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Abstract

Direct acting antivirals (DAAs) have led to a high cure rate in treated patients with chronic 

hepatitis C virus (HCV) infection but this still leaves a large number of treatment failures 

secondary to the emergence of resistance-associated variants (RAVs). To increase the barrier to 

resistance, a complementary strategy is to employ neutralizing human monoclonal antibodies 

(HMAbs) to prevent acute infection. However, earlier efforts with the selected antibodies led to 

RAVs in animal and clinical studies. Therefore, we identified a HMAb that is less likely to elicit 

RAVs for affinity maturation to increase potency and, more importantly, breadth of protection. 

#Corresponding Author: Address: Stanford Blood Center, 3373 Hillview Avenue, Palo Alto, CA 94304; Telephone: 650-723-6481; 
sfoung@stanford.edu. 

Conflicts of Interest Statement: The authors have declared that no conflict of interest exists.

HHS Public Access
Author manuscript
Hepatology. Author manuscript; available in PMC 2017 December 01.

Published in final edited form as:
Hepatology. 2016 December ; 64(6): 1922–1933. doi:10.1002/hep.28850.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Selected matured antibodies show improved affinity and neutralization against a panel of diverse 

HCV isolates. Structural and modeling studies reveal that the affinity matured HMAb mediates 

virus neutralization in part by inducing conformational change to the targeted epitope and that the 

maturated light chain is responsible for the improved affinity and breadth of protection. A matured 

HMAb protected humanized mice when challenged with an infectious HCV human serum 

inoculum for a prolonged period. However, a single mouse experienced breakthrough infection 

after 63 days when the serum HMAb concentration dropped by several logs; sequence analysis 

revealed no viral escape mutation.

Conclusions—The findings suggest that a single broadly neutralizing antibody can prevent 

acute HCV infection without inducing RAVs and may complement DAAs to reduce the emergence 

of RAVs.
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Advances in treatment of chronic hepatitis C virus (HCV) infection with direct-acting 

antivirals (DAAs) have led to high cure rates of treated patients. Although high rates of 

sustained virologic response of approximately 95% have been achieved, a large number of 

patients will still fail treatment, even with drug combination regiments. A high percentage of 

these treatment failures are due to the emergence of resistance-associated variants (RAVs) 

(1). Chronic HCV infection consequently will continue as a leading cause of cirrhosis and 

hepatocellular carcinoma, which are major indications for liver transplantation. The 

emergence of RAVs is due to a high mutation rate driven by an error-prone viral RNA-

dependent polymerase and a high viral replication rate that are further increased during 

reinfection after liver transplantation in immunosuppressed HCV infected recipients (2). To 

decrease the likelihood of RAVs, complementary treatment efforts are underway to develop 

host-targeting agents that interfere with cellular factors involved in the viral life cycle. These 

include viral entry, translation, replication and assembly inhibitors, and biological response 

modifiers (3). Because these approaches target host proteins, a potential concern is 

interference with the normal functions of these proteins that can lead to host toxicity.

Another approach is to employ neutralizing antibodies to HCV as immunotherapeutics. 

Polyclonal and human monoclonal antibodies (HMAbs) to HCV E2 have been shown to 

prevent infection in a human liver-chimeric mouse model (4, 5) and in chimpanzees (6). In a 

clinical trial to prevent reinfection in HCV infected liver transplant recipients with a HMAb, 

designated as MBL-HCV1, treatment was well-tolerated and viral rebound was significantly 

delayed in treated patients (7). However, RAVs emerged having mutations at key residues 

that form part of the epitope of this therapeutic antibody. Nonetheless, this study supports a 

therapeutic role for neutralizing HMAbs to HCV to increase the barrier to viral resistance.

We therefore selected a neutralizing HMAb to HCV that is less likely to induce RAVs for 

affinity maturation in an effort to increase neutralization potency and breadth of protection. 

HC84.26, an IgG1 HMAb, is a member of a panel of antibodies directed at a cluster of 

overlapping conformational epitopes on HCV E2, designated as antigenic domain D (8). 

