, IL28A and IL12 all showed an increase in their levels 4 

weeks after completion of treatment. Two cytokines showed a decrease in their 

levels at week 2 including IL28B and IL-12. (Figure 5.1). 

DAA treatment regimens are associated with an early rapid decline in HCV viral 

load. Hence, above changes are probably the result of loss or decline in viral 

inhibition of immune pathways. However, it remains to be established whether 

this also contributes to viral clearance and sustaining this viral response. 
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Figure 5. 1 Trends in pro-inflammatory and innate cytokine secretion by 

PBMCs in culture during interferon free direct acting antiviral treatment 

Graphs show median cytokine levels in pg.ml at each time point during treatment. 

X-axis represents treatment time points: Week 0,2,4, end of treatment (EOT), 4 

weeks post treatment (SVR4). Y-axis represents concentration in pg/ml of each 

cytokine. 
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5.3.3 TLR3 agonist induced secretion of cytokines 

Supernatant collected following culture of PBMCs from individuals undergoing 

antiviral treatment was evaluated for secretion of IL-8, IFN-, IL-6, IL1-, IL1-, 

CCL3, IL-12, IL28A, IL28B before and after stimulation by TLR3 agonist at week 

0 and 4 weeks post treatment. Percentage change in secretion of these cytokines 

by PBMCs following stimulation by TLR3 agonist was calculated and compared 

between the two timepoints. 

Three different patterns of cytokine production were recognised in response to 

TLR3 ligand Poly (I:C), although there was no statistical difference in this small 

cohort of cases. There was higher percentage change in production of IFN-, 

IL28B and IL1 - alpha in response to TLR3 stimulation at week 0 in comparison 

with week 4 post treatment when there was comparatively lower response in case 

of IFN- and IL28B and no change in case of IL1-alpha (Figure 5.2). It is 

noteworthy that there may be delayed change or augmentation in responses 

beyond 4 weeks post treatment, not evaluated in this study. 

In contrast to this, there were significantly higher responses in production of IL-6, 

IL-12, CCL3 and IL28A at week 4 post treatment in comparison with Week 0 

where there was minimal change following stimulation (Figure 5.3 and 5.4). There 

was a similar increase in production of IL1-beta at week 4 post treatment although 

there was no significant change at week 0. This would be in keeping with at least 

partial restoration of TLR3 signalling four weeks post successful treatment. 

There was no significant change in production of IL-8 following stimulation by 

TLR3 agonist either at baseline or week 4 post treatment (Figure 5.5).  
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Figure 5. 2 Bar graph representing cytokine response to Poly (I:C) at 

baseline, 4 weeks post treatment (SVR4), and percentage change after 

stimulation by TLR3 agonist 
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Figure 5. 3 Bar graph representing cytokine response to Poly (I:C) at 

baseline, 4 weeks post treatment (SVR4), and percentage change after 

stimulation by TLR3 agonist 



 192 

W
k0

 U
nst

im
ula

te
d

W
k0

 P
IC

SV
R
4 

U
nst

im
ula

te
d

S
V
R
4 

P
IC

0

200

400

600

800

IL28A

p
g

/m
l

%
ch

an
ge 

w
k0

 P
IC

%
ch

an
ge 

S
V
R
4 

P
IC

0

20

40

60

80

IL28A

%
ch

an
ge 

w
k0

 P
IC

%
ch

an
ge 

S
V
R
4 

P
IC

-100

0

100

200

300

400

500

IL1 beta

W
k0

 U
nst

im
ula

te
d

W
k0

 P
IC

SV
R
4 

U
nst

im
ula

te
d

S
V
R
4 

P
IC

0

20

40

60

80

IL1 beta

p
g

/m
l

 

 

Figure 5. 4 Bar graph representing cytokine responses to Poly (I:C) at 

baseline, 4 weeks post treatment (SVR4), and percentage change after 

stimulation by TLR3 agonist.  
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Figure 5. 5 Bar graph representing IL8 secretion in response to Poly (I:C) 

at baseline, 4 weeks post treatment (SVR4) and percentage change after 

stimulation by TLR3 agonist Poly (I:C). 
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5.3.4 TLR7/8 agonist induced cytokine secretion 

