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ABSTRACT 

Hepatitis C Virus (HCV) is a chronic viral infection of humans which poses a 

significant global health threat. Millions of affected individuals are at risk for 

cirrhosis and hepatocellular carcinoma and as yet, no vaccine exists.  

Despite recent significant advances in HCV treatment, development of an HCV 

vaccine is a vital component in the effort to eradicate the virus. It has been 

demonstrated that broadly neutralizing antibodies (bNAbs) can prevent HCV 

infection despite a broad range of genetic variability and, as such, may serve as 

a useful tool for vaccine development. However, current understanding of bNAbs 

is still limited, particularly in regard to specific determinants of neutralization. In 

this thesis, we seek to gain a better understanding of viral polymorphisms which 

confer resistance to neutralization by both polyclonal plasma and broadly 

neutralizing monoclonal antibodies. Here, we identify a polymorphism which 

renders Bole1a, a computationally derived, ancestral genotype 1a HCV strain 

resistant to neutralization by both polyclonal plasma and multiple broadly 

neutralizing monoclonal antibodies. 

A considerable amount of work has gone towards developing research models 

which effectively mimic aspects of the viral life cycle in infected individuals. It is 

critical to define the relative benefits and limitations of different model systems in 

order to understand the effects of each. Two commonly used models are the 

HCV pseudoparticle system (HCVpp) and HCV cell culture (HCVcc). This thesis 

undertakes to describe the development of an efficient means by which to 

expand the repertoire of HCVcc constructs and to systematically compare the 
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relative fitness and neutralization resistance of HCV envelope proteins in both 

the HCVpp and HCVcc model systems. In doing so, we show differences in HCV 

envelope fitness measured using the two systems but demonstrate strong 

agreement between antibody neutralization measured using HCVpp or HCVcc. 
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The natural history of hepatitis C virus 

Hepatitis C Virus (HCV) is found in virtually every region of the world, posing an 

important global health problem and affecting an estimated 170 million people 

(1). In the United States, there are approximately four million people with 

persistent hepatitis C infection and more than 10 thousand HCV-related deaths 

each year (2). Acute HCV infection progresses to chronic infection in 60-85% of 

cases. A large percentage of those who become infected will remain 

asymptomatic; however, of those chronically infected for two decades, 5-20% will 

develop cirrhosis of which 7% will annually progress to end-stage liver disease 

and hepatocellular carcinoma. HCV remains the leading indication for liver 

transplant in the United States, Japan, and Australia (3). 

In a minority of cases, infected persons will spontaneously clear HCV infection. 

Little is understood about why certain individuals become chronically infected 

while others spontaneously resolve the viral infection. Some predictors of the 

course of infection include co-infection with HIV, age, race, and gender. Genetic 

factors have also been implicated in disease progression. Multiple studies have 

published findings on a strong correlation between genetic polymorphisms in or 

near the IFNL3-IFNL4 locus and both spontaneous and treatment-induced HCV 

clearance (4-7). A single nucleotide polymorphism, rs12979860, three kilobases 

upstream of the gene encoding the type III interferon (IFN)- λ3, also known as 

IL28B, and the C/C genotype are associated with spontaneous resolution of HCV 

infection (8). More recently, rs368234815, located in the first exon of IFNL4 has 

been identified as having a strong association with HCV clearance. The G allele 
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at this position causes a frameshift, creating a novel gene encoding the type III 

IFN_ λ4protein (9). Also, HLA class I alleles HLA-B*27, HLA-B*57, and HLA-

Cw*01 are also associated with HCV clearance (10).  

HCV transmission is typically blood borne via injection drug use or through blood 

transfusions and other procedures involving unscreened and infected donors 

(11).  

Current treatments 

In recent years, HCV treatment has been significantly changed by the 

introduction of novel direct-acting antivirals (DAAs) such as sofosbuvir and 

simeprevir(12). Despite sustained virologic response, fewer adverse events than 

previous treatments, and cure rates approaching 100%, development of a 

preventative vaccine remains imperative (13-16). Not only are current treatment 

protocols expensive and largely inaccessible in much of the world, but slow 

disease progression has left many people undiagnosed and hence untreated and 

able to spread infection. Treatment is not protective against reinfection which 

happens frequently and the possibility of viral resistance mutations that can 

complicate treatment remains (17, 18). Not all patients respond to therapy with 

certain genotypes proving particularly difficult to treat.For those infected, once 

fibrosis has been established, the risk for liver disease remains even after the 

viral infection has been resolved (19-21) . For these reasons, it is critical that 

research on prophylactic vaccines continues.  
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Model systems  

HCV research has been hindered by a limited number and availability of animal 

models and an early lack of in vitro systems with which to study the virus and 

develop prophylactics and therapies. Aside from humans, chimpanzees and tree 

shrews (Tupaia) are the only two animal species naturally permissive to infection 

by HCV (22-24). While the course of infection is similar between humans and 

chimpanzees, interestingly, chimpanzees are significantly more likely to 

spontaneously resolve HCV infection and have lower levels of liver inflammation 

and disease as compared to humans. While they have been used in a variety of 

studies and early work in this animal model helped move the field forward, their 

use in biomedical research is now restricted for ethical reasons. Only limited 

research on HCV pathogenesis in the tree shrew model is available (25).  

An important advancement in studying HCV came with the development of the 

HCV pseudoparticle (HCVpp) system (26-28). Originally developed for reverse 

genetic analysis of HIV, the ability to pseudotype HIV nucleocapsids with HCV 

glycoproteins E1 and E2 on the surface has proven useful in studying the 

molecular mechanisms of HCV entry as well as allowing for the assessment of 

antibody neutralization (29). The development of this model system has been 

particularly useful for considering the genetic diversity of the virus as patient-

derived E1E2 sequences can be efficiently pseudotyped and large libraries of 

HCVpp have been generated (30, 31).  

Early cell culture-derived HCV (HCVcc) was difficult due to the absence of 

productive infection in hepatoma cells lines using HCV-infected patient isolates. 
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Significant progress was made in 2005 with the discovery of JFH1, a genotype 

2a isolate from an infected patient which, uniquely, can efficiently complete the 

HCV life cycle in Huh-7 hepatoma cell lines. This allowed for the discovery of 

new entry factors, the study of viral assembly and virion release, and a better 

understanding of the mechanisms of antiviral drugs (32-34).  

The discovery of JFH1 soon led to development of intragenotypic chimeras, most 

notably J6/JFH1 and Jc1. From there, several intergenotypic chimeric viruses 

were constructed replacing various JFH1 genes with counterparts from other 

genotypes (33-35). These HCVcc have been used to further study viral entry 

pathways (32, 36-38) and to demonstrate that broadly neutralizing antibodies can 

prevent HCV infection in animal models (39-41).  

Genetic diversity  

A remarkable amount of genetic diversity is found within the HCV genome both 

within and between genotypes. HCV is from the Hepacivirus genus of the 

Flaviviridae family, and is separated into 7 major genotypes further subdivided 

into 67 subtypes (3, 42). It is an enveloped virus with a 9.6kb positive-sense RNA 

genome which encodes a single open-reading frame. Post-translational 

modifications by both host and viral proteases generates 10 mature proteins, 3 

structural (core, E1, E2) and 7 non-structural (p7, NS2, NS3, NS4A, NS4B, 

NS5A, NS5B). The HCV capsid is surrounded by a host-derived lipoprotein 

envelope in which structural glycoproteins E1 and E2 are embedded and 

associate with serum lipoproteins such as apolipoprotein E (ApoE) (43). E1 and 

E2, presented on the surface of the virion, mediate multiple functions including 
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HCV binding and entry into target cells (26, 27, 44) while the nonstructural 

proteins manage HCV replication via RNA synthesis, suppression of host 

defense mechanisms, and viral assembly (45, 46).  

The high variability of this virus, which varies not only between people but also 

over time within an infected individual, presents a major challenge to the immune 

response. Within each infected person, HCV exists as a collection of genetically-

related yet distinct variants known as a quasispecies (47-50). Genetic evolution 

of quasispecies variants is influenced by a balance between evasion of the host 

immune system and constraints on viral fitness (51-54).  

Due in part to an RNA polymerase lacking proofreading function and a high 

replication rate in vivo, HCV has a high rate of evolution. In particular, the HCV 

E1E2-coding region is extremely genetically diverse. While there are several 

highly conserved amino acid residues, many of them necessary for receptor 

interactions required for viral entry, there are also three particularly variable 

regions: HVR1, HVR2, and the intergenotypic variable region (IgVR) (55-57). 

This variability is further strongly influenced by host immune pressures. This 

extraordinary genetic diversity and rapid viral evolution in infected individuals has 

complicated vaccine development. 

HCV binding and entry 

HCV entry and subsequent infection requires a number of virus/host cell 

interactions. First, in a process mediated through virion-associated ApoE (58-60) 

and cellular low-density lipoprotein receptor (LDL-R) (61-64), virions must bind to 
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heparan sulfate proteoglycans on hepatocytes (65-67). This association between 

HCV particles and lipoproteins is critical for the initiation of viral entry (68).Other 

important binding receptors include scavenger receptor class B type I (SR-B1), 

which binds to virion-associated lipoproteins and E2, and cluster of differentiation 

81 (CD81) which also binds to E2 (69). SR-B1 may facilitate binding by exposing 

areas of E2 that are involved with other binding factors such as CD81 which has 

later roles in activating signaling pathways (70-73). 

Tight junction proteins claudin-1 (CLDN1) and occludin (OCLN) are other HCV 

entry factors. CLDN1 interacts with CD81 which, when complexed, mediates 

clathrin-dependent endocytosis and is taken into the clathrin-coated endosome 

along with the bound HCV particle (73-76). The role of OCLN, while critical for a 

late step of virus entry, has not yet been fully described (75, 77). 

Once this series of virus-host binding reactions has occurred, the virion is 

internalized into early endosomes. Here, the low pH environment induces viral 

fusion to late endosome membranes which prompts the release of viral RNA into 

the cytosol (73, 78). HCV may also enter cells via cell-to-cell spread (79).  

Immune response to HCV 

Previous studies have shown that spontaneous clearance of HCV infection is 

associated with a broadly specific and robust cellular immune response (80-83) 

and rapid induction of neutralizing antibodies during the acute phase of infection 

(84). By contrast, chronic infection tends to be characterized by low frequencies 

of specific CD8 T cells in peripheral blood (85-90).  
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Upon viral entry, the innate immune response is activated, acting as the host 

cell’s first line of defense against viral infections. Briefly, HCV is detected by 

germline-encoded pattern recognition receptors (PRRs) such as retinoic acid-

inducible gene I (RIG-I)-like receptors (RLRs), Toll-like receptors (TLRs), 

nucleotide oligomerization domain-like receptors (NLRs), and cytosolic DNA 

sensors. TLR3 recognizes HCV double-stranded RNA intermediates, inducing 

the production of inflammatory cytokines upon detection (91). RIG-I recognizes 

the polyuridine-rich motif of the 3’ untranslated region (UTR), inducing the 

production of IFNs (92) .  

As a means of evading the innate immune response, HCV NS3-4A protease can 

cleave the host adaptor proteins mitochondrial anti-viral-signaling proteins 

(MAVS) and TIR-domain-containing adaptor-inducing IFN-β (TRIF). This inhibits 

the RIG-I like receptors and TLRs which mediate type I and type III IFN signaling 

pathways (93-95). NS4B has been shown to block IFN production by disrupting 

STING interaction with MAVS and TBK1 (96, 97). Through these molecular 

mechanisms, HCV infection is able to persist in host cells. 

Persistent HCV infection caused by the failure of the innate immune system 

induces the development of the adaptive immune response. This is characterized 

by the generation of an HCV-specific T-cell response and the production of HCV 

neutralizing antibodies (98).  

HCV-specific CD8 T cells begin to appear 6-8 weeks following infection (54, 99), 

a delay attributed to priming of these cells (100). This delay in cellular immune 
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response is not associated with HCV clearance rates (54); rather, spontaneous 

resolution of infection is associated with robust HCV-specific CD8 T cells 

responses that include increased breadth and magnitude of recognized epitopes 

and enhanced cytokine production (101-104). At the same time, HCV-specific 

CD4 T cells provide help through the secretion of cytokines and activation of 

antigen-presenting cells (105). These cells show high proliferative capacity 

during the acute phase of infection which aids in viral clearance (106). 

