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Abstract 
Structural and computational analyses indicate that neither E1 nor E2 (E1E2), the 

entry proteins of hepatitis C Virus (HCV), fall into the three classes of viral membrane 

fusion proteins described so far. Consequently, the detailed molecular mechanisms of 

HCV entry/fusion have remained elusive, so too have the structural features on E1E2 

that may govern and antibody resistance. The hypervariable region1 (HVR-1) of E2 

has been identified as a lynchpin for HCV humoral immune evasion and was assumed 

to shield the CD81 binding site from neutralising antibodies. Here, rather than acting 

as a simple shield, we demonstrate that HVR-1 possesses an autoregulatory function 

that suppresses the activity of E1E2 on free virions. This function of HVR-1 is achieved 

via its intrinsic conformational flexibility and high entropy. Significantly, our data 

suggest that interactions with SR-B1, another HCV host receptor, stabilise HVR-1, 

which turns off the safety catch mechanis and primes E1E2 for engagement to CD81, 

a prerequisite molecular event in HCV entry. As such, HVR-1 functions akin to a safety 

catch on E1E2 activity. Fittingly, mutations that reduce the entropy of HVR-1, and its 

genetic deletion, turn off the safety catch to generate hyperreactive HCV that exhibits 

enhanced entry. However, improvements in entry are offset by reduced thermostability 

and acute sensitivity to neutralising antibodies. Therefore, the HVR-1 safety catch 

determines the efficiency of virus entry and maintains resistance to antibodies.  

We also show in this work that interactions between E2 and CD81 are 

detrimental to the production of HCV pseudoparticles. Genetic ablation of the HCV 

receptor from producer cells enhanced or rescued the infectivity of most of patient 

clones tested without altering virion antigenic properties. We also saw improvement in 

SARS-CoV1/2 pseudoparticle infectivity following CD81 deletion, indicating CD81 also 

regulates pseudoparticle production through mechanisms other than binding viral 

glycoproteins.  
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Impact Statement 
HCV is a significant human pathogen infecting more than 70 million people worldwide, 

of whom the majority are chronically infected. Current estimates by the World Health 

Organisation suggest around half a million patients succumb to the disease annually, 

mostly due to complications arising from cirrhosis or liver cancer. Transmission 

continues unabated with incidence rates rising in North America as most infected 

individuals are unaware of their status. The recent development of curative direct-

acting antivirals has revolutionised HCV therapy as well as raised the possibility of 

eliminating HCV. Nonetheless, the high cost of treatment, the risk of reinfection 

following successful treatment and poor awareness of HCV status in high-risk groups 

necessitate the development of a prophylactic vaccine.  

 Most approved viral vaccines work by inducing antibodies that in turn bind to 

proteins on the surface of viruses and block their entry into target cells. In most cases 

antibodies target viral entry proteins, these are molecular machinery that, through 

interactions with host receptors, drive viral penetration of the cellular lipid membranes. 

Timely examples of vaccines are the current crop of SARS-CoV2 vaccines which 

function by inducing antibodies against SPIKE, the coronavirus entry protein, and 

prevent its engagement to ACE2, an essential SARS-CoV2 receptor. By blocking viral 

entry protein interactions with host receptors antibodies prevent structural changes 

within the entry proteins which would otherwise coalesce the viral and cellular bilayers. 

Designing vaccines for any virus requires substantial knowledge of how the entry 

protein, including its structure and the specific outcomes of entry protein-receptor 

binding events. For HCV, a significant portion of this information remains unknown 

because E1E2, the HCV entry proteins, are unique in that they don’t fit into the three 

currently defined structural classes of viral fusion machinery.  

 This work addresses two, as it emerged, intertwined features of E1E2: the 

sequence of its engagement to host receptors and how they resist antibodies to 

establish a chronic infection. The work proposes a novel mechanism through which 

viruses can maintain antibody resistance coined the ‘entropic safety catch’. This 

mechanism helps explain how a short peptide tail such as HVR-1 can regulate the 

global antibody sensitivity of E1E2. This is the first account of peptide tail 

conformational flexibility and entropy regulating viral antibody resistance. However, it 

is possible convergent evolution has led other viral entry proteins to acquire safety 
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catches of their own in the evolutionary arms race against humoral immunity. And 

regarding vaccine development, the work suggests incorporation of the safety catch 

mechanism (HVR-1 function) into immunogens may be necessary to overcome the 

poor immunity of E1E2 constructs observed to date.      
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1.1   Preface  
Hepatitis C virus (HCV) is an enveloped positive-sense, single-stranded RNA virus 

with a greatly restricted species tropism. Humans are the only known natural host of 

the virus and infection of chimpanzees has only been observed within the confines of 

a laboratory (1). The cloning and discovery of HCV was a significant event in medical 

history because HCV has been determined to be the major etiological agent of viral 

hepatitis alongside hepatitis B virus (HBV) (2). Thirty years after its discovery HCV 

remains a leading indicator for liver transplantation despite there being curative 

treatment (3). In the UK and most developed countries, parenteral infection is now the 

main route of HCV transmission with the majority of infections stemming from 

intravenous drug use (IVDU) (4,5).  

Following blood-to-blood transmission, HCV is transported to the liver by the 

circulatory system. Here, interactions between the virus envelope proteins and 

receptors on hepatocytes culminate in membrane fusion, delivering the viral genome 

and initiating viral translation and replication (6). Following infection, some patients 

clear HCV in the acute phase of disease without the need for medical intervention; 

however, HCV persists in approximately 65-80% of patients, resulting in chronic 

hepatitis (7–9). The continued presence of HCV RNA in a patient’s bloodstream past 

six months post-infection qualifies as chronic HCV infection (10). The disease 

progresses slowly, taking years or decades before symptoms become apparent. The 

morbidity and mortality of chronic HCV are often attributed to complications such as 

cirrhosis and hepatocellular carcinoma (HCC) which materialise due to frequent bouts 

of immune-mediated inflammation within the infected liver (11).  

The mechanisms that govern whether HCV persists in some and is cleared in 

others are incompletely understood. Nonetheless, ex-vivo studies suggest clearance 

is dependent on both the cellular and humoral arms of the adaptive immune response. 

Robust CD8+ T cell responses directed toward the non-structural proteins of HCV and 

the early appearance of neutralizing antibodies have both been observed in patients 

who speedily cleared infection (12–18). By contrast, the early appearance of CD8+ 

escape mutants is often observed in subjects who develop persistent infection (19,20). 

Viral diversification, driven by the humoral immune response, similarly leads to the 

emergence of variants that are highly resistant to neutralising antibodies (21,22). 

Recently, a CD8+ T cell-based vaccine in phase II clinical trials failed to prevent 
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chronic infection in injection drug users (23). Effective control of HCV will likely require 

a combination vaccine composing the HCV structural and non-structural proteins to 

elicit both CD8+ and B cell responses since no predilection to either response is 

observed in patients who clear acute infection. 

The interplay between HCV and the host cell during infection is complex with 

multifaceted consequences, yet understanding it is crucial for the development of 

effective control strategies, such as a vaccine. This thesis will focus on the 

evolutionary ‘arms race’ between HCV and the humoral immune response, exploring 

how the virus conformationally tunes its major glycoprotein E2 to balance the opposing 

selective pressures of the need for efficient entry with the requirement to evade 

neutralising antibodies. 

 

 1.1.1  Origins and classification 

HCV is a member of the Flaviviridae family which also includes a host of arboviruses 

carrying significant disease burden such as Zika virus and Dengue virus, which are 

the causal agents of congenital zika syndrome and dengue fever, respectively (24). 

HCV is classified to a separate genus (hepacivirus) from the arboviruses (genus 

flavivirus) within the Flaviviridae family. Few viral species are classified to hepacivirus 

genus alongside HCV, these include GB virus B (GBV-B) which causes acute hepatitis 

in tamarins and a number of non-primate, rodent and bat hepaciviruses (Fig 1.1) 

(25,26).  

The origins of HCV remain mysterious. However, since humans are 

continuously exposed to diverse animal viruses via direct contact with domestic or wild 

animals, it is highly likely HCV emerged from a zoonotic event. Before 2011, GBV-B 

was the only known member of the hepacivirus genus beside HCV (27). In the time 

since, the exploration of potential hosts unrelated to non-human primates has led to 

the discovery of many hepacivirus species which can be classed into equine, rodent, 

bovine and shark hepaciviruses (Fig 1.1) (28). Notably, the discovery of Wenling shark 

virus, a shark hepacivirus, greatly expands the potential host range of hepaciviruses 

and may lead to the discovery of additional novel hepaciviruses in non-mammalian 

hosts (29). Indeed, a novel reptilian hepacivirus was recently identified through 

metagenomic mining in a preprint (30)! 
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The recent discoveries of novel hepacivirus species have provided new insights 

into the origins and the evolution of the hepacivirus genus. Indeed, it is now possible 

to make well-informed speculations as to the possible zoonotic source for HCV (31–

33). Equine hepacivirus (EqHV) is currently the closest genetic relative to HCV, it’s 

possible EqHV spilt over into humans from horses and has undergone speciation to 

become what we now recognise as HCV (34). Alternatively, the two viral species may 

share a common ancestor. The fact that EqHV exhibits very low sequence diversity 

supports the latter hypothesis. If EqHV were the direct ancestor of HCV, it means 

EqHV would have jumped into humans, rapidly evolved and diversified all the while 

remaining phylogenetically stagnant in horses which seems unlikely (28). However, 

species-specific immune factors may account for the gap in diversity between HCV 

and EqHV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 Classification of the Flaviviridae family into four major genera. The 
tree is drawn according to phylogenetic analysis of ns3 (helicase) gene sequences 
and representative members of each genus are shown. The figure is taken from a 
review by Hartlage et al (28). 
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The high species specificity of hepaciviruses and their propensity for 

persistence suggests long-term coevolution and extensive host adaptation. This, 

combined with the seemingly wide range of hepacivirus hosts, raises the possibility 

that, throughout their history, ancestral hepaciviruses infected many different animals 

and possibly spilt over into others, including humans, before host speciation (35). 

Extensive screening of animals for hepacivirus infection is required to identify the 

origin of HCV and provide clarity to the puzzle of hepaciviral evolution. Indeed, it is 

likely that undersampling has led to the long phylogenetic separation (high genetic 

separation) currently observed between the various hepacivirus lineages.  

Consistent with extensive host adaptation, HCV is an exceptionally diverse 

virus, with seven major genotypes (numbered 1-7) (Fig 1.2, below) and an eighth 

under debate (36,37). The HCV genotypes are further subclassified into subtypes 

(labelled alphabetically [a, b, c etc.]). HCV classification is defined by nucleotide 

sequence heterogeneity. Clones share 65–70% sequence identity within a genotype 

and 75–80% homology within a subtype (38–41). Genetic variability is unevenly 

distributed across the genome (42). Regions corresponding with viral enzymatic 

function (such as translation and replication) are highly conserved as is the region 

encoding the viral capsid; in these two regions, distant clones share up to 90% and 

80-88% sequence identity, respectively (43,44). The most variable region within the 

HCV genome is that encoding the envelope glycoproteins (45).  Here, sequences 

comprising the hypervariable regions 1 and 2 (HVR-1 and HVR-2) exhibit the least 

homology with only 50% identity between different isolates (46).   

Further sequence diversity is observed within individual hosts since the error-

prone nature of HCV replication permits the emergence and coexistence of minor 

genetic variants (47). This population of minor intra-host variants share 98% homology 

and are commonly referred to as a quasispecies. It is generally presumed that the 

emergence of quasispecies during infection enables HCV to rapidly adapt to the 

changing, and hostile, environment produced by the immune response (48).     
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1.1.2  Natural history of HCV infection 

Unlike HBV acute HCV infection is asymptomatic in 75% of patients and consequently 

goes undiagnosed is most individuals (49,50).  Current estimates indicate between a 

quarter and a third of individuals who contract HCV will clear the virus within six 

months with the remainder developing chronic infection. Chronic hepatitis C, like all 

forms of viral hepatitis, progresses slowly with continuing fibrosis due to recurrent 

bouts of immune-mediated inflammation of the infected liver. Unchecked fibrosis 

progresses to cirrhosis with liver failure, and finally HCC. Annually, HCC is estimated 

to manifest in 1–4% of established HCV-associated cirrhosis cases (7,9).   

 Factors thought to contribute to the natural clearance of HCV include female 

sex, Caucasian ethnicity, infection with a genotype 1 strain, restricted diversity of viral 

 
 
Figure 1.2 Classification of HCV into 7 major genotypes and numerous 
subtypes.  The tree is drawn according to phylogenetic analysis of the open reading 
frame (nucleotide) sequences. The overall prevalence and geographical distribution 
for each major genotype are indicated. The illustration is from a review by Jens Bukh 
(37).   
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quasispecies and patient age (8,51–53). Humoral immune responses appear to 

weaken with age as the serum of young patients tends to possess a stronger 

neutralizing effect and is often more effective in neutralizing a broader panel of clones 

(54,55). The emergence of a broad adaptive immune response in the early stage of 

infection is associated with clearance of HCV (56–58). However, owing to HCV’s great 

diversity and repeated exposure through IVDU in high-risk persons, clearance does 

not provide sterilising immunity and re-infection with heterologous and even 

homologous genotype variants is common (59).   

 Polymorphisms in immune genes are also known to impact disease 

progression. Several genome-wide association studies (GWAS) have established a 

strong correlation between spontaneous HCV clearance and response to IFN-

treatment versus polymorphisms in the IL28B gene, which encodes for the cytokine 

interferon-λ3 (IFN-λ3). The IFN-λ3 rs12979860 single nucleotide polymorphism (SNP) 

was associated with clearance in six different cohorts. Additionally, specific alleles of 

two SNPs in human leukocyte antigen (HLA)-DQB1 and HLA-DQA2 genes, 

rs2395522 A and rs2395522 G, have been shown to regulate neutralizing antibody 

(nAb) breadth (18,60). HLA-DQ is a heterodimer of the type MHC class II present on 

antigen-presenting cells (APC) and is important for antigen presentation to CD4+ T 

helper cells. Osburn et al. found that the neutralizing activity against genotype 1 

viruses was broader in plasma derived from patients carrying the rs2395522 A or 

rs2395522 G alleles, irrespective of whether they were infected with a genotype 1, 2 

or 3 virus (18). A later study further supported the link between the expression of the 

rs2395522 A allele in genotype 1-infected patients and their development of broadly-

neutralizing antibodies (60). Notably, the sites of both SNPs are located outside the 

protein coding region of the HLA-DQ gene suggesting that they may regulate gene 

transcription in a manner that in-turn broadens nAb responses (18). However, it should 

be noted that neither SNP has been associated with HCV clearance in GWAS analysis 

so whether host genetics truly influence the breadth and potency of nAb remains 

ambiguous.  

 

1.1.3  Epidemiology 

Although epidemic jaundice had been reported by both the Greeks and Romans, it 

was not until the mid-20th century that it was determined that viral etiological agents 
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cause hepatitis. Teams in Germany, England and the USA employed human 

‘volunteer’ experiments and confirmed the transmissibility of two distinct forms of viral 

hepatitis through their clinical and epidemiological characteristics. Patients whose 

plasma could transmit hepatitis for only up to 45 days post-infection were deemed to 

have hepatitis A and patients whose incubation period lasted over 60 days were 

regarded to have hepatitis B (61).  

 The first of the viruses to be discovered was one responsible for chronic 

disease, and it was appropriately named hepatitis B virus. Its discovery was a drawn-

out process lasting nearly nine years from the point a key antigen (HBs) was identified 

to the point an association between said antigen and post-transfusion hepatitis was 

established in 1972 (62). By the mid-1970s, hepatitis A virus (HAV) was discovered 

and shown to result in an almost entirely acute disease which rarely led to conditions 

like jaundice or cirrhosis, as expected. Screening for HAV and HBV and the 

subsequent exclusion of infectious donors only resulted in a 25-50% fall in post-

transfusion hepatitis cases indicating further causal agents were yet to be identified. 

Disease not attributable to HAV or HBV was collectively termed non-A non-B hepatitis. 

The discovery of HCV by Houghton and colleagues in 1989, and subsequent 

screening efforts confirmed HCV as the major causative agent for viral hepatitis 

alongside HBV (2). Notably, the cloning of plasma-extracted HCV nucleic acid into an 

expression vector symbolised a paradigm shift in the approach for identifying 

infectious agents. It was the first time in history that a pathogen was identified using a 

direct molecular biology approach without tissue culture, serology, or immune-electron 

microscopy. 

By the mid-1990s, the mandatory practice of screening blood for HAV, HBV 

and HCV reduced transfusion-related hepatitis transmission to exceedingly low levels 

in industrialised countries (4,63). In these countries, good aseptic practice has also 

led to transmission events associated with surgical, dental and perinatal medical 

procedures occurring only sporadically during local breaches of infection control and 

hygiene measures (64). As mentioned previously, IVDU has now become the main 

source of incident HCV infections in industrialised countries (63). There are over 16 

million practising injection drug users worldwide and among them, HCV infection 

prevalence ranges from 45% to >90% and annual incidence rates are 6-40% (65). 

Frequent HCV transmission following intranasal recreational drug use is also observed 

(66). This mode of transmission appears to be facilitated by damaged incurred to the 
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nasal mucosa following long-term use of substances like cocaine or ketamine, which 

induce bleeding. Sexual intercourse is now regarded as a route of HCV transmission 

in Europe, North America and Australia (67–72). Incident infections are predominantly 

reported in men who have sex with men; in this group, individuals who are HIV positive 

appear to be most at risk (73).  

IVDU is prevalent in some lower-income countries and is predicted to contribute 

to HCV transmission (74,75), nevertheless most new infections in these countries are 

suspected to occur through the iatrogenic route (76). In Egypt, where HCV prevalence 

in people aged 15 to 59 stands at over 12%, most infections can be traced back to 

syringe reuse during mass-treatment campaigns in the 1960-70s to combat 

schistosomiasis (77). Similarly, ongoing epidemics in central African countries, where 

HCV prevalence rates are notably high among people >50 years, are widely suspected 

to have originated from mass-treatment efforts or vaccination campaigns in the late 

20th century (78–80).  

At the turn of the 21st century, 130-170 million people were estimated to be 

HCV positive (translating to a global prevalence of 2.2-3.0%) (81). By 2014, estimates 

were revised down to around 100 million due to improved mathematical modelling and 

maybe an early reflection of the curative impact of direct-acting antivirals (DAAs) (82). 

The WHO global hepatitis report in 2017 estimated 71 million people are living with 

chronic HCV infection (83). 

HCV prevalence varies geographically. Industrialised countries generally report 

low prevalence (≤2%), with northern European nations, in particular, possessing rates 

of only 0.4% or lower (84). Countries with the highest prevalence (≥5%) are mainly 

low-middle income countries such as aforementioned Egypt, Pakistan (~6.8%), 

Nigeria (3.1-8.4%), Georgia (~6.7%) (85–88). The modern-day geographic distribution 

of the HCV genotypes is complex (89).  Genotypes 1a, 1b, 2a and 3a are distributed 

globally. The rapid spread of these epidemic subtypes is largely acknowledged to have 

occurred in the decades before the discovery of HCV by way of blood transfusion and 

mass vaccination and treatment campaigns of infectious diseases (90–92). The 

majority of HCV subtypes are largely endemic: endemic genotype 1 and 2 are largely 

restricted to West Africa, 3 to South Asia, 4 to Central Africa and the Middle East, 5 to 

Southern Africa and 6 to South East Asia (90,93,94) 

Recent estimates suggest ~182,400 people in the UK were living with chronic 

HCV infection in 2015 (95). Modelling predicts this figure to have fallen to ~143,000 
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by year-end of 2018 (96). Qualitative RT-PCR of UK cohorts frequently identify 

genotypes 1 and 3 as the most prevalent in the UK, with subtypes 1a and 3a often 

overrepresented (95,97,98). The most comprehensive of such studies found genotype 

1 to account for nearly half of all cases (46.8%), followed by 3 (35.8%), 2 (4.4%) with 

genotypes 4, 5 and 6 only accounting for 3.3%, when taken together (98).  

Infection with multiple strains (2 or more) is common and can be established 

simultaneously or sequentially. Surveillance analyses of high-risk groups in different 

regions have reported that the rate of multiple strain infections ranges from 5 to 25% 

(99–101). Reinfection, with an identical or different strain of HCV, following clearance 

is very common amongst people who use injectable drugs (PWID) as they are 

frequently exposed by way of sharing injection equipment (102). The exceptional 

diversity of HCV and the limited protective immunity generated toward the virus are 

also factors for multiple infection and reinfection (84,102).  

 

1.1.4  Treatment 
Since acute infection with HCV is predominantly asymptomatic a substantial number 

of patients begin treatment regimen only when the disease has advanced to a stage 

at which liver complications become apparent. Currently, combination DAA therapy is 

the standard HCV treatment. DAAs are relatively new, having been approved as the 

standard of care (SOC) for chronic HCV only in the last decade. Before this, the SOC 

was a combination of pegylated interferon-alpha (PEG IFN-a) and ribavirin 

administered for 24- to 48-weeks depending on genotype (103,104). Viral eradication 

rates remained suboptimal during this era as sustained virologic responses (SVR12), 

a period where HCV RNA is undetectable in blood for ≥12 weeks, were identified in 

50-75% of patients (105). Patients with genotype 1 infection, in particular, presented 

a clinical challenge as SVR12 rates following a 48-week course of PEG IFN-a stood 

at a measly 40% (106). Side effects of PEG IFN-a regimens include flu-like symptoms, 

cytopenia and, more concerningly, given the regimen length and IDVU history of many 

patients, depression and anxiety (105).  

 Combination DAA therapy is the superior SOC for patients living with chronic 

HCV as SVR12 rates exceeding 95% have been reported in numerous cohort studies 

(107). Furthermore, unlike PEG IFN-a regimens, combination DAA therapy (with the 

occasional ribavirin supplementation) can achieve pan-genotypic effectiveness and 



 

 11 

side effects are minor/fewer during/after the standard 12-week and present little 

psychiatric morbidity (102,108,109).  In the UK DAA therapy provided by the NHS 

consists of a single drug regimen of or a combination of protease (NS3) inhibitor 

(simeprevir, paritaprevir, glelcaprevir voxilaprevir), NS5A inhibitor (ledipasvir, 

ombitasvir, pibrentasvir, velpatasvir), polymerase (NS5B) inhibitor (dasabuvir, 

sofosbuvir) and/or ribavirin (95,96). 

 In 2016, when the curative capabilities of DAA therapy became clear, the WHO 

called for the elimination of viral hepatitis as a major public health threat by 2030 (i.e. 

a 90% and 60% fall in the incidence and mortality rates, respectively) (110). Despite 

this, the high cost of DAA therapy (~£12,000 per 12-week course) and underdiagnosis 

due to the asymptomatic nature of acute infection present significant hurdles for 

meeting these targets (111). Furthermore, reinfection rates are high among PWID and 

many clinicians and insurance providers are reluctant to approve DAA therapy for this 

group citing poor cost-effectiveness (102,112). Together, these obstacles necessitate 

the development of a prophylactic vaccine to prevent future cases and get us closer 

to achieving elimination by 2030 (113). A review of HCV vaccine development and 

trials will follow in the upcoming sections. 

 

1.1.5   Basic virology 

Despite the many efforts made toward understanding HCV and the development of 

new technologies that enable the comprehensive study of a single virion, we have 

limited information on the HCV virion structure. The consensus from independent 

ultrastructural analyses of full-length cell culture HCV is that virions are structurally 

irregular, lack obvious surface features and are pleiomorphic in size (ranging from 50 

to 80 nm) (model shown in Fig 1.3). In vitro molecular studies show that virions are 

encompassed by an endoplasmic reticulum (ER)-derived envelope (lipid bilayer), in 

which the E1E2 glycoproteins are embedded as heterodimers (114–116). The lipid 

bilayer surrounds an icosahedral core/capsid (30-40 nm) which contains the 9.6 

kilobase (kb) positive sense, single-stranded RNA genome of HCV (117).  
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The difficulty of resolving the HCV structure is largely due to the virion’s unique 

lipid composition (115). Mass spectral analyses established that the lipid composition 

of HCV particles resembles that of very low- and low-density lipoproteins (VLDL, LDL) 

(115,116). Infectious particles, isolated from both patient sera and cell culture, have a 

low density, are rich in cholesterol and triglycerides and contain host apolipoproteins 

(Apo) such as ApoB, ApoA-I, ApoE and ApoCs (Fig 1.3) (116,118,119), consequently, 

the HCV particle is often considered a lipoviralparticle. HCV particle association with 

lipoprotein components serves a critical purpose in the viral life cycle, hijack of host 

apolipoproteins, in particular, allows for efficient propagation in hepatocytes (120,121).  

 

1.1.6   Translation and replication 

Following successful entry, which will be discussed extensively in upcoming sections, 

the translation of the HCV genome is initiated. The 9.6 kb positive single-stranded 

RNA genome encodes a long open reading frame (ORF) which is flanked by two 

untranslated regions (UTRs) (Fig 1.4 A). The UTRs harbour the signals for viral protein 

and RNA synthesis and signals to coordinate both processes (122). The UTRs also 

harbour crucial cis-acting elements that protect the viral genome from host anti-viral 

factors. Notably miR-122, a liver-specific miRNA, interacts with such elements and 

 
 
Figure 1.3. A model of the HCV lipoviralparticle (LVP). The HCV particle consists 
of an endoplasmic reticulum-derived envelope within which the E1 and E2 
glycoproteins are anchored. The envelope surrounds an icosahedral capsid, formed 
by the viral core protein, which contains the positive-stranded RNA genome. Highly 
infectious particles are a hybrid of HCV virion and VLDL components named LVP. 
The apolipoprotein constituents of LVP are illustrated in the diagram. Diagram 
produced in BioRender. 
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recruits Argonaute 2 to the 5’ end of the viral genome, thereby stabilising and 

protecting HCV RNA from degradation by 5’ exonucleases (123,124).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Translation of the HCV ORF is initiated through an internal ribosomal entry site 

(IRES) in the 5’ UTR. Directly binding to this site places ribosomes close to the start 

codon of the ORF. The translated polyprotein is processed cotranslationally and 

posttranslationally by host and viral proteases into ten distinct products. The structural 

proteins (core [C], envelope [E] 1 and E2) are in the N-terminal third and the non-

structural (NS) proteins occupy the remainder (Fig 1.4 B) (122). The viral RNA-

dependent RNA polymerase (RdRP) NS5B, together with the non-structural protein 

NS3/4A, NS4B and NS5A are the minimal machinery required for HCV translation and 

replication (125).  

 

 
Figure 1.4. HCV virus replicon and membrane organisation of viral proteins. 
(A) The RNA genome of HCV is positive-stranded, containing a single open reading 
frame flanked by highly structured 5’ and 3’ untranslated regions (UTRs). 
Translation of a single polyprotein is initiated at the internal ribosomal entry site 
(IRES). The polyprotein is cleaved by cellular (black arrowheads) or viral proteases 
(red arrowheads). (B) Membrane association of HCV proteins. Functional domains 
of non-structural proteins face the cytosol whereas the globular domains of the entry 
proteins E1 and E2 face the ER lumen. Diagram produced in BioRender. 

A. 

B. 
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Typically, HCV amino acid residues are numbered using absolute 

nomenclature, i.e., based on the HCV polyprotein with numbering starting from the 

first residue of the core protein continuing to the end of NS5B. In this system, residues 

comprising the E2 glycoprotein in the reference isolate, H77, are numbered 384-746 

(126). 

The function of the non-structural proteins will only be discussed briefly here as 

these are beyond the scope of this study, but a detailed overview can be found 

elsewhere (127). NS2 is a viral cysteine protease involved in both viral polyprotein 

maturation and particle assembly (128). NS3 has two domains which perform 

independent functions; one domain is an essential serine protease that cleaves the 

NS3 to NS5B region of the viral polypeptide (see Fig 1.4 A) (129). The other domain 

forms the HCV helicase which unwinds duplex RNAs formed during viral replication. 

NS4A is membrane protein that interacts with NS3 thereby anchoring the enzyme 

which has no transmembrane domain of its own (129). Indeed, most HCV proteins are 

membrane-associated (Fig 1.4 B), and some have functions linked to host membrane 

reorganisation. Accordingly, viral proteins induce the extensive rearrangement of host 

cell ER membrane during infection, resulting in ‘membranous webs’ with vesicles that 

provide a protected environment for HCV replication and assembly (Fig 1.5) (130,131). 

Although most proteins in the replication complex contribute to membranous web 

formation, it is NS4B and NS5A that are key in its biogenesis and maintenance.  

NS4B is a highly hydrophobic ER membrane integral protein (132). It 

possesses amphipathic helices in both its N and C terminal domains which it uses to 

induce membrane curvature, a crucial early step in membranous web formation (133). 

Furthermore, in vitro experiments suggest NS4B binds the negative HCV strand at the 

3’ end via an arginine-rich motif (134). This interaction may serve to recruit negative-

strand viral RNA, the template for positive strand genomes, to sites of replication. 

Comprised of three domains separated by low complexity sequences and 

anchored to the membrane, NS5A is perhaps the most enigmatic of the HCV proteins 

(135). The N-terminal domain I is the best characterised, it contains both an RNA and 

a zinc (Zn2+) binding domain which are essential for replication. In contrast, the two C-

terminal domains are predicted to be intrinsically disordered. The NS5A interactome 

represents a feat in viral genetic economy; the viral protein interacts with dozens of 

cellular proteins, in fact too many to engage simultaneously. It is thought intrinsic 

disorder and differential phosphorylation creates diverse pools of NS5A, separated 



 

 15 

both spatially and temporally, that play different roles and interact with different 

subsets of host factors (136). Examples of key host factors interacting with NS5A 

include cyclophilin A, an is essential cofactor for membranous web formation, and 

phosphateidyinositol-4-phosphate-kinase-III alpha which bridges virion assembly with 

lipid metabolism (137–139).  

The viral RNA-dependent RNA polymerase (RdRP) NS5B produces an 

antigenome negative-strand intermediate from which progeny positive-strand 

genomes are produced (140,141). Follow-up rounds of translation of positive-strand 

genomes result in ≥1,000 fold excess of viral proteins over the viral genome (140), 

and finally viral genomes are packaged into newly assembling virions (142). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1.1.7   Assembly, budding and secretion 

HCV assembly occurs near the membranous web at assembly sites derived from ER-

membranes and close to lipid droplets (143). Initiation of particle assembly is thought 

to require the release of replicated genomes from the web to the lipid droplets where 

the core protein, the foundation of the virion capsid, accumulates following 

biosynthesis (144). A key role for NS5A in controlling the transition from replication to 

 

 
Figure 1.5. The HCV life cycle. The different steps of the HCV life cycle are 
indicated in black. ER endoplasmic reticulum, MW membranous web. LD lipid 
droplets. The negative strand intermediate is shown in red. Adapted from Alazard-
Dany et al (127). 
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assembly is well described, most notably, it is involved in RNA genome delivery to 

core proteins (145). NS2 and p7 also play central role in virus assembly via their 

interactions with various viral structural and non-structural proteins (127,144). Notably, 

they control the spatial-temporal recruitment of the envelope glycoproteins E1E2, NS3 

and NS5A to assembly sites, thereby correctly bringing together key viral actors 

required for assembly (146–149).   

Since HCV core locates to the cytosolic side of the ER membrane to access 

lipid droplets, nascent viral particles must transfer across the ER lumen to access the 

secretory pathway. At this stage, particles acquire their envelope, with unmodified viral 

glycoprotein embedded, by budding into the ER lumen. Fittingly, roles in HCV particle 

release have been described for components of the ESCRT (endosomal sorting 

complex required for transport) pathway (150–152). As the HCV particles transit 

through the secretory pathway, E1 and E2 undergo post-translational modification. 

Notably, E1 and E2 on purified HCVcc particles harbour both high mannose and 

complex Asn-linked glycans, indicating they are processed via the Golgi apparatus, 

where glycan modification is known to occur (153).  

As mentioned previously, the lipid composition of HCV virions resembles that 

of VLDLs. It is likely HCV hijacks the VLDL assembly pathway for virion maturation 

and eventual release (154). HCV particles acquire their characteristic low buoyant 

density as they traverse the secretory pathway by interacting with ApoE-rich VLDL or 

HDL particles (155,156). Of note is the important role of the p7 ion channel which 

protects viral particles in transit from exposure to low pH by neutralising the 

acidification of otherwise acidic intracellular compartments.  For a detailed 

comprehensive review of the HCV life cycle please see reviews (130,142,157,158). 

An overview of anti-HCV responses during natural infection are discussed in the 

succeeding section.  

 

1.2   Immune responses to HCV 
Upon transmission of a virus into a new host, innate immunity acts as the first line of 

defence. Innate immunity is initiated upon detection of unspecific pathogen-associated 

molecular patterns (PAMPS) by host pattern-recognition receptors. Innate immunity 

acts immediately upon infection and its activation is crucial for the induction and 

regulation of the adaptive immunity, which takes four to eight weeks to take effect 
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upon primary HCV infection (159). Adaptive immunity targets pathogens more 

specifically and provides immunological memory.  Effective interplay between innate 

and adaptive arms of immunity are predicted to influence disease outcome. However, 

gauging the innate immune response’s contribution to HCV clearance has proven 

challenging since acute HCV is largely asymptomatic. Conversely, a quick, strong, 

broad and persistent adaptive response correlates positively with spontaneous HCV 

clearance (159,160). 

  

1.2.1   HCV innate immune response 

During HCV infection, viral RNA is the major PAMP inducing an innate immune 

response (161). Intracellular viral RNA is recognised by RIG-I and the Toll-like receptor 

3 (TLR3) recognises double-stranded RNA products within endocytic membranes 

(122). RIG-I sensing results in the phosphorylation of the transcription factor 

interferon-regulatory factor (IRF-3), which activates the IFN-β promoter (162). 

Similarly, the signalling cascade initiated upon recognition by TLR3 culminates in the 

activation of IRF-3 and nuclear factor kappa B (NF-κB), driving IFN-β transcription 

(163). IFN-β released into the extracellular space by infected cells binds the IFN-α/β 

receptors IFNAR1/2 on nearby cells, activating the Janus Kinase-1/signal transducers 

and activators of transcription (JAK/STAT) pathway which culminates in the activation 

of a set of IFN-stimulated genes (ISGs) (161). ISG transcription induces an antiviral 

state promotes and the secretion of multiple IFN types. Characterised by the 

expression of restriction factors that impede viral entry and viral as well as degrades 

viral genetic material (164).  

 HCV infection is often chronic, indicating it has evolved some effective 

mechanisms to counter the host innate response. To this end, several HCV non-

structural proteins interact with host innate and signal transduction factors to attenuate 

the antiviral state (165). NS3/4A can induce the cleavage of transducers involved in 

TLR signalling, particularly TLR-domain containing adapter-inducing IFN-β (TRIF), to 

inhibit TLR3 signalling. Additionally, the NS3/4A protease directly cleaves MAVS 

(Mitochondrial antiviral signalling protein) attenuating RIG-I mediated IFN-β 

expression (166). These interferences allow HCV to successfully overcome the innate 

immune response, which becomes insufficient to eliminate the virus (167).    
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Natural killer (NK) cells comprise the majority of innate cells in the human liver. 

NK cells are an important component of innate immunity and participate in HCV 

clearance. NK cells produce IFN-γ which primes CD4+ T as well as limits HCV 

replication through ISG induction (168). Upon contact with infected hepatocytes, NK 

cells release granules filled with granzymes and TNF-related apoptosis inducing 

ligand (TRAIL), leading to lysis of the infected cell (169). NK cells are sometimes 

thought of as a ‘bridge’ between the innate and adaptive arms of immunity as they are 

implicated in dendritic cell (DC) maturation (170). DCs process and present antigens 

via MHC I and II, leading to the activation of CD8+ and CD4+ T cells, respectively. So, 

NK cells can affect the ability of DCs to prime effector T cells by editing DC function 

(170). Notably, NK cells are activated during acute HCV infection, irrespective of the 

clinical outcome (171). 