Secretion of proinflammatory cytokines IFN-, IL-6, IL-8, IL-12, CCL3, IL1-alpha 

and IL1-beta induced by the TLR7/8 stimulant molecule R848 was higher at 4 

weeks post treatment compared to baseline at week 0 (Figure 5.6). TLR7/8 ligand 

was also a potent stimulator causing augmentation in secretion of IL-6, CCL3, 

IL1-alpha, IL1-beta, as well as IL28A and IL28B at week 0, although the change 

in magnitude of response was higher at 4 weeks post treatment except in case 

of IL28A and IL28B (Figure 5.6). There was a slight increase in secretion of IL28A 

and IL28B at 4 weeks post treatment following stimulation of TLR7/8 but the 

magnitude of change was lower than week 0 (Figure 5.7). These findings were 

based on quantitative data, which did not reach statistical significance in this 

small cohort of cases. 

Amongst PBMCs, TLR7/8 are predominantly expressed on pDCs. They are 

additionally expressed on NK cells and monocytes while mDCs express TLR8. 

These results would suggest at least partial restoration of innate signalling via 

TLR7/8 amongst these cells following HCV clearance. However, further study in 

a larger cohort of cases is required to validate these findings. 

Further longitudinal studies beyond 4 weeks would establish either the stability 

or further augmentation of these responses at later time points. 
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Figure 5. 6 Bar graphs representing percentage change in cytokine 

secretion in response to R848 (TLR7/8 ligand) at baseline and 4 weeks post 

treatment (SVR4)   
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Figure 5. 7 Bar graphs representing type III interferon response to R848 

(TLR7/8 ligand) at baseline and 4 weeks post treatment (SVR4). 
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5.3.5 RIG-I agonist induced cytokine secretion 

Transfected Poly (I:C) used as RIG-I stimulant induced increased secretion of 

IFN-, IL-8, IL-6, IL-12, CCL3, IL1-alpha, IL1-beta and IL28A at 4 weeks post 

treatment after clearance of HCV compared to baseline at week 0 (Figure 5.8). 

This suggests restoration of innate immune signalling via the RIG-I pathway 

following viral clearance. 

This effect was not observed in case of IL28B, where there was no change or 

decline in secretion both at baseline and week 4 post treatment (Figure 5.9). 
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Figure 5. 8 Bar graphs representing percentage change in cytokine 

secretion in response to transfected Poly(I:C) activating RIG-I pathway at 

baseline and 4 weeks post treatment (SVR4)  
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Figure 5. 9 Bar graphs representing type III interferon response to 

transfected Poly(I:C) at baseline and 4 weeks post treatment (SVR4). 
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5.4 Discussion 

The work described in this chapter shows that there is an increase in secretion of 

pro-inflammatory cytokines very early after initiating therapy at week 2 in the 

absence of synthetic TLR receptor ligands during the course of interferon free 

antiviral treatment for chronic hepatitis C. This demonstrates that viral inhibition 

by use of antiviral drugs acting directly against viral proteins and inhibiting viral 

replication leads to early restoration of cytokine responses by removing the 

negative effect of viral proteins on innate immune signalling pathways described 

in section 1.12.4. It is possible that this early amplification of cytokine and 

chemokine responses contributes towards viral clearance with interferon free 

treatment regimens. 

Interestingly, this effect was not seen in case of IL28B. Levels of IL28B continued 

to decline throughout treatment and remained low after completion of treatment. 