Humoral responses, too, are delayed (107) and widely thought to play only a 

peripheral role in HCV control (80, 99, 108). However, recent studies suggest 

that B-cells and neutralizing antibodies may be more involved in spontaneous 

HCV resolution than previously thought (31, 109, 110). In particular, antibodies 

have been shown to play a role in controlling HCV infection and in preventing 

reinfection and are being studied for use in both therapeutic and preventative 

vaccine design. 

Neutralizing antibodies in vaccine development 

An important goal in vaccine development is a vaccine that can stimulate broadly 

neutralizing antibodies (bNAbs) that target conserved epitopes across genetically 

diverse viral genotypes. As HCV humoral immune response work has 

progressed, broadly neutralizing antibodies have been shown to abrogate 

established HCV infection in animal models (111) and confer sterilizing immunity 

in animal-challenge experiments (109, 112, 113) prompting on-going work to 

identify the best antibody targets for vaccine design. 
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While antibodies produced during acute HCV infection target epitopes in both 

structural and non-structural proteins, all known neutralizing antibodies target 

epitopes on the HCV envelope glycoproteins E1 and E2. A number of studies 

have worked to identify monoclonal antibodies (mAbs) that target conserved 

epitopes across multiple HCV genotypes. Most of these conserved sites are 

located on either linear (114, 115) or conformational (109, 116-118) epitopes on 

the CD81-binding site or on the membrane proximal external region (110). These 

sites are all located on or close to the E2 ectodomain though there is also 

evidence that bNabs against the E1 domain, while less robust in eliciting of a 

humoral immune response, are also observed in patients with chronic HCV (119, 

120). 

Dissertation overview 

Chapter two describes evaluation of a polymorphism that renders Bole1a, a 

computationally derived, ancestral genotype 1a HCV strain, resistant to 

neutralization by both polyclonal-HCV-infected plasma and multiple broadly 

neutralizing monoclonal antibodies with unique binding epitopes. 

Chapter three describes an efficient strategy for cloning naturally-occurring E1E2 

genes into a full-length HCV genome, producing replication-competent chimeric 

HCVcc. We generated a panel of HCVpp and HCVcc expressing genetically 

identical E1E2 variants and assessed them for relative fitness and neutralization 

resistance to monoclonal antibodies.  
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Abstract 

Hepatitis C virus (HCV) infection is a global health problem with millions of 

chronically-infected individuals at risk for cirrhosis and hepatocellular carcinoma.  

HCV vaccine development is vital in the effort toward disease control and 

eradication, an undertaking aided by an increased understanding of the 

mechanisms of resistance to broadly neutralizing antibodies (bNAbs). In this 

study, we identify HCV codons that vary deep in a phylogenetic tree of HCV 

sequences and show that a polymorphism at one of these positions renders 

Bole1a, a computationally-derived, ancestral genotype 1a HCV virus, resistant to 

neutralization by both polyclonal HCV-infected plasma and multiple broadly 

neutralizing monoclonal antibodies with unique binding epitopes. This bNAb 

resistance mutation reduces replicative fitness, which may explain persistence of 

both neutralization sensitive and resistant variants in circulating viral strains. This 

work identifies an important determinant of bNAb resistance in an ancestral, 

representative HCV genome, which may inform HCV vaccine development. 
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Importance 

Worldwide, more than 170 million people are infected with hepatitis C virus 

(HCV), the leading cause of hepatocellular carcinoma and liver transplantation in 

the United States. Despite recent significant advances in HCV treatment, a 

vaccine is needed. Control of the HCV pandemic with drug treatment alone is 

likely to fail due to limited access to treatment, reinfections in high risk 

individuals, and potential for resistance to direct acting antivirals (DAAs). Broadly 

neutralizing antibodies (bNAbs) block infection by diverse HCV variants and 

therefore serve as a useful guide for vaccine development, but our understanding 

of resistance to bNAbs is incomplete. In this study, we identify a viral 

polymorphism conferring resistance to neutralization by both polyclonal plasma 

and broadly neutralizing monoclonal antibodies, which may inform HCV vaccine 

development. 
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Introduction 

Hepatitis C virus (HCV) vaccine development has been complicated by the 

extraordinary genetic diversity of the virus and rapid viral evolution in infected 

individuals (121-127). The HCV genome is replicated by an error-prone NS5B 

polymerase (128), and past studies have demonstrated that cytotoxic T 

lymphocytes (CTL) and neutralizing antibodies (NAbs) against HCV exert 

selective pressure that results in selection of CTL and NAb escape mutations in 

the virus (54, 99, 129-133). While viral escape mutations allow for continued 

proliferation in the presence of CTL and NAbs, some of these mutations also 

carry a fitness cost, reducing the replication capacity of resistant viral variants 

(54, 129, 130, 134, 135). 

Many NAbs are HCV strain-specific, but broadly-neutralizing human monoclonal 

antibodies (bNAbs) capable of neutralizing multiple diverse HCV isolates have 

been isolated, proving that NAbs can also target relatively conserved regions of 

the envelope (E1 and E2) proteins (109, 110, 114, 116, 118, 130, 136-143). 

Infusion of bNAbs is protective against infection in animal models of HCV (109, 

112), and early high-titer bNAb responses against HCV are associated with viral 

clearance in humans (31, 84, 108, 123, 129, 144). Unfortunately, resistance to 

bNAbs can also develop, and multiple studies have demonstrated that this 

resistance sometimes results from mutations distant from bNAb binding sites 

(130, 145-147). Since bNAbs may serve as a guide for HCV vaccine 

development, a more comprehensive understanding of resistance to bNAbs is 

essential. 
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Previously, our group generated a computationally derived, representative, 

subtype 1a HCV genome known as Bole1a using Bayesian phylogenetics, 

ancestral sequence reconstruction, and covariance analysis (148). We 

demonstrated that Bole1a is ancestral to most circulating genotype 1a HCV 

strains, it is representative of widely circulating strains, and the envelope genes 

are functional on lentiviral particles (148). This genome contains fewer CTL 

escape mutations than natural circulating strains, since phylogenetic 

reconstruction places more recent, host-specific changes, like escape mutations 

in HLA-restricted CTL epitopes, near the tips of the tree, while Bole1a falls near 

the root (149). This was confirmed in a prior study demonstrating that Bole1a 

contains more intact CTL epitopes than circulating HCV strains (149). 

In contrast to changes near the tips of the tree, changes that occur deeper in the 

tree, closer to the Bole1a sequence, may represent selection that is less host-

specific. We hypothesized that this could include changes that enhance viral 

replicative fitness or confer resistance to bNAbs. In generation of the Bole1a 

genome, our analysis predicted a single most likely ancestral amino acid at all 

positions across the genome, but at some positions, posterior probabilities of a 

single ancestral amino acid were relatively low, suggesting complex evolution at 

these positions deep in a phylogenetic tree of diverse genotype 1a sequences. 

We examined 3 of these positions in the genes encoding E1 and E2 to determine 

whether variation at these positions could be explained by acquisition of E1E2 

bNAb resistance, an increase in viral replicative fitness, or both (150).  
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Materials and Methods 

Source of mAbs 

CBH-5 (138), HC84.22, HC84.26 (118), and HC33.4 (140) were a gift of Steven 

Foung (Stanford University School of Medicine, Stanford, California).  AR3A 

(109) and AR4A (110) were a gift from Mansun Law (The Scripps Research 

Institute, La Jolla, California, USA). 

 

Source of plasma 

Plasma samples were obtained from the BBAASH (151) cohort (Andrea Cox, 

Johns Hopkins University School of Medicine). Samples from each of the 18 

HCV-infected subjects who had previously shown at least 50% neutralization by 

1:100 plasma dilution of at least 2 HCVpp in the 19 HCVpp panel previously 

described (31) were selected. 

 

HCVpp neutralization assays 

HCVpp were generated by cotransfection of pNL4-3.Luc.R-E- plasmid and an 

expression plasmid containing the Bole1a HCV E1E2 as described elsewhere 

(26, 108, 152). Virus-containing medium was collected at 48 and 72 hours, 

pooled, and stored at -4oC. For infectivity and neutralization testing of HCVpp 

8,000 Hep3B cells (American Type Culture Collection) per well were plated in flat 

bottom 96 well tissue culture plates and incubated overnight at 37oC. The 

following day, HCVpp were mixed with either mAb (10μg/ml) or heat-inactivated 

plasma (1:100 dilution) then incubated at 37oC for 1 hour. Media was removed 
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from the cells and replaced with 50 µL of HCVpp mixture. The plates were placed 

in a CO2 incubator at 37oC for 5 hours, after which the HCVpp were removed and 

replaced with 100µL of phenol-free Hep3B media and incubated for 72 hours at 

37oC. Media was removed from the cells and 50µL of 1x Cell Culture Lysis 

Reagent (Promega) added and left to incubate for >5 minutes then 45µL from 

each well were then transferred to a white, low-luminescence 96-well plate 

(Berthold) and luciferase activity measured in relative light units (RLUs) in a 

Berthold Luminometer (Berthold Technologies Centro LB960). Pseudoparticle 

infection was measured in the presence of mAb/test plasma (HCVppRLUtest) or 

nonspecific IgG/HCV-negative normal human plasma (HCVppRLUcontrol) at the 

same dilution. The percentage of neutralization was calculated as 100% x [1-

(HCVppRLUtest /HCVppRLUcontrol)]. Each sample was tested in duplicate. A mock 

pseudoparticle (no envelope) was used as a negative control. Neutralization was 

tested only for HCVpp with infectivity at least 10X greater than typical mock 

pseudoparticle values. 

 

Generation of site-directed mutants 

E1E2 site-directed mutants were generated using a QuikChange Lightning Site-

Directed Mutagenesis Kit (Agilent Technologies).  

 

HCV NS5A immunostaining 

Human hepatoma Huh7.5.1 cells (a gift of Jake Liang, NIH, Bethesda, Maryland, 

USA) were maintained in DMEM supplemented with 10% fetal bovine serum, 1% 



18 
 

sodium pyruvate, and 1% l-glutamate. 48 hours after infection, cells were fixed 

with 4% formaldehyde for 20 minutes and then stained for HCV NS5A using 

primary anti-NS5A antibody 9E10 (a gift of Charles Rice, The Rockefeller 

University, New York City, New York, USA) at 1:10,000 dilution in PBS, 3% 

bovine serum albumin, and 0.3% Triton X-100 for 1 hour at room temperature. 

Cells were washed twice with PBS and stained using secondary antibody Alexa 

Daylight 488–conjugated goat anti-mouse IgG (Life Technologies) at 1:500 

dilution in PBS, 3% bovine serum albumin, and 0.3% Triton X-100 for 1 hour at 

room temperature. Cells were washed twice in PBS and then stored covered in 

100μl PBS at 4°C. 

 

HCVcc neutralization assays 

Huh7.5.1 cells were plated at 10,000 cells per well onto 96-well plates. On the 

following day, antibodies were serially diluted 2.5-fold in growth medium starting 

from 50μg/ml mAb. Controls were performed with a similar dilution series of 

nonspecific IgG. Viral supernatants diluted to fall in a linear range of infectivity 

were added to antibody dilutions in duplicate for 1 hour at 37°C. Medium was 

removed from cells, and the antibody-virus mix added onto cells and incubated 

overnight. Antibody-virus mix was replaced with 100μl fresh medium the following 

day. After 48 hours, medium was removed and cells were fixed and stained. 

Images were acquired and spot forming units were counted in the presence of 

mAb (HCVccSpotstest) or nonspecific IgG (HCVccSpotscontrol) using an AID iSpot 

Reader Spectrum 219 operating AID ELISpot Reader version 7.0. Percent 
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neutralization was calculated as 100% x [1-(HCVccSpotstest /HCVccSpotscontrol)]. 

HCVcc neutralization assays using human plasma were performed similarly 

using 1:100 dilutions of test plasma and HCV-negative normal human plasma.  