 

1.2.2   HCV adaptive immune response 

Adaptive immunity constitutes the last barrier to HCV infection. The innate immune 

response allows for the activation of APCs such as DCs, discussed above, and the 

secretion of cytokines that induce the cellular and humoral arms of the adaptive 

immune response. Cellular immunity involves CD4+ helper T cells (CD4+ TH) and CD8+ 

cytotoxic T lymphocytes (CTLs), whereas humoral immunity involves antibody-

producing B cells.  

 

1.2.2.1  Cellular immune response 
CD4+ TH cells primarily play an immunoregulatory role during viral infection. They 

express co-stimulatory receptors such as CD40L and produce the cytokine IL-4 and 

IL-21 during naïve B cell selection and through affinity maturation of activated B cells, 

thus influencing antibody production  (172). CD4+ TH cells also secrete IFN-γ and IL-

2, which limit HCV replication and regulate lymphocyte proliferation/turnover (both 

CD4+ and CD8+), respectively (173). Generally, a robust CD4+ T cell response is a 

prerequisite for HCV clearance. Accordingly, individuals who clear infection have 

CD4+ TH cells that recognise more epitopes in HCV non-structural proteins as well as 

produce more IL-2 and IFN-γ upon stimulation (174,175). Moreover, reduced or 

delayed CD4+ help correlated with HCV chronicity in both chimpanzees and patients 

(14,176).   
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 Within the CD4+ compartment, CD25+FOXP3+ regulatory T cells (Tregs) are a 

key subpopulation. They play a fundamental role in moulding immune responses by 

suppressing activation and proliferation of effector lymphocyte populations (CD4+ TH 

cells, CTLs and NK cells) as well as macrophages and DCs through superior secretion 

of IL-10. The number of Tregs in peripheral blood was found to correlate inversely with 

HCV viral load (177). Furthermore, a more recent study found a larger HCV-specific 

Treg population with elevated IL-10 production in patients with chronic infection, 

whereas clearers were characterised by increased IFN-γ secreting CD4+ TH cell 

numbers (178). However, such simplistic correlation studies on patients after   clinical 

outcome is known offer little insight regarding Treg role in limiting infection. Indeed, 

their elevated numbers may be the result of a previously exacerbated inflammatory 

response as HCV spreads in the liver. A small animal model that is both faithful to 

human HCV disease progression and amenable to genetic manipulation would 

provide clarity as to whether Treg function aids or limits hepatitis C transition from an 

acute to chronic condition. 
   CTLs induce ordered cytolysis in target cells via the release of granzymes, 

perforin, Fas ligand and TRAIL. In addition to lysing of infected hepatocytes, CTLs 

also limit HCV replication via their secretion of IFN-γ and TNF-α (179). As with CD4+ 

TH cells, an early, broad CTL response is thought to promote spontaneous viral 

clearance, with clearers targeting a broader range of non-structural protein epitopes 

(180–182). On the other hand, narrow immunodominant CTL responses with 

heightened magnitude may serve to drive immune escape of transmitted/founder 

viruses during acute infection (183). Notably, CD8+ T cell exhaustion is often observed 

in chronic hepatitis C (184). Exhaustion-committed HCV-specific CD8+ cells are 

characterised by the upregulation of effector function inhibitory receptors such as PD-

1, impaired proliferation and antiviral cytokine expression, repressive transcriptional 

reprogramming and defective effector function and memory development (185). A 

better understanding of the molecular mechanism influencing the breadth and kinetics 

of the cellular immune response will inform rational vaccine development.    

 
1.2.2.2  Humoral immune response 
Unlike T lymphocytes which undergo development in the thymus, B cells develop in 

the bone marrow before migrating to secondary lymph organs. HCV-specific B cell 

activation likely occurs in liver draining lymph nodes, where follicular naïve B cells will 
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present HCV antigens to follicular CD4+ TH cells, which in turn activate the B cells, as 

discussed above. Activated B Cells either mature into short-lived plasma cells, which 

are essentially antibody factories, or develop into the germinal centre. Humoral 

immunity is refined within the germinal centre, with antibodies undergoing class switch 

from high avidity, pentameric immunoglobulin M (IgM) to high affinity, monomeric IgG. 

Long lived plasma cells and memory B cell subpopulations emerge from germinal 

centres. For HCV, antibodies mainly target epitopes on the E1E2 heterodimer which 

is present at the surface of the virion particle, with E2 bearing the larger share of 

immunodominant epitopes.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibodies are Y-shaped structures, composed of two light chains and heavy 

chains which essentially mirror each other on a central axis (Fig 1.6). Antibodies have 

two fragment antigen-binding (Fab) domains, comprised of variable and constant 

regions, and the fragment-crystallisable (Fc) domain, which consists of only constant 

regions (186). At the very tip of the variable regions are the complementarity 

determining regions (CDRs), which are the points of antigen engagement and the most 

variable part of the molecule. The heavy chain determines isotype (IgM, IgA, IgE, IgD 

and IgG) and the light chains are classified as either Kappa or Lambda. Isotypes differ 

in their function, size, complement cascade initiation and Fc receptor binding. IgGs 

 

 
Figure 1.6. Crystal structure of intact IgG1 (PDB: 1IGY). Adated from Janda et 
al (186). 
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are the most abundant of the antibody isotypes as well as the most important in 

containing primary and preventing subsequent viral infections. 

 Secreted antibodies function by neutralising their target, binding antigens on 

the virus surface and blocking entry, or through FcR-dependent signalling pathways, 

culminating in complement activation or antibody-dependent cell-mediated cytotoxicity 

(187,188). The role of humoral immunity in controlling HCV is incompletely 

understood. However, results from a longitudinal study of German women accidentally 

exposed to the same HCV strain in a single-source outbreak suggest that spontaneous 

clearance coincides with the early emergence of neutralising antibodies (17,189–191). 

On the other hand, chronic infection was characterised the absence of neutralising 

antibodies. The epitopes targeted by neutralising antibodies are reviewed in more 

detail later (Chapter 1.6). The pathway and receptors that facilitate HCV entry are 

discussed in detail in the following section. 

 

1.3   HCV entry  
Viruses, both non-enveloped and enveloped, share common features and routes of 

entry, generally beginning with attachment to the cell surface and culminating with the 

delivery of the viral genome into the host cell (192). Viruses have evolved an array of 

strategies to successfully achieve this but in all cases, the process consists of four 

generic steps, attachment, receptor engagement, penetration and uncoating. 

Attachment occurs via low specificity interactions with ubiquitous cell surface 

molecules and is rapidly followed by the high-affinity engagement of viral entry proteins 

to bona fide receptors. For viral genomic material to access host replicative machinery 

in the cell interior, viruses must first penetrate cellular membranes. Finally, once at the 

appropriate cellular environment viruses uncoat their capsids to expose their viral 

genome for replication to commence (193). 

 To execute the above processes a viral particle must be robust enough to resist 

environmental and immune-induced hazards as it traverses the target cell. However, 

the particle is also required to relinquish its genome when the opportunity arises. Thus, 

to successfully infect a naïve cell, a virion must exist in an equilibrium between stability 

and fragility. Viruses have evolved to exist as metastable structures to counter this 

evolutionary quandary. The entry proteins of circulating virions are yet to attain the 

minimum free energy conformation and consequently reach their target cell primed for 
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conformational changes. Said changes are triggered upon receptor engagement and 

irreversible conformational transitions prepare the particle for the next stage in viral 

entry. Further stimuli prompt temporal changes in structure until the ultimate event of 

uncoating. In this way, metastability allows a virus to respond appropriately to host cell 

microenvironments as it progresses through its entry pathway (193). 

 

1.3.1  HCV receptors  
The cell surface components that viruses bind to group into two general types 

depending on the outcome of the interaction. Attachment factors bind particles and 

concentrate viruses at the cell surface. Receptors actively promote entry by triggering 

conformational changes on the viral particles, activating signalling cascades and 

promoting internalization (193). Additionally, entry cofactors are proteins that don’t 

necessarily interact with the virion but support virus entry by acting in concert with 

receptors or by activating signalling cascades (194,195). Often receptors are 

internalised along with the virus during endocytic uptake and may actively participate 

or facilitate viral fusion. The following section will detail the biological function of key 

HCV receptors in order of their discovery (196,197).  

 

1.3.1.1 CD81 
The first of the HCV receptors to be identified was the tetraspanin cluster of 

differentiation 81 (CD81) (198). The 236 residues of CD81 organise into the typical 

features of a tetraspanin, two extracellular loops anchored by four α-helical 

transmembrane domains (Fig 1.7) (199). Structural analyses of CD81 revealed it 

possesses a cholesterol-binding pocket that likely regulates the conformational switch 

of the large extracellular loop (200). Tetraspanins play an important role in membrane 

organization, interacting among themselves and with other transmembrane proteins 

to create extensive cholesterol-rich complexes on the cell surface called tetraspanin 

webs (201). These microdomains are functionally significant. Interactions between 

CD81 and its partners influence immune cell activation and differentiation, cell-cell 

adhesion, and it has been implicated in sperm-egg membrane fusion.  

CD81 is ubiquitously expressed and localises mainly at the basolateral surface 

of hepatocytes, protruding a mere 3.5 nm from the lipid bilayer. The E2 glycoprotein 

binds the large extracellular loop of CD81. Mutagenesis has determined residues 



 

 23 

F186, I182, N184, L162 are involved in E2 engagement, with mutation of F186 

abolishing the E2-CD81 interaction entirely. Notably, African green monkey CD81 

does not bind soluble E2 (sE2) but supports HCV infection of human cells suggesting 

cell-free E2-CD81 interaction does not predict infection (202). Furthermore, our recent 

work also indicates that cholesterol sensing by CD81 also regulates infection (203). 

Here we found that CD81 in a closed conformation, mimicking a cholesterol-bound 

state, proved a superior adapter for HCV infection. 

Epitope mapping on E2 with monoclonal antibodies and CD81-LEL has 

identified the putative CD81 binding residues. These include G436-WLAGLF-Y443, 

Y527, W529, G530, D535 and residues within 613-618, as well as W420 though other 

hydrophobic residues are sufficient at this position (204–206). However, without of a 

crystal structure of E2 in complex with CD81, it’s impossible to deduce the precise 

molecular interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.1.2 SR-B1 
The second HCV receptor to be identified was scavenger receptor class B member 1 

(SR-B1). It is a multi-ligand membrane receptor protein with systemic expression but 

is enriched in the liver and steroidogenic tissue (207). SR-B1 has two transmembrane 

 

 
Figure 1.7. Structure of the tetraspanin CD81 (PDB: 5TCX). Residues 
determined to interact with E2 are shown in blue. 
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domains, with a large extracellular domain that is suspected, based on its homology 

with LIMP-2, to arrange into an antiparallel β-fold decorated with many short α-helical 

segments (Fig 1.8) (208,209). SR-B1 has a key involvement in lipid metabolism 

binding and allowing selective uptake of ligands such as high-density lipoproteins 

(HDL), LDL and VLDL. In the liver, uptake of cholesterol by SR-B1 from HDL allows 

for selective sorting and, if necessary, its conversion into bile salts and subsequent 

removal by biliary secretion (207,210).  

 Like CD81, SR-B1 was identified as an HCV receptor via its binding to sE2 

(211). To this regard, CD81 and SR-B1 are considered the true HCV receptors as they 

bind the HCV particle directly via E2. E2-SR-B1 interactions are predicted to occur via 

the hypervariable region 1 as deletion of this domain ablates sE2 binding to CHO cells 

transduced to express human SR-B1 (212). Interestingly, the major SR-B1 ligand HDL 

can enhance HCV infection in vitro in a genotype-dependent manner. Additionally, this 

phenotype required the lipid transfer activity of SR-B1 (213–215). It has been 

proposed SR-B1 lipid transfer activity could modify the lipoprotein profile of the virion, 

liberating the particle from associated lipoproteins (see Figure 1.3) (216,217).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.8. Homology model of the SR-B1 ectodomain. Model is based on the 
structure of LIMP-2 (PDB: 4Q4B), which, like SR-B1, is a member of the CD36 
superfamily. 
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 It has been shown that SR-B1 is dispensable for HCV entry and, consequently, 

it was thought other lipoprotein receptors may fulfil a similar role to SR-B1 during HCV 

entry. Indeed, HCV infectivity of an SR-B1 and LDL receptor (LDL-R) receptor double 

knock-out hepatoma cell line could be rescued by exogenous expression of either one 

of the two receptors, suggesting they contribute redundantly to HCV infection (218). 

However, LDL-R is not known to engage the HCV glycoproteins, and it was recently 

found that antibody-mediated blockade of SR-B1 and LDLR did not synergistically 

inhibit HCV infection in vitro (219). Moreover, HCV entry requires cholesterol uptake 

(220) and LDL-R lipid uptake is realised via endocytosis, inconsistent with the 

accepted model of tight-junctional internalization of  HCV (142,221).   

 

1.3.1.3 The tight junction components Claudin and Occludin  
Claudin-1 (CLDN1) was identified as a potential HCV entry cofactor by Charles Rice’s 

lab in 2007 following the screening of a hepatocyte cDNA library in HEK293 cells. 

Subsequent CLDN1 complementation in these cells made them permissive for HCV 

pseudoparticle (HCVpp) infection indicating it was indeed an essential entry cofactor 

(222). CLDN6 and CLDN9 can also mediate HCV entry in Huh-7 cells; however, they 

are weakly expressed in authentic hepatocytes and thus may not support infection in 

vivo, unlike CLDN1 which is highly prevalent in liver tight junctions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.9. Homology model of CLDN1. Model is based on the structure of 
murine claudin-15 (PDB: 4P79). Residues determined to essential for HCV entry 
by alanine scanning mutagenesis are shown in red. 
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A similar cDNA cloning strategy by the same group identified OCLN as an entry 

cofactor that conferred HCVpp entry into murine cells transduced to express CD81, 

SR-B1 and CLDN1. (223). The importance of CLDN1 and OCLN’s role in HCV entry 

was further highlighted in a later study which showed CRISPR-engineered deletion of 

either protein abrogated HCV infection of Huh-7 cells (218). 

 CLDN1 and OCLN are key constituents of tight junctions. They are four-pass 

transmembrane proteins with extracellular domains that interact with their equivalent 

on the opposing membrane on neighbouring cells to form branching strands (Fig 1.9). 

Tight junctions are intercellular adhesion complexes present in all epithelia and 

endothelia that function to control paracellular permeability (224). Under an electron 

microscope, they appear as a series of very close membrane appositions (so-called 

‘kissing points’) of adjacent cells. The claudin family is thought to be the most crucial 

for mediating tight junction formation and permeability, whereas OCLN plays an 

essential role in barrier function and junction stability.  

 In the liver, tight junctions physically separate the basolateral membrane, which 

is bathed by blood flow, and the apical membrane, which forms the bile canaliculi, to 

create the blood-biliary barrier. As OCLN is primarily localised to tight junctions in 

polarised hepatocytes, it is likely HCV particles translocate from the basolateral 

surface to access it. The importance of HCV particle localisation to hepatocyte tight 

junctions is controversial. Abrogation of tight junction formation renders Huh-7 cells 

less susceptible to HCV infection. However, the ectopic expression of OCLN mutants 

defunct for tight junction localisation restored HCV infection in polarised OCLN knock-

out Huh7 cells, suggesting the virion engages non-junctional CLDN1 and OCLN and 

is internalised at the lateral membrane. These observations suggest HCV infection 

requires functional tight junctions, but the virion does not necessarily need to access 

them for successful entry. Nonetheless, the most comprehensive study of HCV 

particle and receptor/entry cofactor colocalization to date clearly demonstrated virion 

and OCLN colocalised at the tight junction (225).  

 In addition to the bona fide the entry factors CD81, SR-B1, CLDN1 and OCLN, 

a startling number of proteins have been suggested to play a role in HCV entry 

(211,221,223). These include epidermal growth factor receptor (EGFR), Niemann Pick 

C1-like 1 cholesterol receptor (NPC1L1), transferrin receptor (TfR1), Ab1 tyrosine 

kinase and IFN-α/β receptor IFNAR2, to name a few (226–228). EGFR signalling is 

thought to contribute to receptor complex formation and particle endocytosis and 
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NPC1L1 likely contributes to HCV entry through its role as a cholesterol receptor 

(225,229). However, there is little mechanistic insight regarding the roles of the other 

proposed ‘entry factors’, thus their significance is debatable (221).  

 

1.3.2  Entry mechanism of cell-free HCV particles  
HCV circulates in the blood of infected patients and thus makes direct contact with the 

basolateral surface of hepatocytes, the cell type permissive for its replication (142). 

The HCV virions transiently attach to the cell surface, allowing for receptor binding and 

initiation of entry. HCV is internalised via clathrin-mediated endocytosis. Many 

enveloped viruses have appropriated the endocytic pathway for entry into epithelial 

cells; however, few have evolved to take as intricate a route to arrive at this stage as 

HCV does. Of currently well-studied viruses, only group B coxsackieviruses and HCV 

are known to internalise at tight junctions (195).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
 

Figure 1.10 Cell-free virion HCV entry. Following attachment by HSPG and LDLR, 
HCV proceeds in a spatially coordinated manner via specific interactions with SR-
B1, CD81, CLDN1 and OCLN. The virion is then internalised via clathrin-dependent 
endocytosis, realised through EGFR signalling. The entry process finalises when the 
viral and endosomal envelopes fuse to release the capsid, containing the RNA 
genome, into the hepatocyte cytosol. Baktash et al (224). 
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HCV entry is a multifaceted process facilitated by the interactions of virion-

associated E1E2 glycoproteins and lipoprotein components with a panel of cell surface 

receptors (Fig 1.10) (116,142). HCV initially attaches to cells via interactions between 

virion-associated ApoE and both the LDL receptor (LDLR) and glycosaminoglycans 

present on heparin sulphate proteoglycans (HSPG) (230). The glycoproteins on 

membrane-bound viral particles then physically interact with the receptors SR-B1 and 

CD81. Interaction with CD81 triggers the formation of a receptor complex also 

comprising CLDN1 and OCLN. EGFR also plays a crucial role in regulating the entry 

process (225). The differential subcellular localization (basolateral or tight junction) of 

these entry cofactors partly explains the temporally-regulated manner of HCV entry 

(225,231–234). CD81, SR-B1, EGFR and CLDN1 not only bind or associate with the 

HCV virion but also interact with each other, it is likely this allows them to form an HCV 

receptor/cofactor complex that is essential for ensuing viral internalization 

(221,225,235). 

Following attachment, HCV E2 is widely suspected to first bind the extracellular 

domain of SR-B1 (211,222). The interaction with SR-B1 has been proposed to be 

required for E2’s subsequent engagement with CD81 (198). The exact mechanism of 

this ‘priming’ step remains unknown; however, the lipid transfer activity of SR-B1 may 

facilitate exposure of the CD81 epitope on E2 (236). It’s also plausible that the SR-B1-

E2 interaction may induce or stabilise a conformation of E2 favourable for CD81 

binding (236). CD81 engagement is a critical step in the entry HCV process. CD81 

engagement activates signalling pathways that promote virion internalization such as 

EGFR dimerization (225,237). Signalling events culminate in the reorganization of the 

actin cytoskeleton leading to the virion-coreceptor complex (SR-B1, CD81 and EGFR) 

translocating to the tight junction. Here EGFR-dependent association between CD81 

and CLDN recruits the latter into the virion-receptor/cofactor complex (225,228).  

 CLDN1 recruitment is crucial for HCV internalization at the tight junction (222). 

CLDN1 has two extracellular loops (EL1 and EL2) and residues within a small but 

highly conserved region of EL1 are vital for HCV entry (238). Direct interactions 

between CLDN1 and the HCV virion remain unproven, however, genetic evidence 

following culture adaptation of HCV in a CLDN1-ablated cell line suggest CLDN1 

interacts with E1. Molecular interactions between CLDN1-EL1 and HCV E1E2 

complexes have been confirmed by co-immunoprecipitation, whereas attempts to 

prove any between CLDN1-EL1 and E2 alone have failed (239).  
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 OCLN is last the of the HCV receptors to colocalise with the virion in polarised 

3D hepatoma cell cultures (225). There is no evidence for a direct interaction between 

OCLN and the viral particle. Nonetheless, the crucial role of OCLN in HCV entry is 

highlighted by the observation that of the known receptors currently, it and CD81 

represent the minimum set of species-specific factors needed for viral uptake into 

mouse or hamster cells (221,223). Time of addition studies indicate OCLN and CLDN 

act at a late post-binding step preceding fusion, consistent with their tight junction 

localization (222,223,240).  

As post-binding roles have been suggested for SR-B1, involving its lipid transfer 

activity, and CD81, in priming the viral fusion machinery (216,241,242), it is likely the 

formation and maintenance of the receptor/cofactor complex, also comprising CLDN1 

and OCLN, is a prerequisite for successful HCV entry. Ultimately, the virion-

receptor/cofactor complex is internalised via clathrin-mediated endocytosis triggered 

through EGFR signalling (225,243). Internalised HCV-coreceptor complexes are 

trafficked to Rab5-comprised endosomal compartments, where the low pH induces 

fusion between viral envelope anchoring the conformationally rearranged viral 

glycoprotein and bound endosomal membrane (241). Following fusion, the HCV 

genome is presumably released into the host cytosol, where RNA translation and viral 

replication are initiated (244).  

 

1.3.3  Cell-to-cell transmission  
HCV particles can infect hepatocytes through cell-free entry or via cell-to-cell 

transmission. The cell-free route is considered the classical route as it is by far the 

better characterised of the two and the route used to establish primary infection in a 

new host (245). However, following production infection, HCV can propagate to 

neighbouring cells independent of the classical route.  

In tissue culture, HCV can be restricted to cell-to-cell transmission when 

infected cells are cocultured with naïve cells in the presence of neutralising antibodies. 

In one such study, while transmission of cell-free viral transmission was reduced by 

95%, neutralising antibodies were found to have minimal effect on curbing the spread 

of infection (246). Accordingly, this route of spread is thought to be important for 

neutralising antibody escape (247,248). Moreover, HCV infected cells were found as 

clusters in liver biopsies of patients, indicating cell-to-cell spread as the predominant 
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mode of HCV transmission in vivo (249). Although most HCV entry factors described 

to date have been implicated in cell-to-cell spread; the mechanism governing this 

process remain unknown, but might involve exosomes (250).  

Having reviewed the HCV entry players on the cellular end, the following 

sections will review the players on the viral end, viral fusion proteins. Beginning with 

an overview of their general function before exploring the different structural classes 

described to date before arriving at a comprehensive review of the HCV E1 and E2 

glycoproteins in the penultimate sections of the introduction.    

 

1.4  Viral fusion proteins  
The envelope (lipid bilayer) of animal viruses like HCV serves to protect the viral 

genome until its delivery to the cytoplasm of target cells (251). As such, during 

infection enveloped viruses must induce the fusion of the viral envelope with the cell 

membrane of their target cell to deliver their genomic material (252). This process is 

catalysed by specialised viral fusion proteins expressed on the surface of virions. 

Notably, many viral fusion proteins are often multimeric or multidomain, with the 

monomeric subunits (or single domains) performing specified functions which include 

receptor engagement, conformational rearrangement and anchoring the fusion 

peptide. Hydrophobic and ubiquitous to all viral fusion proteins, the fusion peptide is a 

short segment that gets buried into the host membrane, thereby bridging the viral and 

cellular membranes. Broadly speaking, viral fusion protein-receptor engagement 

triggers conformational changes in the viral fusion protein that expose the fusion 

peptide and lead to the coalescence of the viral and cellular membranes.   

The first crystal structure of a viral fusion protein was solved for the influenza A 

virus hemagglutinin (HA) protein in 1981 (253). In the following forty-years as an 

increasing number of viral fusion protein X-ray structures were solved, it became 

apparent that many otherwise unrelated viruses possess related fusion proteins. We 

now group viral fusion proteins into at least three classes which show astonishing 

differences in tertiary and quaternary structure between them. This observation 

indicates that the corresponding gene had either been horizontally exchanged among 

viruses or had actually been acquired from an ancient gene pool shared with cells – 

since the shared structural homology is also observable in the ancient eukaryotic 

gamete fusion protein HAP2 (254). 
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1.4.1  Triggers of envelope-cell membrane fusion  
Specific interactions with the target cell trigger an exothermic fusogenic 

conformational change of the viral fusion protein, irreversibly transiting it from a 

metastable, activated prefusion state to its lowest-energy, post-fusion conformation 

(252). These conformational change triggering interactions can be grouped into 

several broad categories (255). In the first category, fusion is triggered by specific 

receptor interactions with the fusion protein or a companion viral glycoprotein. In some 

cases, sequential interactions with a primary receptor then a co-receptor are 

necessary as exemplified by HIV Env, which first binds CD4 before it can engage 

CCR5 or CXCR4 (256). Viruses in this category can fuse directly with the plasma 

membrane.  

In the second category,  fusion protein-receptor interactions at the cell surface 

lead to the endocytosis of the virion and viral membrane-endosome fusion is triggered 

by the binding of protons in the low pH environment of the late endosome (257). In the 

third category, interactions at the cell surface also lead to endocytosis; however, 

proteolytic processing of the fusion protein and subsequent binding of a secondary 

internal receptor is required to trigger fusion. Furthermore, the fusion proteins of some 

non-enveloped viruses are thought to require an activating redox reaction to trigger 

cell-to-cell fusion, it’s possible some enveloped viruses use a similar mechanism to 

fuse their viral envelope with target cell membrane (258). 

 

1.4.2  The fusogenic conformational change 
All three classes of viral fusion proteins adopt a hairpin-like arrangement in their post-

fusion state, juxtaposing the target-membrane insertion element with its viral 

transmembrane anchor. The energy released during the conformational transition is 

used to overcome repulsive forces between the two juxtaposed membranes as they 

come closer together by the required dehydration of the lipids to allow for direct 

interaction between the bilayers (259,260). As the membranes come within ~3 nm of 

each other, said dehydration force is felt and increases very steeply the closer they 

become. This prevents direct membrane contacts and acts an effective barrier for an 

overall exergonic (i.e., releasing of free energy) fusion which would otherwise occur 

spontaneously.  
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During the conformational transition, the fusion protein first adopts a transient, 

extended intermediate conformation in which a hydrophobic segment, called the 

‘fusion peptide’ (class I) or ‘fusion loop’ (class II or III), projects out to insert into the 

cell membrane (Fig 1.11 B) (261). This extended state is unstable and thus collapses 

into a more energetically favourable hairpin-like conformation, in which the 

hydrophobic segment inserted in the cell membrane is relocated near the viral 

transmembrane anchor of the fusion protein. This brings the outer leaflets of the two 

membranes within 1 nm, thereby overcoming the dehydration force and allowing direct 

membrane apposition (262). Membrane fusion then commences, firstly via the 

creation of a hemifusion step where the lipids of the outer leaflets coalesce, followed 

by the formation of a fusion pore(s) by the merging of the inner leaflets and then 

expansion of the pore(s) to complete fusion. As such, viral entry proteins can be 

viewed as spring-loaded conformational machines that require specific molecular cues 

(e.g., receptor binding, fall in endosomal pH) to trigger their function. 
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Figure 1.11. Fusion via hemifusion mechanism of lipid bilayers. (A) (i) initial 
contact; (ii) point-like protrusion bringing the outer leaflets of the two apposed 
membranes in close contact; (iii) formation of a hemifusion stalk, merging only the 
outer leaflets without affect the inner leaflets of the bilayers; (iv) expansion of the stalk 
leads to the formation of a hemifusion diaphragm; (v) finally fusion pore forms in the 
diaphragm or directly from the hemifusion stalk. Adapted from Chernomordik and 
Kozlov, 2008 (259). (B) Representative pre- and post-fusion conformations of class I-
III viral fusion proteins (top and bottom rows, respectively). Middle row: a cartoon 
diagram depicting the transition from the extending pre-hairpin intermediate to the 
hairpin-like fold of a schematic model of a class I protein. For simplicity, only one 
monomer is shown but the pre-hairpin intermediates are always trimeric. As the 
crystal structures of fusion intermediates are yet to be solved, the models are based 
on experimental evidence. The bilayer spontaneous curvature (JSB) of the viral and 
cellular membranes are indicated to highlight the dramatic changes in membrane 
curvature during the fusion process. Adapted from Vigant et al (260).  

A. 

B. 
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1.4.3.1 Class I fusion proteins 
Class I viral fusion proteins arrange into non-covalently linked homotrimers in both 

their pre- and post-fusion states (252). They are type I single-pass transmembrane 

proteins synthesised as a monomeric precursor, of which the N terminus is generated 

upon signal peptidase cleavage after translocation into the ER. The precursor 

undergoes further maturation to generate an N-terminal surface subunit (e.g., HIV 

gp120) and a C-terminal subunit containing the transmembrane domain (e.g., HIV 

gp41) (262). The two subunits are often linked through disulphide bonding or non-

covalent interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parallel trimeric coiled-coils in the post-fusion C-terminal subunit are a hallmark 

of class I fusion proteins. The long and short α-helices of the coiled-coil run antiparallel 

to each other and complete a trimeric post-fusion hairpin, thereby making a trimeric 

post-fusion 6-helix bundle (Fig 1.12). The fusion peptide is at or near the N-terminal 

end of the long post-fusion helix of the C-terminal subunit and is spring-loaded 

underneath the N-terminal subunit trimer cap. Receptor engagement disrupts the 

 

 
Figure 1.12. Representative structure of a class I fusion protein. Pre- and post-
fusion conformations (left and right, respectively) of the influenza haemagglutinin 
(HA) ectodomain (PDB: 2YPG and 1QU1). HA1 chains, the N-terminal subunits, 
are coloured in shades of red/gold and HA2 chains, the C-terminal subunits, are 
shown in shades of blue. The N terminus of HA1 and the C terminus of HA2 are 
labelled. The cyan arrow indicates the position of fusion peptides inserted near the 
threefold axis in the pre-fusion form (on the left). Figure adapted from Harrison, 
2015 (259). 
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trimer contacts of the N-terminal subunit, allowing the long helix of C-terminal subunit 

to spring out, thereby exposing the fusion peptide for insertion into the host cell 

membrane.   

The diverse group of viruses carrying class I viral membrane proteins includes 

influenza viruses, coronaviruses, Ebola virus and HIV, all of which cause devasting 

disease. Moreover, class I viral fusion protein are ubiquitous in host endogenous 

retroviruses (ERV). Most remarkably, a series of paradigm-shifting papers across 

several labs have shown that the virally derived ‘syncytin’ proteins, vital for the 

formation of the mammalian placenta, are class I fusion machines  (263,264). Indeed, 

it would appear the class I fusion proteins of ERVs are an archetypal demonstration 

of virus-host coexistence.  

 

1.4.3.2 Class II fusion proteins 
Unlike their class I equivalents, class II viral fusion proteins do not arrange into 

independent trimers on the viral membrane, instead they assemble into dimers that 

encase the entirety of the viral membrane (252). Class II proteins are expressed within 

a polyprotein precursor containing at least two proteins, although they are more often 

part of a single polypeptide precursor which encodes all ten or so virally encoded 

proteins as seen in flaviviruses. The fusion protein forms a heterodimer with the 

upstream companion glycoprotein, and both are anchored in the viral envelope by their 

own transmembrane domain. 

Class II viral fusion proteins do not possess long α-helices and instead have β-

sheets as their dominating secondary structure. They have three structured domains 

termed I, II and III. Domain I is a β sandwich with ‘up and down’ topology with 

connections between adjacent β sheets forming long protrusions to form domain II, 

which anchors the fusion loop at the distal end of the first protrusion (Fig 1.13). Domain 

III has an Immunoglobulin superfamily fold and is connected to domain I and the 

transmembrane region, the C terminal of the protein, by a linker and a ‘stem’ region, 

respectively. The ectodomain is organised into a long rod with domain I at the centre 

and is flanked by domains II and II at either end. In the post-fusion state, the rod bends 

in half with domains I and II packed centrally and flanked by domain III and the stem 

which are packed externally. This forms a trimeric hairpin, analogous to the 6-helix 

bundle observed in class I proteins albeit with a fundamentally different structure. 
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Arthropod-borne (arboviruses) make up the majority of important, and more 

often emerging, human pathogens which possess class II viral fusion proteins. They 

include flaviviruses such tick-borne encephalitis viruses, the mosquito-transmitted 

haemorrhagic fever agents dengue virus and yellow fever virus and the neurotropic 

and teratogenic Zika virus. They also include alphaviruses such as Chikungunya virus, 

which causes severe arthralgia. Furthermore, viruses in the recently defined 

Bunyavirales order also have class II viral fusion proteins.  

Bunyaviruses with potential to cause significant disease burden include the 

mosquito-borne haemorrhagic fever agent Rift valley fever virus and the tick-borne 

biosafety IV pathogen Crimean-Congo haemorrhagic virus. Recently, structural and 

functional homologs of class II viral fusion proteins have been discovered in 

eukaryotes. EFF-1 from C. elegans is a somatic cell-cell fusion protein that potentiates 

the construction of syncytia which are necessary for skin formation during 

embryogenesis (265). The glycoprotein HAP2 drives gamete fusion (sperm/egg 

fusion) and is almost ubiquitous in the main eukaryotic branches (266).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 1.13 Representative structure of a class II fusion protein. Pre- and post-
fusion conformations (left and right, respectively) of dengue virus type 2 E protein. 
The tangential (‘side’) view shows a cryo-EM model of a dimer of the complete E and 
M polyprotein chains (PDB: 3J27); the radial (‘top’) view shows just the stem-less 
ectodomain (1OAN). Colouring: domain I: red; domain II: yellow; domain III: blue; 
stem: cyan; transmembrane anchor: slate and M: orange. The dashed cyan arrow on 
the post-fusion trimer (1OK8) represents where the stem emerges from. The red 
asterisks indicate the positioning of the fusion loops. Figure adapted from Harrison, 
2015 (259). 
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1.4.3.3 Class III fusion proteins 
Class III viral fusion proteins appear to be a combination class I and II fusion proteins, 

with a central coiled-coil in the post-fusion state, which bears an N-terminal fusion 

domain that is enriched for β sheets, reminiscent of domain II of class II proteins (Fig 

1.14). They are trimeric in both their pre- and post- fusion states, except for the 

vesicular stomatitis virus (VSV) glycoprotein G which can sometimes be observed as 

a monomer on the virus surface (267).  Unlike their class I counterparts, class III viral 

fusion proteins do not require activating proteolytic cleavage to mature. However, they 

behave like class I proteins, regarding ectodomain arrangement, since they do not 

encase the viral envelope with glycoprotein assemblies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 VSVG is the prototypical class III fusion protein, the virus itself is zoonotic and 

causes livestock disease characterised by vesicular lesions. VSV belongs to the 

Rhabdoviridae family which also includes the rabies lyssavirus, a neurotropic virus 

responsible for oft-irrecoverable rabies in humans and animals. In a clear 

 

 
Figure 1.14. Representative structure of a class III fusion protein. Pre- and 
post-fusion conformations (left and right, PDB: 2J6J and 2CMZ, respectively) of 
the VSV G ectodomain. The three monomeric chains are shown in red, blue and 
magenta. Dashed lines show the location of a disordered C terminal segment that 
connects the folded protein to the transmembrane anchor. Only the red-subunit C-
terminal segment is displayed in the post-fusion conformation on the right. The 
curved red arrow indicates that in the transition from the conformation on the left 
to the one on the right, the domain bearing the fusion loop (red asterisks) flips over 
180° to engage the host cell membrane. Figure adapted from Harrison, 2015 (259).   
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demonstration of convergent evolution viruses, the glycoprotein B (gB) of the HSV-1 

and CMV (and presumably all Herpesviridae) were also very recently determined to 

have class III fold (268,269), despite their vast phylogenetic distance to VSV. 