This is a probable response to rapid decrease in viral load leading to decrease in 

release of IL28B. IL28B along with other type III interferons have been shown to 

be upregulated following both in vitro and in vivo HCV infection. SNPs in or near 

IFNL3 gene encoding IL28B are known to be highly predictive of both antiviral 

success when using interferon alpha based regimens and spontaneous recovery 

in untreated patients. The favourable IFNL3 variant is associated with lower ISG 

expression in pre-treatment liver biopsies, allowing exogenous IFN alpha to 

rapidly induce an antiviral state. High levels of ISG induction in response to type 

III interferons has been linked to refractoriness to exogenous IFN alpha. Hence, 

a decline in IL28B with possible resultant lower induction of ISGs throughout 

treatment may represent viral clearance or indirectly contribute towards 
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effectiveness of treatment. A further evaluation of the IL28B genotype of the 

cases studied here will clarify if these had favourable IL28B genotype. 

A study of similar responses in cases who failed to achieve sustained viral 

response with use of similar treatment regimens would allow to clarify differences, 

and the role of these responses in viral clearance. 

Activation of NF-B via TLR activation leads to gene transcription of a number of 

pro-inflammatory cytokines. This study demonstrated an increased release of 

these cytokines after viral clearance when compared with baseline response in 

keeping with the restoration of innate immune responses mediated by viral PAMP 

recognising toll like receptors and RIG-I. More specifically, this study 

demonstrates that there is restoration of innate immune responses generated by 

stimulation of TLR7/8 and RIG-I receptors after successful treatment of chronic 

HCV with interferon free therapy. This is shown by increased secretion of a range 

of pro-inflammatory cytokines using TLR7/8 and RIG-I ligands 4 weeks after 

successful antiviral treatment in comparison with pre-treatment levels at week 0. 

However, there was no increase in secretion of IL28A and IL28B demonstrated 

by stimulation of these PRR, which are important antiviral molecules suggesting 

that there is persistence of lack of some antiviral immune responses despite 

successful clearance of HCV. It is noteworthy that samples examined were 

obtained 4 weeks following completion of treatment, hence not evaluating 

delayed recovery of these responses. 

Nonetheless, there was an increase in production of type II interferon IFN- in 

response to TLR7/8 and RIG stimulation. TLR7 and 8 are abundantly expressed 

on NK cells although predominant expression of TLR 7 is on pDCs. IFN- 



 202 

secretion by NK cells is an early host defence against viral pathogens. It is well 

established that NK cell production of IFN- is suppressed in chronic HCV 

(Oliviero et al., 2009, Ahlenstiel et al, 2010). Increased secretion of IFN- in 

response to TLR7/8 stimulation suggests recovery of this response after viral 

clearance. Further study of TLR7/8 signalling in an isolated NK cell population 

will allow to confirm the source of IFN-. 

pDCs are known to be inducers of antiviral state by producing abundant type I 

interferons following viral recognition by TLRs and RIG-I like receptors. We hoped 

to perform assays to evaluate Interferon alpha secretion in the supernatant 

following PRR stimulation; however these experiments could not be performed 

due to insufficient PBMCs and supernatant availability following the above 

experiments. 

Another limitation of this study is the small size of the cohort. Although all cases 

showed comparable trends, findings were not amenable to find statistical 

significance although indicative trends were observed. Hence further study to 

evaluate such responses in a larger cohort is required to confirm or refute these 

initial findings. 

In conclusion, this study demonstrates early restoration of innate immune 

responses generated by pattern recognition receptors involved in viral infection 

during treatment with interferon free antiviral treatment, which is further 

augmented following viral clearance. Further studies in a larger cohort of cases, 

over a longer period of time after treatment would help confirm or disprove these 

findings and establish if this improvement is stable or shows further augmentation 
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with time. Moreover, comparison with the relapse group will differentiate factors 

associated with viral clearance in treatment responders. 
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Conclusion 

 

6.1 Summary 

The studies described in this thesis have allowed to elucidate changes in both 

innate and adaptive immune responses during antiviral treatment with interferon 

free direct acting anti-viral agents, as well as determine immune factors predictive 

of successful treatment response. This was demonstrated using two cohorts of 

patients undergoing interferon free antiviral treatment with one group developing 

sustained viral response following treatment, while patients in the second group 

relapsed. The experimental model used in this thesis was focussed on 

characterising phenotypic and functional T cell changes, and changes in innate 

immune signalling pathways in each group of patient, allowing comparisons. 