 

HCV E1E2 ELISA 

MAb or plasma binding to E1E2 was quantitated using an enzyme-linked 

immuosorbent assay (ELISA) as previously described (130). 293T cells were 

transfected with E1E2 expression constructs. 48 hours post-transfection cell 

lysates were harvested. Plates were coated with 500ng Galanthus nivalis (GNA) 

lectin (Sigma-Aldrich) and blocked with phosphate-buffered saline containing 

0.5% Tween 20, 1% non-fat dry milk, and 1% goat serum. E1E2 cell lysates were 

added. mAb or plasma were assayed in duplicate 2.5-fold serial dilutions, starting 

at 10µg/ml or 1:100 dilution, respectively. Binding was detected using HRP-

conjuagated anti-human IgG secondary antibody (BD Pharmingen no. 555788).  

For ELISA performed under denaturing conditions, cells lysates were diluted in 

denaturing buffer (tris-buffered saline with 10% fetal bovine serum, 1.0% sodium 

dodecyl sulfate, and 50mM dithiothreitol) then boiled for 5 minutes. Lysates were 

cooled on ice then added to GNA-lectin coated plates. Assay was completed as 

described above. 

 

HCV viral load quantitation 

HCV RNA levels in infection supernatants were quantified using a process of 

RNA extraction and utilization of commercial real time reagents (Abbot HCV Real 
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Time Assay) migrated onto a research based real time PCR platform (Roche 480 

Lightcycler). 

 

Generation of HCVcc chimeras 

To introduce an AfeI restriction site, HCVcc chimera H77/JFH1 (153), a gift of 

Jens Bukh (Copenhagen University Hospital, Copenhagen, Denmark), was 

amplified in three sections, using primers  

insert_R_new (CACCAGCTGATATAGCGTTTGTAATATGGCGACAGAGTC) 

insert_F_new 

(GGATTCCGATCTACCAGCGCTTTGGAGAACCTCGTAATACTCAATGCAGCA

TCCCTGGCC) back_mid_F  (CGGAATATGACCTGGAGCTAATAACATCC) 

backbone_outer_R (GGTGACATGGTAAAGCCCCG) 

Back-mid_R (CCAGGTCATATTCCGGTCTGG)  

Backbone_outer_F (CTGTCGCCATATTACAAACGC) 

This omitted nucleotides 916 to 2579.  Amplified sections were re-assembled 

using In-Fusion cloning (Clontech). This backbone was digested with enzyme 

AfeI (New England Biolabs). E1E2 inserts were amplified from library plasmids 

using primers HCVcc_E1E2_1R (GAGGTTCTCCAAAGCCGCCTCCGC) and 

HCVcc E1E2_1F (TGTGCCCGCTTCAGCCTACCAAG). The inserts were cloned 

into the digested HCVcc backbone using In-Fusion cloning. 

To make HCVcc RNA, 2μg plasmid DNA was linearized using XBAI (New 

England Biolabs). Linear DNA was used for in vitro RNA transcription using the 

T7 MEGAscript kit (Ambion). RNA clean-up was performed using RNeasy mini kit 
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(Qiagen) and quantified using nanodrop. RNA products were then stored at –

80°C.  

To transfect RNA, Nucelofector Kit T was used (Amaxa). 5µg of RNA was 

transfected into 1.8e6 Huh7.5.1 cells and plated in a 6-cm plate. Transfection 

supernatants were collected 4-6 days later, once cells had reached confluency 

and stored at -80 oC for titering by HCV NS5A immunostaining. High-titer 

transfection supernatants were used to infect Huh7.5.1 cells and infection 

supernatants collected, tittered, and stored at -80 oC for use in infectivity and 

neutralization experiments. 

 

Western Blotting 

 HCVpp supernatants were concentrated and purified by ultracentrifugation 

through a 20% sucrose cushion (123 000g, 2h, 4ºC) with pellets resuspended in 

TNE buffer. HCVpp and E1E2 lysates used in ELISAs were diluted then 

denatured and run on a 4-12% Bis-Tris gel. After transfer, blots were probed with 

HC33.1.53 (140) (a gift of Dr. Steven Foung, Stanford University School of 

Medicine, Stanford, California) and binding was detected with HRP-conjugated 

anti-human IgG secondary antibody (BD Pharmingen no. 555788). HCVpp 

western blots were also probed with a mouse anti-HIV1 p24 (ab9044, Abcam) 

followed by HRP-conjugated anti-mouse IgG secondary antibody (ab97265, 

Abcam). 

 

Statistical Analyses 
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In Figure 2.2, percent neutralization values were grouped by individual mutations 

and a one-way ANOVA with a Tukey test was performed to compare the 

significance of changes in neutralization mediated by different amino acid 

mutations at the same position.  For each pair of R424S ELISAs, a two-way 

ANOVA was performed to determine the significance of the change in binding 

between E1E2 lysates.  
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Results   

Some polyprotein positions show evidence of deep phylogenetic variation.   

Through the use of Bayesian phylogenetics, ancestral sequence reconstruction, 

and covariance analysis, the most likely ancestral genotype 1a amino acid was 

predicted at each position across the HCV polyprotein, generating the Bole1a 

genome (148). For the majority of polyprotein positions, the most likely ancestral 

amino acid could be determined with very high posterior probability ranging from 

0.99 to 1, but for 94 of the 3012 codons analyzed, the posterior probability of the 

most likely ancestral codon was less than 0.99 (Figure 2.1A), suggesting 

complex evolution at these positions deep in the phylogenetic tree. We selected 

three of these positions for further analysis. At 242, which falls in HCV E1, 

leucine (L) was the most likely ancestral amino acid. At 424, which falls near the 

CD81 binding site of E2, arginine (R) was the most likely ancestral amino acid. At 

570, which falls in the intergenotypic variable region (igVR) (154) near the 

carboxy terminus of E2, asparagine (N) was most likely. We also determined the 

most common amino acids at these positions in circulating viral strains (Figure 

2.1B). Circulating strains showed significant variability at the 242 and 570 

positions, with 4 and 9 different amino acids observed at each position, 

respectively, in a reference alignment of 390 Genotype 1a sequences. In 

contrast, the 424 codon is highly constrained, with either R or S observed in 387 

of 390 circulating strains in the reference alignment. 
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Mutation of arginine 424 to serine confers resistance to neutralization by plasma. 

HCV pseudoparticles (HCVpp) with Bole1a E1E2_L242, R424, N570 or Bole1a 

E1E2 with other naturally-occurring amino acids at these positions were 

generated by cotransfection of E1E2 expression plasmids with an HIV pNL4-

3.Luc.R-E- reporter construct. The amino acid polymorphisms to be tested were 

chosen based on the predicted ancestral sequence, the most common amino 

acids in circulating strains, and some additional less frequently observed amino 

acids. To efficiently measure the effect of mutations at each of the three positions 

in multiple experiments, thirteen HCVpp were generated with each mutation 

alone or combination with mutations at one or both of the other two positions.  

These HCVpp were tested for sensitivity to neutralization by HCV-infected 

plasma samples, and all variants with the same amino acid at 242, 424, or 570 

were grouped for analysis. (Figure 2.2). Mutation of L242 to valine (V) or 

methionine (M) and mutation of N570 to valine (V) or aspartic acid (D) did not 

have a significant effect on neutralization sensitivity, but mutation of arginine (R) 

424 to serine (S) conferred a significant increase in resistance to neutralization 

by plasma. Since variation at positions 242 and 570 did not significantly affect 

Bola1a neutralization sensitivity, subsequent experiments focused on variation at 

the 424 position, with L242 and N570 held constant.   

To confirm the resistance phenotype of S424, Bole1a_R424 and Bole1a_S424 

HCVpp were tested for neutralization by an additional panel of 19 HCV-infected 

plasma samples (Figure 2.3A). As in prior experiments, S424 was strongly 

associated with resistance to neutralization (median neutralization 91% for 
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Bole1a_R424 and 44% for Bole1a_S424, p=2E-10). Strikingly, for every plasma 

sample tested, Bole1a_S424 was more neutralization resistant than 

Bole1a_R424, despite the fact that each plasma sample was from a different 

donor and each sample presumably contains polyclonal NAbs. This result was 

confirmed with replication competent cell culture virus (HCVcc) expressing either 

Bole1a_R424 or Bole1a_S424 E1E2 (Figure 2.3B). In addition, mutation of R424 

to S in two natural E1E2 variants isolated from HCV-infected donors (1a53 and 

1a79) also conferred resistance to neutralization by heterologous HCV-infected 

plasma, and mutation of S424 to R in a third naturally occurring E1E2 variant 

(H77) conferred increased sensitivity to neutralization (Figure 2.3C). To 

investigate whether changes in neutralization sensitivity observed in 

Bole1a_R424 and Bole1a_S424 might be influenced by incorporation of different 

amounts of E2 per particle, we performed a Western blot using purified HCVpp 

(Figure 2.3D). Both E2 and the p24 loading control of Bole1a_S424 HCVpp were 

approximately 2-fold less intense than the same proteins from Bole1a_R424 

HCVpp, indicating that both HCVpp incorporate approximately equal amounts of 

E2 protein per particle.  

 

Mutation of arginine 424 to serine confers resistance to binding by antibodies in 

plasma. 

To elucidate the mechanism of variable neutralization sensitivity between 

Bole1a_R424 and Bole1a_S424 variants, the same panel of 19 HCV-infected 
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plasma samples was used in E1E2 binding assays. Lysates of cells transfected 

with Bole1a_R424 or Bole1a_S424 E1E2 expression constructs were used as 

the target antigen in enzyme-linked immunosorbent assays (ELISAs) with HCV-

infected plasma (Figure 2.4A). Binding of plasma antibodies to the S424 E1E2 

protein was significantly lower than binding to the R424 variant (median OD 1.44 

for Bole1a_R424 and 0.0009 for Bole1a_S424, p=1E-05), suggesting that 

mutation of R424 to S confers neutralization resistance by reducing binding of 

NAbs. To confirm that the reduced binding to Bole1a_S424 E1E2 relative to 

Bole1a_R424 was not due to a difference in levels of expression of the two E1E2 

proteins, we performed a Western blot with serial dilutions of both E1E2 lysate 

preparations, confirming that the quantity of each protein used in the ELISAs was 

similar (Figure 2.4B). 

 

Mutation of arginine 424 to serine confers resistance to neutralization by a 

diverse array of broadly neutralizing monoclonal antibodies. 

To further investigate the surprising result that an R424S mutation conferred 

resistance to polyclonal sera from numerous donors, we measured sensitivity of 

replication competent cell culture virus (HCVcc) expressing Bole1a_R424 or 

Bole1a_S424 E1E2 to neutralization by a panel of some of the most broadly 

neutralizing human monoclonal antibodies (mAbs) described to date, including 

CBH-5 (138), HC84.22, HC84.26 (118), HC33.4 (140), AR3A(109) and AR4A 

(110). These mAbs were selected because they are broadly neutralizing and also 
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because they bind to distinct epitopes across E2. CBH-5, AR3A, HC84.22, and 

HC84.26 bind to distinct epitopes at or near the CD81 binding site of E2, while 

HC33.4 binds near the amino terminus of E2, and AR4A binds to E1 and the 

carboxy terminus of E2 (Figure 2.5A). Amino acid 424 is a known binding 

residue for AR3A as determined by alanine scanning mutagenesis (109), but it is 

not a known binding residue for any other mAbs in the panel. Despite the 

differences in E2 binding sites of these bNAbs, mutation of R424 to S conferred 

resistance to each antibody (Figure 2.5B). As shown in Figure 2.5C, 50% 

inhibitory concentration (IC50) of each mAb against Bole1a_R424 HCVcc was 

less than 2 µg/mL, while IC50 of the majority of mAbs against Bole1a_S424 

HCVcc was 50 µg/mL or greater. Similar results were observed with HCVpp 

expressing Bole1a_R424 or S424 E1E2 and with HCVpp expressing R424 and 

S424 variants of a naturally occurring HCV strain, 1a53 (Figures 2.5D and 2.5E). 

Interestingly, no difference in mAb sensitivity was observed between R424 and 

S424 variants of two other naturally occurring HCV strains, 1a79 and H77. Taken 

together, these results indicate that mutation of Bole1a_R424 to S confers 

resistance to bNAb neutralization, regardless of the antibody binding epitope.   

 

Mutation of arginine 424 to serine confers resistance to binding of broadly 

neutralizing monoclonal antibodies. 