Furthermore, viruses belonging to the Bornaviridiae family have been suggested to 

possess class III viral fusion proteins, although this is yet to be experimentally 

confirmed.  

Having now reviewed the three defined structural classes of viral entry 

machinery, the succeeding sections will concentrate specifically on the HCV 

glycoproteins E1 and E2. The subsections will discuss the structural features of E1E2, 

particularly focusing on their conformational landscape and how this relates to their 

entry function and immunogenicity. 

 

1.5   HCV envelope glycoproteins E1 and E2 
Once host ER signal peptidases cleave E1 and E2 from the viral polyprotein, the two 

glycoproteins form a heterodimer which is postulated to arrange into a functional 

higher-order oligomer on the virion surface and orchestrate HCV entry (270,271). C-

terminal transmembrane domains anchor E1 and E2 to the ER membrane, the 

ectodomain of either protein extends into the ER lumen (272). The transmembrane 

domains are also pivotal for heterodimerisation. Moreover, ER-retention of the E1E2 

heterodimer keeps it near the HCV non-structural protein-induced membranous web, 

where HCV replication and virus assembly happen.   

 Based on HCV’s classification as a Flaviviridae, it was assumed HCV E1E2 

were functionally similar to the flavivirus E proteins. However, most evidence indicates 

considerable deviation in both their structure and functionality (252). Most significantly, 

the HCV E1E2 heterodimer does not group together with other flavivirus E proteins as 

a class II fusion machine (273,274). Also, unlike flavivirus envelope proteins, E1 and 

E2 are highly glycosylated, possessing up to 5 and 11 potential sites, respectively 

(275). Glycans account for nearly half the mass of the E1E2 heterodimer. Glycans are 

linked to an asparagine (Asn) within the Asn-X-Thr/Ser motif (276). Roles for glycans 

in correct E1E2 folding and dimerization, receptor interactions and antibody sensitivity 

have been demonstrated (275,277–279).  

 We currently only have partial crystal structures for the E2 core domain, the N-

terminal of E1 and the E1E2 heterodimer are is yet to be solved (273,274,280). This 



 

 39 

has hindered comprehensive scrutiny of the interactions between E1 and E2 

themselves and those they share with receptors and antibodies, as well as their 

functionality. Despite this, the full-length cell culture system, the pseudoparticle 

system and soluble envelope glycoproteins have allowed us to uncover some 

functional properties of E1E2 (281–283). 

 

1.5.1   The E1 glycoprotein 
Of the two glycoprotein partners, E1 is the more mysterious, with little known of its 

function and even less of its structure (284). Difficulties with expressing correctly 

folded E1, in the absence of E2, have prevented determination of the complete E1 

structure and prevented studies to potentially confirm its direct binding to any of the 

HCV receptors described to date (285). Regardless, it is known that E1 is essential for 

viral entry and current evidence suggests that is contains the HCV fusion peptide 

(274,284,286). 

At 192 amino acids in length, E1 is much smaller than E2, which is 

approximately 365 amino acids depending on the genotype. It has an N-terminus 

ectodomain of approximately 160 residues and has been found to exist as a trimer on 

the surface of cell culture-derived HCV particles (271). Pan-genotypic bioinformatics 

analysis of E1 sequences reveals conserved protein domain organization (286), 

comprising an N-terminal domain (NTD) (strain H77 polyprotein amino acid residues 

192-239), a putative fusion peptide (res. 272-290), a highly conserved region (res. 

302-329) and the C-terminal transmembrane domain (CTD) (res. 350-381). Aside from 

the CTD, which anchors E1 in the host-derived lipid bilayer, the (predicted) specific 

contribution(s) of said conserved domains to virus entry and antibody sensitivity are 

largely elusive or unvalidated (284).  

 The E1 glycoproteins of all currently sequenced HCV strains harbours four Asn-

linked glycans at residues 196, 209, 234 and 305 (287). A fifth glycosylation site at 

position 250 is specific to genotypes 1b and 6, while one at position 299 is specific to 

genotype 2b (288,289). E1 glycosylation is crucial for its folding and functionality. Site-

directed mutagenesis of E1 Asn-linked sites has produced E1 impaired for 

heterodimerization with E2 and led to impaired incorporation of E1 into viral particles 

(290). A role in epitope masking for viral envelope-associated glycoprotein is also well 

documented (279). In accordance, removal of glycans N305 and N209 has been 
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shown to improve anti-E1 humoral responses, with deletion of the latter even 

improving the immunogenicity of the E1E2 heterodimer (291,292). 

The notion that E1 may contain the putative HCV fusion peptide gained support 

following the resolution of the E2 core domain structure which revealed the peptide 

was not present in E2, as it would be if E2 functioned synonymously to flaviviral E 

(274,293). The E1 amino acid sequence analysis suggests the E1 NTD may contain 

a fusion peptide-like domain; however, the published structure does not resemble any 

fusion protein conformation (Fig 1.15) (294). More recently, escape mutations 

following cell culture adaptation of a genotype 2a strain of HCV in the presence of 

likely HCV fusion inhibitor suggests residues 272-290 comprise, harbour or are 

adjacent to the putative fusion peptide (295). Although, given the strong cooperation 

between E1 and E2 during virus assembly and entry, the fusogenic components of the 

glycoprotein unit may be realised only in the context of the heterodimer (287,296).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A direct interaction between E1 and any one of the known HCV receptors is not 

yet confirmed. However, it has been proposed that the role of E1 in the viral entry 

steps preceding membrane fusion is to maintain E2 in a functional conformation, thus 

modulating E2-receptor interactions. Indeed, CLDN1 has been shown to interact to 

E1E2 and not E2 on, as discussed previously (239). Additionally, cross talk between 

E1 and E2 has been observed in several studies. In these studies the mutation of any 

 

 
Figure 1.15. Crystal structure of the E1 N-terminal ectodomain (PDB: 4UOI). (A) 
Cartoon representation of a E1 NTD dimer. Chains are coloured in deep purple and 
magenta. Red residues represent cysteines involved in intra- and intermolecular 
disulphide bonding. (B) Topology of an E1 NTD monomer, corresponding to the 
deep purple chain in A. B adapted from Omari et al 2014 (291). 

A. B. 



 

 41 

of the conserved cysteines (removal of disulphide bridges) in E1 as well as several 

NTD residues, and the mutation of several C terminal domain residues affected 

interactions with CD81 and SR-B1, respectively (239,297,298).  

 

1.5.2   The E2 glycoprotein 
The functional properties of E2 have been extensively studied. It is regarded as the 

major HCV envelope glycoprotein, directly interacting with receptors to facilitate entry, 

as mentioned above. The physical interactions E2 shares with CD81 and SR-B1 are 

biochemically verifiable and E2-CD81 engagement is thought to initiate the formation 

of a coreceptor complex that temporally coordinates downstream entry events (see 

section 1.2.3) (198,211,225). E2 is the major immunogen for anti-HCV humoral 

immune responses and is thus the focus of most B-cell vaccine development efforts 

(299). Evidence suggests the mechanism for HCV neutralisation is the blockade of the 

interactions between E2 with its cognate binding partners, with the most potent and 

broadly neutralizing antibodies (nAbs) blocking E2-CD81 interactions (277).  

 

1.5.2.1 The E2 core structure 
Deciphering the structure of complexed HCV envelope glycoproteins remains a 

challenge despite recent advancements in crystallography methods. This is partly due 

to difficulties arising from overexpression of either or E1 and E2 monomers or 

heterodimers which often yields misfolded or aggregated protein. The innate 

properties of the heterodimer also pose a major challenge. The transmembrane 

domain of E2 is required for the correct folding of the E1 ectodomain and the 

oligomeric status of the authentic virion-associated heterodimer is unknown. Currently, 

only the ectodomain of E2 is amenable for thorough structural characterization since 

it folds correctly as a soluble protein (300,301). 

E2 and antigen-binding fragment (Fab) co-crystallization approaches were 

utilised by two independent groups to solve the partial structures of E2 from the 

prototypical strains, H77 (genotype 1a) and J6 (2a) (PBB ID: 4MWF and 4WEB, 

respectively) (273,274). In both studies, the soluble E2 ectodomain (sE2) was 

genetically engineered to exclude the flexible regions. Overall, the two structures were 

in good agreement and revealed the basic domain organization of E2. The core 

domain exists as a globular structure with a central immunoglobulin (Ig)-like β-
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Sandwich around which functional domains such as the front layer (FL) (res. 421-459), 

the back layer (BL) and the CD81 binding loop (res. 519-535) are organised (Fig 1.16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FL is an N-terminal stretch that is mostly extended loops with at least one 

truncated helix that packs against the central β-Sandwich and contributes to CD81 

binding (280). The BL has high β-sheet content and is thought to harbour 

membranotropic segments which potentially play a role in membrane fusion (302). 

The CD81 binding loop is intrinsically flexible as highlighted its contrasting resolution 

in the aforesaid structures (273,274). In 4WEB, where an anti-BL Fab was used, the 

CD81 binding loop is disordered. On the other hand, the loop is stabilised by the AR3C 

Fab in 4MWF. The structural integrity of the overall fold is provided by an extensive 

hydrophobic core and by several disulphide bridges which cross-link the central β-

Sandwich and bridge the flanking regions. 

 

 
Figure 1.16 Structure and model of the E2 ectodomain. (A) Partial structure of 
H77 E2 (PDB: 4MWF). (B) Complete ectodomain model of H77 minus the stem. 
Annotations denote colour-coding of regions. (C) Amino acid sequence of E2, 
residues are coloured according to their corresponding region in B. Adapted from 
Stejskal et al (327). 

A. B. 

C. 
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1.5.2.2 E1E2 is outside the three classes of fusion proteins 
As touched on earlier, HCV was anticipated to possess a class II viral fusion protein 

given the genomic organisation of HCV is the same as that of other flaviviruses, 

displaying two envelope glycoproteins in tandem (E1 and E2) within the polyprotein 

precursor (252). Going by flavivirus analogy, E2 was postulated to be the fusion 

protein as it the larger of the two glycoproteins and is downstream on the polyprotein 

precursor. However, the crystal structures of the core fragments of E2 and complete 

models revealed it does not possess a class II viral fusion protein fold, nor indeed 

class I or III (Fig 1.17) (274,293). Furthermore, the E1 and E2 heterodimer (E1E2) is 

also unlikely to undergo class I conformational transition because it possesses two 

transmembrane domains, whereas the class I fusion heterodimer is a single-pass 

transmembrane (252).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notably, structural and bioinformatic analyses suggest the fusion proteins of 

the Flaviviridae family genera Hepacivirus, Pestivirus and Pegivirus all fall outside the 

three classes of fusion protein characterised so far (196,197,252). To this end, in 2013, 

 
Figure 1.17. Representative pre-fusion structures of the ectodomains of viral 
fusion/entry proteins.   Parentheses below structures: PDB references. In the 
Class I-III structures, the fusion motifs are coloured orange and the colour shade 
indicate domains. Sites of potential Asn-linked glycosylation are shown in cyan and 
disulphide bonds in green. Adapted from Li & Modis (300). 
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two independently solved crystal structures of the E2 protein of bovine diarrhoea virus 

revealed that it did not bear the hallmarks of any of the three defined classes of viral 

fusion proteins (196,197). Consisting of two Ig-like domains followed by an elongated 

β-stranded domain and a membrane anchor, it bears no resemblance to HCV E2 (Fig 

1.16) (273). The drastically different structural organisation between BVDV E2 and 

HCV E2 suggests the Flaviviridae family possibly contains putative class IV and V 

fusion (303).  Nonetheless, like HCV the fusion peptide/loop of BVDV is predicted to 

be in E1, so the fusion mechanism may yet prove to be conserved between the two 

viruses.  

Given the above observations, it is unclear how the fusion machinery of HCV 

works, and the structure-to-function relation of E1E2 heterodimer cannot be predicted 

by simple analogy to other viruses. The structure of an E1E2 heterodimer and a clear 

cryo-EM 3D reconstruction of the HCV virion are necessary to provide clarity in these 

matters.  

 

1.5.2.3 Variable regions 
E2 possesses three variable regions, hypervariable regions 1 (HVR-1) and 2 (HVR-2 

and variable region-3 (VR-3 or intergenotypic-VR) that together comprise ~25% of the 

E2 sequence and thus significantly contribute to the high diversity of HCV. Indeed, the 

HVR-1 and HVR-2 sequence segments exhibit the greatest variability in the genome 

(44). Notably, all E2 structures solved so far indicate the three variable regions reside 

outside the conserved core (Figs 1.16 & 1.18). HVR-1 is composed of the first 27 

residues (26 for several genotype 6 subtypes) at the N-terminal of E2 but there is no 

structural information for this region. The overall basic charge of HVR-1 is highly 

conserved despite the high sequence diversity of this region,  possibly to regulate 

interdomain interactions or SR-B1 binding (304). HVR-1 is predicted to contain the 

putative SR-B1 binding site as deletion of HVR-1 abolishes E2-SR-B1 interactions 

(305,306). A large body of evidence indicates HVR-1 is a prime target of humoral 

response during natural infection (307,308). Antibodies generated following either 

immunization with E2 or natural infection are often directed toward HVR-1 and are 

typically non-neutralizing or exhibit strain-specific neutralization (285,309).  

It was long assumed that the HVR-1 shielded the CD81 binding site since its 

deletion was found to increase HCVpp sensitivity to nAb targeting cross-subtype 

conserved epitopes (213). However, it was recently shown that HVR-1 protects a 
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much wider variety of epitopes, including those in the back layer of E2 and even 

epitopes available only in the context of an E1E2 heterodimer (310,311). Moreover, 

HVR-1 deletion does not improve E2’s immunogenic properties as one would expect 

if it were indeed an epitope shield (312). Consequently, the field has moved away from 

the notion of the simple HVR-1 epitope shield.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Less is known of the functional properties of HVR-2 and VR-3 (285). The HVR-

2 (res. 461-481) is not essential for protein fold nor does it directly participate in 

receptor interactions (273,313). Sequence identity within this region exhibits great 

intergenotypic variation, ranging from 39% genotypes 1a and 1b to over 90% in 

genotype 5a (313). VR-3 is the shortest (H77 res. 570-580) of the variable regions and 

relatively conserved within genotypes but displays a high degree of intergenotypic 

variation both in length (ranging 10-15 residues) and sequence (313). E2 deleted of 

either HVR-2 or VR-3 fails to dimerise with E1 and ∆HVR-2 and ∆VR-3 HCVpp are 

non-infectious, as a result (314). Unlike HVR-1, HVR-2 and VR-3 do not appear to be 

the targets of an antibody response, which may mean they are not susceptible to 

immune selection (313). The role for HVR-1 in E2 immune evasion and entry are 

explored in more detail in the following subsections. 

 
Figure 1.18. Model of the E2 ectodomain with variable regions highlighted. 
Proposed functions of the variable region are indicated. ∆ virus: virus missing 
indicated variable region. 

HVR-1
• SR-B1 binding
• Immunogenic
• Immune evasion
• ∆ virus infectious

VR-3
• E1 dimerization
• Non-immunogenic
• ∆ virus non-infectious

HVR-2
• E1 dimerization
• Non-immunogenic
• ∆ virus non-infectious
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1.5.2.4  E2 Asn-linked glycans 
Up to 11 Asn-linked glycosylation sites can be detected in E2 sequences. Nine are 

conserved across the HCV genotypes and are positioned at residues (in H77) 417, 

423, 430, 448, 532, 566, 576, 623, and 645. The remaining two at positions 476 and 

540 are also conserved except in genotype 1b, and genotypes 3 and 6, respectively 

(279). This high degree of conservation despite the E2 sequence being the most 

variable in the HCV genome suggests glycans play an essential role in the HCV life 

cycle.  

 Asn-linked glycans heavily influence the native fold of protein (315). Even 

without accounting for glycan interactions with ER chaperones, the presence of these 

large polar saccharides alone will guide protein orientation. Interactions between the 

chaperone calnexin and the HCV glycoproteins have been demonstrated (316,317); 

however, the exact contribution of these interactions to protein fold remain unknown 

(279). In the case of E2, a role in protein folding and E1E2 heterodimerization has 

been demonstrated for the glycans at N476, N556 and N623, independent of their 

potential interactions with calnexin (318).  

 Glycans can also influence virus entry by moderating glycoprotein-receptor 

affinity. Loss of the glycan at N532 through site-directed mutagenesis led to an 

increase in particle infectivity for authentic full-length cell culture HCV (HCVcc) (275). 

This mutant was found to be sensitive to neutralization by the soluble large 

extracellular loop of CD81 (sCD81), suggesting an improved affinity for CD81. Indeed, 

a soluble form of E2 devoid of the glycan at N532 exhibits higher affinity for CD81 

(319). In contrast, loss of the glycan at N540 greatly reduced particle infectivity; 

however, the exact mechanism could not be determined (275). It is possible the glycan 

at this position may influence infectivity by modulating protein conformation. To this 

end, a recent study by Prentoe and colleagues suggested Asn-linked glycans may 

cooperate with HVR-1 to modulate envelope conformations (311).   

 Many viruses reduce the immunogenicity of their envelope proteins by 

employing a glycan shield to mask conserved functional epitopes (320). Glycans are 

mostly non-immunogenic as they are host-derived autoantigens; thus, nAbs either 

avoid or evolve to accommodate carbohydrate sidechains on viral glycoproteins (321). 

Appropriately, when modelled onto the E2 core structure, seven of 11 glycans present 

in H77 are presented on the neutralizing face of E2 (Fig 1.19) (293). This suggests 
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glycans potentially restrict the generation of nAbs to this region which is implicated in 

CD81 binding. Based on the H77 core stricture, the neutralizing face is a 

predominantly hydrophobic surface that includes the N-terminal antigenic site 412 

(AS412), most of FL and the CD81 binding loop and consists of largely conserved 

residues (322).  The glycans at N417, N532 and N623 were found to obscure the E1E2 

heterodimer from CD81 and their deletion increased HCVpp sensitivity to nAbs. In the 

context of HCVcc, the glycans at N423 and N448 also affected nAb sensitivity (275).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Some have questioned the simple model of glycans modulating immune 

evasion through steric hindrance alone (322). Although modelling predicts extensive 

glycan shielding of the neutralizing face of E2 (293), this surface remains accessible 

on native virions and is immunogenic, more so during natural infection than post-

vaccination (309). Furthermore, the neutralizing face of E2 is accessible to nAbs with 

different angles of approach, suggesting it is not obstructed by glycans (322,323). 

Soluble proteins, including viral glycoprotein ectodomains (324,325), undergo large-

scale movements of secondary structures, subunits or domains that define a native-

state ensemble of structures (326). Molecular dynamics (MD) simulations suggest 

Asn-linked glycans can stabilise glycoprotein structures and reduce glycoprotein 

dynamics (327). In the case of E2, it was recently suggested Asn-linked glycans on 

E2 contribute to immune evasion not only by steric hindrance of key epitopes but also 

 
Figure 1.19. Model of glycosylated J6 E2 ectodomain. Glycans are colour 
coded according to their protein region, consistent with the coding shown in Fig 
1.15. Curved arrow indicates 200° rotation. Adapted from Stejskal et al (327).  
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by modulating the stability of functional E2 conformations (311). In this study, in 

addition to increasing nAb sensitivity, the sum removal of three glycans from E2 (J6, 

genotype 2a) reduced the virion stability at 37°C, indirectly suggesting this mutant 

preferably occupied a conformation distinct to J6 wildtype E2. A direct study of sE2 or 

particle-associated E2 conformation transition is required to validate this observation.  

 

1.5.2.5  Disulphide bonds 
HCV E2 has 18 cysteine residues that are strictly conserved across the HCV 

genotypes. Most of the residues are predicted to participate in intramolecular 

disulphide bonding within E2. Sixteen cysteine residues in the first E2 structure, 

4MWF, participate in an intramolecular disulphide bond (293). A disulphide bond 

between C459 and C486, the two cysteines not participating in a disulphide bond in 

4MWF, is present in more recent structures (280). Interestingly, these recent 

structures also exhibit different disulphide bonding patterns around VR-3 compared to 

4MWF. This may signify intrinsic heterogeneity in the disulphide bonding patterns of 

cysteines within E2. Actually, there is evidence for intermolecular disulphide bonding 

between E1 and E2 cysteines. Vieyres et. al found that virion associated E1E2 

heterodimers formed large covalent complexes stabilised by disulphide bonds (153). 

Furthermore, attempts to biochemically deduce the disulphide bond linkages with E2 

have reported different cysteine pairings (328,329). The environment of the endocytic 

pathway, through which HCV egress is realised, is highly oxidizing and compatible 

with disulphide bond reshuffling which may account for the observed disulphide bond 

heterogeneity (284).  

Nonetheless, heterogeneous E2 disulphide bonding is unlikely to affect overall 

protein fold, due to its extensive hydrophobic core and disulphide bonding between 

secondary structure elements (280,284,293). Modelling E2 with bonding patterns 

taken from the first E2 structure (293) or from Flyak et. al (280) did not change protein 

behaviour during  MD simulations (Fig 1.20) (330). In addition to scaffolding the three-

dimensional structure of E2, disulphide bonding within E2 also contributes to 

heterodimerization with E1 as any Cys to Ala mutation in E2 severely decreased or 

abolished said interaction (331). Notably, despite its apparent conformational 

flexibility, E2 has high thermal stability compared to other viral glycoproteins and some 

suggest this is attributable to the dense network of disulphide bonds within the E2 

(323).  
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1.6   Antibody epitopes in E1E2  
Since viral entry proteins are often the most prominent proteins of the virions, they are 

also the principal target nAbs. As mentioned earlier, nAbs block HCV infection by 

blocking the interaction between E1E2 and the receptors SR-B1 and CD81 (332–334). 

It was initially thought humoral immunity played only a minor role in HCV elimination, 

partly because clearance in chimpanzees was strongly associated with cellular 

immune responses (14,182). However, in the last decade, it has become increasingly 

clear that the kinetics of the emergence of broadly neutralising antibodies (bnAbs) 

influence the outcome of infection. Additionally, in the chronic stages of infection, 

concurrent HCV evolution to escape humoral immunity may lead the virus off an 

‘evolutionary cliff’, where accumulated mutations render E1E2 not fit-for-purpose (17). 

This brief subsection will outline the key antibody epitopes of the HCV entry machinery 

as well as discuss their suitability to rational immunogen design. 

 The immunogenic epitopes on E2, and to a lesser extent E1, are well 

characterised. These epitopes, though wholly overlapping, have been given varying 

nomenclature (e.g., AR 1-5 and domains A-E by different groups who’ve isolated and 

characterised their cognate monoclonal antibodies (mAbs). To avoid confusion, in this 

work, the epitope nomenclature is identical to the protein region (see Table 1.1), i.e., 

we refer to the epitope cover residues 412-423 as AS412, not as Epitope I (335) or 

Domain E (336).  

 
Figure 1.20. Disulphide bonding in H77 E2 ectodomain model. Red residues 
represent cysteines involved in intramolecular disulphide bonding. The HVR-1, 
AS412 and HVR-2 are coloured according to Fig 1.16 B to aid orientation. Curved 
arrow indicates 90° rotation. 
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As it is the minor and less prominent of the two HCV glycoproteins, E1 is weakly 

immunogenic and mAbs with epitopes targeting it are rarely isolated. The patient-

derived antibodies IgH505 and IgH526 are to date the only anti-E1 mAbs to 

demonstrate appreciable broad-spectrum neutralising activity in an HCVpp screen 

(337). Consistent with E1’s putative role as the HCV fusogen, the two antibodies were 

found to neutralise the virus at a post-receptor engagement step (338). Additionally, 

the E1/E2 heterodimerisation-dependent epitope AR4/AR5 encompasses residues 

201-206 in E1 (339). It’s important to note that the difficulty in isolating anti-E1 mAbs 

is likely due to their rarity as much as it is due to the difficultly of expressing correctly 

folded E1 sans E2, as previously mentioned.  

Consistent with a model where HVR-1 is displayed prominently relative to the 

rest of E2, vaccination of small animals with E2 or E1E2 constructs induces a high 

proportion of anti-HVR-1 responses. These antibodies neutralise HCV by preventing 

E2 engagement with SR-B1 (340,341). However, anti-HVR-1 antibodies isolated in 

the chronic phases of infection are typically weakly neutralising (309). Nonetheless, 

intriguingly, evidence suggests that in some patients, clearance of HCV during the 

Table 1.1 Epitopes targeted by neutralising antibodies 
 

 
a Amico acid numbered in reference to the polyprotein of the H77 isolate. *All mAbs 
listed here also target the CD81 binding loop.  
 

Protein Name Position (AA res.) ª mAb example Epitope class DOI
E1 Unnamed 313-327 IgH505 Linear Meunier 2008

IgH526 Linear
E2 HVR-1 384-411 H77.16 Linear Sabo 2011

HEPC98 Conformational Mankowski 2016
J6.36 Conformational Sabo 2011

AS412 412-423 AP33 Linear Clayton R 2002
H77.39 Conformational Sabo 2011

HC33.1.53 Conformational Wang  2011 JBC
HCV-1 Conformational Morin plos Path

Front layer * 424-460 AR3A Conformational Law 2009
AR3B Conformational Law 2009
AR3C Conformational Law 2009

AT12-009 Conformational Merat 2016
HC84.24 Conformational Keck 2012
HC84.26 Conformational Keck 2013
HEPC3 Conformational Flayk 2018

HEPC43 Conformational Flayk 2018
Back layer 581-645 AR2A Conformational Giang 2012 

E1E2 AR4/AR5 E1 (201-206) & AR4A Conformational Giang 2012 
E2 (Back layer and Stem) AR5A Conformational Giang 2012 
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acute phase is associated with the emergence of autologous, narrow but potently 

neutralising antibodies (15,342). Acute-phase sera from some clearers was shown to 

effectively neutralise autologous transmitted/founder virus in a recent study by Walker 

et al (15). This implies that anti-HVR-1 responses play a role in controlling HCV in the 

early stages of infection; however, the region’s genetic variability and intrinsic disorder 

(discussed in the next section) make it an unworkable epitope with regards to broad-

acting vaccine design.    

 Antibodies targeting the AS412 largely bind a linear epitope, and immunisation 

of mice and rats has yielded some particularly potent anti-AS412 mAbs, including 3/11, 

AP33 and mAb24. Most of these antibodies contact some or all resides spanning 413-

420 in E2 and, notably, W420 has been implicated in CD81 engagement. However, 

antibodies toward AS412 come by very rarely during natural infection, with ELISA 

studies indicating that less than 2.5% of patients with chronic HCV develop antibodies 

that bind this region (343,344). Antibodies with the prefix HC33 are the best-

characterised anti-AS412 mAbs and several exhibit broad-spectrum activity (345). 

Taken together with its epitope linearity and high conservation, this broad activity 

makes AS412 an attractive candidate for antigen mimicry and rational vaccine design 

(346–348). Indeed, potent anti-AS412 mAbs could yet be observed in acute clearers 

since they are yet to be investigated using the current cutting-edge mAb isolation 

techniques.  

 Composing the front layer and the binding loop (res 520-525), the 

discontinuous conformational epitope of the CD81 binding face is the main target of 

most HCV bnAbs described to date (see Table 1.1 for examples). The mode of action 

for these antibodies is the prevention of CD81 engagement since their E2-surface 

footprint significantly overlaps with the CD81 contact residues. Residues within this 

epitope that are frequently targeted include some with pangenotypic incidence such 

as W529, G530 and D535, all of whom are indispensable for HCV entry (349). With 

its limited escape potential, high conservation, and frequent elicitation of bnAbs, the 

CD81 binding face is intensely investigated for the mechanisms underlying its 

immunogenicity. A discussion of the genetic and structural features of said bnAbs, and 

approaches to rationally design immunogen candidates to elicit them, can be found in 

the general discussion (Section 6.4). Next, the intrinsic flexibility of the E2 epitopes is 

reviewed in detail, as is the impact of said dynamism on antibody and receptor 

engagement.   
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1.7   The Intrinsic structural flexibility of E2 
Crystal structures indicate 60% of the E2 ectodomain adopts no obvious secondary 

structure, suggesting E2 may exhibit a great degree of flexibility in aqueous solution 

(280,293). In recent years crystallographic studies using short antibody-recognised E2 

peptides have uncovered the molecular intricacies of antibody-epitope interactions, 

highlighting great structural heterogeneity within E2’s functional subunits.  

 

1.7.1   Antigenic site 412  
Structural evidence indicates AS412 is remarkably disordered despite high genetic 

conservation across the genotypes. This region has been found to adopt three distinct 

conformations when co-crystallised with cognate Fabs. The human nAb HCV1, mouse 

nAbs AP33 and mAb24, and the humanised and affinity matured nAbs MCRT.10V362 

and hu5b3.V3 bound AS412 peptides adopting a similar β-hairpin conformation (e.g., 

PDB: 4DGY) (Fig 1. 21 A) (350–354). In contrast, the Fab of the rat nAb 3/11 

recognises the same peptide in an extended configuration which protrudes into a cleft 

between the heavy and light of the Fab as a closed loop (Fig 1.21 B) (355). And lastly, 

the AS412 peptide forms an anti-parallel β-sheet with strand F of the heavy chain of 

Fabs from the HC33 group of human nAbs, with the remainder of the peptide 

recognised as an extended coil (Fig 1.21 C) (356). The intrinsic flexibility of AS412 

was further highlighted in an electron microscopy study which found the Fab of the 

mAb HCV1 could engage the peptide from multiple angles (323).  

 

 

 

 

 

 

 

 

 

The experimentally determined structures of AS412 corroborate this region 

adopts an ensemble of well-defined conformations (357). The AS412 peptide readily 

adopted a regular secondary structure in solution and all multiform conformational 

 
Figure 1.21. Conformational differences in crystallised AS412. Representative 
structures of AS412 in a b-hairpin (PDB: 4DGY), closed loop (PDB 6MEI) or 
extended (PDB: 4XVJ) conformation. Adapted from Stejskal et al (327). 
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states it adopted in Fab co-crystals mentioned above were detected as part of the 

structural ensemble during MD simulations of the peptide. Furthermore, Stejskal et. al 

very recently observed the Fab-bound conformations in their simulations of the 

complete E2 ectodomain (330). These simulations suggest the Fab-bound 

conformations represent snapshots captured from a dynamic equilibrium of distinct 

states. Notably, Augestad et al recently reported that the AS412 is skewed toward the 

β-hairpin conformation when E2 functionally adopts a theoretical ‘closed’ fold, typified 

by resistance to nAbs (346).    

Notably, in silico predictions of the peptide alone suggest a β-hairpin 

conformation comparable to the one observed in AP33 (356). Indeed, β-hairpin 

configuration was the most commonly observed during MD simulations and is the most 

prevalent in AS412 peptide-Fab complexes (330,358). Together, these findings 

suggest the β-hairpin is the preferred, but highly unstable configuration of AS412. 

Considering the high degree of genetic conservation of this region across the 

genotypes, it’s likely the transitions in AS412 conformation are important for function, 

allowing it to readily convert between configurations following a model of “induced-fit” 

binding to CD81 or nAb. Moreover, this intrinsic flexibility could account for the limited 

humoral responses observed in patients toward AS412. 

 

1.7.2  The front layer  
Fab-peptide co-crystals have similarly informed our current understanding of the 

dynamic behaviour within the E2 front layer. The structures available for this region 

fall into two classes, peptide complexed with potent patient-derived nAb and peptide 

complexed weakly with non-nAbs (358). When crystallised with the potent nAbs 

HC84.1 and HC84.27, a peptide spanning encompassing 434-446 forms a short α-

helix which spans residues W437-F442 with the C-terminal residues adopting an 

extended conformation (359,360). This short α-helix is also present in AR3C Fab-E2 

core structure (293). An even shorter α-helix is observed a few residues upstream in 

two structures when a peptide with similar residue coverage was complexed with the 

Fabs of murine-derived non-nAbs mAb #8 and mAb 12. Interestingly, residues W437 

and L438 crucial for binding to murine non-nAbs are solvent-inaccessible in 4MWF 

suggesting a conformational transition is required to expose these two residues to 

make them available for binding (361,362). Superposition of the respective peptide-

Fab structures at the N-terminal, which is anchored in the central β-Sandwich, predicts 
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the C-terminal α-helix has to flip out to permit for mAb 8 binding (358). Hydrogen 

deuterium exchange mass spectrometry (HDXMS) have confirmed structural flexibility 

within the front layer including the putative CD81 binding site which overlaps with the 

epitopes of many bnAbs (323). Flexibility within the front layer could be attributed to a 

hinge constituted by conserved glycine at position 436, which may permit for some 

degree of rotation of the α-helices. 

More recently, Law and colleagues identified a novel conformation of the FL 

whereby it is displaced upon antibody binding to expose residues in the BL for direct 

antibody interactions (363). In this study, mutation of the BL Y613 and W616 residues 

reduced CD81 binding suggesting a direct interaction between CD81 and the E2-BL. 

These findings suggest BL residues may directly engage CD81, opposing long-held 

view that the BL does not contribute to the receptor binding epitope. However, 

conformational transitions to expose the BL may simply disrupt the CD81 binding site 

and not necessarily bring BL in contact with CD81 itself. Further studies are needed 

to elucidate the importance of this process to receptor binding and, by extension, HCV 

entry. Additionally, nAbs from infected human were able to engage this BL-exposed 

conformation, indicating it exists in vivo and is biologically relevant.  

 

1.7.3  The CD81 binding loop 

The poor resolution of an already-resolved segment of the CD81 binding loop in the 

second crystal structure of the E2 core suggests the loop is intrinsically disordered 

(274). In 4WEB, residues 524-535 are disordered and the phenylalanine at position 

537 is solvent-exposed. Indeed, F537 is buried in the Fab-peptide interface of a 

complex between a short peptide consisting of residues 532-540 and the non-nAb 

DAO5 (364). By contrast, F537 is inaccessible to solvent, buried inside a hydrophobic 

core of an Ig-like domain in 4MWF (273). Collectively, these findings suggest a model 

where the CD81 binding loop transitions between configurations to allow hydrophobic 

sidechains buried within E2 secondary structure to flip inside-out and become solvent-

exposed. Infection experiments using cross-competing Fabs suggest both binding 

loop configurations, where F537 is buried or accessible, are simultaneously displayed 

on HCVpp. 
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1.7.4  The hypervariable region 1 

All three variable regions present in E2 are highly flexible and adopt heterogeneous 

conformations as indicated by HDXMS experiments of complete E2 ectodomain (323). 

In emphasis, HVR-2 and VR-3 are present as loops lacking obvious secondary 

structure when a genotype 1b strain 1b09 E2 ectodomain is co-crystallised with the 

Fab of HEPC3 (a bnAb) (280). However, only the very C-terminal segment of HVR-1 

is resolved in this structure, suggesting this region to be exceptionally flexible. By 

performing MD simulations of complete of H77, J6 and 1b09 ectodomains, we recently 

reported that HVR-1 bears the hallmarks of an intrinsically disordered protein region 

(IDPR) (330). In the study, intrinsic disorder predictions of genotype 1-6 consensus 

sequences further supported this assertion. Strikingly, dynamic cross-correlation 

analysis, a way to measure intramolecular interactions during MD simulations, 

provided evidence that motions within HVR-1 are communicated throughout E2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned before, HVR-1 accumulates mutations during natural infection, 

particularly toward the C terminus. Prentoe and colleagues recently reported that 

residues 400-404 in HVR-1 influence the global E1E2 conformational landscape (346). 

They observed that polymorphisms within this sequence broadly regulated nAb 

sensitivity, suggesting that mutations that accumulate here during chronic infection 

may protect HCV from nAbs targeting non-HVR-1 epitopes. MD simulations of HVR-

 
Figure 1.22. Flexibility of HVR-1. 200 ns snapshots taken from a single 
representative trajectory for the complete H77 E2 model. HVR-1 is color-coded by 
time. The remainder of E2 is shown in grey for T=0 µs snapshot alone. Adapted from 
Stejskal et al (327). 
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1-AS412 peptides revealed that nAb protective polymorphisms in 400-404 stabilised 

a β-hairpin AS412 conformation. β-hairpin fold in AS412 skewed E1E2 to a theoretical 

‘closed’ state, which though favourable for nAb evasion, is likely to be detrimental for 

CD81 engagement. The authors suggest SR-B1 engagement may aid nAb resistant 

‘closed’ HCV to engage CD81. Taken together with Stejskal et al, this data suggests 

HVR-1 regulates global E2 or E1E2 conformation dynamics, possibly influencing 

protein function.           