We elucidated that T cell responses in the form of cytokine production, in 

particular IFN-, showed a very early improvement at week 2 of treatment in 

cases which reached sustained virological response. This improvement 

continued throughout and after treatment to reach a maximum at 12 weeks post 

treatment. This corresponds to phenotypic changes in form of loss of T cell 

inhibitory receptors and molecules, including programmed death-1 (PD-1) and 
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Galectin-9 (ligand protein for TIM-3). Overall, this confirms restoration of both T-

cell function and phenotype after successful treatment with interferon free 

antiviral therapy. 

We also found a distinct difference in T cell responses between relapsers and 

treatment responders, both at baseline and during the course of treatment. 

Interestingly, relapsers have a multi-specific T cell response with high amplitude 

at baseline. This characteristic has previously been observed only in cases of 

spontaneous resolution of HCV infection, where such T cell responses were 

thought to be responsible for spontaneous clearance of the virus following acute 

infection (Diepolder et al., 1995, Lechner et al., 2000, Thimme et al., 2001, 

Missale et al., 1996). We have established presence of such responses in some 

cases with chronic HCV infection, who subsequently are poor responders to 

usually highly effective interferon free direct acting antiviral drugs. A likely 

explanation of this would be emergence of viral escape mutations leading to 

chronicity and subsequent lack of response to direct acting antiviral therapy 

despite the presence of prototype T cell responses. All relapse cases studied in 

this thesis showed an initial response to treatment, with later relapse within 24 

weeks after treatment associated with a sudden surge in T cell responses. This 

may be due to the emergence of variant viral sequences allowing ongoing viral 

replication and preventing existing T cell responses to effectively clear the virus. 

However, this concept can only be confirmed where the RNA sequences of 

inoculum hepatitis C virus at the time of infection, prior to treatment and at the 

time of relapse are known. 

Previous studies have demonstrated CD127 memory phenotype of CD8 T cells 

targeting wild type sequence rather than escape regions in cases of viral escape 
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mutations (Rutebemberwa et al., 2008, Kasprowicz et al., 2010). Further 

characterising the T cell pool at the time of relapse alongside viral sequencing 

will allow to establish the nature and target of these T cells. 

This is the first study describing the above clear findings of distinctive T cell 

responses between the two groups which can be considered predictive of poor 

treatment response in a relapse group commencing antiviral treatment. In 

addition, it indicates an additional role of direct acting antiviral agents in 

restoration of immune responses further to their direct effect on viral replication 

as a mechanism towards viral clearance. 

It would be interesting to see the changes in the composition of T cell 

compartments, and whether memory T cells persist and are able to proliferate 

and activate effector response in case of further antigenic stimulation and how 

far this restoration would influence the clinical course in case of re-infection. 

The restoration of T cell function and loss of exhaustion markers are also of 

interest when considering the development of preventative strategies against 

acquiring hepatitis C virus infection such as vaccines utilising primed CD8 and 

CD4 T cells. 

It remains to be determined if such restoration in immune responses remains 

stable over longer periods of time or if there are in fact enhanced changes with 

time. 

We further evaluated the effects of interferon free treatment on innate immune 

signalling pathways mediated via pattern recognition receptors, in particular 

TLR3, 7, 8 and RIG-I. It is well established that the virus proteins inhibit such 



 208 

signalling leading to viral persistence and lack of effectiveness of IFN- based 

treatments.  

Interestingly, similar to T cell responses of adaptive immune system, there was a 

rapid increase in secretion of pro-inflammatory cytokines even in absence of 

additional synthetic PRR ligand stimulation early at week 2 during the course of 

interferon free DAA treatment. It remains to be established whether this 

contributes to viral clearance or is a result of lack of inhibition of signalling 

pathways by viral proteins resulting from decreasing viral load due to inhibition of 

viral replication by this treatment regimen. Given IL28B levels, with its established 

antiviral role in HCV clearance, decreased during the course of treatment would 

suggest that above cytokine responses are a result of viral inhibition. 