These antibodies neutralize infectious cell culture derived genotype 1–6 HCV isolates 
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(HCVcc). When a 2a HCVcc isolate is grown under increasing concentrations of HC84.26, 

complete viral elimination occurs at a critical antibody concentration. Affinity maturation 

was undertaken by a yeast display approach to isolate affinity-matured HC84.26 clones that 

have improved binding and neutralization activities against HCV isolates that were 

neutralized poorly by wild type (wt) HC84.26. Structural studies reveal that the 

conformation of a synthetic peptide encompassing aa434–446 on E2 bound to an affinity-

matured clone is similar to the conformation of these residues in the native E2 core protein 

(9, 10). When tested in the human-liver chimeric mouse model to prevent acute HCV 

infection, a single injection of an affinity-matured HMAb protected the majority of mice 

over a prolonged period. A single mouse showed breakthrough infection at a timepoint when 

the serum antibody concentration was reduced by several logs. Sequence analysis of the 

breakthrough infection revealed no viral escape mutation. Our findings suggest that a 

broadly neutralizing antibody can prevent acute HCV infection and complement DAAs to 

reduce the emergence of RAVs.

Experimental Procedures

Cells, viruses and reagents

HEK-293T cells were obtained from the ATCC. Huh7.5 cells (generously provided by Dr. C. 

Rice, Rockefeller University) were grown in Dulbecco's modified minimal essential medium 

(Invitrogen, Carlsbad, CA), supplemented with 10% fetal calf serum (Sigma-Aldrich Co., St. 

Louis, MO) and 2 mM glutamine. HMAbs CBH-4G, HC-84.26 and HC33.1 against HCV 

E2 glycoprotein were produced as described (8). Yeast Saccharomyces cerevisiae strain 

EBY-100 (GAL1-AGA1:URA3 ura3-52 trp1 leu2Δ1 his3Δ200 pep4::HIS2 prb1Δ1.6R can1 
GAL) (Invitrogen, Carlsbad, CA) was maintained in YPD broth (Difco). The yeast display 

vector pYD2 was kindly provided by Dr. J. D. Marks (UCSF). HCV envelope expression 

constructs for pseudoparticle production included strains HCV-J (genotype 1b), J6 (2a), 

UKN3A1.28 (3a) and UKN4.21.16 (4) and have been described previously (11, 12).

Primary human hepatocytes

Primary human hepatocytes (PHH) were isolated and cultured from different donors as 

described (12) or provided by Kalycell (Plobsheim, France). Human material including liver 

tissue from patients undergoing surgical resection for isolation of human hepatocytes was 

obtained with informed consent from all patients. The protocol was approved by the Ethics 

Committee of the University of Strasbourg Hospitals (CPP 10–17).

Construction, characterization, and expression of various HC84.26 yeast display libraries 
introducing mutations

Affinity maturation was undertaken by sequential light chain shuffle, random and site-

directed mutagenesis as described in Supplementary Methods.

Binding affinity and specificity measurement of selected clones

Affinity of single-chain Fv fragment (scFv) clones during screening was approximated by 

flow cytometry and binding kinetics were measured by surface plasmon resonance (SPR) 

(BIAcore 3000, Pharmacia Biosensor). Antibody specificity was evaluated in a Galanthus 
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nivalis agglutinin (GNA)-captured E1E2 enzyme-linked immunosorbent assay (ELISA) as 

described (8).

In vivo protection study

Twelve Alb-uPA/SCID mice with high engraftment of human hepatocytes were allocated to 

the two study groups (13, 14). Six mice received the negative control R04 antibody and six 

received HC84.26.5D. Baseline blood draws were obtained on Day minus (-) 6 for 

measurement of serum human alpha-1 antitrypsin (hAAT) levels and allocation to the study 

groups such that the group average hAAT values were equivalent. Animals were 

administered their respective antibodies on Day -1 by intraperitoneal injection of a 250 

mg/kg dose. On Day 0 the animals received a single intravenous challenge dose of 105 

international unit (IU) gt1b HCV. Blood samples were taken weekly from day 7 to 70 for 

measurement of hAAT and HCV titers.