As with its intrinsic sequence heterogeneity, the conformational plasticity of 

HVR-1 is proposed to contribute to its role as an immune decoy. In contrast, HVR-2 

and VR-3 are not immune decoys as demonstrated by the fact they are not susceptible 

to immune selection during natural infection. Although little is known of its functional 

properties, mutagenesis and evolutionary analyses are consistent in their prediction 

that HVR-2 is present at the interface of the E1-E2 heterodimer (302,365,366). 

Therefore, despite HDMXS and MD simulations highlighting HVR-2 flexibility in E2 

monomers, it is likely constrained in the biologically relevant context of a virus particle. 

HVR-2 burial in the E1-E2 interface could also explain why the region isn’t 

immunogenic in natural infection but modulates binding of E2-antibody binding 

following animal vaccination with E2 ectodomain based constructs (285,367).  

 

1.8 Hypothesis and aims  
To reiterate, it is impossible to determine the HCV fusion mechanism by structural 

analogy since E1E2 do not fall into any of the three described classes of fusion protein. 

The difficulty of the task of deciphering the E1E2 structure-to-function relationship is 

further compounded by the lack of a crystal structure for the heterodimer. As such, we 

elected to employ a multidisciplinary approach in our quest to understand E1E2. This 

integrated approach yielded two significant studies.  

Firstly, in Kalemera et al (219), using a combination of in vitro experimentation 

and mathematical modelling we found that HCV entry can proceed via two routes, one 

mediated by SR-B1 and one independent of it (Fig 1.23). While the majority of virus 

traverses the former route, we hypothesise that SR-B1 dependency introduces a rate-

limiting step, as corroborated by the inefficient entry we observed. Another key 

takeaway was that our data implied that SR-B1 primes E1E2-CD81 interactions.  
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Secondly, in Stejskal et al, by performing MD simulations and confirmatory 

biophysical measurements, we found that flexibility and intrinsic disorder are 

conserved features of the E2 ectodomain (see section 1.7.4, above) (330). Strikingly, 

we observed that motions within HVR-1, the most conformationally dynamic region, 

were communicated throughout E2. As previously mentioned, HVR-1 bears the 

hallmarks of an IPDR; these contribute significantly to protein biology by influencing 

protein-protein interactions and regulating protein function. Therefore, it is possible 

HVR-1 has evolved to be disordered to perform or refine a particular function of E2 

(330). 

 

1.8.1  Overarching hypotheses 

The experimental design in chapters three and four of this thesis was guided by the 

key takeaways from the abovementioned works and addressed three key hypotheses. 

Firstly, we hypothesised that SR-B1 dependency reduces HCV entry efficiency. 

Stemming from this, we theorised that HCV evolved to require priming by SR-B1 to 

evade neutralising antibodies. Lastly, we hypothesised that HVR-1 conformational 

entropy regulates E1E2 function.    

 
 
Figure 1.23. The two routes of HCV entry. E1E2-receptor interactions at the cell 
surface, as recreated in our model (218). To achieve entry E1E2 must acquire CD81, 
this can occur via two routes. Route 1 SR-B1 mediated: prior binding to SR-B1 primes 
E1E2 for interaction with CD81. Route 2 intrinsic binding: E1E2 interact with CD81 
without prior engagement of SR-B1 Once sufficient molecules of CD81 have been 
acquired, the virus particle proceeds along the entry pathway. Molecular cartoons are 
based on previously published structures and are drawn to scale.    
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1.8.2  Aims 

The fundamental purpose of this study was to the identify the molecular mechanisms 

that determine HCV entry efficiency and nAb evasion. The specific aims of this thesis 

were: 

1. Establish how HCV entry efficiency and, by extension, SR-B1 dependency is 

intrinsically linked to nAb evasion.  

2. Identify structural features that may control entry efficiency and nAb evasion. 

3. Apply our understanding of E1E2-receptor interactions to increase the 

representation of circulating HCV strains in vaccine efficacy screens.   

This work has the potential to provide insights to E1E2 structure-to-function 

relationship and could thus inform rational B-cell vaccine efforts. 
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2    Materials and methods 
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2.1   Antibodies  
Table 2.1. The details of the antibodies used in this study 

a. Unless otherwise stated otherwise, the antibodies listed above are specifically anti-   

E2.   

 

Antibody a Source DOI 

2.131 (anti-CD81) Jane Mckeating 10.12688/wellcomeopenres. 
12058.1 

AP33 Arvind Patel 10.1128/JVI.76.15.7672-7682. 
2002 

AR2A Mansun Law 10.1073/pnas.1114927109 
AR3A  Mansun Law 10.1038/nm1698 
AR3B Mansun Law 10.1038/nm1698 
AR3C Mansun Law 10.1038/nm1698 
AR4A (E1E2) Mansun Law 10.1073/pnas.1114927109 
AR5A (E1E2) Mansun Law 10.1073/pnas.1114927109 
AT12-009 Tim Beaumont 10.1371/journal.pone.0165047 
CBH-23 Steven K H Foung 10.1128/JVI.02200-09 

CBH-4B Steven K H Foung 10.1128/JVI.78.17.994-
9232.2004 

CBH-7 Steven K H Foung 
10.1128/JVI.78.17.994-
9232.2004 

Goat anti-human IgG 
(HRP) 

Jackson 
Immunoresearch N/A 

Goat anti-mouse Alexxa  
Flour 647 ThermoFisher N/A 

Goat anti-mouse IgG 
(HRP) CST N/A 

Goat anti-rabbit Alexxa  
Flour 647 ThermoFisher N/A 

H77.16 Michael S Diamond 10.1128/JVI.00586-11 

H77.39 Michael S Diamond 10.1128/JVI.00586-11 
HC1 Steven K H Foung 10.3390/v3112127 

HC84.26 Steven K H Foung 10.1371/journal.ppat.1002653 
HEPC3 James Crowe 10.1172/jci.insight.92872 

HEPC43 James Crowe 10.1172/jci.insight.92872 

IgH505 (E1)  Jens Bukh 10.1128/JVI.01872-07 
J6.36 Michael S Diamond 10.1128/JVI.00586-11 
mAb S38 (NS5A) Jane Mckeating 10.1128/JVI.01569-08 
Rabbit anti-SR-B1 sera Thierry Huby 10.1096/fj.05-4728fje 
StrepMAB classic IBA LifeSciences N/A 
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2.2   Reagents and kits  
Unless specified, all kits were used according to manufacturer’s instructions. 

 

2.3   Cell lines and culture  
The receptor knock-out Huh-7 cell lines were a kind gift from Prof. Yoshiharu Matsuura 

(Osaka University) (218), and HeLa-ACE2 cells were kindly gifted by Dr. James Voss 

(SCRIPPS) (368). Huh-7 cells were acquired from Apath LLC and Caco-2 from ATCC. 

All aforementioned cells were grown at 37°C in Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco) supplemented with 10% foetal calf serum (FCS), 1% non-essential 

amino acids (Gibco) and 1% penicillin/ streptomycin (P/S) (Gibco). HEK 293T (ATCC) 

and 293TCD81KO cells adapted to suspension were maintained in FreeStyle™ medium, 

as were 293-F cells (Invitrogen). All suspension cell lines were maintained in a shaking 

incubator (125 rpm) at 37°C and 8% CO2.  

 

2.4   Isolation of patient IgG (Joe Grove) 
Blood samples were collected from HCV+ patients under ethical approval: 

“Characterising and modifying immune responses in chronic viral hepatitis”; IRAS 

Number 43993; REC number 11/LO/0421. Extracted serum was heat inactivated, 

filtered and diluted 1:1 in PBS. Total IgG was captured using a HiTrap™ protein G 

column (Cytiva), eluted in pH 2.7 glycine buffer and buffer exchanged into PBS. For 

experiments, batches of pooled IgG were created by equimolar combination of IgG 

from two patient samples. 

 

2.5   Generation of J6/JFH-1 cell culture proficient HCV 
Plasmid encoding cell-culture proficient full-length J6/JFH-1 (HCVcc) was purchased 

from Apath LLC. To initiate infection, viral RNA was electroporated into Huh-7.5 cells 

using a BTX830 (Harvard Instruments). From 3-7 days post electroporation, cell 

culture supernatants containing infectious J6/JFH-1 HCVcc were harvested every 3-5 

hours. Short harvest times limit the opportunity for virus degradation thereby 

preventing the accumulation of non-infectious particles. To ensure maximum 

reproducibility between experiments, a standardised stock of experimental virus was 

generated by pooling the harvested supernatants. 
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2.6   HCVcc adaptation experiments  
In the first adaptation experiment (Chapter 3, performed by Joe Grove), a continuous 

culture of J6/JFH-1 HCVcc was established in Huh-7.5 cells. Infected cells were 

passaged twice weekly, and the culture was supplemented with an excess of 

uninfected target cells whenever infection breached 90% of cells. Throughout the 

experiment, culture supernatant was harvested, clarified by centrifugation, and stored 

culture supernatants at -20°C for analysis by next-generation sequencing (NGS). 

From the point of initial electroporation, the adaptation experiment was continued for 

up to 20 weeks. Viral RNA was isolated from stored supernatant using QIAamp® Viral 

RNA kits, per the manufacturer’s instructions.  

For the adaptation plus or minus IgG selection (Chapter 4), a serial passage 

strategy was employed. Huh-7.5 cells were electroporated with the J6/JFH genome 

and the next day medium was replaced with DMEM 3% FCS plus or minus HCV+ 

patient IgG at 100 μg/ml. Once 90-100% of cells were determined to be infected, the 

culture supernatant was harvested, clarified by centrifugation, and used to infect fresh 

Huh-7.5 cells. Typically, this was done every week. Again, culture supernatants were 

frozen at -20°C at regular intervals for future analysis by NGS.  

 

2.7   Site-directed mutagenesis  
Substitutions observed in the culture adaptation were introduced into pD603-J6 E1E2 

plasmids using the Q5 Site-Directed Mutagenesis Kit (New England BioLabs) and 

confirmed by Sanger sequencing (Eurofins). Mutations were then introduced into the 

J6/JFH-1 vector by use of restriction enzymes (New England BioLabs).  

 

2.8   HCVcc infections 
Huh-7.5 and receptor KO Huh-7 cells were seeded at 1.5 x 104 cells per well of a 96 

well plate 24 hours prior to the experiment. A day later, to quantify infectious titres, 

cells were challenged with a two-fold serial dilution of virus stock (1/4 down to 1/64) in 

DMEM supplemented with 3% FCS (infection medium). For standard infections, cells 

were challenged with virus stock diluted 1/2 in infection medium. Cells were incubated 

with viral supernatants for only five hours before the cells were subsequently washed, 

and fresh medium was added. From thence, infections were allowed to proceed for 48 

(Huh-7.5 cells) or 72 (Huh-7 lines) hours before reading out. To measure HCVcc 
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replication by fluorescence microscopy, cells were fixed with 100% methanol and 

stained for viral NS5A protein with mAb S38. HCV foci-forming units (FFU) were 

quantified by manual counting and percentage of infection determined by automated 

analysis of fluorescence micrographs (369). 

 

2.9   Next generation sequencing (Lenka Stejskal) 
RNA was extracted from cell culture supernatants containing HCVcc by a BioRobot 

MDx instrument using QIAamp Virus RNA extraction Kits. Extracted RNA samples 

were amplified as described (370) processed locally within the UCL Hospital Virology 

laboratories for PCR library preparation and Next Generation Sequencing using 

Illumina MiSeq equipment (371) were trimmed of adaptors and low-quality reads using 

Trimmomatic V.0.33 (372). The quality of the sequence files was then assessed using 

the FastQC program. The resulting FASTQ files were then aligned to the indexed 

reference J6/JFH-1 HCVcc genome using the BWA-MEM algorithm (Burrows Wheeler 

Aligner (373)), converted into Sequence Alignment Map (SAM) files, which were 

further compressed into BAM files (binary versions of SAM files), sorted by reference 

coordinates and indexed using SAMtools. The duplicate sequences were then 

removed by Picard Tools and indexed again using SAMtools. Basecalling for each 

position in the genome was extracted from the indexed file. Positions of interest were 

identified as those with at least 1000 reads available with variance in nucleotide base 

composition of ≥ 5%. 

 

2.10   Antibody-mediated receptor blockade 
To limit the availability of receptor, Huh-7.5 cells seeded for infection were pre-

incubated at 37°C with 50 μl DMEM supplemented with 3% FCS containing a serial 

dilution of either rabbit-SR-B1 serum or 2.131 (anti-CD81). One hour later, wells were 

washed twice with PBS and then challenged with virus for infection following the 

protocol outlined in section 2.7.   

 

2.11   Lentiviral-mediated receptor overexpression  
To generate lentiviral vectors, HEK293T cells were transfected with three plasmids: 

an HIV packaging construct (pCMV-dR8.91), VSV-G envelope plasmid (pMD2.G) and 

a dual promoter transfer plasmid encoding GFP in combination with SR-B1 or CD81 
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(pDual SR-B1 or CD81 plasmids are available from Addgene: 

https://www.addgene.org/Joe_Grove/). Supernatants containing viral vectors were 

collected at 48- and 72-hours post-transfection. At least 96 hours before an 

experiment, Huh-7.5 were transduced with lentivirus vectors diluted in complete 

medium and 24 hours prior to study the cells were seeded into a 96 well plate for 

infection, as described above (section 2.7). 

 

2.12   Neutralisation assays 
Huh-7.5 cells were seeded at 1.5 x 104 cells per well of a 96 well plate 24 hours prior 

to the experiment. On the following day, a volume of virus stock was incubated in 

triplicates with a dution series of anti-E2 antibody or sCD81 prior to infection. Virus-

antibody or virus-sCD81-LEL mixtures were incubated for 1 hour at 37˚C and were 

added to Huh-7.5 cells and infection was allowed to proceed for 72 hours. To measure 

HCVcc replication, cells were fixed with 100% methanol and stained for viral NS5A 

protein. The percentage of infected cells was determined using the ImageJ Infection 

Counter plugin (369). 

 

2.13   Fluorescence microscopy 
To quantify infection assay plates were imaged using a Nikon Ti inverted microscope 

fitted with a motorised encoded stage for plate-reading. A 4 mm by 4 mm area of each 

well was acquired by image stitching using an ORCA Flash 4 sCMOS camera 

(Hamamatsu), with 405 nm and 647 nm fluorescence illumination provided by a 

PE4000 LED unit (CoolLED) through a multi-band excitation/emission filter cube 

(Semrock). To ensure optimal imaging, software-based autofocusing was performed 

prior to acquiring each well. The number of foci in each image was quantified manually 

using the counting tool in FIJI/ImageJ (374). 
 

2.14   Generation of CD81 knock-out cell lines 
HEK 293TCD81KO cell lines were established by following the Invitrogen TrueGuide™ 

sgRNA CRISPRMAX™ transfection protocol. Briefly, 293T cells were first transfected 

with one of the following CD81 sgRNAs: CRISPR661076_CR, CRISPR661085_CR 

and CRISPR661093_CR (Thermo Fisher Scientific). Seventy-two hours later, the cells 

were then sorted on a FACSAria™ II instrument (BD Biosciences) to obtain CD81-/- 
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populations. Cells were then expanded for 48 hours before dilution for single cell 

cloning and expansion in a 96 well plate. Knock-out of CD81 was confirmed by flow 

cytometry and Western blot.  

 

2.15   Production of sE2 (Machaela Palor & Lenka Stejskal) 
Soluble E2 comprises residues 384-661 of the HCV genome, flanked by an N-terminal 

tissue plasminogen activator signal sequence and a C-terminal Twin- Strep-tag. HEK 

293TCD81KO cells (375)  were transduced with lentivirus encoding sE2. Cell culture 

media, containing sE2, were harvested every 24 hours for up to 6 weeks. The 

harvested supernatants were frozen immediately at -80°C. High purity monomeric sE2 

was generated by sequential affinity purification using StrepTactin-XT columns (IBA 

Lifesciences) and size-exclusion chromatography using the HiPrep™ 16/60 

Sephacryl® S-200 HR gel filtration column (Cytiva). The concentration of the monomer 

fraction was then determined by Nanodrop (Thermo Fisher Scientific) using theoretical 

molecular weight and extinction coefficient. 

2.16   Soluble E2 binding assay  
CHO cells were first transduced to express human SR-B1 or CD81 following the the 

protocol outlined in section 2.10. Seventy-two hours later, the cells were harvested, 

washed and resuspended to single-cell populations in PBS. The cells were then 

preincubated in ‘traffic stop’ buffer, PBS + 1% bovine serum albumin (BSA) and 0.01% 

sodium azide; this component prevents receptor internalisation. All subsequent steps 

are performed in traffic stop buffer. Cells were pelleted and then resuspended in a 

serial dilution of sE2. Following an hours’ incubation at 37°C, cells were washed twice 

and incubated with 3 µg/ml StrepMab classic (for CHO-huSR-B1) or J6.36 (for CHO-

huCD81) followed by an anti-mouse Alexxa Fluor 647 secondary. After a final wash, 

the cells were fixed in 1% formaldehyde and analysed by flow cytometry. To measure 

cell surface expression of human receptors post-transduction, cells were stained for 

SR-B1 or CD81 and signal was detected using an anti-rabbit or anti-mouse Alexxa 

Fluor 647 secondary, respectively. 

 

2.17   Flow cytometry  
Fluorescence signals were measured on either the LSR II or LSR Fortessa machines 

(Becton Dickinson) and data was analysed using FlowJo 10.6 software (FlowJo). The 
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lentiviral vectors, described above, also express GFP from a separate promoter; 

therefore, this GFP signal was used as an independent measure of transduction to 

identify positive cells during analysis.  

 

2.18   Enzyme-linked immunosorbent assay (ELISA) 
Purified Strep-II-tagged sE2 monomers (1.0 µg/mL diluted in TRIS buffered saline, 

TBS) was coated for 2 hours at room temperature on 96-well Strep-TactinXT coated 

microplates (IBA LifeSciences). Plates were washed with TBS twice before incubating 

with serially diluted mAbs and sCD81 (R&D systems) in casein blocking buffer 

(Thermo Fisher Scientific) for 90 min. After three washes with TBS, a 1:3000 dilution 

of HRP-labelled goat anti-human IgG in casein blocking buffer was added for 45 min. 

After washing the plates five times with TBS+0.05% Tween-20, plates were developed 

by adding develop solution (1% 3,3’,5,5’-tetraethylbenzidine (Sigma-Aldrich), 0.01% 

H2O2, 100 mM sodium acetate, 100 mM citric acid) and the reaction was stopped after 

3 min by adding 0.8 M H2SO4. Absorbance was measured at 450 nm. 

 

2.19   Generation of HCV pseudoparticles 
To generate HCVpp, HEK 293T or HEK 293TCD81KO cells were co-transfected with 

three plasmids: an HIV (pCMV-dR8.91) or MLV (phCMV-5349) packaging construct, 

a luciferase reporter plasmid and an expression vector encoding the appropriate viral 

glycoprotein. For all experiments, a non-enveloped control (empty plasmid) was 

employed as a negative control. Supernatants containing HCVpp were collected at 48- 

and 72-hours post-transfection. 

 

2.20   Entry Kinetics assay 
Huh-7.5 cells were seeded at 1.5 x 104 cells per well of a 96 well plate 24 hours prior 

to experiment. HCVpp were preincubated with magnetic nanoparticles (ViroMag, OZ 

Biosciences) for 15 min. Media on Huh-7.5 cells was changed to infection medium 

with or without 3 μg/ml purified anti-CD81 at t = -30 min (Figure 4A). At t = -15 min, 

media was replaced with 50 μl magnetized HCVpp (plus anti-CD81 for t = -30 and -15 

time points) and the plate was placed on a Super Magnetic Plate (OZ Biosciences) for 

15 min at 37°C, per manufacturer’s instructions. At t = 0, cells were washed twice, and 

from there on the synchronised infection chased with a saturating receptor blockade 
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by adding 3 μg/ml anti-CD81 mAb 2.131 at the indicated time points. Infection was 

assayed after 72 hours using the SteadyGlo reagent kit and a GloMax luminometer 

(Promega).  

 

2.21   Cell-to-cell spread 
Prior to the experiment, Huh-7.5 cells were electroporated with HCV RNA transcripts. 

Three days later, electroporated cells were trypsinized and mixed with target, naïve 

uninfected Huh-7.5 cells at 1:5 ratio prior to plating at 7.5 x 105 cells per well in a 12 

well plate. Cells were maintained in infection medium containing 10 μg/ml pooled 

HCV+ patient IgG to prevent cell-free spread. Cells were harvested and fixed with 1% 

formaldehyde every 24 hours post mix up to 96 hours. Once the experiment was 

complete, the cells were stained for viral NS5A followed by an anti-mouse Alexa Fluor 

647 secondary to quantify spread by flow cytometry.  

 

2.22   Soluble E2 limited proteolysis 
Soluble E2 (0.2 mg/ml) were reacted with Endoproteinase GluC (New England 

Biosciences) at 1:50 (w/w) ratio in TBS buffer (50 mM Tris-HCl, 50 mM Glu-Glu) at 

37 °C for up to 4 hours. Aliquots of proteolysis mixtures were quenched by laemli boil 

at specific intervals and the kinetics of digestion determined by non-reducing SDS-

PAGE (4–20% acrylamide) followed by western blot. Each experiment was probed 

with both HVR-1 (J6.36) and AS412 (H77.39) targeting monoclonal antibodies.  

 

2.23   Polyacrylamide gel electrophoresis  
For Blue native PAGE gels (Chapter 5 only), 5 μg sE2 was mixed with PBS and 4x 

loading dye (a mix of 500 μl 20x MOPS Buffer (1M MOPS + 1M Tris, pH 7.7), 1000 μl 

100% glycerol, 50 μl 5% Coomassie Brilliant Blue G-250, 600 μl milli-Q) and directly 

loaded onto a 4-12% Bis-Tris NuPAGE gel (Thermo Fisher Scientific). The gels were 

run for 1 hour at 200 V at 4°C using NativePAGE Running Buffer (Invitrogen). BN-

PAGE gels were stained using the Colloidal Blue Staining Kit according to the 

manufacturer’s instructions (Life Technologies). For SDS PAGE, 5 μg of sE2 was 

mixed with loading dye (25 mM Tris, 192 mM Glycine, 20% v/v glycerol, 4% m/v SDS, 

0.1% v/v bromophenol blue in milli-Q water) and incubated at 95°C for 5 min prior to 

loading on a 4-12% Tris-Glycine gel (Invitrogen). For reducing SDS-PAGE, 
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dithiothreitol (DTT; 100 mM) was included in the loading dye and loaded on 

MiniPROTEAN 4-12% gels (BioRad) or a Novex 10-20% Tris-Glycine gel (Thermo 

Fisher Scientific). Gels were run in a buffer containing 25 mM Tris, 192 mM glycine 

and 0.5% SDS for 1 hour at 200 V. Coomassie blue staining of SDS-PAGE gels was 

performed using the PageBlue Protein Staining Solution (Thermo Fisher Scientific). 

 

2.24   Western blotting 
Run samples on SDS-PAGE gels were transferred onto a nitrocellulose membrane. 

The blots were blocked in PBS + 2% milk solution + 0.1% Tween-20 and then probed 

sequentially with an anti-E2followed by a goat anti-mouse secondary conjugated to 

horseradish peroxidase.  Chemiluminescence signal was activated using the 

SuperSignalTM kit (ThermoFisher) and then measured on a Chemidoc MP machinery 

(BioRad). 

 

2.25   Circular dichroism spectroscopy (Lenka Stejskal) 
Circular dichroism experiments were performed using the B23 nitrogen-flushed 

Module B end-station spectrophotometer at B23 Synchrotron Radiation CD BeamLine 

located at Diamond Light Source. They were performed by the BeamLine lab manager 

as a mail-in service. Four scans of protein samples in 50 mM NaF and 20mM 

NaH2PO4 and Na2HPO4 pH 7.2 were acquired in the far-UV region (175 - 260 nm) 

in 1 nm increments using an integration time of 1 sec, 1 nm bandwidth and pathlength 

of 0.00146 cm, at 20°C. Results obtained were processed using CDApps v4.0 

software. The scans were averaged, and spectra have been normalized using average 

amino acid molecular weight which was calculated for each sample. Spectra 

presented are difference spectra meaning the buffer baseline has been subtracted 

from the observed spectra and zeroed between 253 – 258 nm. Secondary structure 

deconvolution from CD spectra was carried out using the CDApps CONTINLL 

algorithm and SP29 reference data set referencing 29 soluble protein structures. 

 

2.26   Nano differential scanning fluorimetry (Lenka Stejskal) 
The melting temperature (Tm) of sE2 (1mg/ml) was calculated using the Prometheus 

NT.48 (Nanotemper) during heating in a linear thermal ramp (1°C, 20 – 90°C) with 

an excitation power of 30%. The fluorescence at emission wavelengths of 350 and 
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330 nm was used to determine changes in tyrosine and tryptophan environments. 

The Tm was calculated by fitting the Boltzmann sigmoidal curve to the first derivative 

of the fluorescence ratios (350/330 nm). 

 

2.27   Mathematical modelling (Chris Illingworth) 
We applied a mathematical model described in Kalemera et al (219) to the novel data 

generated by this study. Our model uses a series of differential equations to describe 

the processes via which HCV particles, having bound to the cell membrane, acquire 

CD81 and SR-B1 receptors. Viruses are modelled as uniformly having Ne E2 proteins 

available to bind cellular receptors. We consider an E2 protein as being either bound 

or unbound to CD81. If it is unbound to CD81 we consider whether it is bound or 

unbound to SR-B1; once E2 is bound to CD81 we are unconcerned about its binding 

to SR-B1. Thus, we represent the population as existing on a grid of points Mij, 

indicating viruses that have i copies of E2 bound to CD81 and j copies of E2 bound to 

SR-B1 but not to CD81. All viruses begin at the point M00, then progress through the 

grid (see Figure 5 in Kalemera et al) (219). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the point Mij, viruses have Ne-i-j free E2. We suppose that they bind SR-B1 

at some rate, s (Fig 2.1). Viruses bind CD81 via two specific processes. Firstly, viruses 

bind CD81 via an SR-B1 independent process at the rate c1. SR-B1 engagement 

 
Figure 2.1 Mathematical modelling of HCV entry. E1E2-receptor interactions at the 
cell surface, as recreated in our model. To achieve entry E1E2 must acquire CD81, 
this can occur via two routes. Route 1 SR-B1 mediated: prior binding to SR-B1 (at rate 
s), primes E1E2 for interaction with CD81 (at rate c2). Route 2 intrinsic binding: E1E2 
interact with CD81 without prior engagement of SR-B1 (at rate c1). Once sufficient 
molecules of CD81 have been acquired the virus particle proceeds along the entry 
pathway (including endocytosis and fusion) at rate e. Molecular cartoons are based on 
previously published structures and are drawn to scale.   
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provides a priming mechanism, which facilitates a second SR-B1-mediated acquisition 

of CD81, occurring at the rate c2. Viruses which gain a pre-specified threshold number 

of CD81 receptors pass at some rate, e, into the down-stream process of viral entry. 

Viruses die at constant rate d, which is arbitrarily pre-specified; in our model all other 

processes occur at some rate relative to this value. Viruses gaining entry to the cell 

are modelled as being in the state E, while viruses which are dead are modelled as 

being in the state D. 

Our model considers data from a number of states in which the number of CD81 

and SR-B1 receptors has been altered (Fig 3.4 and 3.5). In a given system we model 

the proportion of CD81 receptors as pc, and the proportion of SR-B1 receptors as ps, 

where the value in unmodified cells is 1 in each case. 

Following the above, we obtain the following equations for viral progress across 

the membrane: 
 

 
 

where Iir=1 if i=r and Iir=0 if ir, and the system has the initial conditions D=0, E=0, 

M00=1, and Mij=0 for all i>0 and j>0, and the system is bounded by the constraints 0 i 

r and 0 j Ne. 

Given a set of input parameters, a fourth-order Runge-Kutte scheme with 

adaptive step size was used to propagate the system until the sum of terms D+E 

was greater than 0.999, indicating that 99.9% of the simulated viruses had either 
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died or gained entry. The probability P that a single virus gains entry to a cell was 

then calculated as 

 

 
 

An optimisation procedure was run to fit the model to data from experiments. As in a 

previous publication, experiments modelling viral entry were performed in replicate. 

To estimate the values pc and ps, indicating the extent of available receptor, we used 

fluorescence microscopy measurements of receptor blockade/over-expression 

performed in parallel with the infection experiments, as previously described (219). 

These values were normalised to the range 0 to 1 in the case of receptor knockdown 

experiments, or above 1 in the case of overexpression experiments; 1 being the 

availability in unmodified cells. 

 We now consider data describing a level of receptor availability (pc, ps) and a 

number of observed foci of infection; using the index i we term the latter value oi. Given 

a knowledge of the number of input particles and the number of cells observed in a 

well, this can be understood in terms of a probability of a given cell being infected by 

the virus. Observations were modelled as being distributed according to a double 

Poisson distribution with mean i and parameter 

 

 

 where 

 

 

An estimate of the dispersion parameter was calculated by fitting a single value i to 

each set of values oi arising from the same level of receptor availability with no other 

constraint on the i. This parameter was then used in the likelihood function to fit values 
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i=niP (pc, ps, c1, c2, s, e), where ni is the number of cells observed in a well and P 

(pc, ps, c1,c2, s, e) is the probability of viral entry calculated from the differential 

equation model described above; parameters c1, c2, s, Ne, and e were optimised to 

give a maximum likelihood fit to the data. 

 

2.28   Molecular dynamic simulations (Lenka Stejskal) 
The complete model of the J6 E2 ectodomain was generated as previously described 

(330). For simulations of the mutant glycoprotein, the respective amino acid 

substitutions were modelled in using Modeller (376). 

We performed MD simulations in explicit solvent using the Amber 16 GPU-

based simulation engine (377). The model was solvated in a truncated octahedral box 

using OPC water molecules. The minimal distance between the model and the box 

boundary was set to 12 Å with box volume of 4.2 x 105 Å3. Simulations were performed 

using the ff14SB force field on GPUs using the CUDA version of PMEMD in Amber 16 

with periodic boundary conditions. CONECT records were created using the in-house 

MakeConnects.py script to preserve the disulphide bonds throughout the simulations. 

MolProbity software was used to generate physiologically relevant protonation states. 

Minimisation and equilibration: The systems were minimised by 1000 steps of 

the steepest descent method followed by 9000 steps of the conjugate gradients 

method. Sequential 1ns relaxation steps were performed using the Lagevin thermostat 

to increase the temperature from 0 to 310 K, with initial velocities being sampled from 

the Boltzmann distribution. During these steps, pressure was kept constant using the 

Berendsen barostat. All atoms except for the modelled residues, hydrogen atoms and 

water molecules were restrained by a force of 100 kcal/mol/Å2. The restraint force was 

eventually decreased to 10 kcal/mol/Å2 during subsequent 1ns equilibration steps at 

310 K. 

A further minimisation step was included with 1000 steps of the steepest 

descent method followed by 9000 steps of the conjugate gradients method with all 

backbone atoms restrained by a force of 10 kcal/mol/Å2. The systems were then 

subjected to four 1ns long equilibration steps at constant pressure with stepwise 10-

fold reduction of restraint force from 10 to 0 kcal/mol/Å2. All minimisation and 

equilibration stages were performed with a 1fs time step. 
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Production runs: An initial 1µs production run was simulated under constant 

volume and temperature using the Langevin thermostat. SHAKE was used in all but 

the minimisation steps; this, in combination with hydrogen mass repartitioning, 

permitted 4 ft time-steps during the production runs. Short-range cutoff distance for 

van der Waals interactions was set to 10 Å. The long-distance electrostatics were 

calculated using the Particle Mesh Ewald Method. To avoid the overflow of 

coordinates, iwrap was set to 1. Default values were used for other modelling 

parameters. To achieve independent repeat simulations, we performed steps to 

decorrelate the output from the equilibration process. Initial velocities were generated 

from the Boltzmann distribution using a random seed. The coordinates, but not 

velocities, from the final equilibration step were used as input for a short (40ns) 

production run. The coordinates, but not velocities, from this run were used for a 

second 4ns production run. This was followed by a 1 µs production run. This process 

was repeated for each independent simulation. 

The MD trajectories were analysed using scripts available in cpptraj from 

Amber Tools 16. For RMSF/RMSD analyses, the average structure generated from 

the given trajectory was used as the reference structure. The analyses were performed 

using the backbone Cα, C and N atoms unless otherwise stated. 

 

2.29   Molecular modelling 
Molecular model visualisation was performed with UCSF Chimera (378). 

 

2.30   Statistical analysis 
All statistical analysis was performed in Prism 7.0 (GraphPad). In the majority of cases 

ordinary one-way ANOVA was performed using Dunnett’s multiple comparison test, 

using WT virus as a control. Data were also analysed using paired or unpaired t-tests, 

spearman’s correlation or curve fit F-test, and data were fitted using by linear 

regression, hyperbola of log (inhibitor) vs. response (four parameters) function or the 

sigmoidal curves where X is log(concentration) function. Please see figure legends for 

accompanying analyses. 
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3 Evolution of HCV to optimise virus entry is offset by 
increased sensitivity to antibodies 
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3.1 Introduction 
 

Previous work has shown that cell-culture adaptation of HCV gives rise to variants that 

exhibit both increased infectious titres and altered sensitivity to neutralising antibodies 

compared to wildtype strains (248,379,380). These are often point-mutations that do 

not necessarily map to critical receptor binding epitopes or nAb epitopes. The 

mechanisms underpinning these changes are not understood but the changes in 

global nAb sensitivity point to conformational changes in E1E2 following culture-

adaptation. Additionally, our previous work indicates that SR-B1 is dispensable for 

entry (see Fig 1.23) and that SR-B1 dependency exerts a fitness cost on the virus by 

making virus entry less efficient (219). Based on these observations, we hypothesise 

that HCV performs a balancing act between opposing selection pressures: the 

necessity to evade neutralising antibodies vs the benefits of efficient entry. We 

propose that any given HCV strain exists on a spectrum between neutralising antibody 

evasion and optimal entry and that the SR-B1 priming step helps the virus achieve this 

delicate balance.   

 The results presented in this chapter are largely the phenotypic analyses of 

HCV mutants that arose during a prior cell-culture adaptation experiment. Cell-culture 

adaptation has long been used in molecular virology to gain insights into the factors 

that underly efficient viral replication. E1E2 mutations present in the successful, fixated 

lineage were characterised for their impact on HCV infectivity, receptor dependency 

and antibody sensitivity. 

 

The specific aims were to: 

1. Determine the cell entry phenotype of HCV E1E2 polymorphisms following 

cell-culture adaptation. 

2. Examine whether the polymorphisms affected E1E2 reactivity to activating 

stimuli. 

3. Determine the antibody sensitivity of the E1E2 polymorphisms and establish 

whether antigenicity and entry phenotypes of HCV are linked.    
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3.2  HCV explores evolutionary pathways to optimise virus entry 
 
We first established a continuous culture of J6/JFH-1 HCVcc in Huh-7.5 cells. J6/JFH-

1 is a chimeric infectious clone composed of structural components (Core, E1, and 

E2) and p7 from the J6 strain and non-structural components from the JFH-1 strain, 

the latter permitting efficient propagation in hepatoma cell lines. Culture supernatant 

from the adaptation was routinely harvested and viral adaptation to Huh-7.5 cells was 

monitored by next-generation sequencing (NGS). By day 42, NGS analyses revealed 

the accumulation of various polymorphisms throughout the genome. The viral entry 

proteins, E1E2, were particularly enriched for non-synonymous substitutions when 

compared to other coding regions with comparable length (Fig 3.1 A), suggesting 

optimisation of virus entry. Notably, some substitutions occurred at highly conserved 

sites (e.g., G406S, S449P) (Fig S1 in appendix), indicating in-vitro replication does not 

recreate the evolutionary constraints present during authentic patient infection. This is 

likely a reflection of the complete absence of an adaptive immune response during 

culture adaptation.  