Another finding in this study is at least partial restoration of signalling pathways 

of innate immune system mediated by activation of Toll like receptors (in 

particular TLR3/7/8) and RIG-I in response to recognition of viral PAMPs. This 

was elucidated using TLR ligands including Poly (I:C) for TLR3, R848 for TLR7/8 

and Poly (I:C)/Lyovec complex for RIG-I stimulation of PBMCs at baseline and 4 

weeks after completing treatment. Change in pro-inflammatory and antiviral 

cytokine production was measured. We were able to demonstrate increased 

release of IFN-, IL-6, IL-1, IL-1, IL-8 CCL3, and IL-12 following stimulation 

with toll like receptor and RIG-I ligands in vitro, after viral clearance suggesting 

at least partial restoration of these immune pathways. Such response was not 

seen in IL28A and IL28B production. It is however noteworthy that this was 

assessed four weeks post treatment, hence not evaluating delayed recovery of 

these important antiviral cytokines.  
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Overall, the number of cases studied for evaluating innate immune responses 

was small, making difficult to draw any conclusive results. Further evaluation in a 

larger case cohort will allow to validate these findings. 

Innate immune cell types responsible for increase secretion of pro-inflammatory 

cytokines could not be established in this study. However, RIG-I and TLR7/8 are 

abundantly expressed on NK cells, while TLR 7 is predominant on pDCs. Hence, 

these cell types are likely source of high IFN- production in response to R848 

and Poly(I:C)/Lyovec complex. Although type-I interferon assays were planned 

to evaluate antiviral interferon- secretion in supernatant following PRR 

stimulation, this could not be performed due insufficient sample available. 

Additionally, innate immune responses mediated by pattern recognition receptors 

were studied using synthetic single PRR ligands as a model for PAMPS in this 

study. A more specific stimulation of PBMCs using hepatitis C derived stimuli 

such as cell culture model of HCV infection (HCVcc) may offer findings more 

characteristic of HCV infection. 

The cohort of patients included in analysis of innate immune signalling pathways 

in this thesis comprised of those which achieved SVR, further studies to establish 

the course of innate immune responses in relapsers would be vital to establish 

factors related to treatment failure with direct acting antivirals. In addition, viral 

sequencing in both groups to determine the role and presence of viral escape 

mutations in treatment failure cohort (i.e. relapsers) and it’s relation to immune 

responses may allow to further delineate genetic reasons behind differing 

outcomes. However, this may not be necessary in current era of highly effective 

direct acting antiviral agents with sustained viral response rate of almost 100%. 
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 A few limitations of this study require mentioning. First, the cohort was relatively 

small, and although most cases showed comparable results, it is possible that 

biologically significant trends were missed. 

In addition, other factors that profoundly affect HCV-specific T cell immunity such 

as host HLA type or the degree of underlying liver disease may also affect the 

degree of T cell restoration after DAA therapy and needs to be evaluated further. 

It also remains to be determined if peripheral changes observed in this study are 

reflected in the hepatic compartment following DAA therapy. 

The interferon free regimen used in this study in some cases included ribavirin 

and the effects of both interferon and ribavirin free DAA on immunity was not 

assessed. 

It is important to note here that antiviral treatment has undergone extraordinarily 

rapid development since this study was carried out, leading to the availability of 

highly effective drugs with high barrier to resistance and achieving almost 100% 

SVR rates. This also led the World Health Organisation (WHO) to adopt the 

strategy with a target to eliminate viral hepatitis globally as a public health 

problem. This limits the practical role of understanding such immune responses 

in current and future clinical practice. 
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6.2 Suggested areas for future studies 

An important question remaining unanswered is whether this immunological 

recovery demonstrated in innate and adaptive immune systems remains stable 

over time or perhaps there is enhanced restoration of immune function if studied 

over longer periods of time. This can be answered by similar studies with a longer 

follow up period. 