Binding of mAbs to Bole1a_R424 and Bole1a_S424 E1E2 was measured using 

an E1E2 ELISA.  MAbs HC84.22, CBH-5, AR3A, and HC33.4 showed greater 
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binding to the R424 E1E2 lysate than the S424 E1E2 lysate (Figures 2.6A and 

2.6B). There was no detectable difference in binding of AR4A to either variant, 

suggesting either that the Bole1a_S424 resistance to neutralization by AR4A is 

not mediated by a reduction in binding of the mAb, or that the binding ELISA is 

not sensitive enough to detect changes in binding affinity sufficient to influence 

neutralization. Taken together, these results show a small but consistent 

reduction in binding of mAbs to S424 E1E2 relative to R424 E1E2, in agreement 

with the observed reduction in binding of plasma antibodies to the S424 E1E2 

protein, suggesting that resistance to bNAb binding is a likely mechanism of the 

observed neutralization resistance of Bole1a_S424.    

Since mutation of R424 to S conferred resistance to binding of mAbs for which 

424 is not a known binding residue, we tested whether the effect is due to an 

induced structural change in the E1E2 proteins. We were able to test this directly 

for one mAb, HC33.4, since it binds to both native and denatured protein. Binding 

of HC33.4 to Bole1a_R424 and Bole1a_S424 E1E2 protein lysates was 

measured with the E1E2 protein in either native or denatured states (Figure 

2.6B). Surprisingly, the difference in mAb HC33.4 binding to Bole1a_R424 and 

Bole1a_S424 E1E2 was significantly more pronounced with the protein in a 

denatured state, suggesting that induction of a structural shift may not be the 

mechanism by which mutation of R424 to S reduces binding of HC33.4  Rather, 

R424 could be a previously undetected HC33.4 binding residue. 

We also measured binding of four mAbs to R424 and S424 variants of 1a53, 

1a79, and H77 E1E2 proteins (Figure 2.6C). Introduction of S424 into 1a53 
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E1E2 reduced binding of all four mAbs, which is consistent with the observed 

resistance to these mAbs conferred to 1a53 HCVpp by S424. For 1a79 and H77 

E1E2, S424 conferred resistance to binding by some mAbs but not others, which 

is also consistent with minimal resistance to mAb neutralization conferred to 

1a79 and H77 HCVpp by S424.   

 

Bole1a_S424 carries a fitness cost. 

Despite the broad neutralization resistance conferred by S424, both R424 and 

S424 variants are abundant in circulating virus populations, suggesting selection 

pressure favoring R424 acting in opposition to the bNAb selection pressure 

favoring S424. We examined the relative fitness of Bole1a_R424 HCVcc and 

Bole1a_S424 HCVcc in the absence of antibody (Figure 2.7). Bole1a_R424 

HCVcc showed higher specific infectivity than Bole1a_S424 HCVcc (18.9 

SFU/105 IU for Bole1a_R424 vs. 5.4 SFU/105 IU for Bole1a_S424). Taken 

together, these results suggest that selection by bNAbs favors persistence of 

S424 variants, while greater replicative fitness favors persistence of R424 

variants.  
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Discussion 

In this study, we identified a position in E2, codon 424, that varies deep in a 

phylogenetic tree of diverse genotype 1a sequences, yet is constrained to only 

two possible amino acids, arginine and serine, in circulating strains. Mutation of 

R424 to S at this position in Bole1a, a representative, ancestral HCV virus, 

confers extremely broad resistance to neutralization by both polyclonal HCV-

infected sera and a diverse array of broadly neutralizing mAbs. We showed that 

this neutralization resistance is due to a reduction in binding of NAbs. We also 

showed that the neutralization resistant Bole1a_S424 HCVcc variant has 

reduced replicative fitness relative to the R424 variant, providing an explanation 

for persistence of both R424 and S424 polymorphisms in circulating viral strains.  

This work supports prior studies showing that HCV resistance to NAbs may arise 

from mutations distant from antibody binding sites (130, 145-147). The resistance 

conferred to Bole1a by S424 is exceptionally broad. This mutation conferred 

resistance to the polyclonal NAbs present in every plasma sample tested from 

dozens of unique donors, as well as a panel of bNAbs selected specifically 

because their binding epitopes are well-characterized and distant from each 

other. This work provides evidence that selective pressure from commonly 

expressed bNAbs and competing pressure for high replicative fitness may 

explain some amino acid changes deep in phylogenetic trees of diverse HCV 

sequences. Analysis of phylogenetically ancestral evolution may be a useful 

method to identify bNAb resistance mutations that are immunologically relevant 

at a population level.  
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It is interesting that the R424S mutation in Bole1a reduces binding of most mAbs 

and neutralization of all mAbs given that 424 is a known binding residue only for 

mAb AR3A. R424 may be a relatively minor, previously undetected binding 

residue for these mAbs with an unexpectedly significant influence on neutralizing 

activity.  Alternatively, this mutation could influence glycosylation of the protein, 

although this seems less likely as it does fall at the first or third position of an N-

linked glycosylation consensus sequence. It is also possible that the mutation 

alters the structure of E2, given the known structurally flexibility of the E2 protein 

in the region of 424 (155, 156).  We were able to show for mAb HC33.4 that the 

reduction in binding to Bole1a_S424 was present even when Bole1a_R424 and 

Bole1a_S424 E1E2 were denatured, making it less likely that the effect is 

mediated by a shift in structure. These binding experiments are technically 

challenging, however, and the possibility of mutation-mediated structural shifts 

remain an intriguing possibility that warrant further investigation.    

This study showed consistent and broad neutralization resistance conferred to 

Bole1a by R424S. The magnitude of the change in resistance to polyclonal 

serum antibodies was not large, but it was similar to the resistance described in a 

prior study of HCV neutralization escape (146). The effect of R424S was most 

striking for neutralization of Bole1a HCVcc by broadly neutralizing monoclonal 

antibodies (Figure 2.5C), as a more than 100-fold increase in resistance to some 

bNAbs was observed. It is particularly interesting that the resistance conferred by 

S424 varied between Bole1a and other E1E2 variants. Work to understand the 

influence of combinations of polymorphisms on neutralization resistance of E1E2 
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is ongoing. A better understanding of polymorphisms modulating neutralization 

sensitivity of representative genomes like Bole1a is critical as work continues to 

identify the most representative and immunogenic HCV variants for inclusion in 

HCV vaccines. 

In conclusion, we have identified a neutralization resistance polymorphism using 

a unique strategy which identifies amino acid changes deep in a phylogenetic 

tree of diverse HCV sequences. This R424S polymorphism confers extremely 

broad resistance to neutralization by both polyclonal HCV-infected sera and a 

diverse array of broadly neutralizing mAbs with distinct binding epitopes. The 

neutralization resistant variant S424 has reduced replicative fitness which may 

explain the persistence of both S424 and the neutralization sensitive R424 

variant in the population. A more complete understanding of determinants of 

bNAb resistance in candidate vaccine antigens like Bole1a should help to guide 

HCV vaccine development. 
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Figure 2.1 

Codons 242, 424, and 570 show evidence of deep phylogenetic variation, 

and evolution at the 424 position is constrained. (A) Using a reference 

alignment of 390 genotype 1a HCV genomes and Bayesian phylogenetics, a 

most likely ancestral amino acid at each position across the HCV genome was 

calculated, generating the Bole1a genome (148). The histogram depicts the 

distribution of posterior probabilities with which a single most likely ancestral 

amino acid could be predicted at each of 3012 codons. The posterior 

probabilities of leucine (L) at 242, arginine (R) at 424, and aspartic acid (D) at 

570 are indicated. (B) Frequency of each observed amino acid at positions 242, 

424, and 570 in a reference alignment of 390 genotype 1a sequences. Letters 

are standard IUPAC amino acid abbreviations. 
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Figure 2.1 

 

 

 

  



35 
 

Figure 2.2 

Mutation of arginine (R) 424 to serine (S) confers resistance to 

neutralization by plasma. A panel of thirteen Bole1a E1E2 constructs encoding 

different combinations of amino acids at codons 242, 424, and 570 was 

generated using site-directed mutagenesis. Each Bole1a E1E2 variant construct 

was used to generate HCVpp. HCVpp were tested for neutralization by 5-10 

HCV-infected plasma samples in duplicate, and reported values are an average 

of 1-4 independent experiments. HCVpp with the same amino acid polymorphism 

at 242, 424, or 570 were grouped for analysis. Horizontal lines indicate median 

percent neutralization. Significance was tested using one-way ANOVA with a 

Tukey test for multiple comparisons (****, p<0.0001; ns, not significant). Samples 

with percent neutralization <0 are not shown. 
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Figure 2.2 
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Figure 2.3 

Mutation of arginine (R) 424 to serine (S) confers resistance to 

neutralization by plasma. (A) Bole1a_R424 and Bole1a_S424 HCVpp were 

tested for neutralization by an additional panel of 19 HCV-infected plasma 

samples in duplicate. Each point represents the mean of two replicate values. 

Each line indicates neutralization by a unique plasma sample. P values were 

calculated using a paired two-tailed Student’s t-Test. (B) Bole1a_R424 and 

Bole1a_S424 E1E2 sequences were cloned into full-length replication competent 

HCV (HCVcc) and used to produce infectious supernatants Viral supernatants 

were incubated with a 1:100 dilution of HCV-infected plasma for 1h and then 

used to infect Huh7.5.1 cells in triplicate. Values shown are means of replicate 

wells. Each line indicates neutralization by a unique plasma sample. P values 

were calculated using a paired two-tailed Student’s t-Test. (C) E1E2 variants 

1a53, 1a79, and H77 were mutated via site directed mutagenesis to produce 

1a53_S424, 1a79_S424, and H77_R424. Wild type and mutant E1E2 HCVpp 

were made from these constructs which were then tested in duplicate for 

neutralization sensitivity to the panel of 19 HCV-patient plasma samples. Each 

point represents the mean of two replicate values and each line indicates 

neutralization by a unique plasma sample. P values were calculated using a 

paired two-tailed Student’s t-Test. Percentage neutralization values <0 are not 

shown. (D) Bole1a_R424 and Bole1a_S424 HCVpp were purified by 

ultracentrifugation through a sucrose cushion then analyzed by Western blot. 
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Blots were probed with human anti-E2 (HC33.1.53) (140) and a mouse anti-HIV1 

p24.  
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Figure 2.3 
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Figure 2.4 

Mutation of arginine (R) 424 to serine (S) confers resistance to binding of 

plasma antibodies. (A) Lysates of cells transfected with Bole1a_R424 and 

Bole1_S424 E1E2 expression constructs were used in enzyme-linked 

immunosorbent assays (ELISAs) to assess E1E2 binding by IgG in the same 

panel of 19 HCV-infected plasma samples. Each of the 19 plasma samples was 

assayed in duplicate and antibody binding detected using HRP-conjugated anti-

human IgG secondary antibody. Each point represents the mean of two replicate 

values and each line indicates binding by IgG from a unique plasma sample. P 

values were calculated using a paired two-tailed Student’s t-Test. (B) Lysates of 

E1E2 transfected cells used for ELISA measurements were analyzed by Western 

blot in three dilutions to confirm that equal quantities of E1E2 were present. Blots 

were probed using anti-E2 antibody HC33.1.53 (140).  
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Figure 2.4 
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Figure 2.5 

Mutation of arginine 424 to serine confers resistance to neutralization by a 

diverse array of broadly neutralizing monoclonal antibodies. (A) A panel of 

six broadly neutralizing monoclonal human antibodies: CBH-5, HC84.22, 

HC84.26, AR3A, AR4A, and HC33.4 were selected to assess relative 

neutralization sensitivity of Bole1a_R424 and Bole1a_S424 variants. The E2 

core structure published by Kong and colleagues (137), Protein Data Bank 

accession 4MWF, is shown with colors modified. The front layer is cyan; CD81-

binding loop is blue; central β-sandwich is red. The 424 position is indicated with 

an arrow. Known critical binding residues of AR3A and HC84.22 are indicated 

with purple and yellow spheres, respectively. Critical binding residues of HC33.4 

and AR4A are not present in this structure, but approximate binding positions are 

indicated along with their known critical binding residues. CBH-5 and HC84.26 

(not shown) share multiple binding residues with AR3A and HC84.22, 

respectively. (B) Bole1a_R424 and Bole1a_S424 E1E2 sequences were cloned 

into full-length replication competent HCV (HCVcc) and used to produce 

infectious virus. Viral supernatants were titered and used to infect target cells in 

duplicate in neutralization assays with serial dilutions of six different broadly 

neutralizing mAbs or control IgG. Values shown are means and error bars 

indicate standard deviations between replicates. (C) IC50 values calculated from 

the curves in (5B). For curves with only the highest antibody concentration 

producing more than 50% neutralization, IC50 is reported as ~50µg/ml and for 

curves with maximum neutralization less than 50%, IC50 is reported as >50µg/ml.  
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(D) Bole1a_R424 and Bole1a_S424 HCVpp were tested for sensitivity to 

neutralization by a panel of six broadly neutralizing mAbs. Each HCVpp was 

incubated with 10ug/mL mAb for 1h prior to incubation with Hep3B target cells. 