Over a dozen mutations were present at > 5% frequency (Fig S1) within E1E2 

by day 42, including I438V in E2 and I262L in E1 (Fig 3.1 B). The I438V mutant later 

reached fixation and established a lineage with additional A524T (E2) and M356V (E1) 

mutations emerging sequentially, with the former rapidly achieving fixation. 

Interestingly, establishment of the I438V lineage was associated with the loss of other 

variants from the population (see I262L in Fig 3.1 B), suggesting the successful 

lineage possessed a ‘fitness’ advantage.    
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We then introduced the mutations observed in the I438V lineage into the WT backbone 

by reverse genetics. To assess the effect that the accumulation of mutations in the 

successful lineage has on viral infectivity, we compared the infectivity of the three 

clones to WT. We quantified infectious titres by manually counting foci of infected Huh-

7.5 cells and obtained values were corrected for differences in the content of genomic 

HCV RNA present in the viral harvests. We found that the addition of each mutation 

increased infectivity in a stepwise manner with the I438V and I438V A524T mutant 

being two- and three-fold more infectious than WT virus, respectively (Fig 3.2).  

 

 
Figure 3.1. HCV accumulates mutations in E1E2 during culture adaptation.   
J6/JFH-1 HCVcc was continuously propagated in Huh-7.5 cells for 20 weeks with 
viral evolution monitored by NGS. (A) The proportion of synonymous/silent (white) 
and non-synonymous (black) substitutions present at > 5% frequency in the 
population, in three coding regions of comparable length: E1E2 (glycoproteins), 
NS5B (RNA polymerase and NS3 (protease). (B) The frequency of example 
mutations throughout the culture experiment. By day 100, all viruses possessed 
the I438V A524T E2 mutations, ~50% had an additional mutation in E1 (M356V), 
whilst a previously prevalent mutation (I262L) had been lost from the population. 
Data in A and B generated by Joe Grove. 
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Figure 3.2. E1E2 mutations arising from cell-culture adaptation enhance HCV 
infectivity. The infectious titres of WT, I438V and I438V A524T HCVcc, expressed 
as foci forming units per ml, values were normalised for in input particle numbers 
(RNA genomes). Error bars indicate the standard error of the mean (SEM), 
asterisks denote statistical significance, ANOVA (GraphPad Prism).  
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3.3  Culture-adapted HCV is less dependent on SR-B1 for entry 
To investigate whether the adaptive variants exhibit altered receptor usage during cell 

entry, we infected Huh-7 cells CRISPR/Cas9-engineered to not express the critical 

HCV entry factors (CD81, SR-B1, CLDN1 and OCLN). Although frameshift of the 

target genes and deficiencies of protein expressions in the KO cells were previously 

confirmed by the Matsuura lab (217), we also reconfirmed ablation by western blot 

(Fig 3.3 A). Infection was quantified relative to that observed in the parental Huh-7 cell 

line (Fig 3.3 B). WT and mutant viruses were equally dependent on CD81, CLDN1 and 

OCLN as their deletion abrogated entry of all HCV strains tested. SR-B1 dependency, 

however, decreased in mutant viruses in a manner that mirrored virus titre, as 

evidenced by the stepwise increase in infection of SR-B1 KO cells (Fig 3.2 B, SR-B1 

KO lane).      

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We found that the third mutation in the lineage (M356V, in E1) conferred a further 

increase in infectivity (Fig 3.4 A), but no further reduction in SR-B1 dependency (Fig 

3.4 B). We next investigated the relative contribution of each mutation to the reduced 

SR-B1 dependency phenotype of the lineage. To do this, we performed reverse 

genetics to generate M356V and A524T single mutant clones and determined their 

infectious titres and their ability to infect receptor KO Huh-7 cells. The titres and 

infection of SR-B1 knock-out cells by M356V and A524T single mutants was 

 
Figure 3.3. HCV evolves to increase infectivity through altered receptor 
dependency. (A) Entry factor knockout in CRISPR-engineered cells was 
reconfirmed by Western blot analysis (B) WT and mutant HCV infection of parental 
Huh-7 cells and those CRISPR/Cas9 engineered to knock out the stated HCV entry 
factor. To aid direct comparison of each mutant, infection values have been 
expressed relative to that observed in parental Huh-7 cells. Error bars indicate the 
standard error of the mean (SEM), asterisks denote statistical significance, ANOVA 
(GraphPad Prism). Data in subfigure A was generated by Lucas Walker. 
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comparable to WT (Fig 3.4 C & D). This finding indicates that there is a hierarchical 

interdependency between the mutations observed in this lineage, seeing as the 

M356V and A524T substitutions need to be in the context of the preliminary I438V 

mutation to contribute to SR-B1 independency and increased infectivity. Thus, the 

double E2 mutations (I438V A524) were necessary and sufficient to confer altered 

receptor dependency, therefore subsequent investigations were focused on this 

mutant. Overall, these data indicate that cell-culture adaptation reduces the 

requirement for SR-B1 during HCV entry.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 3.4. HCV evolves to enhance infectivity through altered receptor 
dependency. (A) The infectivity of WT, I438V, I438V A524T and I438V A524T 
M356V HCVcc, expressed as foci forming units per ml, values were normalised for 
in input particle numbers (RNA genomes). (B) WT and mutant HCV infection of 
parental Huh-7 cells and those CRISPR/Cas9 engineered to knock out the stated 
HCV entry factor. (C) The infectivity of WT, I438V A524T, A524T and M356V 
HCVcc, expressed as foci forming units per ml. (D) WT, I438V A524T, A524T and 
M356V infection of parental Huh-7 cells and those CRISPR/Cas9 engineered to 
knock out the stated HCV entry factor. In all cases, error bars indicate the standard 
error of the mean (SEM), asterisks denote statistical significance, ANOVA 
(GraphPad Prism).  

Huh
-7 

Pare
nt

CD81
 K

O

SR-B
1 K

O

CLD
N1 K

O

OCLN
 K

O

0.0

0.5

1.0

R
el

at
iv

e 
to

 p
ar

en
ta

l 
H

uh
-7

 c
el

ls

WT
I438V
I438V A524T
I438V A524T M356V

W
T

I43
8V

I43
8V

 A52
4T

I43
8V

 A52
4T

 M
35

6V
0

20000

40000

60000

80000

Ti
tr

e 
(F

FU
/m

l)

WT

I438V

I438V A524T

I438V A524T M356V

****

**

*

***

WT

I43
8V

 A52
4T

A52
4T

M35
6V

0

2000

4000

6000

Ti
tre

 (F
FU

/m
l)

**

Huh
-7 

Pare
nt

CD81
 K

O

SR-B
1 K

O

CLD
N1 K

O

OCLN
 K

O
0.0

0.5

1.0

R
el

at
iv

e 
to

 p
ar

en
ta

l
 H

uh
-7

 c
el

ls

WT
I438V A524T
M356V
A524T

****
**

A. B. 

C. D. 



Chapter 3  

 81 

3.4  Characterising HCV receptor dependency by blockade  
So far, only SR-B1 and CD81 have been reported to interact directly with the HCV 

entry machinery, via E2  (211,381).  The precise molecular basis of E2-receptor 

interactions are yet to be defined at the structural level. Nonetheless, mutational and 

antibody blocking experiments have demonstrated that SR-B1 binding occurs via the 

N-terminal HVR-1 (Fig 1.16 B) whilst the CD81 binding site is thought to be composed 

of three discontinuous regions: antigenic site 412 (AS412), the front layer, and the 

CD81 binding loop, (Fig 1.16 B) (211,293). Our previous work, and others’, suggest 

that SR-B1 is the initial receptor for HCV and is likely to prime subsequent stages of 

entry (including interaction with CD81) via an unknown mechanism (route one in Fig 

1.23) (219,222,240,346). 

 We evaluated the relationship of WT and I438V A524T HCV with SR-B1 and 

CD81 using a variety of techniques. First, we performed receptor blockade where Huh-

7.5  cells were preincubated with antibodies targeting SR-B1 or CD81 which interfere 

with E2-SR-B1 and E2-CD81 interactions, respectively, thereby blocking HCV 

infection (382,383). Antibody treated cells were then challenged with WT or I438V 

A524T HCV and infectivity was determined 48 hours post-infection. A parallel plate 

was set up to quantify antibody binding by fluorescence microscopy allowing us to 

infer the amount of receptor available for HCV entry during virus challenge (Fig 3.5 A-

D). Serial dilutions of each antibody revealed (near) saturation at high concentrations 

suggesting complete receptor blockade, i.e. no receptors were available for entry as 

they are occupied by antibodies (Fig 3.5 C & D). Absolute blockade of CD81 equally 

negated infection of both viruses (Fig 3.5 F), whereas the I438V A524T mutant was 

largely resistant to inhibition by anti-SR-B1 (Fig 3.5 E).  The CD81 blockade results 

corroborate observations in the receptor knock-out studies (Fig 3.3 B & 3.4 B), and 

other studies showing CD81 to be indispensable for HCV entry (223,225,283). 
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Figure 3.5. I438V HCV is resistant to antibody mediated SR-B1 blockade. Huh-
7.5 cells were pre-treated with anti-SR-B1 serum or an anti-CD81 mAb to limit 
receptor availability prior to infection. Example fluorescent micrographs of (A) SR-
B1 and (B) CD81 blockaded cells, the images are representative of the annotated 
data points in C and D. Scale bar = 50 μm. Binding of (C) anti-SR-B1 and (D) anti-
CD81 to receptors was quantified using fluorescence microscopy (measured by 
arbitrary units), and receptor saturation was achieved at high antibody 
concentrations. Data points represent the mean of three technical replicates. 
Infection by WT and I438V A524T HCVcc of (E) SR-B1 or (F) CD81 blockaded is 
expressed as % inhibition relative to infection of untreated cells. Data points 
represent the mean of three independent experiments. For all curves, the data was 
fitted with a hyperbola function and the curves compared by statistical testing to 
confirm significance difference (F-test, GraphPad Prism), error bars indicate 
standard error of the mean. 
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3.5  Characterising HCV receptor dependency by overexpression  
We next investigated the impact of SR-B1 or CD81 overexpression on the entry of WT 

and I438V A524T HCV. We transduced Huh-7.5 cells with lentiviral vectors to 

introduce SR-B1 or CD81. These cells were then challenged with virus following the 

protocol outlined above. Again, a parallel plate was set up to evaluate the receptor 

availability at the point of virus challenge by fluorescence microscopy (Fig 3.6 A & B).  

Up to three times greater cell surface expression of both SR-B1 and CD81 was 

achieved at the point of infection (Fig 3.6 C & D). WT virus exhibited a strong response 

to the increased availability of SR-B1 and CD81, reaching a 3-4 fold enhancement 

relative to untreated cells (Fig 3.6 E & F, grey bars).  In contrast, the I438V A524T 

virus was less responsive to increased CD81 levels, although it did exhibit a dose-

response to increasing CD81 levels (Fig 3.6 F).  The infectivity of the I438V A524T 

mutant was even less affected by SR-B1 overexpression. Taken together, the 

blockade and over-expression data indicate that HCV, in cell-culture, will evolve to 

become less dependent on SR-B1 for entry, whereas CD81 remains critical for the 

process. 
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Figure 3.6. WT is hyperresponsive receptor overexpression. Huh-7.5 cells 
were transduced with a serial dilution of lentiviral vectors encoding SR-B1 or CD81 
to increase receptor availability, prior to infection. Example fluorescent micrographs 
of (A) SR-B1 and (B) CD81 overexpressing cells. Scale bar = 50 μm. (C) SR-B1 
and (D) CD81 overexpression was quantified using fluorescence microscopy. Bars 
represent mean values of three technical replicates and error bars indicate the 
standard error of the mean. Infection of (E) SR-B1 and (F) CD81 overexpressing 
cells by WT and I438V A524T HCVcc is expressed relative to infection of parental 
cells (P). Example data from one representative transduction is shown. Error bars 
indicate standard error of the mean, asterisks denote statistical significance 
ANOVA (GraphPad Prism). 
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3.6  Characterising HCV receptor dependency using soluble E2  
To investigate the potential mechanism for the changes in SR-B1 dependent entry 
between WT and I438V A524T, we generated corresponding soluble forms of their E2 

glycoproteins (sE2) and measured their binding to SR-B1 and CD81. Chinese hamster 

ovary (CHO) cells do not bind HCV sE2, however, binding can be conferred by the 

introduction of exogenous human SR-B1 or CD81. Thus, CHO cells were transduced 

with a lentiviral vector encoding one of the receptors, and GFP from a separate 

promoter (Fig 3.7 A). Antibody staining revealed high levels of receptor expression in 

GFP+ve cells (Fig 3.7 B). Near saturation of binding was achieved at high 

concentrations of anti-receptor antibody (Fig 3.7 C). In parallel, transduced CHO cells 

were also incubated with a dilution of WT or I438V A524T sE2. Bound glycoprotein 

could then be measured by flow cytometry using an Alexa Fluor 647 conjugated 

antibody (see gating strategy, Fig 3.7 A). We found I438V A524T bound CHO cells 

expressing human SR-B1 at half the levels observed for WT sE2 (Fig 3.7 D & E). 

However, this observation was reversed in CHO cells expressing CD81, here we 

observed I438V A524T sE2 binding at >2 fold the levels of WT sE2. These data are 

consistent with the reduced dependency SR-B1 for I438V A524T entry (Fig 3.3 B), 

and with previous studies that found E1E2 in other HCV genotypes show enhanced 

CD81 binding after cell-culture adaptation (379). Notably, the reduction in SR-B1 

binding by I438V A524T sE2 would suggest modulation of the SR-B1 binding site even 

though neither mutated resides maps to HVR-1.   
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Figure 3.7. sE2 binding to CHO cells expressing human HCV receptors. CHO 
cells were transduced with lentiviral vectors expressing human SR-B1 or CD81 and 
then used in an sE2 binding assay. (A) Gating strategy to quantify sE2 or antibody 
binding to exogenously expressed human HCV receptors. Mean fluorescence 
intensity (MFI) was background corrected using MFI values from untransduced 
GFP-ve cells, (i.e., bottom panel minus fourth panel MFI values). (B) Representative 
flow cytometry histograms of anti-SRB1 (left panel) or anti-CD81 (right panel) mAbs 
binding HCV receptor transduced CHO cells. (C) Transduced CHO cells were 
incubated with a serial dilution of anti-receptor antibody. Antibody binding was 
quantified by flow cytometry, high concentrations of antibody saturated available 
receptor. Continued on next page. 
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3.7  Inactivation of HCVcc particles at physiological temperature 
As viral entry proteins are spring-loaded conformational machines, they are 

intrinsically unstable and tend to undergo spontaneous inactivation under certain 

environmental conditions including physiological temperature (311,324). Therefore, 

we compared the intrinsic stability of WT and I438V A524T particles at 37°C. We found 

that the mutant virus was > 3-fold less stable than WT virus (by comparison of half-

life) (Fig 3.8), suggesting the I438V A524T mutations increase the propensity of HCV 

E1E2 to undergo spontaneous inactivation. 

            

           

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 legend continued. Data from one representative experiment is shown, 
data points represent the mean of two technical replicates and the error bars 
indicate the standard error of the mean. (D) Representative flow cytometry 
histograms of 40 μg/ml WT or I438V A524T sE2 binding to CHO cells expressing 
SR-B1 (left panel) or CD81 (right panel). (E) Transduced CHO cells were incubated 
with a serial dilution of sE2. Data is normalised to 40 μg/ml WT sE2 binding to 
transduced CHO cells. Data are representative of the mean of three experiments 
and the error bars indicate the standard error of the mean. Data were fitted with 
hyperbola function and the curves compared by statistical testing to confirm 
significant difference (F-test, GraphPad Prism).  

 

 
Figure 3.8. I438V A524T HCVcc is thermally unstable. WT and I438V A524T 
HCVcc were incubated for 0-8 hours at 37°C before infection of Huh-7.5 cells. 
Infectivity is expressed relative to that of the t=0 time point. Data points represent 
the mean of two independent experiments, data was fitted using an exponential 
decay function and the curves were determined to be statistically significant (F-test, 
GraphPad Prism), error bars indicate standard error of the mean. 
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3.8  Mathematical modelling of HCV entry  
We recently developed a mathematical model to explore the mechanisms of HCV 

entry in collaboration with our colleagues in the Illingworth lab (219). As previously 

mentioned (see section 1.8), this work supports the notion that the early, post-

attachment events of HCV entry can proceed via two routes. In route one, E1E2 

acquires CD81 by first engaging SR-B1 which primes it for CD81 interactions. In the 

second route, E1E2 can intrinsically acquire CD81 without the need for prior SR-B1 

engagement (Fig 3.9 A). The latter pathway accounts for residual infection of WT virus 

of SR-B1 KO cells (Fig 3.3 B). The Illingworth lab integrated the measurements of 

receptor blockade and overexpression and particle stability (Figs 3.5, 3.6 & 3.8) into 

the theoretical model, allowing us to compare the mathematical characteristics of WT 

and I438V A524T HCV. This analysis predicts that the I438V A524T mutant exists in 

a hyperreactive state, where its acquisition of CD81 is enhanced over WT, irrespective 

of the route of acquisition (parameter c1 or c2). SR-B1 mediated CD81 acquisition of 

the mutant is predicted to be particularly enhanced (Fig 3.9 B, parameter c2), being 

~1000 more efficient than WT. This may account for the mutant’s ability to tolerate 

reductions in SR-B1 availability (Fig 3.5 E). Moreover, downstream events 

encompassing basolateral translocation, endocytosis and fusion, were predicted to 

occur at six times the rate of WT (Fig 3.8 B, parameter e).  

The model also allows for exploration of HCV virion-CD81 interactions. To this 

end, fitting of WT and mutant data suggests the acquisition of just two CD81 molecules 

is sufficient to support an HCV particle through the entry programme (Fig 3.9 C). 

Lastly, we made estimations of WT and I438V A524T entry under varying availabilities 

of SR-B1 and CD81. As, expected the mutant exhibited increased entry efficiency over 

a greater range of receptor densities (Fig 3.9 D).  
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Figure 3.9. Mathematical modelling predicts I438V A524T HCV is 
hyperreactive. We previously developed a mathematical model to explore HCV 
receptor engagement and entry. (A) E1E2-receptor interactions at the cell surface, 
as recreated in our model. To achieve entry E1E2 must acquire CD81, this can 
occur via two routes. Route 1 SR-B1 mediated: prior binding to SR-B1 (at rate s), 
primes E1E2 for interaction with CD81 (at rate c2). Route 2 intrinsic binding: E1E2 
interact with CD81 without prior engagement of SR-B1 (at rate c1). Once sufficient 
molecules of CD81 have been acquired the virus particle proceeds along the entry 
pathway (including endocytosis and fusion) at rate e. Molecular cartoons are based 
on previously published structures and are drawn to scale. (B) Receptor 
dependency data from WT and mutant HCVcc (Fig 3.4-3.6) was integrated into the 
mathematical model, as previously described, allowing estimation of the 
parameters defined above. Plots display WT and I438V A524T values for each rate 
constant. Continued on next page. 
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3.9  The entry kinetics of HCV  
We employed the mathematical model to make predictions regarding the entry kinetics 

of WT and I438V A524T virus. The model predicted I438V A524T virus to have faster 

entry kinetics since the mutant exhibited greater entry efficiency over a wider range of 

receptor density (Fig 3.9 D, above). Specifically, the model predicted I438V A524T 

HCV enters cells >3 fold faster than WT (Fig 3.10 A).  

Next, we sought to verify the prediction from the modelling with cell-culture 

experimentation. To appropriately measure single round infection kinetics, we made 

use of the HCVpp system. Here, biologically active HCV E1E2 glycoprotein complexes 

are presented on the surface of HIV-1 based reporter lentiviruses. Also, as viruses in 

suspension behave as colloidal matter, each particle’s approach to the cell surface in 

solution is affected by diffusion rate, incubation time and mean distance to the cells 

(384–386). This results in asynchronous attachment and thus asynchronous initiation 

of infection. To overcome this, we appropriated an established experiment from HIV 

research and performed magnetoinfections (387). We preincubated HCVpp with 

magnetic nanoparticles for 15 min at room temperature before adding this mixture onto 

Huh-7.5 cells (Fig 3.10 B). We then applied a magnetic field by positioning a 

permanent magnet under the culture plate. After 15 min, the magnetic field was 

removed, the cells washed twice, and infection was allowed to proceed and an anti-

CD81 antibody was added at regular intervals. 

Following luciferase quantification, we found that mutant virus does indeed 

enter cells faster than WT. The experimentally determined values indicated the mutant 

virus completed entry ~3.6x the rate of WT (T1/2, WT = 3.65 h, I438V A524T = 1.01 h) 

(Fig 3.10 C), which is in agreement with the estimate from the model. Thus, the 

experimental data as well as confirming I438V A524T as hyperreactive corroborates 

our modelling approach. Moreover, these data suggest that dependence on SR-B1 for 

HCV entry is a rate-limiting step in the HCV entry process. 

Figure 3.9 legend continued. (C) The model was used to explore the 
stoichiometry of CD81 engagement during HCV entry; the plot displays likelihood 
values for 1-5 molecules of CD81. Peak likelihood occurs at 2 molecules. (D) 
Mathematical modelling was used to explore the entry characteristics of WT and 
mutant HCVcc. The heat maps display the predicted probability of virus entry (as 
denoted in the key), for any given virus particle, upon varying availability of SR-B1 
or CD81. Please note this data was generated and analysed by Chris Illingworth. 
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Figure 3.10. Entry optimisation results in faster HCV entry. (A) Kinetics of WT 
and mutant HCVcc entry, as predicted by mathematical modelling. The data is 
normalised to maximum entry. T represents uncalibrated time and, therefore, 
cannot be converted to real time (i.e., minutes and hours), but relative differences 
can be estimated. Data in subfigure was generated by Chris Illingworth. (B) 
Schematic strategy for achieving synchronous infection of Huh-7.5 cell using 
HCVpp. Diagram produced in BioRender. (C) Kinetics of WT and mutant HCV entry 
were experimentally measured by synchronised infection of Huh-7.5 cells by 
HCVpp, followed by a chase with a saturating inhibitory concentration of anti-CD81. 
Data points represent the mean of three independent experiments. The data was 
fitted with a sigmoid function, error bars indicate standard error of the mean. 
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3.10  The cell-to-cell spread kinetics of HCV  
Seeing as I438V A524T HCVpp displayed faster entry kinetics we postulated it 

disseminates through confluent cell-culture faster than WT virus. To investigate this, 

we first electroporated Huh-7.5 cells with RNA of either virus, then when infection 

levels surpassed 90%, these cells were adoptively transferred into naïve uninfected 

cells to achieve 5% infection. To prevent cell-free spread, the cells were maintained 

in high concentrations of pooled antibodies isolated from the sera of two HCV+ 

patients. At 24-hour intervals after mixing of donor and naïve cells, infection plates had 

their cells harvested and stained with anti-HCV NS5A to assess cell-to-cell spread by 

flow cytometry. In keeping with the kinetics data, hyperreactive I438V A524T exhibited 

greater cell spread than the WT virus from 48 hours onward (Fig 3.11 A & B). This 

data demonstrates that cell-culture adaptation improves the entry kinetics of HCV and 

consequently improves its ability to disseminate. Furthermore, these observations also 

reveal a potential mechanism by which the I438V lineage reached fixation and 

replaced WT virus by the latter stages of the adaptation experiment (Fig 3.1 B).    

 
            
            
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 3.11. Entry optimised HCV spreads faster in cell culture. Previously 
infected cells were adoptively transferred into naïve uninfected cells so as to 
achieve 5% infected cells and cell-to-cell spread monitored by flow cytometry and 
fluorescence microscopy. (A) Example micrographs of infection levels 72 hours 
post adoptive transfer. Scale bar = 200 μm. (B) Percentage of infected (i.e., NS5A+ 

cells) at the indicated time points as determined by flow cytometry. Data were fitted 
with hyperbola function and the curves compared by statistical testing to confirm 
significant difference (F-test, GraphPad Prism).  
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3.11  Entry optimised HCV is acutely sensitive to neutralisation  
The majority HCV positive patients experience chronic life-long infection with 

persistently high viral loads. To achieve this, HCV must resist the E1E2-specific nAbs 

that arise in most individuals. Failure of HCV to evade and/or escape nAbs has been 

linked with viral clearance and understanding the molecular mechanisms of HCV 

antibody resistance is likely to inform ongoing HCV vaccine development 

(17,388,389). Several reports have found that cell-culture adapted strains of another 

genotype 2a HCV strain, JFH-1, exhibit increased sensitivity to nAbs compared to 

parental virus (382,390,391). Comparing the phenotypic features of WT J6, which is 

naturally resistant to neutralisation, with that of mutant with high sensitivity could aid 

to reveal the mechanism of HCV antibody resistance.  

 First, we evaluated the capacity of HCVcc to resist antibodies isolated and 

pooled from the sera of two chronic HCV+ patients. WT HCV was highly resistant to 

patient nAbs with the neutralisation curve following a log-linear relationship, such that 

successive 10-fold increases in IgG concentration yielded only a modest increase in 

neutralisation (Fig 3.12 A). In stark contrast, the hyperreactive HCV I438V A524T 

mutant was acutely sensitive to patient IgG, reaching complete neutralisation even at 

low concentrations of nAb. We also assessed the ability of sCD81-LEL to neutralise 

HCVcc and observed I438V A524T was again more sensitive (Fig 3.12 B), consistent 

with the enhanced interaction of I438V A524T E2 with cell surface CD81 (Fig 3.7 D & 

E). We also observed that a monoclonal antibody isolated from an HIV+ individual with 

no history of HCV infection showed no neutralising activity against either virus (Fig 

3.12 C).       

 

 

 

            
            
            
            
            
            
            
            
            
            
         



Chapter 3  

 94 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pooled patient IgG is polyclonal in nature and, therefore, likely targets multiple 

conformation-dependent epitopes. We sought to determine the sensitivity of WT and 

I438V A524T to monoclonal antibodies (mAbs) with defined epitopes in E2. Intense 

investigation of anti-HCV nAb responses by others has provided a detailed 

understanding of the major neutralising epitopes in E2 (322). Most HCV-E2 bNAbs 

map to the conserved but flexible CD81 binding site. The binding site is composed of 

three distinct regions which each targeted by bnAbs: antigenic site 412 (AS412) region 

(residues 412-423), the front layer (residues 424-459) and the CD81 binding loop 

(residues 519-535). The three regions occupy distinctive spaces on the tertiary 

structure of the E2 glycoprotein (Fig 3.13 A). We measured the sensitivity of WT and 

mutant HCV to a panel of mAbs targeting these defined epitopes. 

 We challenged the viruses with (i) J6.36, a J6 specific anti-HCV-E2 mAb whose 

epitope maps to HVR-1 (340), (ii) H77.39, a mouse anti-HCV-E2 bnAb whose epitope 

maps to the AS412 region (340), and (iii) AR3A, a patient-derived bnAb with epitopes 

structurally mapped to both the front layer and the CD81 binding loop (339). In all three 

cases, WT virus resisted mAb neutralisation, whereas I438V A524T was potently 

inhibited (Fig 3.13 B). To evaluate whether this apparent shift in nAb sensitivity 

reflected changes in antibody binding we measured nAb interactions with sE2 using 

 
Figure 3.12. Neutralisation by pooled HCV+ IgG and the soluble CD81 long 
extracellular loop. (A) Neutralisation of WT and I438V A524T HCVcc by a serial 
dilution of HCV+ patient IgG. (B) Neutralisation of WT and I438V A524T HCVcc by a 
serial dilution of sCD81. (C) Neutralisation of WT and I438V A524T HCVcc by a serial 
dilution of R04, a mAb isolated from an HIV+ individual with no history of HCV 
infection. For all neutralisation curves, data points represent the mean of 3 
independent experiments. I438V A524T data were best fitted by a hyperbola 
function, whereas WT data were best fitted by a semi-log function (GraphPad Prism).  
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ELISA. Surprisingly, we observed near-identical binding curves for all each mAb, 

suggesting WT and I438V A524T are antigenically equivalent (Fig 3.13 C).  

 

            

            

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dramatic change in antibody sensitivity by the I438V A524T mutations is 

best illustrated by the change in IC50 values across a wider panel of nAbs (Fig 3.14 A). 

 

 
Figure 3.13. I438V A524T HCV is acutely sensitive to mAb neutralisation. (A) 
Molecular cartoon of the major antigenic sites targeted by nAbs. (B) Neutralisation 
curves for three representative mAbs targeting distinct epitopes, the mAb name and 
specific epitope are provided and colour coded to epitope-match A. (C) Binding of 
mAbs to WT and I438V A524T sE2 assessed by ELISA, mAbs are matched to the 
neutralisation data. (D) Binding of anti-Strep-II-tag mAb indicating ELISA plates were 
coated with equivalent amounts WT or I438V A524T sE2 for anti-E2 mAb binding 
determination. For all neutralisation curves, data points represent the mean of 3 
independent experiments. I438V A524T data were best fitted by a hyperbola function, 
whereas WT data were best fitted by a semi-log function (except for H77.39) 
(GraphPad Prism). For ELISA data, one representative experiment is shown, with 
data fitted with a hyperbola function. In all plots error bars standard error of the mean.  
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Here the I438V A524T mutant exhibited at least a 10-fold increase in sensitivity of 

each mAb in the panel as indicated by the lowered IC50 value of mAb when challenged 

against WT virus. A summary of IC50 demonstrates an overall ~20-fold increase in nAb 

sensitivity for the mutant (Fig 3.14 B). Kd values were also obtained from the ELISA 

data and the results from the expanded panel were largely in keeping with the binding 

curves of the representative mAbs (Fig 3.13 C), with all mAbs except CBH-7 

demonstrating no significant difference in binding to WT and I438V A524T sE2 (Fig 

3.14 C). Moreover, a summary Kd plot corroborated there was no difference in the 

antigenicity of WT and I438V A524T E2 (Fig 3.14 D). 

To summarise, the I438V A524T mutant exhibits acute sensitivity to antibody-

mediated neutralisation without intrinsic changes to the antigenicity of E2. This would 

suggest that whilst nAb binding remains unaltered, the consequences of antibody 

binding are dramatically changed 

 

 

            

            

            

            

            

            

            

            

            

            

    

 

 

 

 

 

 

 
 

 
Figure 3.14. WT and I438V A524T HCV are differentially sensitive to mAb 
neutralisation despite possessing antigenically similar E2. (A) 50% inhibitory 
concentrations (IC50) of mAbs separated according to antigenic targets. mAb 
names are provided for each target. FL and BL refer to Front Layer and Back Layer. 
Continued on next page. 
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3.12  Differential rate of enzymatic processing of WT and mutant 
sE2 
The antigenic similarity between WT and I438V A524T E2 would suggest there is no 

gross conformational change associated with the hyperreactive phenotype. Another 

way to gain insights into protein fold is by performing limited proteolysis (392). 

Therefore, we subjected WT and I438V A524T sE2 to Endoproteinase GluC 

processing; this serine proteinase preferentially cleaves peptide bonds C-terminal to 

glutamic acid (E) residues. We tracked the production of the N-terminal product by 

probing western blots with J6.36 (Fig 3.15 A), seeing as the first possible cleavage 

site in E2 is E446. The products following cleavage were identical between WT and 

the mutant sE2, however, there was a suggestion the two were processed at different 

rates. Quantification of the rate of production of the N-terminal fragment using 

ImageLab software revealed that I438V A524T underwent cleavage faster than WT 

sE2 (Fig 3.15 B). This suggests subtle structural differences may underpin 

hyperreactive phenotype. 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 legend continued. E1E2 mAbs bind to a discontinuous epitope 
comprising elements of both E1 and E2. U represents summary poorly defined 
epitopes. (B) A summary IC50 plot of the 14 mAbs in A, asterisks indicate statistical 
significance. (t-test, GraphPad Prism). (C) Estimated dissociation constants (Kd) of 
9 mAbs separated according to antigenic targets. (D) A summary of the Kd values 
of the mAbs in C, there is no statistical difference between WT and I438V A524T 
(t-test, GraphPad Prism). 
 
data points are colour-coded according to their target 
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3.13  Pseudoparticles reproduce findings in authentic HCVcc 
Previous work has suggested E1E2 mutations arising through cell-culture adaptation 

may alter the lipoprotein content of the virion (229). To remove all doubt that the 

hyperreactive phenotype of the I438V A524T is solely driven by E1E2 themselves, 

and does not require contributions from lipoproteins, we sought to replicate our 

findings in the pseudoparticle system (HCVpp), which are devoid of any lipoprotein 

components. To this end, I438V A524T HCVpp recapitulated the hyperreactive 

phenotype seen in HCVcc. First, we found that I438V A524T HCVpp was less 

 

 
Figure 3.15. Limited proteolysis of Soluble E2. sE2 (WT or I438V A524T) was 
incubated at 37°C with Endoproteinase GluC for up to 4 hours. (A) Representative 
western blot images of digestion over time (minutes and hours as indicated); 
incubation with GluC gives rise to a ~30kda digest product (E2Fragment). (B) The 
kinetics of digestion was evaluation by measuring the quantity of E2Fragment; the 
data is expressed relative to the intensity of product at 4 hours, data points 
represent the mean of three independent experiments, error bars indicate standard 
error of the mean. Data were fitted with a hyperbola function and curves were 
compared to determine statistical significance (F-test, GraphPad Prism). 
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dependent on SR-B1 for entry, as indicated by enhanced infection of SR-B1 KO Huh-

7 cells (Fig 3.16 A). The mutant HCVpp also underwent spontaneous inactivation more 

rapidly than WT virus (Fig 3.16 B). Lastly, the I438V A524T HCVpp was acutely 

sensitive to patient IgG (Fig 3.16 C). Taken together, these findings suggest that the 

contribution of virion-associated lipoprotein to the hyperreactive is negligible. 

 

            

            

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
 

 
Figure 3.16. The hyperreactive phenotype is recapitulated in HCV 
pseudoparticles. We characterised WT and I438V A524T E1E2 in the context of HCV 
pseudoparticles. (A) HCVpp infection of parental or receptor knockout Huh-7, data is 
expressed relative to parental cells. (B) Stability of HCVpp at 37°C, data points 
represent the mean of three independent experiments, data was fitted using an 
exponential decay function. (C) Neutralisation of HCVpp by patient IgG, data points 
represent the mean of three independent experiments. Data was fitted with a hyperbola 
function (I438V A524T) or semilog function (WT). In each plot error bars indicate 
standard error of the mean; asterisks denote statistical significance (ANOVA, 
Graphpad prism); all curves determined to be statistically significant (F-test, Graphpad 
prism). 
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3.14 Discussion 
In this chapter, we report that cell-culture adaptation of the J6 strain of HCV had 

pleiotropic effects on the viral infectivity, receptor interactions and nAb sensitivity. 

Comparison of the WT and I438V A524T E1E2 phenotypes indicate that there is an 

intrinsic link between the evolutionary selective pressures of efficient entry and nAb 

evasion. Notably, the data presented in this chapter suggests structural changes in 

E1E2 underpin the transition to hyperreactive HCV during cell-culture adaptation.  