As mentioned earlier, in the current era of highly effective DAAs with response 

rates of almost 100%, study of the role of immune responses in achieving 

successful treatment response may have limited clinical value as such. However, 

further studies to establish clinical implications and role of reconstituted adaptive 

immunity in preventing re-infection or early clearance of the virus (spontaneous 

resolution) in case of re-infection would be an important avenue to explore, as 

well as our understanding of T cell immunity. 
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Appendices 

Appendix 1  Patient consent form 

 

Consent Form 

Version  4.0 09th June 2015 

 

REC 1703 

 

 

 
 

PARTICIPANT CONSENT FORM 

 

SOUTHWEST STUDY OF HCV INFECTION 

CONSENT FORM  

 

 

A study of immunological mechanisms of protection and guiding treatment 

 

 The participant should complete the whole of this sheet himself/herself 
(Please 

circle one) 

1. 
Have you read the participant information sheet? 

(Please take a copy home with you to keep)  
YES/NO 

2. Have you had an opportunity to discuss this study and ask any questions? YES/NO 

3. Have you had satisfactory answers to all of your questions? YES/NO 

4. Have you received enough information about the study? YES/NO 

5. 
Who has given you an explanation about the study? 
 

Dr /Mr/Ms  …………………………………. 

 

6. 

Do you understand that you are free to withdraw from the study: 

• At any time? 

• Without having to give reason? 

• Without affecting your future medical care? 

YES/NO 

7. Do you agree to your GP being informed? YES/NO 

8. Have you had sufficient time to come to your decision? YES/NO 

9. 
Do you agree to have some of your blood and/or urine kept and used for future 
studies investigating mechanisms of resistance to HCV infection?   

YES/NO 

10 Do you agree to take part in this study? YES/NO 

 

 

 

 

               

 

 Participant 
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Consent Form 

Version  4.0 09th June 2015 

 

REC 1703 

 

 

 
 

               

 
 Participant 

 

Signed  ……………………………………………………………………………………………… 

 

Date  ……………………………………………………………………………………………… 

 

Name (BLOCK LETTERS) ……………………………………………………………………………….. 
               

 

INVESTIGATOR 
I have explained the study to the above participant and he/she has indicated his/her willingness to take 

part. 
 

 

Signed  ……………………………………………………………………………………………… 
 

Date  ……………………………………………………………………………………………… 

 

Name (BLOCK LETTERS) ……………………………………………………………………………….. 
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Appendix 2 Healthy volunteer consent form 

 

  

Consent Form 

Version  4.0 09th June 2015 

 

REC 1703 

 

 

 
 

PARTICIPANT CONSENT FORM 

 

SOUTHWEST STUDY OF HCV INFECTION 

CONSENT FORM FOR UNEXPOSED CONTROLS 

 

 

Why are some people susceptible to hepatitis C and not others? 

A study of innate and immunological mechanisms of protection  

 

 The participant should complete the whole of this sheet himself/herself 
(Please 

circle one) 

1. 
Have you read the participant information sheet? 

(Please take a copy home with you to keep)  
YES/NO 

2. Have you had an opportunity to discuss this study and ask any questions? YES/NO 

3. Have you had satisfactory answers to all of your questions? YES/NO 

4. Have you received enough information about the study? YES/NO 

5. 

Who has given you an explanation about the study? 

 

Dr /Mr/Ms  …………………………………. 

 

6. 

Do you understand that you are free to withdraw from the study: 

• At any time? 

• Without having to give reason? 

• Without affecting your future medical care? 

YES/NO 

7. Do you agree to your GP being informed? YES/NO 

8. Have you had sufficient time to come to your decision? YES/NO 

9. 
Do you agree to have some of your blood and/or urine kept and used for future 

studies investigating mechanisms of resistance to HCV infection?   
YES/NO 

10 Do you agree to take part in this study? YES/NO 
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Consent Form 

Version  4.0 09th June 2015 

 

REC 1703 

 

Participant 

 

Signed  ……………………………………………………………………………………………… 

 

Date  ……………………………………………………………………………………………… 

 
Name (BLOCK LETTERS) ……………………………………………………………………………….. 