IgG half-life measurement

A modification of the standard ELISA was used to measure serum HC84.26.5D levels in 

treated mice (8). This required the establishment of a standard curve for this antibody, as 

outlined in S. Fig. 2. The serum concentrations for HC84.26.5D at different serum dilutions 

were back-calculated based on the standard curve and the half-life determinations were 

determined using a nonlinear regression curve fit (Graphpad Prism, Graphpad software, Inc., 

CA).

HCV-pseudotype retroviral particle (HCVpp) production and neutralization

HCVpp expressing genotype 1 HCV E1E2 glycoproteins were produced and tested in 

neutralization assay as described in Huh7.5 cells and in PHH (8, 15). All assays against wt 

and mutant H77C HCVpp were performed three times in triplicates and antibody 

concentrations resulting in 50% neutralization (IC50) were calculated by nonlinear 

regression analysis (Graphpad Prism). For neutralization against a panel of genotype 1a and 

1b HCVpp in Huh7.5 cells, each antibody was tested twice in triplicates; means and 

standard deviations were calculated. For neutralization of HCVpp in PHH, each antibody 

was tested in three independent experiments performed in three biological replicates using 

PHH from three different donors. Means were calculated.

Clonal sequence analysis

HCV E1E2 sequence analysis of the infectious inoculum and serum from control and treated 

mice was performed as previously described (8). Ten individual clones from each sample 

containing an insert of the expected size were sequenced in both sense and antisense strands 

(ElimBiopharm, Hayward, CA).

Protein production and purification

The HC84.26.5D antibody was expressed as a scFv by in vitro folding from inclusion bodies 

produced in Escherichia coli (Supplementary Methods).
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Crystallization and structure determination

The crystallization and structure determination of the HC84.26.5D–E2434–446 complex are 

described in Supplementary Methods. Coordinates and structure factors have been deposited 

in the Protein Data Bank under accession code 4Z0X.

Computational mutagenesis

In silico mutagenesis of HC84.26.5D–E2434–446 was carried out as described in 

Supplementary Methods.

Modeling of the HC84.26.5D–E2 core complex

The E2 core structure (9) was modeled into the HC84.26.5D–E2434–446 complex as 

described in Supplementary Methods.

Results

Affinity maturation of HC84.26

HC84.26 is against an epitope on E2 that includes residues at 441, 442 and 443, and 616 (8). 

While residues L441, W443 and W616 are conserved among all HCV isolates, F442 is only 

85% conserved with the remaining 14% having either F442I or F442L mutations (16). Yet, 

this mutation did not occurred when a 2a HCVcc was co-cultured with HC84.26 and 

infectious virions were eliminated at a critical antibody concentration (8). Structural studies 

provide a possible explanation (16). The three residues located at 441–443 form a 

hydrophobic protrusion that serves as the core binding site for HC84.26. When F442I or 

F442L mutations is present, their interactions with the paratope formed by the heavy chain 

complementarity determining regions (CDRs) lead to a decrease in binding energy of the 

complex that can be compensated by increasing the antibody concentration. Thus, variants 

with 442 mutations are eliminated at higher HC84.26 concentrations. These findings suggest 

that binding affinity to this E2 segment is a determinant of neutralization by HC84.26 and 

that further affinity maturation to improve the breadth of neutralization might be feasible.