E1E2 acquisition of CD81 is a prerequisite for HCV entry, we previously 

demonstrated the viral glycoprotein can achieve this intrinsically or, more favourably, 

by first being primed by SR-B1 (219). Here we show SR-B1 dependency reduces HCV 

entry efficiency. This begs the question as to why HCV does not exist in a 

hyperreactive state akin to the I438V A524T mutant? The antibody challenge data 

indicate that, against an intact immune system, any gains in entry efficiency would be 

offset by reduced cell-free infections since hyperreactivity bestows increased nAb 

sensitivity. Therefore, it is likely HCV evolved to utilise SR-B1 during its evolutionary 

quest to resist the human humoral immune system. To this end, others have observed 

strong correlations between variant SR-B1 dependency and nAb resistance (346,393). 

Thus, the findings reported here add to this growing list of evidence indicating HCV 

SR-B1 dependency and nAb resistance are intrinsically linked. 

Although direct evidence is lacking, it is widely presumed that the interaction 

with SR-B1 primes E1E2 for its acquisition of CD81 (222,346). Here, our entry kinetics 

data provides indirect but convincing evidence for this phenomenon. If one assumes 

that this dispensable stage of HCV entry is a rate-limiting step, then E1E2 that is 

hyperreactive to stimulation by SR-B1 or can bypass SR-B1 binding entirely should 

possess faster entry kinetics. Our data does indeed support this notion since 

hyperreactive mutant HCV completes entry much quicker than the SR-B1 dependent 

WT virus.  

The contrasting stabilities of WT and I438V A524T virus mean we had to be 

cautious when interpreting the results obtained from the entry kinetics experiments. 

As I438V A524T E1E2 is three-fold less stable compared to WT, it is conceivable a 

large proportion of the mutant virus is already thermally inactivated by the time point 

we use for data normalisation. Therefore, the rapid saturation we see in the entry curve 

of the mutant virus could be reflective of a loss in infectivity rather than faster entry. 
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Nonetheless, the fact that the experimental data are in close agreement with the 

predictions from the mathematical model suggests our experiment tracked entry 

because the mathematical model integrated thermostability in addition to receptor 

dependency. It’s important to note that the mathematical model does not capture HCV 

entry events when SR-B1 is entirely unavailable in the system. This is because WT 

and mutant virus were able to achieve infectivity of 30% and 75% (Fig 3.5 E), 

respectively, in cells that were treated with the highest concentration of anti-SR-B1 

sera (Fig 3.5 C). These values are considerably higher than those observed in SR-B1 

KO cells (Fig 3.3 B). High concentrations of a mAb would probably inhibit infection to 

a comparable extent as SR-B1 ablation; as was observed for CD81, where the 

complete inhibition observed in CD81 KO cells was recapitulated at saturating 

concentrations of anti-CD81 (Fig 3.5 D & F). 

Acute sensitivity of the I438V A524T HCV to sCD81 and mAbs targeting the 

CD81 binding site suggest global structural changes. Intriguingly further assessment 

of the antigenic properties of the mutant by ELISA against a panel of mAbs suggests 

its E2 is antigenically equivalent to WT E2. This is consistent with Augestad et al who 

recently reported discrepancies in particle nAb sensitivity and E2 antigenicity 

measured by ELISA (346). A limitation of ELISA is that it is a solid-phase technique 

making it impossible to measure Koff rates and subsequently the true Kd. To this end, 

preliminary SPR experiments indicate that there is no difference in the Koff rate of WT 

and mutant E2 when bound to the large extracellular loop of CD81 (data not shown), 

thereby corroborating the results obtained by ELISA.   

The antigenic similarity of WT and I438V A524T sE2 suggest SR-B1 

engagement does not necessarily unmask E2 to expose critical epitopes as was 

previously suggested (335,394,395). However, it’s important to note sE2 may not 

necessarily recapitulate epitope presentation on authentic virus particles. Still, the 

disparity in the processing rates of WT and mutant sE2 suggests there are subtle 

differences between the two. As the product of proteolytic cleavage appeared to be 

identical (see fragment bands in 3.14 A), the most likely reason for the faster 

processing of the mutant is that it has altered conformational dynamics. We recently 

reported that the HVR-1 of E2 bears the hallmarks of an intrinsically disordered protein 

region (330), which may allow it to regulate the conformational landscapes of distal E2 

domains. Notably, SR-B1 binding is reduced in the mutant sE2, suggesting some 

intrinsic features of HVR-1, also the putative SR-B1 binding site, are altered to achieve 
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hyperreactivity. Thus, HVR-1 may be a structural linchpin governing both SR-B1 

dependency and antibody resistance. A putative mechanism for this will be put forward 

and subsequently corroborated in the next chapter.  

Viral evolution during cell-culture adaptation does not reflect, nor can it predict 

HCV evolution during natural patient infection. Indeed, given the acute nAb sensitivity 

of the mutant, it is highly improbable HCV would follow evolutionary pathways to 

become hyperreactive in the presence of an intact adaptive response. Nonetheless, 

polymorphisms at residue 438 have been observed in vivo, and are thought to control 

nAb escape and receptor dependency (17,396). Bailey and colleagues observed an 

L438I substitution in two HCV+ individuals who were under longitudinal clinical 

surveillance throughout their infection (17). Introducing this mutation into the 

transmitted/founder ancestor by reverse genetics led to a reduction in viral fitness and 

sE2-CD81 binding. Additionally, position 438 is often identified in predictive in-silico 

evolutionary modelling of E2 as a site that regulates escape from a broad number of 

bnAbs (393,397). Experimental work to validate the modelling in one of these studies 

found that an L438V mutation reduced binding to SR-B1 as well as increased the 

sensitivity of a genotype 1b strain of HCV to the non-overlapping bnAbs HC33.4 and 

AR4A (393). These observations highlight the relevance of using minimalist, in-vitro 

approaches such as cell-culture adaptation to study HCV evolution. In the next 

chapter, we again perform cell-culture adaptation but maintain infected cells in nAbs 

to emulate sustained immunological pressure. 

In summary, we have demonstrated that HCV E1E2 evolves to optimise entry 

in the absence of adaptive immunity. Comprehensive phenotyping of a mutant from 

the successful lineage revealed evolution toward enhanced entry, achieved through a 

reduction in SR-B1 binding and a concomitant loss of nAb resistance. We also provide 

evidence for SR-B1 priming of E1E2-CD81 interactions via an experimentally verified 

mathematical model.  Moreover, our data suggest that mutant, hyperreactive E2 has 

subtle structural differences with WT E2. In the next chapter, we compare the two 

glycoproteins using both in-vitro and in-silico methods to elucidate the physical 

properties governing SR-B1 dependency and nAb resistance, and how the two are 

necessarily mechanistically linked.  
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4 An entropic safety catch controls HCV entry and antibody 
resistance  
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4.1 Introduction 
The findings in the preceding chapter suggest subtle structural differences, may 

underlie the hyperreactive, acute antibody sensitive phenotype of entry optimised 

HCV. The work described in this chapter builds upon work by Lenka Stejskal which 

characterised the hyperreactive mutant E2 glycoprotein computationally and 

biophysically. An overview of her findings is described as part of the introduction. 

Previous work by ourselves and others has indicated that flexibility and disorder 

are conserved features of E2 (323,330,355,358). Efforts to study E1E2 protein 

dynamics on native virions, as performed with HIV-Env and SARS-CoV-2 spike 

(325,398), are hampered by the heterodimer’s small size, and the fact the oligomeric 

arrangement relevant for infection is yet to be solved. So, we instead performed 

molecular dynamics (MD) to study the conformational landscape of monomeric 

hyperreactive E2. MD is an in-silico method employed to simulate the motions of 

atoms in space (399) by the numerical solution of classical Newtonian dynamic 

equations. Therefore, MD can be used to model the conformational ensemble of a 

given protein.  

In our previous work, we first modelled the complete structure of the J6 (WT) 

E2 ectodomain and performed five independent 1 μs MD simulations (330). We again 

employed a similar strategy to compare WT E2 and I438V A524T E2.  We found that 

the overall motion of the two was similar, as reflected by their root mean square 

fluctuation profiles. However, HVR-1 in I438V A524T was consistently stabilised 

compared to that of WT E2, which, as previously reported, is highly dynamic (Fig 4.1 

C). This stabilisation is best illustrated by comparing mutant and WT HVR-1 root mean 

squared deviation (Fig 4.1 A & B), which captures motion over time. This result is 

interesting considering the two mutations do not map to HVR-1. Indeed, this result 

offers a coherent explanation as to how cell-culture adapted HCV strains exhibit 

reduced SR-B1 dependency despite HVR-1 remaining genetically unchanged 

(248,379,380,390).      

Interestingly, HCV virions genetically deleted of HVR-1 remain infectious. 

Notably, ΔHVR-1 HCVcc strains exhibit acute sensitivity to nAbs, akin to I438V A524T, 

and they intrinsically have to traverse route 2 (SR-B1 independent route) for entry (Fig 

1.23)  (219,310,311,400). We, therefore, reasoned that ΔHVR-1 and I438V A524T E2 

may share biophysical properties. We first analysed sE2 by circular dichroism (CD), 

which gives a low-resolution ensemble measurement of protein structure. Here I438V 
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A524T and ΔHVR-1 were physically indistinguishable from one another but distinct to 

WT E2 (Fig 4.1 D). Of note, estimations of their structural composition indicated I438V 

A524T and ΔHVR-1 E2 exhibited a significant reduction in unordered components, 

consistent with the MD experiments. We also analysed E2 by differential scanning 

fluorimetry (DSF). DSF tracks the changes in intrinsic protein fluorescence upon 

solvent exposure of tryptophan residues, thereby providing a surrogate measure of 

protein folding. At physiological temperature, the intrinsic fluorescence ratio of I438V 

A524T and ΔHVR-1 E2 were higher than WT, consistent with the two adopting an 

alternative fold to WT (Fig 4.1 E). 
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The MD simulations suggest that E1E2 hyperreactivity is achieved through 

tuning of HVR-1 dynamics, a notion supported by the biophysical similarity of I438V 

A524T and ΔHVR-1 E2. Thus HVR-1 dynamics provide a potential mechanism that 

links SR-B1 dependency, entry efficiency and nAb sensitivity. We propose a molecular 

model of the early events of HCV entry: on circulating particles HVR-1 exhibits high 

conformational entropy, constantly sampling different disordered states (Fig 4.2). 

However, during virus entry, engagement of SR-B1 constrains HVR-1 motion, this will, 

necessarily, reduce conformational entropy (401). The requirement for SR-B1-

mediated stabilisation of HVR-1 creates an energy barrier to subsequent events in 

HCV entry, including CD81 engagement and fusion. In this way, HVR-1 acts as a 

safety catch that prevents premature triggering of E1E2. In the hyperreactive I438V 

A524T mutant, pre-stabilisation of HVR-1 overcomes (or lowers) the energy barrier, 

thereby releasing the safety catch, reducing the dependency for SR-B1 and enhancing 

entry efficiency, but rendering E1E2 more prone to spontaneous triggering and 

inactivation.    

 The work presented in this chapter sets out to validate the entropic safety model 

using cell-culture systems. Firstly, we examined ΔHVR-1 (in HCVcc and sE2 systems) 

to see if it is phenotypically like I438V A524T, as the two appear biophysically similar 

(Fig 4.1 D & E). Indeed, the entropic safety catch should theoretically be entirely 

abolished in the ΔHVR-1 virus meaning its reactivity may exceed that of I438V A524T. 

Next, we performed a second cell-culture adaptation experiment, this time maintaining 

WT HCV infected cells in the absence or presence of HCV+ patient IgG to recapitulate 

Figure 4.1. I438V A524T E2 exhibits stabilisation of HVR-1. The conformational 
dynamics of WT and I438V A524T E2 ectodomain were explored by MD simulations. 
(A) Images summarising two representative simulations; HVR-1 is colour coded 
according to time (as shown in key), the remainder of E2 is shown in grey for the 
t=0.05μs frame only. (B) Root mean square deviation (RMSD) of HVR-1 for the 
simulations shown in A. (C) Mean root mean square fluctuation for WT and I438V 
A524T E2, from five independent experiments, error bars indicate standard error of 
the mean. X-axis displays regions of E2. Inset provides a zoom of the data for HVR-
1, RMSF values to the left of the dashed line reach statistical significance (ANOVA, 
GraphPad Prism). (D) Estimation of unordered protein content, by circular dichroism 
spectroscopy, for WT, I438V A524T and ΔHVR-1 soluble E2. Data represent the 
mean of three independent measurements. (E) Intrinsic fluorescence ratio (330nm 
and 350nm) measured by nanoscale differential scanning fluorimetry, for WT, I438V 
A524T and ΔHVR-1 soluble E2 at 37°C. Data represent the mean of three 
independent measurements. Asterisks denote statistical significance (ANOVA, 
GraphPad Prism). Data generated by Lenka Stejskal. 
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nAb-exerted immune pressure on E1E2. In this experimental set-up, come the end of 

the adaptation, virus maintained in patient IgG should retain the entropic safety catch 

if it is indeed a mechanism for HCV to resist the humoral immunity. As before, we 

assessed any mutants observed for their impact on HCV infectivity, receptor 

dependency and antibody sensitivity. 

 

The specific aims were to: 

1. Compare the phenotypes of the hyperreactive mutant to ΔHVR-1 HCV.  

2. Track HCV E1E2 evolution when cultured under the selective pressure of 

nAbs.  

3. Determine the cell entry properties and nAb sensitivity of any E1E2 

polymorphisms arising in the adaptation experiment.    
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4.2  HVR-1 deleted HCV is hyperreactive 
Based on our previous work, HVR-1 has the hallmarks of an intrinsically disordered 

protein region (IDPR). Regulation of protein function by IDPRs has been described in 

other systems. For example, the entropic force generated by an IDPR in the enzyme 

UGDH (UDP-α-D-glucose-6-dehydrogenase) was shown to shift the conformational 

ensemble of the protein toward a substrate with a high affinity for an allosteric inhibitor. 

 
Figure 4.2. HVR-1 is an entropic safety catch that controls HCV entry and nAb 
resistance. On free virions HVR-1 is dynamic and disordered. In this state, it exerts 
an autoinhibitory function and suppresses E1E2 activity while maintaining nAb 
resistance. When HVR-1 is stabilised by interaction with SR-B1 (1., bottom) 
autoinhibition is turned off, thereby priming E1E2 for downstream events, including 
subsequent engagement to CD81 (2.). Therefore, HVR-1 function is analogous to that 
of a safety catch on a firearm, turning it off it the first step to fusion. Mutations that pre-
stabilise HVR-1 also turn off the safety catch to prime entry but render E1E2 acutely 
sensitive to nAbs. The dynamics of HVR-1 are illustrated with snapshots from MD 
simulations of WT E2 (top) and an HVR-1 stabilised mutant (I438V A524T, bottom). 
HVR-1 is colour-coded by time, each colour representing a 50 ns snapshot in time. 
Models not in scale. 
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Drawing from this, we further analysed our MD data using dynamic cross-correlation 

(DCC), which provides a measure of coordinated/correlated motion within MD 

simulations. DCC analysis of WT E2 suggests that motions in HVR-1 generate force 

that is transmitted throughout the protein (Fig 4.3). Conversely, correlated motions 

were absent in simulations of I438V A524T E2, where HVR-1 is stabilised. This result 

suggests the absence of an entropic force in the mutant and provides a potential 

mechanism by which disorder in HVR-1 can influence the entire protein. 
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Drawing from the DCC analysis, we postulated that genetic removal of HVR-1 

would overcome the energy barrier and release the entropic catch, and thereby 

generate hyperreactive HCV. We first analysed the entry properties of WT, I438V 

A524T and ΔHVR-1 HCVcc. As before, the I438V A524T mutant had a higher 

infectious titre and was less dependent on SR-B1 compared to WT (Fig 4.4 A & B). 

However, ΔHVR-1 virus exceeded the mutant in both criteria, particularly in terms of 

infectivity, where we witnessed two-fold the level seen in the mutant.  

            

            

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Next, we compared the intrinsic stability and neutralisation sensitivities of the 

three viruses. We found that ΔHVR-1 HCV exhibited a hyperreactive phenotype that 

far exceeded the I438V A524T mutant: ΔHVR-1 particles were >2-fold less stable and 

 

 
Figure 4.4. HVR-1 deletion renders HCV hyperreactive. (A) The mean infectivity 
of WT, I438V A524T and ΔHVR-1 HCVcc; foci forming units are corrected for input 
HCVcc copy numbers (B) HCVcc infection of parental Huh-7 cells or those 
CRISPR/Cas9 edited to prevent expression of CD81 or SR-B1. Data is expressed 
relative to parental cells, mean of three independent experiments. In each plot error 
bars indicate standard error of the mean; asterisks denote statistical significance 
(ANOVA, GraphPad Prism). 
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Figure 4.3. Dynamic cross-corelation analysis of E2 MD simulations. Dynamic 
cross correlation provides a residue-by-residue pairwise comparison of motion in MD 
trajectories to reveal correlations/anti-correlations in protein movement. Average 
DCC matrices for WT and I438V A524T E2 MD simulations are provided. As 
depicted in the key, yellow/green indicate positive correlations; blue indicates 
negative correlations; white indicates lack of correlation. The black boxes indicate 
hotspots of correlation at disulphide bonds; these correspond to areas in which HVR-
1 motions are felt most strongly (arrows). 
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>10-fold more sensitive to patient IgG compared to WT. Collectively, these data agree 

with the safety catch model. Furthermore, as the safety catch mechanism is regulated 

by HVR-1 conformational dynamics, then it may be expected that its removal would 

render HCV more reactive than its stabilisation, as our data shows. Indeed, MD 

simulations show that, though it is stabilised relative to WT, HVR-1 in the I438V A524T 

mutant still possess appreciable motility (Fig 4.1 A).   

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3  ΔHVR-1 soluble E2 does not exhibit enhanced CD81 binding 
Next, seeing as ΔHVR-1 virus displayed all the hallmarks of hyperreactivity, we 

reasoned it would also exhibit superior binding to CD81, akin to the I438V A524T 

mutant. We therefore again employed cell-binding assays to measure sE2 binding to 

CHO cells transduced to express the human HCV binding receptors (see Fig 3.6). As 

expected, ΔHVR-1 E2 did not bind SR-B1 expressing cells since HVR-1 contains the 

putative SR-B1 binding site (Fig 4.6 A, left panel). Curiously, we observed that ΔHVR-

1 E2 bound CD81 to the same degree as WT E2 whereas I438V A524T E2 binding 

was enhanced three-fold (Fig 4.6 A & B). As our DCC analysis suggests HVR-1 

dynamics are communicated throughout E2, this unexpected result may be a 

consequence of a loss in the conformational flexibility in the CD81 binding site 

 
Figure 4.5. HVR-1 HCVcc is acutely sensitive to antibodies. (A) Stability of 
HCVcc at 37°C, data points represent the mean of three independent experiments, 
data was fitted using an exponential decay function. (B) Neutralisation of HCVcc 
by patient IgG, data points represent the mean of three independent experiments. 
Data was fitted with a hyperbola function (I438V A524T and ΔHVR-1) or semilog 
function (WT). In each plot error bars indicate standard error of the mean. All curves 
determined to be significant different to one another (F-test, GraphPad Prism). 
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(specifically the front layer) following HVR-1 removal (322,363). This potentially limits 

the access of ΔHVR-1 E2 to conformational ensembles most preferable for direct 

CD81 engagement. Alternatively, the mutations in I438V A524T may have a direct 

effect on CD81 engagement (see discussion).   

 

  

 

 

 

 

 

 

  

 

 

 

 

 
 
 
 
 
 
 

We also noticed that the margin of CD81 binding between WT and I438V A524T 

E2 was dependent on the anti-sE2 primary antibody used for detection. CD81 binding 

signals were more prominent when detected using J6.36, an HVR-1 specific mAb (Fig 

4.7 A & B). However, detection using an anti-Strep-II tag increased I438V A524T CD81 

binding from >2-fold (as determined via J6.36) to nearly ~4-fold (Fig 4.7 C). This 

disparity in fold binding may again be a consequence of restricted access to 

conformational ensembles due to the stabilisation of a distal epitope. In this instance, 

induced fitting of the CD81 binding surface of E2 (front layer and AS412) into the 

apposed CD81 surface may restrict HVR-1 fold to that with reduced J6.36 accessibility 

in the mutant. Indeed, J6.36 engagement may stabilise HVR-1, mimicking SR-B1 in 

the safety catch model, thereby promoting interaction with CD81. If the safety catch 

model faithfully recaptures authentic E1E2 receptor-binding events, one may expect 

 
 
Figure 4.6. ΔHVR-1 sE2 binding to CHO cells expressing human HCV receptors. 
CHO cells were transduced with lentiviral vectors expressing human SR-B1 or CD81 
and then used in an sE2 binding assay. (A) Representative flow cytometry histograms 
of 40 μg/ml WT, I438V A524T or ΔHVR-1 sE2 binding to CHO cells expressing SR-
B1 (left panel) or CD81 (right panel). (B) Transduced CHO cells were incubated with 
a serial dilution of sE2. Data is normalised to 40 μg/ml WT sE2 binding to transduced 
CHO cells. Data are representative of the mean of three experiments and the error 
bars indicate the standard error of the mean. Data were fitted with hyperbola function 
and the curves compared by statistical testing to confirm significant difference (F-test, 
GraphPad Prism).  
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HVR-1 stabilisation to benefit WT sE2 binding to CD81 more so than the mutant, 

where HVR-1 is inherently stabilised (Fig 4.1 A-C). Therefore, the differential in I438V 

A524T CD81 binding as detected by Strep-mAb and J6.36 may reflect the mutant’s 

intrinsic binding to said receptor and a subpopulation of mutant E1E2 that still requires 

SR-B1 priming to acquire CD81 (Fig 4.4 B)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.4  Culture adaptation of HCV in the presence of nAbs 
Our analysis of representative sequences from HCV genotypes 1-6 predicts that 

intrinsic disorder within HVR-1 is conserved, therefore the safety catch mechanism 

may be ubiquitous to all HCV strains (330). Given the advantages of increased 

infectivity and improved entry efficiency, we questioned why HCV would not evolve 

exist in a hyperreactive state. Considering the acute sensitivity of hyperreactive HCV, 

it’s likely that the development of a nAb response during natural infection prevents the 

emergence of hyperreactive strains. To test this, we performed new culture 

adaptations. We propagated WT HCV in the presence or absence of pooled patient 

 
Figure 4.7. ΔHVR-1 sE2 binding to CHO cells expressing human HCV receptors. 
CHO cells were transduced with lentiviral vectors expressing human SR-B1 or CD81 
and then used in an sE2 binding assay. Raw mean fluorescence intensity (MFI) 
values of 40 μg/ml of indicated sE2 binding to CD81 detected by (A) J6.36 and (B) 
strep-mAb. Of note, ΔHVR-1 sE2 binding is not detected by J6.36 since HVR-1 
contains the J6.36 epitope. (C) Normalised binding of 40 μg/ml WT and I438V A524T 
sE2 as detected by stated primary mAb. Data is normalised to 40 μg/ml WT sE2 
binding to transduced CHO cells. Data are representative of the mean of three 
experiments and the error bars indicate the standard error of the mean. Asterisks 
indicate statistical significance. (t-test, GraphPad Prism) 
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IgG. A serial passage strategy was employed, with the concentration of IgG increased 

at each round of selection (Fig 4.8 A). By the fourth round, we observed that virus in 

the unselected culture exhibited enhanced spread and superior infectivity compared 

to virus maintained under antibody selection (Fig 4.8 B and C). When we challenged 

the viral harvests from this round of selection, we saw that virus under patient IgG 

selection retained high resistance to neutralisation whereas unselected virus was 

acutely sensitive (Fig 4.9 A). Furthermore, sensitivity to neutralisation of unselected 

virus isolated from round six of the adaptation was even more pronounced (Fig 4.9 B). 

Altogether, these data suggest that antibody selection does indeed prevent the 

emergence of hyperreactive HCV and provide another demonstration that in the 

absence of immune selection, HCV will evolve to become increasingly hyperreactive.       
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4.5  Antibodies prevent the selection of hyperreactive mutants 
We next performed NGS on supernatant harvests from rounds four and six of the 

adaptation. Analysis of the antibody-maintained culture at round 4 revealed a mixture 

of WT and four polymorphisms with a relative frequency > 0.1 (Fig 4.10 A, right panel). 

However, by the sixth round, all four mutations were no longer detectable, and we 

instead noticed three new polymorphisms present at very low frequencies, indicative 

of a reversion to WT. The loss of the four mutations is consistent with the increased 

concentration of patient IgG selecting for neutralisation resistant virus (i.e., WT).  

Analysis of the unselected culture at round four also revealed several 

mutations, including an S449P substitution (Fig 4.10 A, left panel), which was also 

identified in the early time points of the original culture adaption experiment (Figs S1 

& 3.1) and has previously shown to regulate SR-B1 dependency (402). We therefore 

used reverse genetics to introduce this single mutation and comprehensively 

characterised its E1E2 activity. In every respect, S449P HCVcc exhibited a 

 
Figure 4.9. Neutralisation of culture adapted HCV. Patient IgG Neutralisation 
sensitivity of HCVcc adapted with or without antibody section from (A) round 4 and     
(B) of the adaptation experiment. Data points represent the mean of three technical 
replicates. 
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Figure 4.8. Culture adaptation of HCV under patient antibody selection. 
J6/JFH-1 HCVcc was propagated in Huh-7.5 cells with or without antibody selection 
by pooled HCV+ patient IgG. (A) Schematic cartoon of the selection experiment. 
Diagram produced in BioRender. (B) Micrographs of infection levels 72 hours post 
initiation of round four of the selection experiment. Scale bar = 200 μm. (C) 
Infectious titre of HCVcc cultured with or without patient IgG. Data represent the 
mean of three technical replicates. 
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hyperreactive phenotype practically indistinguishable from I438V A524T virus: with 

enhanced infectivity over WT virus, reduced SR-B1 dependency, high thermal 

instability, and acute sensitivity to nAbs (Fig 4.11 A-D).  

 

  

 
Figure 4.10. Antibody neutralisation prevents the selection of hyperreactive 
mutants during culture adaptation. We performed NGS on supernatant harvests 
from rounds four and six of the serial passage adaptation. The frequency of E1E2 
substitutions that were present at >5% in the population at the end of (A) round four 
and (B) round six of serial passage culture adaptation. Graphs on the left represent 
polymorphisms observed in virus maintained without antibody selection and those 
on the right virus that underwent antibody selection. The bars are coloured 
according to the functional/structural subunit locale of the substitution.     
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NGS analysis of the unselected culture at round six revealed three 

polymorphisms (R317H [in E1], T387A and R408G) that had very nearly reached 

fixation (Fig 4.10 B, left panel). We subsequently introduced all three mutations 

together into E1E2 and determined the receptor usage and antibody sensitivity of the 

triple mutant in using the pseudoparticle system. Just as the S449P HCVcc from round 

 

 
Figure 4.11. S449P HCVcc is hyperreactive. We comprehensively phenotyped 
the S449P mutant seen at round four of the culture adaptation. (A) Infectivity of 
WT, I438V A524T and S449P HCVcc, expressed as foci forming units per ml, 
values were normalised for in input particle numbers (RNA genomes). (B) Receptor 
dependency of HCVcc, infection values have been expressed relative to that 
observed in parental Huh-7 cells. (C) Stability of HCVcc at 37°C, data was fitted 
using an exponential decay function. (D) Neutralisation sensitivity of HCVcc. Data 
was fitted with a hyperbola function (I438V A524T and ΔHVR-1) or semilog function 
(WT). In each plot error bars indicate standard error of the mean. Asterisks denote 
statistical significance (ANOVA, GraphPad prism). All curves determined to be 
significant different to one another (F-test, GraphPad prism). 

A. B. 

C. D. 
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four, triple mutant HCVpp exhibited a hyperreactive phenotype. Of note, the reactivity 

of triple mutant E1E2 appeared to surpass that of I438V A524T since the triple mutant 

is less dependent on SR-B1 and >5 fold more sensitive to patient IgG (Fig 4.12 A & 

B). This would explain why the S449P polymorphism was lost by round six. As the 

triple mutant HCV is more reactive I438V A524T virus (the phenotypic equal to 

S449P), it is likely the triple mutant disseminates in culture faster (see Fig 3.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

4.6  S449P HVR-1 is stabilised in MD simulations 
Given its likeness to I438V A524T, we reasoned that S449P would also exhibit HVR-

1 stabilisation. MD simulations revealed that HVR-1 in S449P E2 was stabilised to the 

same extent as in I438V A524T (Fig 4.13 B & C). Conversely, HVR-1 in WT E2 was 

highly dynamic even though the overall motion of all three E2 was similar (Fig 4.13 A), 

in keeping with our previous simulations (Fig 4.1 A-C). Taken together with the results 

from S449P HCVcc phenotyping (Fig 4.11), the MD data strongly supports the safety 

catch model and suggest that hyperreactive HCV can only emerge in the absence of 

 

 
Figure 4.12. R317H triple mutant pseudoparticles are hyperreactive. We 
characterised WT, I438V A524T and R317H T387A R408G E1E2 in the context of 
HCV pseudoparticles. (A) HCVpp infection of parental or receptor knockout Huh-7, 
data is expressed relative to parental cells. (B) Neutralisation of HCVpp by patient 
IgG, data points represent the mean of three independent experiments. Data was 
fitted with a sigmoidal function. In each plot, error bars indicate standard error of 
the mean; asterisks denote statistical significance (ANOVA, GraphPad Prism); all 
curves determined to be statistically significant (F-test, GraphPad Prism). 
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antibody selection. Moreover, the safety catch appears to be an important mechanism 

for maintaining HCV resistance to neutralising antibodies. 

 
 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.7 Discussion 
In this chapter, we propose that HVR-1 of HCV E2 possesses an entropic safety catch 

that regulates E1E2 reactivity, entry efficiency and antibody resistance. Our model 

suggests that, by constraining HVR-1, E2-SR-B1 interactions release the safety catch 

at the cell surface. Alternatively, HCV can evolve to pre-constrain HVR-1, therefore 

 
Figure 4.13. HVR-1 is stabilised in S449P E2. The conformational dynamics of 
WT, I438V A524T and S449P E2 ectodomains were explored by MD simulations. 
(A) Root mean square fluctuation (RMSF) of the three E2, from five independent 
experiments, error bars indicate standard error of the mean. (B) Average RMSF of 
WT I438V A524T and S449P HVR-1. (C) Images summarising representative MD 
simulations of three E2. HVR-1 is colour coded according to time (as shown in key), 
the remainder of E2 is shown in grey for the t=0.05 μs frame only 
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de-suppressing E1E2 reactivity, however, this evolutionary pathway is blocked by 

neutralising antibody selection. 

The safety catch model we are proposing is supported by over a decade of 

research into HCV entry. It has long been established that HVR-1 deletion renders 

HCV sensitive to neutralising antibodies (306,310,311,403,404). This originally led to 

the hypothesis that HVR-1 acts as a shield to occlude neutralising epitopes and the 

CD81 binding site. However, it has since become clear that the breadth in nAb 

sensitisation is not easily explained by a simple shielding model (311,346). Moreover, 

many studies have noted that polymorphisms arising during cell-culture adaptation 

confer altered SR-B1 dependency and sensitivity to neutralisation (205,379,405,406). 

Finally, data presented in chapter three and that from other studies strongly indicates 

that initial interactions with SR-B1 may act to prime subsequent events in HCV entry 

(219,400). The HVR-1 safety catch model sufficiently explains all the above 

observations. As such, this work likely provides some insights regarding the order and 

functional consequences of early E1E2-receptor binding events. 

Curiously, HVR-1 deletion did not confer complete independence from SR-B1 

mediated entry, even though E2-SR-B1 interactions are not possible in this virus (211). 

Considering SR-B1 is a lipoprotein receptor and HCVcc particles high LDL and VLDL 

content, it is very likely virion-associated lipoproteins contribute to cell surface 

attachment. Therefore, the residual SR-B1 dependency of ΔHVR-1 virus may reflect 

the lack of particle tethering through SR-B1-apolipoprotein interactions. It was 

previously suggested LDL-R and SR-B1 play a redundant role in HCV entry (218). 

Nonetheless, we did not consider the contribution of LDL-R in our investigations as 

LDL-R does not interact directly with E1E2. Furthermore, the hyperreactive phenotype 

was recapitulated in HCV pseudoparticles, a system where LDL-R dependent virion 

tethering through apolipoprotein interactions is impossible. 

Our model implies that HCV entry efficiency and nAb resistance are opposing 

selection pressures that are balanced via tuning of HVR-1 dynamics. Consistent with 

changes in E1E2 reactivity, various studies have identified E2 polymorphisms in 

patients that alter antibody sensitivity, receptor usage and infectivity when evaluated 

in cell culture (205,393,407). This would suggest that HCV responds to emergent nAb 

responses by trading reductions in entry efficiency for increases in nAb resistance. 

Therefore, the HVR-1 safety catch likely represents an adaptation to the ongoing 

immune assault in chronic infection. Indeed, sequence alignment with E2 from closely 
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related hepaciviruses (e.g., equine hepacivirus) suggest that HVR-1 was acquired at, 

or before, HCV’s emergence as a human virus. Fittingly, unlike HCV, equine 

hepacivirus (EqHV) has an acute resolving course and immune protection lasts at 

least a year and attenuates subsequent infections (408). This highlights HVR-1 not 

only as a feature by which HCV can resist immune assault but also one that 

contributes significantly to the virus’ ability to establish chronicity.      

 HVR-1 is an immunodominant target for antibodies, but as HVR-1 is also highly 

unstable at the genetic level, it can quickly accumulate mutations to escape nAb 

responses during infection (400,409). Polymorphisms here not only permit for the 

evasion of HVR-1 specific responses, they can also protect the virus from antibodies 

targeting distal epitopes, including the front layer (346). Our model would suggest that 

disorder and conformational entropy are critical for HVR-1 function. This feature likely 

underpins its ability to tolerate such extensive variation. Whereas antigenic variation 

driven by nAb selection is detrimental to other functionally important E2 regions (17), 

it's that likely continuous antigenic drift ensures that the disorder of HVR-1 is 

maintained as the disease progresses. This provides a potential feedback system 

where positive selection by HVR-1 specific antibodies promotes its conformational 

entropy, thus sustaining the safety catch mechanism. 

 Unlike the I438V A524T mutations, deletion of HVR-1 did not improve binding 

to CD81, which was surprising given the reactivity of ΔHVR-1 HCV exceeds that of 

the double mutant. This suggests that although CD81 binding is enhanced for I438V 

A524T HCV, it is the reduction in SR-B1 dependency that underpins hyperreactivity 

and speeds up entry kinetics (Fig 3.9). Indeed, it appears E1E2 hyperreactivity is not 

naturally accompanied by improved engagement to CD81. Enhanced CD81 binding is 

reflective of where the two mutations map to, the front layer (I438V) and CD81 binding 

loop (A534T). Still, the epitopes encompassing the CD81 binding site are flexible 

despite consisting of highly conserved residues (322,323,363). Thus, it is possible that 

HVR-1 configurations regulate the conformational landscape of the CD81 binding site, 

and that these states may have different affinities for the receptor. As such, the fold 

with enhanced CD81 affinity may be inaccessible in the absence of HVR-1.  

 A better understanding of the structure-to-function relationship of E1E2 will 

inform rational vaccine design. Our work highlights the importance of HVR-1 in 

regulating E1E2 reactivity and warrants its inclusion in B cell immunogens. Guided by 

the notion that HVR-1 acts as an epitope shield, Law et al immunised mice with ΔHVR-
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1 E1E2 and found it to be inferior to WT E1E2 (410). This reduction in immunogenicity 

may reflect the transition of E1E2 to a non-functional state. Our data suggest that it 

will spontaneously inactivate without the constraint of the HVR-1 safety catch 

mechanism. Furthermore, ΔHVR-1 E1E2 immunisation induced dampened cross-

genotype protection in the same study. This again provides evidence for HVR-1 

regulating the folding states of CD81 binding epitopes since cross neutralising 

responses are principally directed toward the front layer and the CD81 binding loop. 