Percent neutralization was calculated by comparing infection of HVCpp 

incubated with mAb to HCVpp incubated with nonspecific IgG. Each construct 

was tested in duplicate. Values shown are means and error bars indicate 

standard deviations. P-values were calculated using a paired two-tailed Student’s 

T-Test. Percentage neutralization <0 are not shown. (E) HCVpp 1a53, 

1a53_S424, 1a79, 1a79_S424, H77, and H77_R424 were tested for 

neutralization sensitivity as described for Bole1a HCVpp in (5D). 

  



44 
 

Figure 2.5 
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Figure 2.6 

Mutation of arginine 424 to serine confers resistance to binding of broadly 

neutralizing monoclonal antibodies. (A) Binding of mAbs AR3A, CBH-5, 

HC84.22, and AR4A to Bole1a_R424 and Bole1a_S424 E1E2 lysates was 

measured by ELISA. MAbs were assayed in duplicate with 2.5-fold serial 

dilutions, starting at 10µg/ml and binding detected using HRP-conjugated anti-

human IgG secondary antibody. Values shown are the mean of two replicates 

and error bars indicate standard deviations. P-values were determined by two-

way ANOVA (*, <0.05, ****, <0.0001). (B) To compare binding under native and 

denatured E1E2 conditions, Bole1a_R424 and Bole1a_S424 E1E2 lysates were 

diluted either in a denaturing buffer containing sodium dodecyl sulfate (SDS) or 

phosphate buffered saline (PBS). The denatured lysates were also boiled for 5 

minutes and then cooled on ice. Both native and denatured lysates were then 

added to GNA-lectin-coated plates and binding of serial dilutions of mAb HC33.4 

quantitated in duplicate. Data shown is the mean of two independent 

experiments and error bars indicate standard deviations. (C) Binding of mAbs 

HC84.22, HC33.4, CBH-5, and AR4A to 1a53, 1a53_S424, 1a79, 1a79_S424, 

H77, and H77_R424 E1E2 lysates were measured by ELISA as described in 

(6A). P-values were determined by two-way ANOVA (*, <0.05 and ****, <0.0001). 
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Figure 2.6 
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Figure 2.7 

Bole1a_S424 carries a fitness cost. Bole1a_R424 and Bole1a_S424 E1E2 

sequences were cloned into full-length replication competent HCV (HCVcc). RNA 

was in-vitro synthesized and transfected into Huh7.5.1 cells and culture 

supernatants collected. Transfection supernatants were subsequently used to 

infect Huh7.5.1 cells to expand viral stocks. Huh7.5.1 cells were infected in 

duplicate with serial dilutions of Bole1a_R424 HCVcc and Bole1a_S424 HCVcc 

supernatants. After 48 hours, infection was quantified in spot forming units/mL of 

supernatant. Viral RNA was extracted from the same infection supernatants and 

RNA viral load was quantitated using real time PCR and an International Unit (IU) 

viral load standard. Specific infectivity is expressed as spot forming units/IU. 

Values shown represent the mean of two independent experiments, and error 

bars indicate range.  

 

 

 

 

 

 

 

 

 

 

 



48 
 

Figure 2.7 
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CHAPTER III:  

Agreement between hepatitis C virus neutralization measured using 

replication competent virus and pseudoparticles 
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virus neutralization measured using replication competent virus and 
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Abstract 

A better understanding of HCV neutralization by antibodies and the resulting 

effects of neutralization escape mutations on HCV viral fitness will be critical to 

guide rational development of an HCV vaccine. This work has been hindered by 

a lack of standardization of HCV entry and neutralization assays. Much of our 

knowledge of HCV entry was acquired using lentiviral pseudoparticles expressing 

HCV envelope proteins (HCVpp), but, more recently, chimeric full-length viruses 

that are replication competent in cell culture (HCVcc) have been produced 

expressing diverse envelope (E1E2) variants. There have been few systematic 

comparisons of fitness and antibody neutralization resistance of E1E2-matched 

HCVcc and HCVpp, in part due to a more limited repertoire of available HCVcc 

variants. Here, we describe development of an efficient method to clone 

naturally-occurring E1E2 genes into a full-length HCV genome, producing 

replication-competent chimeric HCVcc. We generated a panel of HCVcc and 

HCVpp expressing genetically identical E1E2 variants and measured the relative 

fitness of E1E2 variants to mediate entry using the two systems, as well as 

neutralization resistance of E1E2-matched HCVcc and HCVpp. We found a 

surprising lack of correlation of relative E1E2 fitness measured by infectivity of 

E1E2-matched HCVcc versus HCVpp, but found a very strong positive 

correlation between relative neutralization resistance of these same E1E2-

matched HCVcc and HCVpp variants. These results suggest that E1E2 fitness 

measured using HCVcc or HCVpp should be interpreted with caution, but that 
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quantitative comparisons of relative neutralization resistance of E1E2 variants 

can be made with confidence using either HCVcc or HCVpp. 
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Importance 

More than 170 million people worldwide are infected with hepatitis C virus (HCV), 

which can result in chronic infection, cirrhosis, and hepatocellular carcinoma. 

While effective antiviral treatments have yielded significant advances in patient 

care, there remains an urgent need for preventative vaccines. A better 

understanding of HCV neutralization by antibodies, the resulting effects of 

neutralization escape mutations on HCV viral fitness, and high throughput assays 

to measure neutralizing breadth will be critical to guide rational vaccine 

development.  As viral entry, neutralization, and vaccine development studies 

proceed using HCV pseudoparticles (HCVpp), replication competent cell culture 

virus (HCVcc), or both, it is critical to understand whether envelope fitness and 

neutralization results measured in one assay system are reproducible in the 

other.  In this study, we show differences in HCV envelope fitness measured 

using the two systems, but strong agreement between antibody neutralization 

measured using HCVpp or HCVcc.    
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Introduction 

HCV infects over 170 million people worldwide (157) and kills more people in the 

United States annually than HIV (158).  While direct-acting antiviral (DAA) 

therapy has revolutionized care for some patients with HCV, control of the HCV 

pandemic remains challenging due to poor access to care, frequent nosocomial 

transmission in developing countries (159), reinfection in high-risk individuals, 

and the high proportion of infected individuals who are unaware asymptomatic 

carriers (160).  Since DAA therapy is very unlikely to control the HCV pandemic, 

development of a vaccine against HCV remains essential. 

 

Understanding of virus neutralization by antibodies is important for vaccine 

development, since prior studies have shown that antibodies that neutralize HCV 

play an important role in immune-mediated control of the virus, and that 

neutralizing antibody resistance mutations may reduce viral replicative fitness 

(31, 57, 84, 161, 162).  However, study of HCV neutralizing antibodies has been 

hindered by a lack of standardized methods to measure virus entry and 

neutralization.  Entry and neutralization assays generally rely on either lentiviral 

particles with HCV envelope proteins (E1and E2) on their surface (HCV 

pseudoparticles, HCVpp), or full-length hepatitis viruses that are replication 

competent in cell culture (HCVcc). 

 

HCVpp have greatly advanced understanding of HCV entry and neutralization by 

antibodies (31, 84, 109, 110, 112). This model system has been used extensively 



54 
 

in identifying HCV cell surface receptors required for viral entry (163-166), and 

studies using HCVpp have established that neutralizing antibodies can drive 

evolution in vivo of HCV E1E2, leading to neutralization escape (84, 129). 

HCVpp panels expressing diverse E1E2 variants have also been used to define 

neutralizing breadth of antibodies and to show that development of broadly 

neutralizing antibodies is associated with spontaneous clearance of HCV 

infection (31, 84), and reduced liver fibrosis in chronic infection (167). 

 

More recently, chimeric full-length viruses that are replication competent in cell 

culture (HCVcc) have been produced which express diverse E1E2 variants and 

reproduce the full replication cycle of HCV in vitro and in animal models (161, 

162, 168). These HCVcc have been used to further define viral entry pathways 

(79, 169-171) and to show that broadly neutralizing antibodies can prevent HCV 

infection in animal models (40, 41, 112). Panels of HCVcc expressing E1E2 from 

multiple genotypes have also been used to measure neutralizing breadth of 

broadly neutralizing monoclonal antibodies (bNAbs) (109, 139, 140, 145). 

 

Overall, HCVpp and HCVcc both have advantages for investigation of HCV entry 

and antibody neutralization.  HCVpp can be used to quantitate single round entry 

and neutralization in a high-throughput format.  Very large panels of HCVpp have 

been produced that encompass much of the diversity of circulating HCV variants, 

which is critical for accurate measurement of antibody neutralizing breadth (30, 

31). Production of HCVpp is also generally less technically difficult than HCVcc 
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production.  While significantly fewer replication competent HCVcc variants are 

available, progress has been made in expanding the number of variants (30, 

172).  Also, E1E2 on surface of HCVcc may resemble more closely the 

envelopes of viruses circulating in vivo, given incorporation of human 

apolipoproteins into HCVcc virions (59, 173, 174).  

 

As viral entry, neutralization, and vaccine development studies proceed using 

HCVpp, HCVcc, or both, it is critical to understand whether envelope fitness and 

neutralization results measured in one assay system are reproducible in the 

other.  Neutralization results obtained using HCVcc and HCVpp have generally 

been similar, but comparisons of fitness and neutralization of HCVpp and HCVcc 

expressing genetically identical E1E2 variants have previously been performed 

only on a fairly limited basis (30, 146, 153, 167, 175).  

  

Here, we describe the development of a new method to efficiently clone naturally 

occurring E1E2 genes into a full-length HCV genome, producing a panel of 11 

replication competent HCVcc chimeras expressing naturally occurring E1E2 

proteins.  Identical E1E2 genes were also used to produce HCVpp, allowing a 

systematic comparison of fitness of matched E1E2 proteins to mediate entry of 

HCVcc and HCVpp, as well as comparison of neutralization of E1E2-matched 

HCVcc and HCVpp by a panel of 8 well-characterized bNAbs targeting distinct 

epitopes.   
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Materials and Methods 

Source of HCVcc 

H77/JFH-1 (45) and S52/JFH-1 (8) were a gift of Jens Bukh, (Copenhagen 

University Hospital, Copenhagen, Denmark). 

 

Source of E1E2 

Plasma samples were obtained from HCV-infected subjects as previously 

described (31). E1E2 clones used are found in GenBank (accession numbers 

FJ828970.1, KF589884.1, KJ187972.1, KJ187973.1, KJ187974.1, KJ187975.1, 

KJ187977.1, KJ187983.1, KJ187984.1, KJ187986.1, KJ187989.1, KJ187990.1). 

 

Source of monoclonal antibodies. 

CBH-5 (138), HC84.22, HC84.26 (118), and HC33.4 (140) were a gift of Steven 

Foung (Stanford University School of Medicine, Stanford, California).  AR3A, 

AR3C (109), AR4A, and AR5A (110) were a gift from Mansun Law (The Scripps 

Research Institute, La Jolla, California, USA). 

 

HCVcc neutralization assays 

HCVcc neutralization assays were performed as described elsewhere (176). 