For affinity maturation, the first step was to optimize the pairing of the heavy chain variable 

gene regions (VH) of HC84.26 with different light chain variable gene regions (VL) for 

binding to a mutant H77C 1a F442I E2 recombinant protein. HC84.26 wild-type VH was 

cloned into a yeast vector pYD2 library that contained VL (8). The constructed HC84.26 

VH/VL library was screened for scFv displayed clones that bound to F442I E2 (see 

Supplementary Method). A number of these clones were selected for further maturation by 

random mutagenesis of VH and VL fragment genes. Additional rounds of selection led to a 

scFv clone designated as HC84.26.5 with greater binding than HC84.26 to F442I E2 by 

FACS analysis (data not shown). Targeted mutagenesis on VH CDR1 and CDR2 of 

HC84.26.5 resulted in two scFv clones, designated as HC84.26.5D and HC84.26.5G having 

additional increase in binding to F442I E2. Combining the observed mutations in these two 

clones into a new clone, HC84.26.5DG, however, showed no further improvements by flow 

analysis.
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After conversion of these HC84.26 affinity-matured scFv clones to full-length IgG1, they 

were expressed and purified, and their binding affinities to wt E2, F442I and F442L E2 

mutants were measured by SPR in BIAcore (Table 1). Purified recombinant secreted E2 was 

first captured onto a pre-coated sensor chip with a non-neutralizing HMAb to a 

conformational epitope on E2. Compared to HC84.26 against wt E2, only modest 

improvements in Kon, Koff and KD were observed with the affinity-matured clones that 

ranged between 2.1–4.4 folds. Against F442I E2, Kon and Koff were dramatically improved 

among all matured clones with similar Kon and Koff improvements for HC84.26.5D, 

HC84.26.5G and HC84.26.5DG. Total improvements in KD ranged between 25–34 fold 

differences for these three affinity-matured clones. Against F442L E2, more moderate Kon, 

Koff and KD improvements were observed. KD improvements ranged between 3.2–6.3 folds. 

We next assessed whether improved affinities lead to improved neutralization (Table 2). 

Against 1a H77C HCVpp, the IC50 values were in the same range for HC84.26, 

HC84.26.5D, HC84.26.5G and HC84.26.5DG. Against F442I HCVpp that was not 

neutralized by HC84.26, IC50 values for the three matured clones ranged between 0.37–1.95 

µg/ml, with HC84.26.5D having the lowest IC50 that also has the most improved KD. 

Against F442L HCVpp that was neutralized by HC84.26 at 15 µg/ml, the most improved 

clone was again HC84.26.5D with a two log reduction in IC50 value of 0.14 µg/ml. Taken 

together, affinity maturation of HC84.26 leads to increased breadth of protection and the 

increased neutralization potencies are greater than the improved antibody binding affinities.

HC84.26.5D prevents acute HCV infection in humanized mice

In vivo protection of acute HCV infection was tested in the human liver chimeric alb-uPA/

SCID mouse model (13, 14) over a 72 day study. The mice having evidence of high 

engraftment of human liver cells, as determined by >400 µg/ml serum hAAT levels, were 

separated into two groups. The test group received HC84.26.5D antibody and the control 

group received R04, an isotype-matched IgG1 HMAb to human cytomegalovirus (8). 

Antibodies were administrated just once on Day -1 at 250 mg/kg by intraperitoneal injection 

based in part on earlier studies with other antibodies (4). One day later, Day 0, each mouse 

in both groups was challenged by intravenous injection of 105 IU of genotype 1b HCV 

infected human serum. Two animals in each group did not survive these procedures. No 

further treatment was given to the animals. The mice were followed at weekly intervals for 

10 weeks after challenge and monitored for hAAT and HCV RNA titers. The serum hAAT 

values remained high for all mice in both groups, which confirmed the viability of the 

human hepatocyte grafts for the duration of the study (S. Figs. 1A; 1B). The four control 

mice, treated with R04, showed a progressive increase in HCV RNA to peak titers on Day 

35 with approximately 105–107 RNA IU/ml, which were mainly maintained to the end of the 

study, except for one mouse, B.A866, that exhibited a slow decline to 103 RNA IU/ml from 

Day 35 to Day 70 (Fig. 1A). In contrast, three of four HC84.26.5D treated mice were 

completely protected without any evidence of HCV RNA for the duration of the study (Fig. 