Vaccine development studies for other viruses suggest that locking entry proteins in a 

prefusion state elicits potent nAb responses (252,411–413). Thus, engineering the 

HVR-1 safety catch to improve E1E2 stability may be a viable strategy for HCV 

immunogen design.  

 To summarise, we report that HCV has a safety catch in place to regulate E1E2 

reactivity. This feat allows it to balance the opposing selective pressures of efficient 

entry and nAb resistance. Although intrinsically disordered protein tails that regulate 

protein function have been observed in eukaryotes (414,415), this is the first account 

of one regulating viral entry/fusion events. Further afield, it is possible convergent 

evolution may have led other viral entry proteins to acquire safety catches as a way to 

resist nAbs (416). Overall, this work puts forward a novel mechanism with regards to 

the early steps of HCV entry. However, there are many gaps yet to fill regarding the 

molecular description of E1E2 function, from receptor binding to fusion pore formation. 

Filling these will not only inform rational vaccine development but also likely reveal a 

novel fusion mechanism. 
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5 Optimising cell systems for the investigation of E1E2 
glycoproteins. 
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5.1  Introduction 
 

Since viruses are genetically diverse it is imperative that experimental systems have 

the capacity to include many isolates allowing for comprehensive assessment of the 

effectiveness of therapeutic and prophylactic interventions (417–419). There are two 

major systems to assess HCV infection in vitro: HCV pseudoparticles (HCVpp) and 

cell-culture derived HCV (HCVcc). HCVpp are based on a disabled retroviral 

construct, which encodes a reporter gene and incorporates the HCV glycoproteins E1 

and E2 in their lipid envelope (281,420). HCVcc are full-length replicative viruses 

generated by the introduction of in vitro transcribed RNA genome in to permissive 

cells; HCVcc are typically based on the JFH-1 clone or chimeras consisting of the JFH-

1 replicase genes NS3-NS5B and Core-NS2 regions of alternative HCV genomes 

(282,283,421).  

The HCVcc system represents a more physiological model of infection and 

allows for a broader study of the HCV life cycle (422). However, this system still largely 

depends on JFH-1 chimeras, which often rely on culture adaptation for optimal 

infectivity, and has challenging production and handling protocols given its biosafety 

level III designation in most regions (423).  In contrast, producing HCVpp is a relatively 

simple task and the ease of handling allows for the simultaneous generation of a 

multitude of clones if one requires (424). The major disadvantage of HCVpp is that 

their application is limited to studying viral entry. Regardless, due to its flexibility, the 

HCVpp system is preferred for characterising neutralising antibody breadth, an 

essential component for screening HCV vaccine candidates. To this end, Wasilewski 

and colleagues recently observed a very strong positive correlation between the 

relative neutralisation resistance of E1E2-matched HCVcc and HCVpp variants 

indicating that either system can be used to phenotype neutralising antibodies (425). 

Furthermore, diverse HCVpp panels were key in identifying the relationship between 

the development of broadly neutralising antibodies (bNAbs) and spontaneous 

clearance of HCV infection (16–18).  

Another important tool for studying HCV entry and vaccine development is a 

soluble form of its glycoprotein E2 (sE2), which is devoid of its transmembrane region 

and is expressed in the absence of E1. Screenings based on sE2 binding to human 

hepatoma cell lines identified the first two HCV entry receptors as being the 

tetraspanin CD81 and scavenger receptor class type B 1 (SR-B1) (211,381). sE2 
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retains proper folding as evidenced by its ability to recapitulate HCV binding to CD81 

and SR-B1, block HCVcc infection and bind various antibodies (301), thereby allowing 

for functional, structural and biophysical characterisation of E2.  

 HEK 293-derived cell lines are extensively used to produce many recombinant 

proteins and pseudoviruses, including sE2 and HCVpp. HEK 293 cells express CD81 

(222,223), therefore it is possible that it may affect the functionality and antigenicity of 

pseudovirus and/or sE2 by interacting with E2 in the cytoplasm during production. 

Here, we generate a novel 293T cell line knocked out for CD81 expression 

(293TCD81KO). Producing HCVpp in this cell line significantly improved or rescued the 

infectivity of the majority of clinical isolates screened (15) without altering particle 

antigenicity. Finally, we show that while sE2 molecules produced in 293TCD81KO and 

293T cells are very similar, they show enhanced binding to anti-E2 antibodies when 

compared to sE2 produced in Freestyle 293-F cells (293-F); another 293-derived cell 

line preferred for the large-scale production of viral glycoproteins (426–428).  

 

5.2  293T cells produce substantial quantities of extracellular 
CD81  
Our study was initiated following an observation we made during routine experiments: 

conditioned media taken from 293T cells contains a high level of CD81. Figure 5.1 

displays extracellular CD81 in filtered conditioned cell-culture supernatant from two 

cell lines extensively used in HCV research (the Huh-7 and 293T cell lines).  We 

detected CD81 in both 293T and Huh-7 conditioned supernatant, although the former 

contained considerably more (Fig 5.1).  The extracellular source of CD81 is likely to 

be exosomes: small extracellular vesicles formed by the inward budding of the late 

endosomal membrane. They measure 30-120 nm in size and are composed of 

proteins, lipids, nucleic acids and other metabolites. Notably, their surfaces are highly 

enriched in tetraspanins such as CD81, which consequently serves as an exosome 

biomarker.  

 

 

 

 

 



Chapter 5 

 126 

     

 

 

 

 

 

 

 

 

 

 

 

 
We next sought to determine if the extracellular source of CD81 was exosomes. First, 

we subjected 293T conditioned supernatant to incremental ultracentrifugation, thereby 

separating extracellular vehicles (EV) according to physical properties, including mass 

and size. The final pellet was then resuspended in PBS and probed for exosomal 

markers by western blot. We detected CD81 in the pellet along with four other markers: 

EpCaM, CD9, Flotilin-1 and Alix (Fig 5.2 A). We also examined the EV pellet for CD81 

levels by fluorescence microscopy and found it was abundant with the tetraspanin (Fig 

5.2 B). These data indicate 293T cells secrete extracellular CD81 and that this is likely 

in the context of exosomes.  

 
  

 
 

Figure 5.1. Detecting CD81 in culture conditioned supernatant. Cell lysates 
and unconcentrated conditioned supernatant of cell lines involved in HCV research 
were analysed by SDS-PAGE and Western blot with a specific anti-CD81 antibody 
(note: a CD81 knockout Huh-7 line is included as a negative control). 
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5.3  HCVpp made in CD81 knock-down 293Ts show enhanced 
infectivity  
Having confirmed 293Ts produce exosomes, we theorised that they may complex 

extracellularly with HCV particles through interactions between CD81 and E2, and that 

this may be detrimental for HCVpp infectivity. To test this, we screened the infectivity 

of a panel of HCVpp produced in 293T cells treated with siRNA targeting CD81 (Fig 

5.3 A). We consistently observed greater infection of Huh-7 cells for HCVpp produced 

in CD81 knockdown 293T cells (CD81-2) compared to their E1E2 matched 

equivalents produced in non-targeted pool siRNA (NTP-2) treated 293T cells (Fig 5.3 

B). Collectively, CD81 knock-down led to a two-fold increase in infection for viruses in 

the panel (Fig 5.3 C) indicating that the expression of CD81 in 293T cells affects 

HCVpp production. 

 

 
 
Figure 5.2. 293T conditioned supernatant contains exosomes. Conditioned 
supernatant was centrifuged sequentially at 300xg, 2000xg, 10,000xg and 
100,000xg. The final pellet was resuspended in PBS and probed for exosomal 
marker expression. (A) The resuspended pellet was analysed by SDS-PAGE and 
Western blot. Blot were probed using a commercial exosome marker kit. (B) 
Micrographs of slides incubated with PBS or resuspended EV pellets and stained 
for CD81. Scale bar = 5 μm. 
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Figure 5.3 Knockdown of CD81 in producer 293T cells increases HCVpp 
infectivity. (A) Cell lysates and unconcentrated conditioned supernatant of 293T 
cells transfected with either a CD81 targeting pool or a non-targeting pool (NTP) of 
siRNA were analysed by SDS-PAGE and Western blot. Molecular mass markers 
are indicated on the right (kDa). Continued on next page. 
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5.4  Generation of CD81 knock-out HEK 293T cells   
Following the above observations, we decided to generate stable cell lines ablated of 

CD81 expression as they could be a useful resource for the production of HCVpp 

(15,429). To delete CD81, we engineered 293T cells with the CRISPR-Cas9 gene-

editing system. We were able to sort edited cells by flow cytometry to obtain pure 

CD81 negative populations (coloured boxes in Fig 5.4 A) since it is a cell surface 

receptor. Sorted cells were then diluted to obtain single-cell clones and expanded (Fig 

5.4 B) until we obtained two stable cell lines: 293TCD81KO guide 1 and guide 3 (g1 and 

g3) (Fig 5.4 C). In addition to producing HCVpp, conditioned supernatant from these 

cells could help us establish if HCVpp and CD81+ exosomes interactions neutralise 

particle infectivity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3 legend continued. (B) Huh-7 cells were infected with an HCVpp panel 
consisting of 14 E1E2 clones produced in 293T cells exhibiting appreciable CD81 
knockdown (white bars) or 293T cells treated with a non-targeting siRNA pool 
(NTP-2) (black bars). Data are represented as raw luciferase units (RLU) and are 
from a single experiment performed in triplicate. Error bars indicate the standard 
deviations between three replicate wells. (C) A compiled summary of the data 
shown in B, connected points indicate a single E1E2 clone and the grey bars 
represent the mean RLU of all clones. Paired t-test, asterisks denote statistical 
significance. 
 



Chapter 5 

 130 

            
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.5  Deletion of CD81 in 293T cells enhances or rescues infectivity 
of patient-derived HCVpp 
To comprehensively determine whether CD81 deletion enhanced HCVpp infection, 

three independent labs screened the infectivities of HCVpp produced in parental 

293Ts and CD81 knock-out cell lines. Firstly, a panel consisting of both prototypical 

strains (e.g., J6 and H77) and clinical isolates was made in the aforementioned cell 

 
 
Figure 5.4. Generation of CD81 knock-out 293T cells using CRISPR. 293T cells 
were transfected with CRISPR Cas9 gene-editing components along with one of 
three guide RNAs (sgRNA) targeting the CD81 exon. (A) 72 hours later cells were 
sorted using flow cytometry to obtain CD81 double negative populations (CD81-/-) 
(red coloured boxes). (B) Cells that received sgRNAs guides 1 and 3 were then 
expanded for 48 hours before dilution for single cell cloning and expansion in a 96 
well plate. (C) CD81 ablation was confirmed by SDS-PAGE and Western blot 
analysis. 
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lines. We consistently observed higher infection across the panel for HCVpp harvested 

from both 293TCD81KO lines (g1 and g3) compared to matched viruses made in parental 

cells (Fig 5.5 A-C). As the infectivities of HCVpp recovered from the two 293TCD81KO 

cell lines were very similar (Fig 5.5 B), we chose the g3 CD81 knock-out lineage for 

subsequent experiments because it exhibited a more homogenous CD81-/- population 

after FACS sorting (see gating in Fig 5.4 B). These cells are, henceforth, referred to 

as 293TCD81KO.  
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Figure 5.5. HCVpp made in CD81 knock-out 293T cells exhibit enhanced 
infectivity. Huh-7 cells were infected with HCVpp produced in parental or 
293TCD81KO cell lines. (A) The infection levels for each clone in the UCL panel which 
consists of prototypical, lab observed and clinical isolates. (B) A compiled summary 
of the infection levels for the UCL HCVpp panel. Connected points indicate a single 
E1E2 clone and the coloured bars represent the mean value. Paired t-test with virus 
produced in parental 293Ts, asterisks denote statistical significance. (C) Calculated 
signal-to-noise ratio (S/N) for the panel. Note, only S/N of virus made in 293TCD81KO 
g3 cells is included.  
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The next screen was of a panel of HCVpp expressing patient-derived E1E2 observed 

in patient cohorts from hospitals in Amsterdam (32 and unpublished) or Nottingham 

(431). Here, the improvement in infection for HCVpp produced in 293TCD81KO cells 

compared to their equivalents made in parental cells was more apparent (Fig 5.6 A & 

B). We observed a five-fold increase in infectivity for four of the tested clones, and this 

effect reached ten-fold for the UKNP 5.2.1 clone. The enhancement of infectivity is 

best demonstrated in the summary of the signal-to-noise ratio, where a three-fold 

increase in S/N is observed for the panel collectively (Fig 5.6 D).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.6. HCVpp made in CD81 knock-out 293T cells exhibit enhanced 
infectivity. Huh-7 cells were infected with HCVpp produced in parental or 
293TCD81KO cell lines. (A) The infection levels for each clone in the AMS panel which 
consists of prototypical and clinical isolates. (B) A compiled summary of the 
infection levels for the AMS panel. Paired t-test with virus produced in parental 
293Ts, asterisks denote statistical significance. (C) Calculated S/N for each clone 
in the panel. (D) A collective summary of the S/N for AMS panel. Connected points 
indicate a single E1E2 clone and the coloured bars represent the mean value. AMS 
data generated by Ana Chumbe. 
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Lastly, we made a panel of HCVpp expressing E1E2 observed in HCV+ individuals 

from the Australian Hepatitis C Incidence and Transmission Studies in prisons (HITS-

p) cohort in the 293TCD81KO cells (432). Following infection read-out, we used the signal 

observed in cells infected with a non-enveloped control to calculate S/N for each clone 

in the panel and compared it to a value previously obtained from when the clone was 

produced in parental 293Ts (Table S1). We saw an increase in the S/N for most clones 

when made in 293TCD81KO cells. Strikingly, 5 of the 22 screened clones previously 

found to be non-infectious (15) were now infectious (S/N ≥ 5) and a further 8 of the 22 

screened clones exhibited at least a five-fold increase in S/N (Table S1 and Fig 5.7 

A). Finally, a comparison of calculated S/N for all screened clones from all three panels 

generally demonstrated an upward trend in infectivity for HCVpp following production 

in 293TCD81KO cells (Fig 5.7 B). Taken together, the data in this section suggest the 

293TCD81KO cells we have produced could be a useful resource for HCV research. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5.7. HCVpp made in CD81 knock-out 293T cells exhibit enhanced 
infectivity. Huh-7 cells were infected with HCVpp expressing produced in parental 
or 293TCD81KO cell lines. (A) A compiled summary of the S/N of the HITS-p panel. 
Paired t-test with virus produced in parental 293Ts, asterisks denote statistical 
significance. Connected points indicate a single E1E2 clone and the coloured bars 
represent the mean value. (B) A compiled summary of the S/N for all screened 
clones, fold values are relative to virus produced in parental 293T cells. HITS-p 
data generated by Alexander Underwood. 
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5.6  Production of HCVpp in CD81 knock out cells does not affect 
virion entry pathway 
Next, we sought to ensure deletion of CD81 in producer 293T cells did not affect the 

entry pathway of HCVpp. The E1 and E2 glycoproteins mediate the virus’ intricate 

entry pathway. The E1 and E2 genes display the greatest diversity in the HCV 

genome, yet receptor interactions remain highly conserved across distinct genotypes 

and entry is widely understood to involve the essential receptors CD81, SR-B1, 

Claudin and Occludin (142,225). We infected Huh-7 cells ablated for these proteins 

(218) with HCVpp produced in parental or 293TCD81KO cells. Whilst ablation of CD81, 

Claudin-1 and Occludin abolished infection for all four tested strains, a proportion of 

all strains was still able to infect SR-B1 knock-out cells (Fig 5.8). These data are 

consistent with previous findings for both HCVcc and HCVpp particles (218,219,433) 

and indicate pseudoparticles made in 293TCD81KO cells follow the correct HCV entry 

pathway. 
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5.7  Exosomal CD81 does not affect HCVpp infectivity 
The enhancement of infection following production in 293TCD81KO cells suggests that 

E2 and CD81 interact at some point during the process of HCVpp production. One 

possibility is that exosomal CD81 neutralises HCVpp while in culture medium prior to 

viral harvest. To test this, we first preincubated a panel of HCVpp variants with 

centrifugally concentrated conditioned supernatant from parental or CD81KO 293T 

cells, which is CD81+ve and CD81-ve, respectively. We observed that all four strains 

were similarly affected following incubation with either CD81+ve and CD81-ve 

supernatant, irrespective of the cell line of production (Fig 5.9 A). Next, we challenged 

an acutely CD81 sensitive strain, J6 I438V A524T, produced in 293TCD81KO cells, with 

a serial dilution of conditioned supernatant. Again, the pseudoparticles were similarly 

sensitive to CD81+ve and CD81-ve supernatant. These data suggest exosomal CD81 

does not affect HCVpp infectivity. Therefore, enhancement of HCVpp infectivity 

following production in 293TCD81KO cells may not be due to the elimination of 

neutralising extracellular CD81. In actuality, CD81 may affect HCVpp production 

intracellularly or during viral egress (see discussion).    

 
 

 

 

 

 

 

 

 

 

 

Figure 5.8. Receptor dependency of 293TCD81KO produced HCVpp. Huh-7 cell 
lines CRISPR/Cas9 engineered to not express one HCV receptor were infected 
with HCVpp produced in parental or 293TCD81KO cell lines. Data are expressed as 
a percentage of the infection observed in parental Huh-7 cells. Error bars indicate 
the standard deviations between replicate wells. Data are representative of two 
independent experiments performed in quadruplicate. 
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Figure 5.9. Conditioned supernatant from CD81+ve cells does not neutralise 
HCVpp. HCVpp were preincubated with conditioned supernatant (SN) from 
CD81+ve parental 293Ts or CD81-ve 293TCD81KO cells for 2 hours before infection of 
Huh-7 cells and infection levels were read 72 hours later.  (A) A panel of HCVpp 
variants was preincubated with conditioned SN at 1/2 dilution. Data are represented 
as raw luciferase units (RLU) and the error bars indicate the standard error of the 
mean between four replicate wells. (B) J6 I438V A524T, a lab adapted strain shown 
to be acutely sensitive to soluble CD81, was challenged with a seral dilution of 
conditioned SN.   
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5.8  CD81 deletion in producer cells also improves SARS-CoV-1/2 
pseudoparticle infectivity 
To determine whether CD81 deletion in producer 293T cells specifically affects the 

infectivity of HCV, we produced lentiviral packaged pseudoparticles bearing the 

glycoproteins of Indiana vesiculovirus (VSV), Middle East respiratory syndrome-

related coronavirus (MERS) and severe acute respiratory syndrome coronaviruses 1 

and 2 (SARS-CoV 1 and SARS-CoV 2) glycoproteins in parental 293Ts or 293TCD81KO 

cells. Following infection of the appropriate cell line, we observed no difference in the 

infectivity of VSV or MERS pseudoparticles when produced in 293TCD81KO cells 

whereas the two HCV J6 strain viruses tested exhibited an improvement in infectivity, 

as expected (Fig 5.10). Remarkably, we also observed an increase in infectivity for 

both SARS-CoV 1 and 2 (Fig 5.10, bottom panels). These data indicate that whilst 

CD81 ablation in producer 293Ts does not improve the infectivity of all 

pseudoparticles, enhanced infection is not limited to HCVpp. However, it is difficult to 

speculate on the mechanism(s) of enhancement without further investigation. 
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Figure 5.10. Effect of CD81 knockout on lentiviral-based pseudovirus 
infectivity. Huh-7 (HCV J6 and VSV), Caco-2 (MERS) and HeLa-Ace2 (SARS-
CoVs) cell lines were infected with a two-fold serial dilution of viral pseudoparticles 
produced in parental or 293TCD81KO cell lines. Data are represented as raw 
luciferase units (RLU) and the error bars indicate the standard deviations between 
five replicate wells. Insert graphs show the overall fold infectivity of pseudoparticles 
across all five concentrations used, data are presented relative to virus produced 
in parental 293Ts. Data are representative of two independent experiments.  
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5.9  Production in CD81 knock-out 293T cells does not alter 
HCVpp antibody sensitivity 
HCVpp are widely used to examine the neutralising breadth and potency of 

monoclonal antibodies (mAbs) and polyclonal sera from humans and immunised 

animals (15,17). Before we could propose the routine adoption of 293TCD81KO cells in 

said screens, it was imperative to ensure that HCVpp produced in these cells are 

antigenically similar to those produced in parental cells. First, we challenged H77 and 

UKNP 5.2.1 pseudoparticles with a serial dilution of AR3B, a bNAb that targets the 

CD81 binding site (CD81-bs) (339). We observed similar neutralisation for each clone 

irrespective of the cell line of production; indeed, the hyperbola curves generated for 

the H77 pair overlapped and, accordingly, their calculated IC50 was identical (Fig 5.11 

A & B). We also challenged H77 and UKNP 5.2.1 pseudoparticles with a serial dilution 

of a soluble form of the large extracellular loop of CD81 (sCD81). As with AR3B, the 

IC50 of sCD81 toward H77 was indistinguishable regardless of the cellular source of 

the HCVpp (Fig 5.11 C). The IC50 of sCD81 toward the matched UKNP 5.2.1 HCVpp 

pair was also similar (Fig 5.11 D). 
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Next, we compared the neutralisation of an HCVpp panel following incubation 

with a fixed concentration of AR3B. We found the infectivity of most clones was similar 

irrespective of the cell line of production and saw no significant difference for the panel 

as a whole (Fig 5.12 A). This experiment was conducted for an additional four mAbs: 

(i) AR4A, which targets an epitope composed of both E1 and E2 residues, (ii) AT-

12009 (front layer), (iii) HC84.26 (front layer) and (iv) IgH505, which targets a 

discontinuous epitope in E1 (residues 313-327) (337,339,430,434). We saw no 

significant difference in the neutralisation levels of the panel against all four mAbs 

irrespective of the cell line of production (Fig 5.12 A). Similar observations were also 

made when pseudoparticles were pre-incubated with sCD81 (Fig 5.12 A). Finally, a 

scatter plot for data shown in figure 5.11 A revealed a very strong correlation for 

neutralisation sensitivity between HCVpp produced in 293TCD81KO cells and HCVpp 

made in parental 293T cells (Fig 5.12 B). These data indicate ablation of CD81 in 

producer 293T cells does not change the sensitivity of pseudoparticles to 

neutralisation by sCD81 or mAbs. However, we did find a significant positive 

correlation (r = 0.58, p = 0.0092) between the sensitivity of HCVpp to sCD81 

neutralisation and their fold increase in infectivity following production in 293TCD81KO 

cells (Fig 5.12 C). This suggests that HCVpp that are sensitive to CD81 neutralisation 

benefit more from production in 293TCD81KO cells. In summary, the data demonstrate 

that producing HCVpp in 293TCD81KO cells does not alter their antigenicity or sensitivity 

to mAbs. These findings considered along with their ability to improve virus infectivity 

suggest that the 293TCD81KO cell line is a superior system for assessing the 

functionality and neutralisation of diverse HCVpp.  

 

 

Figure 5.11. Absence of CD81 in producer 293T cells does not affect antibody 
and CD81 sensitivity of HCVpp. The prototypical lab strain (A) H77 and the clinical 
isolate (B) UKNP 5.2.1 were incubated with a serial dilution of the mAb AR3B prior 
to infection. The prototypical lab strain (C) H77 and the clinical isolate (D) UKNP 
5.2.1 were incubated with a serial dilution of the sCD81 prior to infection. Data are 
expressed as percent neutralisation relative to wells not preincubated with antibody 
or receptor molecules and each point is the mean of three replicate values. The 
black and sky blue points are representative of parental and 293TCD81KO cells, 
respesctively. Error bars indicate the standard deviations between replicate wells. 
Data were fitted using the log (inhibitor) vs. response (four parameters) function on 
GraphPad Prism. ns indicates best fit curves do not differ significantly, F-test. 
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Figure 5.12. Absence of CD81 in producer 293T cells does not affect antibody 
and CD81 sensitivity of HCVpp. (A) Compiled summaries of the neutralisation of 
HCVpp panels when challenged with a single concentration of the indicated mAb 
or soluble protein prior to infection. Connected points indicate a single E1E2 clone 
and the grey bars represent the mean value. Paired t-test, no significance (ns). (B) 
A scatter plot of the percentage neutralisation for a panel of HCVpp clones 
produced in parental 293T cells (x-axis) vs when produced in 293TCD81KO cells (y-
axis) after challenge with a single concentration of indicated mAb or sCD81. (C) A 
scatter plot of HCVpp CD81 sensitivity (sCD81 IC50) (x-axis) and fold change in 
infectivity following production in 293TCD81KO cells (y-axis). Each point in B and C 
represents a lone HCV isolate. Spearman correlation (r) and p values were 
computed on GraphPad Prism. All data are from lone experiments performed in 
triplicate. Data generated by Ana Chumbe. 
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5.10  Soluble E2 made in 293Ts displays a mixture high-mannose 
and complex-type glycans 
HEK 293T cells are commonly used for the production of sE2. Consequently, we 

examined whether 293TCD81KO cells improve sE2 production, as they did HCVpp 

production, without altering the properties of the resultant protein. To do this, we first 

adapted the 293TCD81KO and parental 293T cell lines to grow in suspension, which 

makes the cells more suitable for large-scale protein production. We refer to these cell 

lines as susp-293T and susp-293TCD81KO cells. We used conventional transient 

transfection to produce sE2 in these two cell lines. In parallel, we also compared these 

to sE2 generated in the 293-F cells. Although this cell line is also derived from HEK 

293 cells, and grows in suspension, it is preferred for the production of recombinant 

viral glycoproteins, including those of HIV-1, influenza and HCV, because of the high 

production yields (426,427,435). We isolated sE2 monomers from harvested 

supernatants using affinity purification followed by size exclusion chromatography 

(SEC). Very similar yields of sE2 were obtained following purification of harvested 

susp-293TCD81KO, susp-293T (both ~14 mg/L) and 293-F (12 mg/L) supernatant, 

although relatively more aggregates were observed in sE2 from the susp-293T 

lineages. Furthermore, the retention volumes for monomeric sE2 made in susp-

293TCD81KO and susp-293T cells were practically identical (~13.1 ml) yet monomeric 

sE2 produced in 293-F cells eluted at a lower volume (~12.3 ml) suggesting it is larger 

than that produced in the susp-293T cell lines (Fig 5.13 A). Indeed, SDS-PAGE 

analysis of unfractionated sE2 and their monomeric peak fractions, under both 

reducing and non-reducing conditions, revealed sE2 made in 293-F cells migrated 

more slowly than sE2 from the two susp-293T lines (Fig 5.13 B). These data suggest 

that sE2 undergoes distinct post-translational modifications in 293-F and 293T cells. 

Up to 11 Asn-linked glycosylation sites can be detected in most E2 sequences 

and fully processed E2, in both its soluble form or in the context of viral particles, is 

heavily glycosylated and displays a mixture of high-mannose and complex-type 

glycans (153,435). As a result, the molecular mass of E2 is significantly influenced by 

glycans. To test whether differences in glycosylation account for the disparate 

molecular weight between sE2 from 293T and 293-F cells, we treated purified 

monomeric sE2 with PNGase F or EndoH deglycosylation enzymes. PNGase F 

cleaves both high-mannose and complex-type glycans yielding a mostly 
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deglycosylated protein whereas Endo H specifically cleaves high-mannose and some 

hybrid glycans. 

We compared sE2 produced in 293-F cells to susp-293TCD81KO-derived sE2 

(glycoprotein produced in either the edited or parental 293T cells migrated identically 

suggesting their glycosylation status is similar, Fig 5.13 B). As expected, PNGase F 

treatment confirmed sE2 made in both susp-293TCD81KO cells and 293-F cells to be 

heavily glycosylated. Undigested sE2 migrated to around ~65 kDa and its 

deglycosylated form migrated to ~35 kDa irrespective of the cell line of production (Fig 

5.13 C). Strikingly, the sensitivity of sE2 from 293-F and susp-293TCD81KO cells to 

EndoH treatment was different. sE2 made in 293-F cells was mostly unaffected by 

EndoH treatment as evidenced by the similar migration observed for the untreated and 

EndoH digested samples (Fig 5.13 C). This suggests that 293-F-produced sE2 is 

composed of mostly complex-type glycans, a hallmark of maturation through the Golgi 

apparatus. On the other hand, sE2 from susp-293TCD81KO was sensitive to EndoH as 

evidenced by the faster migrating smear on SDS-PAGE after treatment. Furthermore, 

the smear length indicates glycans on 293TCD81KO-produced sE2 ranged from fully 

EndoH resistant to almost completely EndoH sensitive. This suggests that susp-

293TCD81KO cells produce a heterogeneous population of sE2 molecules in terms of 

glycosylation and that some sE2 molecules are only partially matured as some remain 

high-mannose type, while others have been heavily modified by Golgi enzymes (Fig 

5.13 C & D). As an aside, we noted an unexpected loss of AP33 binding upon PNGase 

F treatment in the western blot (Fig 5.13 D). AP33 binding is not dependent on 

glycosylation, however, its contact residues are proximal to Asn-417 and enzymatic 

removal of the glycan at this position may have affected the AP33 epitope (354). 

Notably, heterogeneity in the glycosylation status of E2 has also been observed in 

HCVcc-associated E2 (153). This implies that the processing of sE2 through the Golgi 

apparatus of susp-293TCD81KO cells more closely resembles that of E2 destined to be 

incorporated in authentic HCV virions than sE2 from 293-F cells. In summary, these 

data demonstrate compositional differences in the glycans of sE2 produced in susp-

293TCD81KO and 293-F, based on previous findings it is likely that susp-293T produced 

sE2 is more representative of E2 on HCVcc particles. 
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Figure 5.13. Soluble E2 is differentially glycosylated in susp-293T and 293-F 
cells. (A) Superdex 200 size-exclusion chromatography profile of susp-293T- 
(turquoise), susp-293TCD81KO-(blue) and 293-F- (black) derived sE2 following Strep-
II-tag affinity chromatography. Blue arrow corresponds to the peak fraction of 
monomeric sE2 from susp-293T and susp-293TCD81KO cells and the black arrow 
corresponds to monomeric sE2 from 293-F cells. mAU, milliabsorbance units. (B) 
Nonreducing BN-PAGE gel (top panel) and reducing SDS-PAGE gel (bottom 
panel) of the purified sE2 derived from the aforementioned cell lines (Coomassie 
Brilliant Blue G-250 staining). (C) Reducing SDS-PAGE gel of monomeric susp-
293TCD81KO- and 293-F- derived sE2 after treatment with PNGase F or EndoH 
(Coomassie Brilliant Blue G-250 staining). (D) Western blot of SDS-PAGE gel 
shown in c. Please note, we failed to detect PNGase F treated E2 with AP33 on 
the western blot on multiple attempts. Molecular mass markers are indicated on the 
right (kDa). Data is from a single experiment and was generated by Joan Capella-
Pujol. 
 

A. B. 

C. D. 
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5.11  Soluble E2 made in 293Ts displays a mixture high-mannose 
and complex-type glycans 
To investigate whether producing sE2 in cells lacking CD81 altered its antigenicity, we 

first tracked the binding of immobilised sE2 monomers from susp-293T, susp-

293TCD81KO and 293-F cells to serially diluted mAbs and human Fc-tagged sCD81 

(sCD81) by enzyme-linked immunosorbent assay (ELISA). The mAb panel included 

the AS412 targeting AP33, AR3B and AT12-009 which target the front layer and 

binding loop of the CD81 binding site, HC84.26 (front layer) and CBH-4B (domain A) 

(339,430,434,436). All tested antibodies and sCD81 bound equally well to sE2 

produced in susp-293TCD81KO or parental susp-293T cells, suggesting that the 

expression of CD81 in 293T cells does not affect the antigenicity of sE2 (Fig 5.14 A). 

sE2 produced in 293-F cells exhibited reduced binding to conformational antibodies, 

with equivalent binding observed only for AP33, which targets a continuous epitope 

(AS412). These results suggest there is a difference in epitope accessibility between 

the two forms of sE2. This difference was even more apparent when comparing the 

binding of sCD81 to the different sE2 types (Fig 5.14 B). 

The binding of the three types of sE2 to the mAb panel and -sCD81 was further 

characterised by biolayer interferometry (BLI) (Fig 5.15). Antibodies and sCD81 were 

immobilised on a protein A biosensor and incubated with the same concentration of 

sE2. Consistent with the ELISA data, near-identical binding profiles were observed for 

sE2 made in susp-293TCD81KO and parental susp-293T cells; again, besides AP33, 

sE2 made in 293-F exhibited lower binding to all mAbs and sCD81. Together, the BLI 

and ELISA data reveal a previously unappreciated difference between the antigenicity 

of sE2 produced in 293-F and 293T cells. This may have implications for 

functional/structural studies of sE2 and/or future immunogen production. 
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Figure 5.14. ELISA analysis of antibody and CD81 binding to sE2 form susp-
293T, susp-293TCD81KO and 293-F cells. sE2 was immobilised to Strep-TactinXT 
coated microplates and incubated with a serial dilution of the indicated (A) mAb or 
(B) sCD81. Each point represents a single value from a lone experiment. Data were 
fitted using a sigmoidal curve in GraphPad Prism). Data is from a single experiment 
and was generated by Joan Capella-Pujol. 
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Figure 5.15. BLI analysis of antibody and CD81 binding to sE2 form susp-
293T, susp-293TCD81KO and 293-F cells. CD81-LEL-hFc and the indicated mAbs 
were immobilised onto protein A biosensors and incubated with a single 
concentration of sE2. Sensorgrams were obtained from an Octet K2 instrument. 
Data is from a single experiment). Data is from a single experiment and was 
generated by Joan Capella-Pujol. 
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5.12  Discussion 
The HCV pseudoparticle system is a flexible platform for evaluating the phenotypes of 

clinical isolates and has proven to be a crucial tool for defining the sequence of virion 

and receptor interactions occurring during HCV entry; it is likely to be an important 

component for the assessment of future HCV vaccine candidates (222,223,424). 

Nonetheless, producing infectious viruses from polymorphic HCV populations 

circulating in patients has repeatedly proved challenging (431,437,438). This is 

problematic for vaccine screens and antibody neutralising breadth studies, as only 

strains which recover workable infectivity are included in such analyses and they may 

not necessarily be representative of the diversity circulating in the population. 

Moreover, some infectious strains give low yields which fail to reach a signal to noise 

threshold sufficient for neutralisation analysis, a signal at least 10-fold above 

background is favoured but can be lowered to a minimum of 5 for clinical isolates 

(15,439). Perhaps owing to its flexibility, several studies have demonstrated the 

HCVpp system is amenable to optimisation. Urbanowicz, Tarr and colleagues have 

shown infectivity for some strains in the HCVpp system partly depends on the choice 

of retroviral background and the stoichiometry of transfected plasmids (429). More 

recently, it has been shown that  the cellular co-expression of the HCV p7NS2 open 

reading frame in producer cells enhances pseudoparticle infectivity for the H77 strain 

(440). Others have also proposed that the inclusion of an intact HCV Core at the N-

terminal of the glycoprotein plasmid is required for efficient pseudoparticle 

morphogenesis for some strains (441). Nonetheless, it is now generally recognised 

that the inclusion of the last 21 residues of the Core/E1 peptide is sufficient for the vast 

majority of clones. Here, we disclose that a 293T cell lineage genetically edited to not 

express CD81 improves or rescues the infectivity of a wide range of HCVpp strains.  

Producing HCVpp in 293TCD81KO cells is a facile method for improving HCVpp 

infectivity as it does not require empirical optimization of the plasmid ratios or co-

expression of additional HCV genome elements. Unlike Soares and colleagues, we 

demonstrate an increase for the infectivities of a broad range of strains representing 

multiple genotypes (440). Furthermore, producing HCVpp in 293TCD81KO cells had a 

more dramatic effect on viral infectivity compared to plasmid ratio optimization (429). 

Moreover, none of the 45 clones became non-infectious after production in 293TCD81KO 
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cells (see Table S1). Therefore, we would recommend the routine adoption of this cell 

system for the generation of HCVpp. 