Briefly, human hepatoma Huh7.5.1 cells (a gift of Jake Liang, NIH, Bethesda, 

Maryland, USA) were maintained in DMEM supplemented with 10% fetal bovine 

serum, 1% sodium pyruvate, and 1% l-glutamate. 10,000 Huh7.5.1 cells per well 

were plated in flat bottom 96 well tissue culture plates and incubated overnight at 

http://www.ncbi.nlm.nih.gov/nucleotide/226346548?report=genbank&log$=nucltop&blast_rank=1&RID=H20CBZT201R
http://www.ncbi.nlm.nih.gov/nucleotide/619856631?report=genbank&log$=nucltop&blast_rank=1&RID=H20HX6ZV01R
http://www.ncbi.nlm.nih.gov/nucleotide/605059354?report=genbank&log$=nucltop&blast_rank=1&RID=H20F24BW01R
http://www.ncbi.nlm.nih.gov/nucleotide/605059356?report=genbank&log$=nucltop&blast_rank=1&RID=H213BUCR015
http://www.ncbi.nlm.nih.gov/nucleotide/605059358?report=genbank&log$=nucltop&blast_rank=1&RID=H20B1PAC01R
http://www.ncbi.nlm.nih.gov/nucleotide/605059360?report=genbank&log$=nucltop&blast_rank=1&RID=H21G0ABN014
http://www.ncbi.nlm.nih.gov/nucleotide/605059364?report=genbank&log$=nucltop&blast_rank=1&RID=H216G8YA01R
http://www.ncbi.nlm.nih.gov/nucleotide/605059376?report=genbank&log$=nucltop&blast_rank=2&RID=H20DS75001R
http://www.ncbi.nlm.nih.gov/nucleotide/605059378?report=genbank&log$=nucltop&blast_rank=1&RID=H20G25N101R
http://www.ncbi.nlm.nih.gov/nucleotide/605059382?report=genbank&log$=nucltop&blast_rank=2&RID=H21AXJ12014
http://www.ncbi.nlm.nih.gov/nucleotide/605059388?report=genbank&log$=nucltop&blast_rank=1&RID=H208W2ZA015
http://www.ncbi.nlm.nih.gov/nucleotide/605059390?report=genbank&log$=nucltop&blast_rank=2&RID=H21DH62801R
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37oC. The following day, HCVcc were mixed with mAb (2.5-fold dilutions started 

at 50μg/mL) then incubated at 37oC for 1 hour. Media was removed from the 

cells and replaced with 50 µL of HCVcc/antibody mixture. The plates were placed 

in a CO2 incubator at 37oC overnight, after which the HCVcc were removed and 

replaced with 100µL of Huh7.5.1 media and incubated for 48 hours at 37oC. After 

48 hours, medium was removed and cells were fixed and stained. Images were 

acquired and spot forming units were counted in the presence of mAb 

(HCVccSFUtest) or nonspecific IgG (HCVccSFUcontrol) using an AID iSpot Reader 

Spectrum operating AID ELISpot Reader version 7.0. Percent neutralization was 

calculated as 100% x [1-(HCVccSFUtest /HCVccSFUcontrol)].  

 

 

HCV NS5A immunostaining 

HCV NS5A immunostaining was conducted as described elsewhere (176). 

Briefly, Cells were fixed with 4% formaldehyde then stained for HCV NS5A using 

primary anti-NS5A antibody 9E10 (a gift of Charles Rice, The Rockefeller 

University, New York City, New York, USA) at 1:10,000 dilution for 1 hour at 

room temperature. Cells were washed twice with PBS and stained using 

secondary antibody Alexa Daylight 488–conjugated goat anti-mouse IgG (Life 

Technologies) at 1:500 dilution for 1 hour at room temperature. Cells were 

washed twice in PBS and then stored covered in 100μl PBS at 4°C. 

 



58 
 

HCVpp neutralization assays 

HCVpp were generated by cotransfection of pNL4-3.Luc.R-E- plasmid and an 

expression plasmid containing HCV E1E2 as described elsewhere (26, 108, 

152). Virus-containing medium was collected at 48 and 72 hours, pooled, and 

stored at -4oC. For infectivity and neutralization testing of HCVpp 8,000 Hep3B 

cells (American Type Culture Collection) or 10,000 Huh7.5.1 cells per well were 

plated in flat bottom 96 well tissue culture plates and incubated overnight at 

37oC. The following day, HCVpp were mixed with mAb (2.5-fold dilutions started 

at 50μg/mL or a single concentration of 10μg/mL) then incubated at 37oC for 1 

hour. Media was removed from the cells and replaced with 50 µL of 

HCVpp/antibody mixture. The plates were placed in a CO2 incubator at 37oC for 

5 hours, after which the HCVpp were removed and replaced with 100µL of fresh 

media and incubated for 72 hours at 37oC. Media was removed from the cells 

and 50µL of 1x Cell Culture Lysis Reagent (Promega) added and left to incubate 

for >5 minutes then 45µL from each well were then transferred to a white, low-

luminescence 96-well plate (Berthold) and luciferase activity measured in relative 

light units (RLUs) in a Berthold Luminometer (Berthold Technologies Centro 

LB960). Pseudoparticle infection was measured in the presence of mAb 

(HCVppRLUtest) or nonspecific IgG/HCV-negative normal human plasma 

(HCVppRLUcontrol) at the same dilution. The percentage of neutralization was 

calculated as 100% x [1-(HCVppRLUtest /HCVppRLUcontrol)]. Fraction unaffected 

(Fu) was measured as described above using mAb and IgG at a concentration of 

10μg/mL. This was then calculated as (HCVppRLUtest /HCVppRLUcontrol). Each 
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sample was tested in duplicate. A mock pseudoparticle (no envelope) was used 

as a negative control.  Neutralization was tested only for HCVpp with infectivity at 

least 10X greater than typical mock pseudoparticle values. 

 

HCVcc fitness quantitation 

HCVcc RNA levels in infection supernatants (International Unit (IU)/mL) were 

quantified using a process of RNA extraction and utilization of commercial real 

time reagents (Abbot HCV Real Time Assay) migrated onto a research based 

real time PCR platform (Roche 480 Lightcycler). HCVcc were titered and spot 

forming units (SFU)/mL were calculated in the linear range. Fitness was 

calculated as [spot forming units (SFU/mL)/(HCV IU/mL)]. 

 

HCVpp fitness quantitation 

HCVpp RNA viral load (International Unit (IU)/mL) was quantitated using real 

time PCR and an IU viral load standard (177). The amount of infection produced 

in Huh7.5.1 cells by a measured volume of HCVpp supernatant was measured in 

relative light units (HCVppRLU) as described in HCVpp neutralization assays. To 

determine specific infectivity, the amount of infection/mL was divided by viral 

load/mL, calculated as [(HCVppRLU/mL)/(HIV IU/mL)].   

 

Generation of HCVcc chimeras 

HCVcc chimeras were generated as previously described (176). Briefly, HCVcc 

chimera H77/JFH1 (153) was amplified in three sections, omitting nucleotides 
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916 to 2579 (E1E2). Amplified sections were re-assembled using In-Fusion 

cloning (Clontech) and this reassembly generated an AfeI restriction site at the 

location of the omitted nucleotides. After digestion of this HCVcc backbone with 

enzyme AfeI (New England Biolabs), E1E2 inserts amplified from library 

plasmids were inserted in frame using In-Fusion cloning. 

 

To make HCVcc RNA, 2μg plasmid DNA was linearized using XbaI (New 

England Biolabs) then used for in vitro RNA transcription using the T7 

MEGAscript kit (Ambion). RNA clean-up was performed using RNeasy mini kit 

(Qiagen), quantified using a NanoDrop 1000 spectrophotometer (Thermo 

Scientific), and stored at –80°C.  5µg of RNA was transfected into 1.8e6 

Huh7.5.1 cells using Nucleofector Kit T (Amaxa) and plated in a 6-cm plate. 

Transfection supernatants were collected 4-6 days later and stored at -80oC for 

titering by HCV NS5A immunostaining. High-titer transfection supernatants were 

used to infect Huh7.5.1 cells and infection supernatants collected, titered, and 

stored at -80oC for use in infectivity and neutralization experiments. 

 

Determination of IC50 values 

Neutralization data was plotted and analyzed in GraphPad Prism version 6.00 for 

Windows. Curves generating ambiguous IC50 values were discarded. 

 

Generation of phylogenetic tree 
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A maximum likelihood tree was generated from nucleotide sequences using the 

Tamura-Nei model, uniform rates, deletion of columns with gaps, with maximum 

likelihood tree inferred by the Nearest-Neighbor-Interchange method, with 

analyses carried out in Mega v6 (178, 179). 

 

Western Blotting 

HCVpp and HCVcc supernatants were concentrated and purified by 

ultracentrifugation through a 20% sucrose cushion (123 000g, 2h, 4ºC) with 

pellets resuspended in PBS. Viral RNA was extracted from purified supernatants 

and RNA viral concentration quantitated using real time PCR. Equal copy 

numbers of each viral supernatant were denatured and run on a 4-12% Bis-Tris 

gel. After transfer, blots were probed with human anti-E2 HC33.1.53 (140) (a gift 

of Dr. Steven Foung, Stanford University School of Medicine, Stanford, 

California), and goat anti-Apo E (50A-G1b, Academy Bio-medical, Houston, TX). 

Binding was detected with HRP-conjugated anti-human IgG secondary antibody 

(no. 555788, BD Pharmingen) and HRP-conjugated anti-goat IgG (sc-2020, 

Santa Cruz Biotechnology, Dallas, TX). 
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Results  

Efficient cloning of naturally occurring E1E2 genes to generate E1E2-matched 

HCVcc and HCVpp. 

We developed a new method to efficiently clone naturally occurring E1E2 genes 

into a full-length chimeric H77/JFH-1 HCV genome, producing a panel of 

replication competent HCVcc chimeras expressing different E1E2 protein 

variants (Figure 3.1).  These identical E1E2 genes were also cloned into a 

mammalian expression vector and co-transfected with a lentiviral luciferase 

reporter construct to produce HCVpp, allowing comparison of relative fitness of 

HCVpp and HCVcc with matched E1E2 proteins, and also allowing a systematic 

comparison of neutralization of E1E2-matched HCVpp and HCVcc by a panel of 

well-characterized bNAbs targeting distinct epitopes.  In total, 11 novel, 

replication competent HCVcc chimeric viruses expressing diverse genotype 1a 

and 1b primary-isolate E1E2s were produced by this method (Figure 3.2).  

These HCVcc, along with two previously described HCVcc chimeras, H77/JFH-1 

(genotype 1a E1E2) (45) and S52/JFH-1 (genotype 3a E1E2) (8), were used in 

subsequent neutralization and fitness experiments.    

 

There is no clear relationship between E1E2 fitness quantified using HCVcc 

versus HCVpp. 

To determine whether fitness of E1E2 to mediate entry quantified using HCVcc 

or HCVpp are related, specific infectivities (spot forming units (SFU)/HCV 

International Unit (IU) for HCVcc and relative light units (RLU)/HIV IU for HCVpp) 
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of 12 E1E2-matched HCVcc and HCVpp were compared.  To limit HCVcc as 

much as possible to single round infection, virus was removed from cell 

supernatant after 12 hours, and infected cells were fixed and stained after a 72 

hour incubation.  For both HCVpp and HCVcc, dilution of supernatant and level 

of infection showed a linear relationship (data not shown).  Specific infectivities of 

HCVcc (range: 0.03 to 0.67 SFU/HCV IU) and HCVpp (range: 0.002 to 0.079 

RLU/HIV IU) expressing different E1E2 variants varied considerably (Figure 

3.3A and Supplemental Table 3.1). Interestingly, no correlation in relative 

specific infectivities of E1E2-matched HCVcc and HCVpp was observed.  These 

results suggest that relative fitness of different E1E2 variants measured with 

either HCVpp or HCVcc may not predict results that would be obtained using the 

other model system. 

 

Given these differences in specific infectivity between E1E2-matched HCVcc and 

HCVpp, we investigated biochemical differences between HCVcc and HCVpp.  

To determine whether the amount of E2 incorporated per virion differs between 

E1E2-matched HCVcc and HCVpp, we performed a Western Blot on HCVcc and 

HCVpp which had been purified by ultracentrifugation through a 20% sucrose 

cushion (Figure 3.3B). HCVcc incorporated significantly more E2 per virion, with 

HCVcc E2 becoming undetectable by Western Blot below a dilution of 3E7 

virions (virions quantitated by HCV IU), whereas HCVpp E2 became 

undetectable below 1E9 virions (virions quantitated by HIV IU). The complex E2 

banding pattern observed has been reported elsewhere and has been attributed 
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to the presence of FBS protein (180) or the high mannose content of E2 glycans 

(181).  Together, these results suggest that HCVcc incorporate a larger number 

of E2 molecules per virion than HCVpp. 