1B). The fourth mouse, designated as B.A818, had no detectable HCV RNA for 56 days. On 

Day 63, however, breakthrough infection occurred and serum RNA was detected at 4.8×103 

RNA IU/ml. Viremia increased one week later to 3.2×104 RNA IU/ml on Day 70, when the 

study was terminated. To determine whether breakthrough infection in B.A818 was due to a 

more rapid decrease in serum HC84.26.5D level, IgG half-life measurements were 
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determined in all treated mice. This required the optimization of the GNA-captured HCV E2 

ELISA for measuring HC84.26.5D antibody concentration in mouse sera (S. Fig. 2). Of the 

three mice in which breakthrough infection was not observed, B.A843, B.A846 and B.A847, 

HC84.26.5D half-life calculated respectively at 10.4, 6.5 and 8.9 days (Fig. 1C). The IgG 

half-life in B.A818, while lower than the other mice at 6.4 days, was not statistically 

different, as determined by one-way analysis of variance (p=0.819). Breakthrough infection 

occurred when serum HC84.26.5D level dropped from 488 µg/ml on Day 7 to approximately 

3 µg/ml on day 63. It is probable that prior to Day 63, the HCV RNA level in B.A818 was 

suppressed below the sensitivity of the quantitative PCR assay at 3×102 IU/ml.

To assess whether breakthrough infection was associated with an escape mutation, we 

sequenced the E2 and E1 regions of the virions that were isolated on Day 70 from the sera of 

B.A818, two control mice, B.A862 and B.A869, and the 1b HCV challenge inoculum (S. 

Tables 1A and 1B). Of ten sequenced isolates per serum sample, random mutations were 

observed in all samples. In the mouse with breakthrough infection, B.A818, or the control 

mice, B.A862 and B.A869, no mutation having a higher frequency than 1/10 on E2 was 

uniquely observed when compared to the infectious inoculum. The only mutation that was 

observed with a higher frequency, F522S, occurred in 4/10 isolates in the infectious 

inoculum. This mutation was also observed in both control mice at frequencies of 3–4/10 but 

not in B.A818. There was no mutation at the site of known variability, F442, in the HC84.26 

epitope, nor as expected at residues 441, 443 and 616. Mutations unique to B.A818 included 

two positions near the epitope, T435A and V515A, on E2 (S. Table 1A; Fig. 4B), although 

their low frequency and location away from the critical epitope residues suggest limited, if 

any, effects on viral escape. This is supported by the ability of HC84.26 to bind to T435A E2 

mutant by 117% (8) and to V515A E2 mutant by 83% (data not shown) when compared to 

wt E2. On E1, mutations mainly at a frequency of 1/10 were randomly observed in all 

samples (S. Table 1B). The frequency of these mutations was no greater in the breakthrough 

mouse (B.A818) than the two control mice, which is in agreement with the HC84.26 epitope 

restricted to E2. These findings support our contention that no viral escape mutation was 

associated with the breakthrough infection. Breakthrough probably resulted from decreasing 

concentration of HC84.26.5D.

Structure of HC84.26.5D bound to E2434–446 peptide

Because of the change in reactivity patterns of affinity-matured clones, we assessed whether 

the epitope of HC84.26.5D is structurally different than the epitope of HC84.26 and the 

related antigenic domain D HMAbs HC84.1 and HC84.27, which use the same VH as 

HC84.26 but different VL (16). Thus, we determined the structure of HC84.26.5D, 

expressed as a scFv, bound to a 13-mer peptide spanning residues 434–446 of the E2 

glycoprotein (E2434–446) to 2.0 Å resolution (S. Table 2; Fig. 2A). The E2434–446 peptide 

represents a portion of the domain D epitope of E2 recognized by HC84.26, which is 

conformational in nature (8). Electron density difference maps revealed well-defined density 

for the E2434–446 peptide in which the peptide adopts an α-helical turn spanning aa437–442, 

while the C-terminus exhibits an extended conformation comprising aa443–446 (Fig. 2A). 