We are yet to uncover the mechanism by which the presence of CD81 in the 

293T cells influences the infectivity of HCV. However, the correlation between HCVpp 

sCD81 neutralisation sensitivity and the fold increase in infectivity following production 

293TCD81KO cells (Fig 5.11 B) suggests that there is a direct interaction between CD81 

produced by regular 293T cells and HCVpp. There are several points during HCVpp 

production where E2 could encounter its cognate binding partner. The E1E2 

glycoprotein and CD81 undergo glycosylation and palmitoylation in the Golgi 

compartment, respectively. When co-transfected, CD81 associates with E1E2 in the 

endoplasmic reticulum (ER) and influences the glycoprotein’s maturation through the 

Golgi membranes (442). This association redirects the glycoprotein toward the 

endocytic pathway culminating in its incorporation into exosomes possibly reducing 

the amount of E1E2 available at the cell surface, where retroviral budding occurs. 

CD81 is also incorporated into retroviral pseudoparticles and its deletion possibly 

reduces protein density in lipid rafts at the cell membrane thereby permitting for 

increased E1E2 incorporation into budding HCVpp. However, glycoprotein 

incorporation is a poor predictor of HCVpp infectivity as others have shown that the 

majority of E2 in the supernatant of cells producing pseudoparticles does not sediment 

with infectious particles (443). Additionally, as released virions in suspension will 

behave as colloidal matter (385) it is highly probable that many particles contact the 

cell surface and are retained or fated to non-productive uptake since 293T cells do not 

express the additional HCV entry factor claudin (222,223).  

Our findings somewhat contrast a recent report by Soares and colleagues who 

concluded that CD81 was required to generate HCVpp (444). This is likely because 

Soares et al. did not perform infections with the HCVpp they generated from cells 

silenced for CD81 expression and instead relied on the quantities of E2 in viral 

harvests as their gauge. Furthermore, as mentioned above, E2 incorporation is a poor 

predictor of HCVpp infectivity (443) and the observed decrease in E2 in their HCVpp 

harvests following CD81 silencing is more likely a reflection of reduced E2 

incorporation into exosomes since CD81 chaperons E2 into the endocytic pathway,  

from where exosomes are biosynthesised (442). 
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The infectivities of VSV and MERS pseudoparticles were unaltered when made in 

293TCD81KO cells, ruling out a general enhancement of pseudoparticle production; 

however, SARS-CoV-1/2pp infection was increased by ablation of CD81. A role for 

CD81 in the life cycles of the SARS-CoVs is yet to be identified, nonetheless, the 

related tetraspanin CD9 influences MERS entry by scaffolding dipeptidyl peptidase 4 

(DPP4) and type II transmembrane serine protease (TTSP), the cell receptor and CoV 

activating protease used by MERS, respectively (194,445). CD81 may play an 

analogous role during SARS-CoV 1 and 2 entry by scaffolding their receptor 

angiotensin-converting enzyme 2 (ACE2) (446,447). Thus, CD81 deletion may reduce 

293T-surface ACE2 or host CoV protease which, in turn, may reduce both 

pseudoparticle retention and non-productive uptake, as discussed for HCVpp above. 

Work to ensure SARS-CoV-1/2pp produced in 293TCD81KO cells are similar to their 

counterparts made in parental 293Ts and the authentic full-length virus is ongoing.  

Considering CD81 ablation evidently improves the production of HCVpp, it is 

surprising we did not observe an increase in the amount sE2 recovered from susp-

293TCD81KO. This may be due to the absence of the signal peptide at the intersection 

of core and E1, which retains E1E2 in the ER lumen, where virion morphogenesis 

would normally commence in full-length virus (448). Therefore, it is plausible that, 

unlike the E1E2 heterodimer, sE2 has reduced opportunity for interaction with CD81 

as it matures through the Golgi membranes. 

The observation that sE2 made in susp-293T and 293-F cells is differentially 

glycosylated was unexpected and requires further scrutiny. EndoH digestion indicated 

that some E2 glycans remain shielded from Golgi glycosidases and 

glycosyltransferases in 293Ts, whereas a much higher proportion of total sE2 

efficiently matured through the Golgi apparatus when produced in 293-Fs. Differential 

glycosylation patterns for the same viral glycoprotein have been demonstrated in cell 

lines from different species but not in cell lines sharing an immediate predecessor, as 

293Ts and 293-Fs do (71,428,435). There are likely many differences between the 

two lines; however, the most obvious are that 293-Fs are usually grown in suspension 

and do not express Simian virus large T 40 antigen. We adapted the 293TCD81KO to 

suspension thus this cannot explain the difference in glycosylation. The SV40 origin 

of replication is present on the H77 sE2 expression vector (pPPI4) we used (449); 

however, it is highly improbable that an improvement in plasmid stability would affect 

the distal process of sE2 glycosylation. A recent omics study of the HEK 293 line and 
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its progeny not only revealed transcriptome profile differences between adherent 293T 

cells and 293-F cells but also between 293H cells adapted to suspension and 293-F 

cells (450). This indicates genes other than those involved in the adherent to 

suspension transition are also differentially expressed in 293 progeny cell lines. 

Hence, we suspect that some genetic difference(s) between 293-F and 293T cells 

ultimately underlies our observation. 

The observed disparity in the antigenicity between 293T- and 293-F- produced 

sE2 is probably a direct result of the difference in glycosylation pattern between the 

two. Glycans, directly and indirectly, influence E1E2 folding through their interactions 

with ER chaperones such as calnexin (279,315). Several E2 glycans have been shown 

to play an important role in folding and E1 and E2 heterodimerization (318). 

Furthermore, it is well documented that glycans protect conserved viral glycoprotein 

epitopes, including those on E1E2, from recognition by neutralising antibodies through 

a phenomenon termed glycan shielding (278,279,321). Our deglycosylation 

experiments indicate that 293-F-produced sE2 molecules harbour mostly complex 

glycans, while susp-293TCD81KO-produced sE2 also contain high-mannose or hybrid 

glycans. Complex glycans are usually larger and this could explain why some epitopes 

on 293-F-produced E2 seem to be less accessible for most mAbs and CD81 as 

measured by ELISA and BLI (Fig 5.13 & 5.14). Our results suggest that apparently 

highly similar 293-derived cell lines can produce glycoproteins with different glycan 

species. Site-specific glycan analysis (435,451) is needed to more thoroughly 

compare the difference in glycosylation between two lines and its effect on antigenicity. 

Deleting one of the main receptors of HCV from producer cells significantly 

increased HCVpp infectivity. It is plausible that similar receptor-deleting strategies 

could be applied to increase the recovered infectious titres of other pseudotyped 

viruses. However, one should always carefully consider the biological role of these 

receptors. For example, integrins and lipoprotein receptors are targeted by a range of 

viruses, but integrins also play a significant role in maintaining cell integrity and cell 

cycle progression, while many lipoprotein receptors are essential for proper 

cholesterol homeostasis (452,453). Disruption of either cellular process would likely 

reduce infectious titres. Therefore, yielded viruses must be phenotyped for cell entry 

pathway and antibody sensitivity to ensure there are no disparities with 

pseudoparticles obtained from the parental lineage, as we have done here. 
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6.1 Introduction 
 
HCV remains a significant health and economic burden in both developing and 

developed countries. In 2019, the cost of a single pill of the DAA Sofosbuvir in North 

America was $1000, with the full cost of a 12-week regimen costing $84000 (454). 

The cost of treating HCV-related disease on the continent was over $4 billion, with 

projections indicating that this figure stands to increase in the coming years as the 

opioid epidemic sweeps the US. Once adjusted as a ratio to national GDP, the cost of 

treatment per patient is even higher in developing countries such as Egypt due to 

increased historical caseloads (455). This is despite brand DAAs costing 1% of their 

US prices and the availability of locally manufactured generic DAAs with comparable 

safety and efficacy to branded drugs. The high cost of DAAs, the risk of reinfection 

following therapeutic cure or spontaneous clearance and the low screening of high-

risk groups necessitate the development of a prophylactic HCV vaccine. 

 The high economic burden of DAA therapy presents a significant obstacle to 

achieving WHO HCV elimination targets: i.e., 80% reduction in new chronic infections 

and a 65% reduction in mortality from their 2015 levels by 2030 (4,456). To reach 

these targets and eliminate HCV as a public health threat, the WHO recommends its 

members deploy the extensive use of DAAs, boost care and treatment services. It also 

recommends developing evidence-based policy and increasing preventative 

measures, such as raising awareness, expanding blood screening in developing 

countries and preserving needle and syringe programmes for PWIDs. The 

development of a safe and effective vaccine would inarguably aid in reaching these 

ambitious WHO goals through the prevention of new infections. 

 In addition to providing some molecular insights into the quandary that is HCV 

entry, the results presented in this thesis potentially also have implications for vaccine 

development. A catalogue of promising B- and T-cell based vaccines have reached 

phase II clinical trials only to fail to elicit protection to chronic HCV infection (457–461). 

The most recent trial followed a prime-boost strategy using a recombinant chimpanzee 

adenoviral vector followed by modified vaccinia Ankara; both vaccines encoded HCV 

NS proteins (460). Although the strategy produced HCV-specific T-cell responses and 

lowered peak HCV RNA levels, unfortunately, it still failed to prevent chronic HCV 

infection. The current consensus is that an effective HCV vaccination regimen will 

need to generate both humoral and cellular immune responses. Achieving these goals 
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will require identifying the combination of NS proteins that generates the most robust 

cellular response and designing an E1E2 immunogen that elicits broadly reactive 

antibodies. In addition to guiding rational vaccine design, an improved understanding 

of E1E2 function could inform the development of pangenotypic HCV entry inhibitors 

for use in combination with DAA therapy. 

 

6.2 Defining the early post-attachment events of HCV entry 
The entry of a large proportion of enveloped viruses involves engaging a series of co-

receptors that direct particle entry into permissive cells in a spatial-temporal manner. 

In many cases, the viral entry proteins interact with a sequence of receptors, with each 

interaction facilitating the next (193,462–464). Viral entry is also reliant on proteins 

that do not directly associate with the viral entry proteins but are involved in processes 

such as actin remodelling. Since the turn of the century, as more investigative tools 

have become available, HCV has revealed itself to possess one of the more intricate 

entry pathways in the virosphere, requiring at least five cell membrane proteins (221). 

The work in this thesis focused on the cell membrane proteins with proven interactions 

with the HCV entry proteins: CD81 and SR-B1. This section discusses our work in the 

context of the current conventional model of HCV entry (see Fig 1.10).  

 The spatial distribution of the HCV entry receptors /cofactors predicts the point 

at which they become involved in the entry process (223). Due to the topology of the 

liver, HCV encounters the basolateral surface of hepatocytes first, here SR-B1 and 

CD81 associate with the virion soon after attachment, whereas CLDN1 and OCLN 

only colocalise with the virion at or during translocation to the tight junction (225). It’s 

currently accepted that E1E2 interactions with SR-B1 and, perhaps more significantly, 

CD81 lead to the recruitment of signalling proteins that drive virion basolateral 

translocation to the tight junctions. Thus, post-attachment steps of HCV entry can be 

separated into the early and late steps.  

In the early steps, E1E2 binds its cognate receptors and, in doing so, triggers 

irreversible conformational changes that help prime the virus for the subsequent 

events in the entry process, culminating in low pH-dependent fusion with host 

endosomes. The E1E2-CD81 interaction is predicted to be the binding event that 

primes the fusogenic activities of the glycoprotein seeing as SR-B1 is dispensable for 
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HCV entry (218,219,241). As such, the importance of the E1E2-SR-B1 interaction 

during HCV entry has remained unclear.  

The authentic HCV particle has unusually high cholesterol and apolipoprotein 

content compared to other viral particles (116). Unsurprisingly, because of this, many 

cell surface proteins involved in cholesterol uptake and homeostasis have been 

implicated in HCV entry (218,229,230,465). Due largely to the comparable falls in HCV 

infectivity following their genetic abrogation SR-B1, LDL-R and VLDL-R were 

inappropriately concluded to play a redundant role during HCV entry (218). To this 

end, although all three proteins can function as attachment factors by tethering VLPs 

through interactions with apolipoproteins, only SR-B1 binds the HCV entry machinery. 

Indeed, we found little evidence that the role of SR-B1 during viral entry was defined 

by anything other specified receptor-viral particle interactions. Our current work, along 

with that of others, indicates that SR-B1 dependent entry is a mechanism HCV evolved 

to evade humoral immunity (311,346,393). Here we propose a mechanism in which, 

by binding and stabilising HVR-1, SR-B1 switches off the entropic safety catch 

mechanism, making E1E2-CD81 interactions more favourable. Additionally, there is 

evidence that the lipid transfer activity of SR-B1 may be a driving force during virus 

internalisation (216). Moving forward, it’s vital SR-B1 is considered in investigations 

not simply as an HCV VLP-tethering cholesterol receptor but rather a bonafide, 

multifaceted HCV receptor. 

Our study was built around a model of HCV entry wherein the virus sequentially 

engages its receptors to achieve entry. Several studies have assessed HCV entry 

kinetics by employing time of addition with entry inhibitors and found SR-B1 functions 

immediately after viral attachment and likely precedes CD81 engagement 

(216,466,467). Thus, our working model of entry assumes HCV first engages SR-B1 

before it acquires CD81 (219). Since HCV infectivity is severely affected following SR-

B1 ablation in Huh-7 cells (with all other receptors left intact), we hypothesised that 

SR-B1 primes E1E2-CD81 interactions, hence the requirement for sequential receptor 

engagement. The comparison of the entry kinetics of WT and I438V A524T viruses in 

this thesis provides indirect evidence for the said hypothesis. This theory is further 

upheld by our mathematical modelling as it accurately predicted the ratio at which the 

rates of WT and I438V A524T entry would proceed via route 1 (SR-B1 mediated 

acquisition of CD81). As such, this work offers compelling mathematical and 

experimental evidence for SR-B1 mediated priming of E1E2.  
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The acquisition of CD81 is the defining step of HCV entry. While the E1E2-

CD81 binding event induces conformational changes in the glycoprotein, it also 

induces signalling events in the target cell that promote viral entry. For example, the 

binding of sE2 triggers Rho family GTPases, leading to the rearrangement of the actin 

cytoskeleton, which drives basolateral translocation of CD81-HCV complexes (468). 

Additionally, the HCV-CD81 association induces EGFR activation, which is required 

for viral endocytosis (235,243). CD81 also forms associations with CLDN1 and EGFR 

independent of HCV binding. Thus, CD81 acts as the anchor in a receptor/cofactor 

platform by crosslinking the other entry factors in the plasma membrane.  

The mathematical model predicts the acquisition of just two CD81 molecules is 

sufficient to support an HCV particle through the entry programme. This value is lower 

and more decisive compared to our previous estimate and that of others (219,469). 

This is probably because we included two strains and subsequently fitted the model 

with more data than we did previously, and our model assumes the stepwise 

acquisition of receptors, unlike Dixit and colleagues (469). It’s important to note a 

major limitation of the model; it assumes that the HCV glycoproteins and the receptors 

on any given virion or cell, respectively, are distributed homogeneously. However, this 

is certainly not the case for HCV particles because their association with host 

lipoproteins guarantees their heterogeneity.   

 We have previously shown that HCV can acquire CD81 independent of SR-B1 

and that this route of entry is only accessible to a minority of the WT population (219). 

Here we show that HCV particles that arrive at the cell surface in a hyperreactive state, 

primed for entry exhibit superior passage through the SR-B1 independent route of 

entry. Interestingly, the probability that WT and I438V A524T virus could successfully 

infect SR-B1 KO cells (Fig 3.8 B, parameter c1) mirrored sE2 binding CHO-CD81 data 

(Fig 3.6 E), with the mutant performing twice as well in either instance. Again, this 

strongly supports a model of entry where CD81 function immediately succeeds SR-

B1 binding. Our mathematical model also suggests that hyperreactive HCV, 

specifically I438V A524T the double mutant, is 1000-fold better at acquiring CD81 via 

the SR-B1 mediated route (Fig 3.8 B, parameter c2) despite demonstrating reduced 

binding to the lipoprotein receptor. To this end, SR-B1 both protrudes further from the 

cell membrane and binds E1E2 with a higher affinity compared to CD81. So, post-SR-

B1 engagement, hyperreactive E1E2 is likely more rapidly liberated to acquire CD81 

as its safety-catch mechanism is already (or near) inactive.  
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6.3 Peptide tail entropy, a new frontier in immune evasion? 
The role of HVR-1 in protecting epitopes composing the CD81 binding site has long 

been appreciated (213,306,400); it was initially thought that HVR-1 shields the CD81-

bs, and given its size and location (Fig 1.16), this rationale was certainly reasonable 

(403,470). However, we now know that the E2 epitopes protected by HVR-1 extend to 

the back layer, and some are only realised in the context of an E1E2 dimer. 

Consequently, HVR-1 is too small to shield the protected surface area. This thesis 

proposes an attractive, coherent mechanism through which a small peptide tail such 

as the HVR-1 could influence global protein antigenicity. Here, our findings suggest 

that motions in the highly dynamic HVR-1 are communicated throughout E1E2. We 

reason that by existing in an entropically dynamic state, HVR-1 continuously alters the 

antigenic landscape of the tethered glycoprotein. To this end, the structural studies 

indicating the CD81-bs and back layer surfaces to be conformationally dynamic 

certainly lend weight to the safety catch model (see section 1.6.2 and review (322)). 

 Given HCV is a member of the Flaviviridae family and is sensitive to inactivation 

at higher temperatures, it has been suggested E1E2 undergoes a phenomenon 

termed ‘envelope breathing’ (311,471). The line of thought here is that the viral 

envelope exists in a dynamic equilibrium between open and closed conformational 

states, wherein the open conformation is more sensitive to neutralisation (i.e., antigen 

exposed). With regards to HCV, it’s possible motions within HVR-1 propel global E1E2 

breathing. Certainly, the feasibility that SR-B1 triggers conformational opening of 

E1E2, exposing critical CD81 binding epitopes, makes it an attractive mechanism for 

HCV nAb evasion (346). However, the entry machinery of HCV is not class II like the 

members of the flavivirus genus (DENV & ZIKV), where the term ‘envelope breathing’ 

has been frequently adopted (324,472–475).  

The breathing of Flaviviral E proteins is made practical by their arrangement 

into rigid long rods which pack closely to create a lattice on the virion surface (Fig 1.13) 

(252,476,477). In contrast, HCV E2, analogous to flavivirus E based on genomic 

organisation, is globular with several disordered regions (280,293). Furthermore, 

infection with a flavivirus is acutely resolved and elicits protective antibodies, unlike 

HCV. However, the lipoprotein content and greater diversity of HCV may explain its 

slower resolution and poorer protection from reinfection. Nonetheless, existing 

structural evidence and the comparable antigenicity we saw for WT and I438V A524T 
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sE2 are inconsistent with binary E1E2 states. Indeed, the entropic safety catch 

integrates theoretical open and closed states. The folding of E1E2 following HVR-1 

stabilisation is consistent with the open state as it’s primed to engage CD81 and is 

nAb sensitive. Whereas the closed state is reconciled with the dynamic folds E1E2 

adopts when the safety catch is on to maintain nAb resistance.  

Might HCV E1E2 represent a zenith among the known viral envelope proteins 

in terms of nAb escape mechanisms? Arguably so, particularly when you consider that 

of the human viruses recognised to establish truly chronic (life-long) infections, HCV 

is unique in that it does not undergo dormancy (HBV, herpesviruses) or integrate into 

the host genome (HBV, retroviruses) (478,479). As such, E1E2 are under constant 

immune pressure as the virus actively replicates throughout infection. To evade nAbs, 

E1E2 are heavily glycosylated, exhibit antigenic variation and conformationally protect 

critical CD81 epitopes. All three tactics are common in the virosphere. However, the 

mechanism by which we propose E1E2 conformationally protects the nAb epitopes, 

HVR-1 disorder, or the ‘entropic safety catch’ as we coin here, is currently unique to 

HCV. Classical conformational protection constitutes the physical occlusion of critical 

epitopes (480–483). These epitopes are exposed only following dramatic structural 

changes cued after specific triggers such as receptor engagement (e.g., HIV Env-

CD4). Regarding the safety catch, the acquisition of HVR-1 appears to have enhanced 

HCV nAb escape beyond that of its close relatives. Infection with EqHV (hepacivirus) 

and BVDV elicits protective humoral responses in horses and bovines (408), 

respectively; there are even multiple vaccines available for the latter (484)! Indeed, if 

the entropic safety catch mechanism is accurate, then the physical and genetic 

properties of HVR-1 must truly represent a feat in viral genetic economy. HVR-1 

protrudes relative to the rest of E1E2, allowing it to divert immune responses away 

from the neutralising face. HVR-1 can itself tolerate extensive immune assault due to 

its genetic flexibility. In turn, targeted responses may drive a feedback system where 

positive selection by HVR-1-specific antibodies promotes its entropy, thus maintaining 

the safety catch. In essence, HCV has managed to condense into ~27 residues an 

immunodominant decoy that continually drifts antigenically, whose motions effectively 

make the E1E2 landscape so dynamic that it resists antibody engagement.  
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6.4 Implications for HCV vaccine development 
HCV shares common mechanisms to evade humoral immunity, discussed above, with 

other highly diverse viruses, namely HIV and influenza virus. Although seasonal 

influenza vaccines exist, an effective pan-genotypic vaccine is yet to be developed for 

any of the three. The envelope protein of each of these viruses presents researchers 

with a unique set of challenges for immunogen design. However, the HCV field is 

particularly handicapped by the lack of virion-associated E1E2 crystal structure, which 

also means their oligomeric arrangement remains unknown. Consequently, most B-

cell immunogens designed and tested to date are constructs encompassing complete 

E1E2 or sE2. Nonetheless, these constructs have provided some insights regarding 

the properties that future B cells immunogens must possess.     

When the protective function of HVR-1 was first described, it was expected 

HVR-1 deletion would make E1E2 or sE2 better immunogens. Instead, a wide body of 

work now demonstrates that ΔHVR-1 glycoprotein constructs elicit similar, or 

sometimes poorer, antibody responses in vaccinated animals and patients. The data 

in chapter two provides two plausible mechanisms to how ΔHVR-1 constructs might 

elicit poorer responses. Firstly, the safety catch mechanism appears to protect HCV 

from spontaneous inactivation at physiological temperature (Fig 4.5). As such, it’s 

likely the duration for which E1E2 is presented to the immune system in their prefusion 

fold reduced, thereby reducing their immunogenicity. Secondly, HVR-1 stabilisation 

rather than deletion conferred improved sE2 binding to CD81 in a CHO cell-binding 

assay (Fig 4.6). This suggests that some CD81-bs conformations are attainable only 

under certain HVR-1 configurations and these CD81-bs folds may be particularly 

adept at inducing bnAb responses.  

Based on the above observations, it seems possible that E1E2 or sE2 

constructs where HVR-1 is stabilised (e.g., I438V A524T) might make superior 

immunogens to their WT and ΔHVR-1 counterparts. Here, any losses in E1E2 thermal 

stability compared to WT constructs may be offset by the CD81-bs existing in 

conformations primed for receptor binding, which theoretically favours bnAb induction 

(322). Irrespective of the tactics used, HVR-1 is a tricky customer to account for in the 

rational design of HCV immunogens, so it may be necessary to invoke the safety catch 

mechanism without it. Nonetheless, the fact patients readily develop bnAbs to virus 
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that always comprises HVR-1 during natural infection offers reasons to be optimistic 

that a vaccine is achievable.  

Nowadays, a two-pronged approach is often employed to elucidate the 

mechanisms behind bnAb development (485). Firstly, structural characterisation of 

viral envelope-bnAb complexes to infer how the immune system recognises the virus 

to achieve neutralisation. Secondly, the thorough study of the bnAbs themselves from 

identifying the germline genes encoding them to the kinetics of their appearance. The 

second method considers the diversity of in-host responses to identify amenable B 

cell evolutionary pathways to exploit for the design of broadly effective vaccines.  

The abovementioned approach has found that some bnAbs against particular 

epitopes share a restricted set of IgG heavy chain variable (VH) genes and are often 

similar in structure. Notably, VH1-69 encode bnAbs that are dominantly found in 

protective responses to viral pathogens. Epitopes targeted by these bnAbs include the 

HA stem of influenza, multiple sites on HIV-Env, including the heptad repeat 1 of gp41 

and CD81-bs on HCV E2 (486). The genetic and structural characteristics of VH1-69 

bnAbs make them appealing candidates for rational vaccine. Despite great inter-host 

diversity in both immune responses and virus sequence, VH1-69 antibodies targeting 

largely overlapping epitopes but isolated from different patients often employ a 

conserved mode of recognition to engage their antigen. Additionally, longitudinal NGS 

indicates these antibodies require low-to-medium rates of somatic hypermutation 

(SHM), which should be achievable through vaccination. It is hoped that studies to 

design immunogens that engage a specific B cell lineage to a highly conserved epitope 

will provide a means to achieve cross-protection for these viruses.   

To date, VH1-69 bnAbs to HCV have only been isolated from infected patients 

(309), suggesting an intact HVR-1 is necessary for their development. While the 

isolation of this class of antibodies from patients with chronic HCV might intuitively 

suggest that they were ineffective in counteracting the virus (339), it is becoming ever 

more apparent that the kinetics of the appearance of their germline precursors 

influences disease outcome (15,17,18,487,488). Mechanistically, Flyak et al found 

that the CDRH3 motif utilised by some VH1-69 bnAbs was, in fact, imprinted early in 

the germline, with bnAb precursors recognising E2 of several circulating HCV variants 

(280). Although kinetics in this sense should be of less importance in the context of 

vaccination, it is still favourable that vaccine candidates mimic the quick induction of 

germline antibodies binding the CD81-bs on E2.  
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While the results from characterising B-cell ontogeny with regards to HCV are 

very promising, ensuring immunogens are capable of eliciting responses across 

diverse human populations against diverse virus will still prove challenging. Once said 

immunogens are at the point of preclinical and clinical testing it is that imperative that 

experimental systems have the capacity to include broad and representative isolates. 

To this end, the cell line we developed in chapter five permits for the inclusion of 

circulating isolates previously deemed unworkable in the HCVpp system (375). This 

will improve diversity within the vaccine panel screens and allow for more thorough 

characterisation of prophylactic candidates. 

 

6.5 Study limitations  
A major limitation of the entry mechanism aspect of the study (results chapters one 

and two) is that we employed a single prototypical lab strain, J6, for all 

experimentation. Therefore, it’s possible our findings are not representative of HCV in 

general and that our conclusions do not apply to the diverse virus circulating in the 

population. Nonetheless, we reasoned early on that it would be wiser to deduce a 

compelling mechanism from a rich, comprehensive dataset generated via a 

multidisciplinary approach on a single strain. Indeed, this has allowed us to develop 

and refine methodologies, thusly creating both physical and computational pipelines 

for the study of HCV entry. In this way, the current body of work forms a springboard 

from which we can launch to experimentally explore diverse HCV strains with the aim 

of further refining the mechanistic details concerning HCV entry and nAb evasion.  

 The entropic safety catch model, though upheld by the in vitro and cell culture 

experiments, is founded on our computational modelling of E2 ectodomain dynamics. 

It remains unknown to what extent E2 dynamics in silico remain faithful to its virion-

associated form and in the context of an E1E2 heterodimer. Given the heterogeneity 

of HCVcc particles, HCV envelope proteins in their purified soluble form or on HCVpp 

offer more tractable systems in which to focus attempts to observe the safety catch 

mechanism. Here E1E2 conformational dynamics could theoretically be captured by 

single-molecule fluorescence resonance transfer (smFRET), as seen for HIV-Env and 

SARS-CoV-2 spike (325,398). However, as it currently stands, the field is yet to 

develop correctly folded HCV envelope ectodomains that are within the detection limits 

of smFRET. For the determination of HVR-1 stabilisation, nuclear magnetic resonance 
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(NMR) spectroscopy could suffice (489). Here, comparing the spectra of WT HVR-

1/AS412 peptides to those carrying putative hyperreactive mutations such as I414T 

(in JFH-1) (390,391) and G406S, identified in the first adaptation experiment (Fig S1) 

with preliminary screening indicating it to be hyperreactive, could be informative. All in 

all, direct measurement of E1E2 dynamics will aid determine its transitional states 

following receptor engagement and inform us on the consequence of nAb 

engagement; providing answers as to how antibodies can bind WT and I438V A524T 

sE2 equally, yet only the mutant virus is proficiently neutralised.   

            One significant oversight of the work presented here is the absence of isotype 

controls for the primary antibodies used for fluorescence microscopy and flow 

cytometry. The antibodies used here were kind gifts from other labs or purchased from 

a vendor who assessed their binding specificity and affinity, and the published results 

assured us of their function (see table 2.1). Nonetheless, for certainty, isotype controls 

should have been included; we, however, did not have these materials during this 

research period. Another control the work is missing is total IgG isolated from an HCV 

seronegative individual to match the HCV+ patient IgG. This would have been a 

particularly valuable control in the second adaptation experiment. In theory, HCV 

adapted to Huh-7.5 cells in the presence of IgG from a seronegative individual should 

evolve to be hyperreactive as there would be no selective pressure on E1E2 from HCV 

specific antibodies in the experiment. Moving forward, IgG will be isolated from the 

sera of seronegative individuals and be included in the future work of the lab.   

 

6.6 Closing remarks  
It has been over thirty years since Houghton and colleagues isolated HCV and 

determined it to be a major etiological agent of viral hepatitis, yet for much of this time, 

the functional mechanisms of E1E2 remained unknown. In a comparable timeframe, 

significantly more detail surrounding HIV entry events and nAb recognition of HIV-Env 

was uncovered. This is not a reflection of lesser efforts by the HCV field but rather a 

combination of several factors: including but not limited to difficulties in imaging and 

propagating proficient HCV virions, E1E2’s unique structural organisation and manner 

of function, and lopsided funding awarded toward HIV research. The astonishing pace 

at which B-cell vaccines toward SARS-CoV-2 spike have been developed has 

illuminated the power of well-funded, multidisciplinary research (490,491).  
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As we emerge from the COVID pandemic, it’s imperative governments and 

funding bodies do not scale back the funding for virology research. Rather they must 

redistribute COVID funds to incite a wave of collaborative research for other viral 

pathogens to be conducted with the same vigour observed for SARS-CoV-2. Indeed, 

in the last decade, adopting multidisciplinary approaches in HCV has accelerated our 

understanding of the E2 structure (492) and brought to light the type of antibodies an 

effective vaccine will need to induce. Certainly, improved collaborative networks and 

the appropriation of the new cutting-edge tools developed for COVID research would 

serve to accelerate the development of HCV vaccine candidates, bringing us closer to 

the WHO target of HCV elimination. 

In the current study, by combining basic virology with mathematical and 

computational modelling approaches, we have provided novel insights into the 

structure-to-function relationship of E1E2. We propose that the intrinsic disorder of 

HVR-1 drives HCV nAb evasion and coin this mechanism ‘the entropic safety catch’. 

We provide evidence that SR-B1 engagement stabilises HVR-1, thereby turning off 

the safety catch mechanism and primes E1E2 for downstream entry events, this is 

one of the first coherent proposals of a functional consequence for this binding event.  

Although further validation of the ‘entropic safety catch’ is needed, our findings along 

with analyses of ΔHVR-1 immunogens (312,400) suggest the inclusion of HVR-1 is a 

prerequisite in the design of effective B cell immunogens. 
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7 Appendix  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
Supplementary Figure 1. Location and frequency of non-synonymous 
substitutions. Non-synonymous substitutions mapped onto linear representations 
of the E1 and E2 protein sequences. Functional and structural features are 
highlighted (e.g., the putative fusion peptide). The E2 sequence is color-coded by 
region, as denoted on the three-dimensional model. 
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Supplementary Table 1. Signal-to-noise ratio (S/N) for all HCV strains tested in 
the study 

 

a E1E2 identification, b gag-pol genes origins: Lentiviral (HIV) and Retroviral (MLV), c 

fold change in HCVpp S/N (relative to S/N of parental 293T produced HCVpp), T/F: 

a b c
Parental 293TCD81KO 

H77 Lentiviral 1a 901.34 1673.03 1.86

H77 L438V � Lentiviral 1a 188.55 335.28 1.78

H77 L438V A524T � Lentiviral 1a 47.04 138.06 2.94

J6 Lentiviral 2a 164.88 340.21 2.06

J6 I438V A524T � Lentiviral 2a 43.05 250.15 5.81

JFH1 Lentiviral 2a 127.48 181.22 1.42

UKNP 2.2.1 Lentiviral 2 29.57 77.21 2.61

UKNP 2.4.1 Lentiviral 2 6.57 15.02 2.29

UKNP 4.1.1 Lentiviral 4 66.53 122.53 1.84

AMS.1b.kloon2 Retroviral 1b 7.96 30.86 3.88

AMS.2b.kloon21 Retroviral 2b 26.45 24.91 0.94

AMS.3a.kloon26 Retroviral 3a 55.90 27.27 0.49

AMS.4d.kloon8 Retroviral 4d 22.47 40.43 1.80

h77 Retroviral 1a 30.11 121.48 4.03

jfh1 Retroviral 2a 5.79 21.29 3.68

msm1 Retroviral 1 99.77 279.03 2.80

msm2 Retroviral 2 21.22 41.13 1.94

msm4 Retroviral 4 22.46 71.53 3.19

msm5 Retroviral 5 27.34 56.30 2.06

uknp 2.1.1 Retroviral 3 26.61 39.23 1.47

uknp 2.2.1 Retroviral 2 159.01 178.74 1.12

uknp 2.4.1 Retroviral 2 16.94 34.02 2.01

uknp 3.2.1 Retroviral 3 7.30 40.99 5.62

uknp 3.2.2 Retroviral 3 32.75 191.18 5.84

uknp 4.1.1 Retroviral 4 17.11 96.81 5.66

uknp 5.2.1 Retroviral 5 13.38 128.37 9.59

uknp 6.1.2 Retroviral 6 11.04 20.17 1.83

168_Cl T/F Retroviral 1b 85.14 360.00 4.23

277_Cl T/F Retroviral 3a 4.60 3.30 0.72

360_Cl T/F Retroviral 1a/2b 3.90 35.30 9.05

686_Cl T/F Retroviral 1a 6.90 25.50 3.70

4032_Cl T/F Retroviral 3a 3.90 1.70 0.44

4087_Cl T/F Retroviral 1b 0.00 128.00 128.00

023_Ch T/F1 Retroviral 1a 12.13 64.50 5.32

023_Ch T/F2 Retroviral 1a 0.00 10.30 10.30

023_197DPI Retroviral 1a 0.00 5.30 5.30

240_Ch T/F Retroviral 3a 3.00 2.30 0.77

256_Ch V1 Retroviral 1a 9.70 88.00 9.07

256_Ch V2 Retroviral 3a 6.00 97.00 16.17

256_79DPI 1 Retroviral 3a 0.00 4.00 4.00

256_287DPI Retroviral 3a 3.00 2.00 0.67

HOK_Ch T/F Retroviral 1b 12.90 155.00 12.02

HOK_30DPI Retroviral 1b 4.00 166.00 41.50

HOK_233DPI Retroviral 1b 0.00 5.70 5.70

THD T/F Retroviral 1a 14.30 71.30 4.99

THD_109DPI Retroviral 1a 114.30 74.50 0.65

THD_198DPI Retroviral 1a 0.00 104.00 104.00

THG_Ch T/F Retroviral 1a 14.30 71.30 4.99

THG_58DPI Retroviral 1a 82.50 64.80 0.79

THG_184DPI Retroviral 1a 47.00 49.00 1.04

HCVpp Fold change in S/N  Core Genotype
293T line of HCVpp production
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Transmission founder, ✤ E1E2 sequence of H77 mutants generated via site-directed 

mutagenesis, ◆ E1E2 sequence of an unpublished full-length cell-culture adapted 

J6/JFH chimeric strain. 
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