Multiple prior studies have demonstrated that human apolipoproteins are present 

on the surface of HCVcc virions. To investigate the presence of apolipoproteins 

in our model systems, we performed a Western Blot on purified E1E2-matched 

HCVcc and HCVpp. We found that we can detect ApoE protein in purified HCVcc 

preparations and in uninfected Huh7.5.1 supernatants (Figure 3.3C). It has been 

previously demonstrated that some of this ApoE is associated with HCVcc virions 

(182-184). Despite testing a much higher number of purified HCVpp virions as 

well as mock-transfected 293T supernatants, we could not detect any ApoE 

protein.  These data show that ApoE protein is present in HCVcc supernatants, 

but is not present in HCVpp supernatants or the 293T cells used to produce 

them.  

 

E1E2-matched HCVcc and HCVpp show the same hierarchy of resistance to a 

diverse panel of broadly neutralizing antibodies. 

To compare antibody neutralization measured using HCVcc and HCVpp model 

systems, 7 HCVcc were tested for neutralization by serial dilutions of up to 7 

bNAbs each to quantitate neutralization sensitivity, with a total of 35 

bNAb/HCVcc combinations tested.  E1E2 variants tested included 4 different 

genotype 1a isolates (H77, 1a09, 1a38, 1a53), 2 different genotype 1b isolates 

(1b09, 1b52) and one genotype 3a isolate (S52).  HCVpp expressing a subset of 
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these E1E2 variants (H77, 1b09, 1b52, and 1a53) were tested similarly with full 

dilution series of up to 4 bNAbs each (12 HCVpp/bNAb combinations).  Despite 

the differences in HCVcc and HCVpp infectivity, E2 incorporation, and ApoE 

incorporation, relative neutralization of E1E2-matched HCVcc and HCVpp by 

bNAbs was strikingly similar.  Representative neutralization curves are shown in 

Figure 3.4, with all other curves in Supplemental Figure 3.1.  IC50 values for all 

E1E2-matched HCVcc and HCVpp tested with full bNAb dilution curves are 

summarized in Table 3.1.     

 

Using Spearman correlation, rank order of fifty percent inhibitory concentrations 

(IC50s) of 12 different bNAb/HCVpp combinations were compared to the rank 

order of IC50s of the same bNAbs tested against E1E2-matched HCVcc (Figure 

3.5).  A highly significant positive correlation between IC50s determined using 

HCVpp or HCVcc was observed (r=0.8, p=0.002), suggesting that comparison of 

relative neutralization resistance of different E1E2 variants expressed on either 

HCVcc or HCVpp reliably yields the same result.  Interestingly, while relative 

neutralization of E1E2-matched HCVpp and HCVcc was very tightly correlated, 

the absolute IC50 values for each bNAb/HCVpp were generally lower than the 

IC50s measured for the same bNAbs with E1E2-matched HCVcc (Figure 3.5 and 

Table 3.1), suggesting that HCVpp may be generally more neutralization 

sensitive than HCVcc.  Notable exceptions are combinations like monoclonal 

antibody (mAb) CBH-5/E1E2 variant H77 and mAb AR5A/E1E2 variant 1b52, 

where both HCVcc and HCVpp were fully or almost fully resistant.  Also, bNAb 
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HC84.26 had a lower IC50 measured against 1b09 HCVcc than against 1b09 

HCVpp (IC50 5.4E-3 vs. 0.03 µg/mL). 

 

To improve throughput of HCVpp neutralization assays, neutralization of HCVpp 

is sometimes measured at a single concentration of mAb or a single dilution of 

serum rather than with full antibody dilution series.  This quantitative 

neutralization value can be expressed as a Fraction Unaffected (Fu), which is 

infection in the presence of a given concentration of mAb relative to infection in 

the presence of an equivalent concentration of nonspecific IgG.  Using a single 

concentration of mAb (10 µg/mL), 34 HCVpp/bNAb combinations were tested 

and Fu was calculated. All 10 µg/mL Fu values and corresponding IC50 values 

measured with the same bNAbs and E1E2-matched HCVcc are summarized in 

Table 3.2.   

 

To determine whether HCVpp Fu also has a positive correlation with E1E2-

matched HCVcc IC50, we compared the rank order of 10 µg/mL Fu of 34 different 

bNAb/HCVpp combinations to the IC50s of the same bNAbs measured using 

E1E2-matched HCVcc (Figure 3.6).  These values also showed a highly 

significant positive correlation (r=0.7, p<0.0001), suggesting that even if 

neutralization of HCVpp is tested at a single mAb concentration, Fu values 

varying more than 3000-fold can be quantitated, and comparison of relative 

neutralization resistance of different E1E2 variants expressed on either HCVcc or 

HCVpp reliably yields the same result.     
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Discussion 

For this study, we developed an efficient method for producing infectious HCVcc 

chimeras expressing naturally occurring E1E2 genes. In doing so, we created a 

panel of paired HCVcc and HCVpp with genetically identical E1E2 that were 

used to compare the two model systems with respect to E1E2 fitness and bNAb 

neutralization resistance. We found that relative specific infectivities of E1E2-

matched HCVcc and HCVpp variants showed no correlation, perhaps due to a 

higher density of E2 on HCVcc virions relative to HCVpp, and presence of ApoE 

on HCVcc virions and not HCVpp.  Despite these differences, there was a very 

strong correlation between relative bNAb neutralization resistance of E1E2-

matched HCVcc and HCVpp variants. 

 

This work increases the impact of prior studies investigating HCV neutralization 

resistance. It has previously been shown in both HCVcc and HCVpp model 

systems that different E1E2 variants show differing sensitivities to antibody 

neutralization (30, 118, 176). Our work also supports prior studies showing that 

HCVcc and HCVpp with identical E1E2 have similar relative neutralization 

resistance (30, 146, 147, 167).  Importantly, this study utilized many distinct 

natural E1E2 variants and a diverse assortment of bNAbs targeting distinct 

epitopes across E2, suggesting that these results are broadly applicable to other 

E1E2 variants and other antibodies. 

 



68 
 

These results have several important implications for HCV fitness and antibody 

neutralization studies. First, this study suggests that relative fitness of different 

E1E2 variants measured with either HCVpp or HCVcc may not predict results 

that would be obtained using the other model system. Further studies are 

indicated to determine whether one model system more accurately reflects E1E2 

fitness in vivo. Measurement of HCVpp entry may be more quantitative, since 

only a single-round of infection can occur, but the incorporation of E2 and 

apolipoproteins into HCVcc virions may be more similar to natural HCV virions. It 

is important to note, however, that some studies have shown that HCVcc 

particles produced in Huh-7 cells also differ from HCV particles produced in vivo 

or in primary human hepatocytes in their biophysical properties (185, 186), and 

that mutations that enhance HCVcc replication in vitro can reduce efficient 

replication in animal models (187). Ultimately, understanding of E1E2 fitness may 

require correlation of in vitro testing with persistence of particular variants in vivo.    

 

These studies also confirm that natural E1E2 isolates show a wide range of 

neutralization resistance whether they are expressed on HCVpp or HCVcc, 

suggesting that large, representative panels of HCV variants are needed to 

accurately define neutralizing antibody breadth.  Additionally, relative 

neutralization resistance of different E1E2 variants by the same antibody is highly 

correlated between HCVcc and HCVpp, as is relative neutralization of the same 

E1E2 variant by different monoclonal antibodies. This confirms that assays 

designed to compare neutralizing breadth of different antibodies, or assays to 
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measure changes in resistance mediated by resistance polymorphisms, could be 

performed in either HCVpp or HCVcc systems.  This study also confirms prior 

work showing that IC50 values measured using HCVpp are generally lower than 

IC50 values of the same mAb measured using HCVcc, which could lead to higher 

estimates of neutralizing antibody breadth using panels of HCVpp and lower 

estimates using HCVcc expressing the same E1E2 variants (167).  This 

quantitative difference in HCVpp and HCVcc neutralization may be explained by 

the recent demonstration of Fauvelle et al that ApoE increases HCVcc 

neutralization resistance (188).  

 

Importantly, neutralization of HCVpp can also be measured as a Fraction 

Unaffected (Fu) at a single antibody concentration, with results that correlate with 

those that would be obtained using HCVcc and full antibody dilution curves. 

Testing of single antibody concentrations for neutralization of HCVpp could allow 

extremely high throughput neutralizing breadth measurements against large 

numbers of diverse variants.   

       

In conclusion, we have developed a unique and efficient method to produce 

HCVcc bearing natural E1E2 protein variants. With this new tool, we produced 

HCVcc and HCVpp bearing matched E1E2 proteins and conducted a systematic 

comparison of E1E2 fitness and neutralizing antibody resistance between the two 

model systems. We found no correlation between relative fitness of E1E2 

variants quantitated using HCVcc or HCVpp, whereas we found a very strong 
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positive correlation between relative neutralization resistance of these same 

E1E2-matched HCVcc and HCVpp variants. These results suggest that E1E2 

fitness measured using HCVcc or HCVpp should be interpreted with caution, but 

that quantitative comparisons of relative neutralization resistance of E1E2 

variants can be made with confidence using either HCVcc or HCVpp. 
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Table 3.1 E1E2-matched HCVpp and HCVcc IC50 values 
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Table 3.2 HCVpp Fraction Unaffected and HCVcc IC50 values 
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Figure 3.1 

Cloning strategy to generate HCVcc and HCVpp with matched E1E2 

proteins. Using PCR and In-Fusion cloning, the H77 E1E2 gene sequence was 

deleted from the H77/JFH-1 chimeric full-length replication competent HCV 

(HCVcc) genome, and an AfeI restriction site was introduced between the Core 

and P7 genes. This plasmid was then linearized by AfeI digestion and various 

E1E2 genes from naturally circulating HCV viruses inserted, generating chimeric 

H77/natural isolate E1E2/JFH-1 HCVcc genomes. RNA was produced via in-vitro 

transcription and transfected into Huh7.5.1 cells to generate replication 

competent virus. Matching natural isolate E1E2 gene sequences were also 

cloned into the expression vector pcDNA3.2, and this plasmid was co-transfected 

with the lentiviral luciferase reporter plasmid pNL4-3.Luc.R-E- to produce HCV 

pseudoparticles (HCVpp). Colors in the HCVcc genome indicate the HCV variant 

from which each segment is derived (red=JFH-1, blue=H77, orange=naturally 

circulating HCV sequence). 
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Figure 3.1 
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Figure 3.2 

E1E2 genes used to generate E1E2-matched HCVcc and HCVpp are 

genetically diverse. Maximum likelihood tree of E12 nucleotide sequences of 

E1E2-matched HCVcc and HCVpp. 11 primary isolate E1E2 genes (7 genotype 

1a, 4 genotype 1b) were used to generate novel replication competent HCVcc 

chimeras and E1E2-matched HCVpp. E1E2-matched HCVpp were also 

generated for two previously described HCVcc chimeras (H77/JFH-1 (genotype 

1a E1E2) and S52/JFH-1 (genotype 3a E1E2). 
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Figure 3.2 
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Figure 3.3 

No correlation between relative specific infectivities of E1E2-matched 

HCVcc and HCVpp. (A) Serial dilutions of twelve different E1E2-matched 

HCVcc and HCVpp were used to infect Huh7.5.1 cells. Using a data point in the 

linear range of each infectivity assay, entry was quantified for HCVpp (RLU/mL of 

supernatant) and HCVcc (spot forming units/mL of supernatant). Viral RNA was 

extracted from these supernatants and RNA viral load (International Unit (IU)/mL) 

quantitated using real time PCR and an IU viral load standard. Specific infectivity 

for HCVpp was calculated as RLU/HIV IU and for HCVcc as Spot Forming 

Unit/HCV IU. Each point represents specific infectivity of HCVcc on the x-axis 

and HCVpp on the y-axis of E1E2-matched HCVpp and HCVcc. Values 

represent the average of two independent experiments performed in duplicate or 

triplicate. (B) E1E2-matched HCVcc and HCVpp (1a38 variant) were purified by 

ultracentrifugation through a 20% sucrose cushion. Viral RNA was extracted from 

the purified supernatants and viral copy number (IU) measured. A dilution series 

of the purified virus was analyzed by Western blot. Mock-transfected 293T 

supernatants (“293T”) and uninfected Huh7.5.1 cell supernatants (“Huh7.5.1”) 

were also tested. Blots were probed with human anti-E2 (HC33.1.53). (C) 