               

 
INVESTIGATOR 

I have explained the study to the above participant and he/she has indicated his/her willingness to take 
part. 

 

 
Signed  ……………………………………………………………………………………………… 

 

Date  ……………………………………………………………………………………………… 

 

Name (BLOCK LETTERS) ……………………………………………………………………………….. 
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Appendix 3 Patient information sheet 

PARTICIPANT INFORMATION SHEET 

 

Why are some people susceptible to hepatitis C and not others? 

 

 

What is the purpose of the study?  
Hepatitis C virus (HCV) currently infects 200,000 to 400,000 people in the United 
Kingdom. The aim of this project is to identify immunological and / or inherited 
factors responsible for protection from HCV infection. There is still a large gap in 
our understanding of how this may happen, but information gained from this study 
has the potential to be of great importance in the development of new treatments 
and possibly design of a vaccine.  
 

Why have I been chosen? 
As part of this study we need to confirm that the immunological responses we are 
testing for are specific for hepatitis C and can only found in cases with exposure 
to hepatitis C virus or those who have hepatitis C. We will be studying 
immunological responses in cases with hepatitis C infection undergoing 
treatment.  
 

Do I have to take part? 
No. Participation is entirely voluntary and no reason need be given for refusing.  
 
What will happen to me if I take part? 

• We will ask your permission to take about 40 mls of your blood (two 
tablespoonfuls). This will only be taken when your routine blood samples are 
taken. You will not be asked to give blood sample at any other time specially for 
this study. Your blood will be used to study immune responses and genetic 
factors that may influence susceptibility to hepatitis C infection and response to 
treatment. 
 

Are there any disadvantages in taking part in this study? 

• There may be some soreness and bruising after having the blood sample taken. 
However, this blood sample will only be taken when taking samples for your care 
during treatment of hepatitis C.  
 
 
Contact for further information 
If you have any problems, concerns, or questions about this study, please contact 
Professor Matthew Cramp on 01752 432722. 
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Appendix 4 Healthy volunteer information sheet 

PARTICIPANT INFORMATION SHEET 

 

Why are some people susceptible to hepatitis C and not others? 

For Non-Exposed Controls 

 

What is the purpose of the study?  
Hepatitis C virus (HCV) currently infects 200,000 to 400,000 people in the United 
Kingdom. The aim of this project is to identify immunological and / or inherited 
factors responsible for protection from HCV infection. There is still a large gap in 
our understanding of how this may happen, but information gained from this study 
has the potential to be of great importance in the development of new treatments 
and possibly design of a vaccine.  
 

Why have I been chosen? 
As part of this study we need to confirm that the immunological responses we are 
testing for are specific for hepatitis C and can only found in cases with a clear risk 
of exposure to hepatitis C virus. We will therefore be studying controls with no 
history of exposure to, or risk factors for, hepatitis C virus infection.  
 

Do I have to take part? 
No. Participation is entirely voluntary and no reason need be given for refusing.  
 
What will happen to me if I take part? 

• We will ask you to confirm that you have no risk factors for hepatitis C virus 
infection i.e. no history of hepatitis, transfusion of blood or blood products, drug 
use, and no family history of liver disease.  

• We will ask your permission to take about 40 mls of your blood (two 
tablespoonfuls). Your blood will be used to study immune responses and genetic 
factors that may influence susceptibility to hepatitis C infection. 
 

Are there any disadvantages in taking part in this study? 

• There may be some soreness and bruising after having the blood sample taken.  

• The immunological studies are not diagnostic tests for hepatitis C. Evidence of 
immunological recognition of hepatitis C proteins could indicate that you have 
been exposed to, or infected by, hepatitis C virus but could also occur due to 
cross–reactivity with other viral proteins. If we find evidence of reactivity to 
hepatitis C virus this will be discussed with you and appropriate diagnostic testing 
can be arranged.   
 
Contact for further information 
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If you have any problems, concerns, or questions about this study, please contact 
Professor Matthew Cramp on 01752 432722.  
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