Purified E1E2-matched HCVcc and HCVpp (1a38 variant), mock-transfected 

293T supernatants (“293T”), and uninfected Huh7.5.1 supernatants (“Huh7.5.1”) 

were analyzed by Western Blot probed with anti-ApoE. 
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Figure 3.3 
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Figure 3.4 

E1E2-matched HCVcc and HCVpp show the same hierarchy of 

neutralization resistance to a panel of broadly neutralizing antibodies 

targeting distinct epitopes. Representative neutralization curves for H77 and 

1b09 (natural isolate) HCVcc and HCVpp. E1E2-matched HCVcc and HCVpp 

were tested for sensitivity to neutralization by serial dilutions of anti-HCV bNAbs 

or nonspecific IgG. Colors indicate bNAb tested (dark blue=CBH5, red=HC84.26, 

green=HC84.22, purple=HC33.4, orange=AR3A). Error bars indicate standard 

deviations between duplicate wells. IC50 results for all E1E2/bNAb combinations 

tested with full mAb dilution curves for both HCVcc and HCVpp are summarized 

in Table 3.1, and all neutralization curves are shown in Supplemental Figure 

3.1.  
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Figure 3.4 

 

  



81 
 

Figure 3.5 

Positive correlation between the rank orders of IC50 values measured using 

E1E2-matched HCVpp and HCVcc. E1E2 matched HCVcc and HCVpp with five 

different E1E2 proteins (H77, 1a38, 1a53, 1b09, 1b52) were tested in duplicate in 

neutralization assays with serial dilutions of up to 4 different bNAbs targeting 

distinct epitopes or control nonspecific IgG (12 total bNAb/E1E2 combinations). 

HCVpp and HCVcc IC50 values were calculated from these curves. Each point 

indicates the HCVcc IC50 on the x-axis and HCVpp IC50 on the y-axis of E1E2-

matched HCVcc and HCVpp. For neutralization curves with only the highest 

antibody concentration (50 µg/mL) producing more than 50% neutralization, IC50 

is graphed as 50 µg/mL, and for curves with maximum neutralization less than 

50%, IC50 is graphed as 100 µg/mL. Colors indicate mAb tested (cyan=AR3C, 

pink=AR5A, light blue=AR4A, dark blue=CBH5, purple=HC33.4, green=HC84.22, 

red=HC84.26, orange=AR3A) and shapes indicate E1E2 sequence (=1a38,  

=1a53, =H77, =1b52, =1b09). Correlation (r) and p value were computed 

using the Spearman method. 
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Figure 3.5
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Figure 3.6 

Positive correlation between the rank orders of Fraction Unaffected values 

measured using HCVpp and IC50 values measured using E1E2-matched 

HCVcc. E1E2 matched HCVcc and HCVpp with six different E1E2 proteins (H77, 

1a38, 1a53, 1b09, 1b52, S52) were tested in duplicate in neutralization assays 

with up to 7 different bNabs or control nonspecific IgG (34 total bNAb/E1E2 

combinations). For HCVpp, neutralization was tested at a single concentration of 

mAb (10 µg/mL), and Fraction Unaffected (Fu) was calculated (Infection in the 

presence of 10 µg/mL of mAb/infection in the presence of nonspecific IgG). 

HCVcc were tested with serial dilutions of these bNabs and IC50 values were 

calculated from these curves. Values are summarized in Table 3.2.  Relative 

HCVpp Fu values were compared to IC50 values of E1E2-matched HCVcc 

neutralized by the same bNAbs. Each point indicates the HCVcc IC50 on the x-

axis and HCVpp Fu on the y-axis of E1E2-matched HCVcc and HCVpp. Colors 

indicate mAb tested (cyan=AR3C, pink=AR5A, light blue=AR4A, dark 

blue=CBH5, purple=HC33.4, green=HC84.22, red=HC84.26, orange=AR3A) and 

shapes indicate E1E2 (=1a09, =1a38,  =1a53, =H77, =1b52, =1b09, 

X=S52). Correlation (r) and p value were computed using the Spearman method. 
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Figure 3.6 
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Supplemental Figure 3.1 

All HCVcc and HCVpp neutralization curves used to calculate IC50 values. 

(A) Neutralization curves not shown in Figure 3.4. Patient-derived E1E2 

sequences were cloned into full-length replication competent HCV (HCVcc). 

HCVcc viral supernatants were tested in duplicate for neutralization sensitivity to 

serial dilutions of up to 7 mAbs or IgG. Colors indicate mAb tested (dark 

blue=CBH5, red=HC84.26, green=HC84.22, purple=HC33.4, orange=AR3A, light 

blue=AR4A, cyan=AR3C, pink=AR5A). (B) Patient-derived E1E2 sequences 

were used to generate HCVpp. HCVpp were tested in duplicate for neutralization 

sensitivity to serial dilutions of 1-2 mAbs or IgG. Colors indicate mAb tested (light 

blue=AR4A, cyan=AR3C, pink=AR5A). 

 

 

:  
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Supplemental Figure 3.1 
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Supplemental Table 3.1 HCVcc and HCVpp specific infectivity measurements 

HCVcc specific infectivity 

 IU/mL SFU/mL 
(rep1) 

SFU/mL 
(rep2) 

SFU/IU 
(rep1) 

SFU/IU 
(rep2) 

Average  
SFU/IU 

1a01 1.32E+05 1.33E+04 8.88E+03 1.01E-01 6.73E-02 8.42E-02 

1a09 1.38E+05 1.40E+04 5.64E+03 1.02E-01 4.09E-02 7.13E-02 

1a22 1.87E+05 1.04E+04 8.96E+03 5.53E-02 4.78E-02 5.15E-02 

1a38 9.86E+04 9.76E+03 5.06E+03 9.90E-02 5.13E-02 7.52E-02 

1a53 8.13E+04 1.02E+04 1.41E+04 1.25E-01 1.74E-01 1.49E-01 

1a72 1.01E+05 1.08E+04 7.92E+03 1.07E-01 7.85E-02 9.28E-02 

H77 2.27E+05 2.04E+03 1.24E+04 8.99E-03 5.46E-02 3.18E-02 

1a157 5.50E+05 3.72E+04 2.81E+04 6.76E-02 5.11E-02 5.93E-02 

1b09 2.32E+04 3.30E+03 4.84E+03 1.42E-01 2.08E-01 1.75E-01 

1b20 3.96E+04 1.24E+04 4.03E+04 3.13E-01 1.02E+00 6.66E-01 

1b52 2.39E+05 2.29E+04 9.66E+03 9.58E-02 4.04E-02 6.81E-02 

1b58 2.86E+04 7.28E+03 2.06E+04 2.55E-01 7.19E-01 4.87E-01 

 

HCVpp specific infectivity 

   IU/mL 
(rep1) 

IU/mL 
(rep2) 

RLU/mL 
(rep1) 

RLU/mL 
(rep2) 

RLU/IU 
(rep1) 

RLU/IU 
(rep2) 

Average 
RLU/IU 

1a01 9.32E+09 9.74E+09 9.62E+07 1.39E+08 1.03E-02 1.42E-02 1.23E-02 

1a09 9.30E+09 1.67E+10 1.63E+08 2.52E+08 1.76E-02 1.51E-02 1.63E-02 

1a22 8.13E+09 1.18E+10 2.16E+07 2.65E+07 2.66E-03 2.26E-03 2.46E-03 

1a38 6.75E+09 8.97E+09 4.95E+08 7.60E+08 7.33E-02 8.47E-02 7.90E-02 

1a53 1.01E+10 1.58E+10 1.61E+07 3.45E+07 1.60E-03 2.18E-03 1.89E-03 

1a72 1.14E+10 1.46E+10 1.00E+08 1.74E+08 8.82E-03 1.19E-02 1.04E-02 

H77 7.60E+09 5.83E+09 7.10E+07 7.49E+07 9.34E-03 1.29E-02 1.11E-02 

1a157 1.63E+10 2.55E+09 3.53E+07 4.16E+07 2.17E-03 1.63E-02 9.26E-03 

1b09 5.53E+09 3.12E+09 1.50E+08 2.70E+08 2.72E-02 8.68E-02 5.70E-02 

1b20 1.47E+10 4.30E+09 5.76E+07 1.20E+08 3.92E-03 2.79E-02 1.59E-02 

1b52 6.08E+09 5.39E+09 3.01E+08 3.12E+08 4.95E-02 5.79E-02 5.37E-02 

1b58 6.71E+09 1.16E+10 4.79E+07 4.84E+07 7.15E-03 4.17E-03 5.66E-03 
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CHAPTER IV: DISCUSSION 
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This thesis presents a study of the determinants of antibody neutralization 

resistance in HCV and describes the development of an efficient method to clone 

E1E2 genes into a full length replication competent HCV genome, which 

facilitated a careful comparison of relative fitness and neutralization resistance 

between E1E2-matched HCVpp and HCVcc. 

In chapter two, we use the computationally derived, representative, ancestral 

genotype 1a HCV strain, Bole1a, to identify a polymorphism that confers 

significant neutralization resistance to both polyclonal plasma and broadly 

neutralizing monoclonal antibodies. This polymorphism was found using a unique 

strategy which identifies amino acid changes deep in a phylogenetic tree of 

diverse HCV sequences. We found that mutation of arginine to serine at 

polyprotein position 424, located in E2, conferred broad resistance to antibody 

neutralization in Bole1a. This neutralization resistance was confirmed using both 

polyclonal HCV-infected sera and a diverse array of broadly neutralizing mAbs 

with distinct binding epitopes. We show that this neutralization resistance is due 

to a reduction in binding of neutralizing antibodies. Finally, we demonstrate that 

the neutralization resistant Bole1a_S424 variant has reduced replicative fitness 

compared to the R424 variant which may account for the persistence of both 

polymorphisms in circulating viral populations. A better understanding of the 

determinants of bNab resistance in candidate vaccine antigens like Bole1a may 

help to guide future rational HCV vaccine development. 

In chapter three, we describe the development of an efficient method for 

producing HCVcc chimeras expressing naturally occurring E1E2 genes. With this 
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technique, we create a panel of paired HCVcc and HCVpp constructs, each 

containing identical HCV E1E2. Using this panel, we determine that the specific 

infectivities of E1E2-matched HCVcc and HCVpp variants are not correlated, 

possibly due to the demonstrated presence of ApoE on HCVcc and not HCVpp. 

However, when comparing bNab neutralization resistance between the two 

model systems, we find a very strong positive correlation. Also notable is the 

wide range of neutralization resistance of natural E1E2 variants expressed on 

either HCVpp or HCVcc. This suggests that the genetic diversity of HCV 

influences neutralization, so large, representative panels of HCV variants are 

needed to accurately define neutralizing antibody breadth. We also demonstrate 

that neutralization of HCVpp can also be measured as Fraction Unaffected at a 

single antibody concentration, as results correlate with those obtained using full 

antibody dilution curves with HCVcc. By validating testing with single antibody 

concentrations for neutralization of HCVpp, we open the door to high throughput 

assays measuring neutralizing breadth against large panels of diverse variants. 

Overall, our results suggest that using HCVcc or HCVpp to measure E1E2 

fitness requires further investigation and should be interpreted with caution but 

that quantitative comparisons of relative neutralization resistance of E1E2 

variants can be made confidently using either HCVcc or HCVpp. 

Future directions for this work include a thorough study of HCVcc and HCVpp 

specific infectivity. The discordant results found in this work reveal a need to 

determine whether one model system more accurately reflects E1E2 fitness in 

vivo. The development of a panel of genetically diverse HCVcc enables further 
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study of later stages of viral replication and more in-depth exploration of viral 

evolution, including viral response to immune pressure. 

In total, this work identifies a polymorphism which renders Bole1a resistant to 

neutralization by both polyclonal plasma and multiple broadly neutralizing 

antibodies and describes the development of an efficient means for expanding 

the diversity of HCVcc constructs available for study. Using these constructs, 

strong agreement between HCVcc and HCVpp antibody neutralization was 

shown. 
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