The conformation of E2434–446 bound to HC84.26.5D is very similar to that of this same 

peptide bound to the related HMAbs HC84.1 and HC84.27 (16). It is also similar to the 
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conformation of these residues in the E2 core protein (9), except for a significant deviation 

in C-terminal residues 443–446 that leads to a displacement of 7.7 Å in the Cα position of 

K446 (Fig. 2B). In the HC84.26.5D–E2434–446 complex, K446 is firmly anchored to the 

antibody through a salt bridge and three hydrogen bonds (Fig. 3A), making it likely that 

HC84.26.5D would form similar interactions with K446 in the E2 core protein. Thus, 

binding of HC84.26.5D to the E2 core may induce conformational changes in residues 443–

446 of the native protein. The HC84.26.5D–E2434–446 complex buries a total solvent-

accessible area of 1522 Å2 with 7 peptide residues contacting 12 antibody residues (S. Table 

3). The N-terminal α-helix of E2434–446 makes extensive hydrophobic contacts with VH 

CDR1 and CDR2, mainly through L441 and F442 (Fig. 3B), which are critical binding 

residues for antigenic domain D HMAbs (8).

Regarding the C-terminal segment of E2434–446, Y443 forms stacking interactions with VL 

CDR3Trp90, as well as a main-chain hydrogen bond with VL CDR3Ser93 (S. Table 3; Fig. 

3A). Of particular relevance to the present study is K446, whose mutation to Glu or Asn in 

HCV escape variants abolished (Glu) or substantially reduced (Asn) neutralization by 

HC84.26.5D (see below, Table 3). In the HC84.26.5D–E2434–446 structure, the positively 

charged side chain of K446 lies in an electronegative depression on the VL domain, between 

CDR1 and CDR2, where it forms a salt bridge with VL CDR2Asp50 (Fig. 3A). The 

predicted energetic impact of the K446E and K446N mutations on HC84.26.5D binding was 

assessed by modeling these substitutions and evaluating their ΔΔGs using an energy-based 

scoring function (17), starting with the HC84.26.5D–E2434–446 crystal structure. Reflecting 

the importance of the K446 positively charged side chain’s interactions with the 

HC84.26.5D VL domain (Fig. 3A), both the K446E (charge reversal) and K446N (charge 

neutralization) mutations led to >10-fold predicted affinity decreases (S. Table 4), which 

could explain the capacity of HCV variants bearing these substitutions to escape 

neutralization by HC84.26.5D (Table 3).

To investigate possible mechanisms for improved E2 affinity and HCV neutralization by 

HC84.26.5D, we identified residues that were mutated during affinity maturation from the 

parental HC84.26 HMAb (Fig. 4A). Nearly all these mutations (21 of 26) are located in VL. 

Surprisingly, only one mutated residue (VL CDR1Tyr31) interacts directly with the 

E2434–446 peptide in the HC84.26.5D–E2434–446 complex (S. Table 3). Furthermore, all four 

HC84.26.5D residues that contact F442 (VL CDR3Trp90, VH CDR1Val33, VH CDR2Ile52 

and VH CDR2Met59) (Fig. 3B) are strictly conserved in HC84.26. Therefore, mutations in 

these residues cannot explain the higher affinity of HC84.26.5D than HC84.26 for E2 

variants F442I and F442L, or for wt E2 (Table 1). Instead, improved binding could have 

resulted from contacts with the native E2 protein outside the portion of the epitope 

represented by the E2434–446 peptide.

To determine the putative engagement mode of E2 by HC84.26.5D and closely related 

HMAbs, we modeled the E2 core–HC84.26.5D complex by superposing epitope residues 

onto corresponding residues in the E2 core structure, followed by constrained local 

minimization of the HMAb–epitope region with respect to the remainder of E2 core (Fig. 

4B). We identified several E2 residues outside aa434–446 that are contacted by HC84.26.5D 

in the model, including W616 (Fig. 4B), for which mutation to alanine had been shown to 
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abolish binding of some domain D HMAbs (8). Several mutated HC84.26.5D residues are 

proximal to E2 in the modeled complex (Fig. 4B); the majority of these are in VL, 

suggesting that improved E2 affinity and neutralization results from that chain.

Neutralization profiles against a diverse panel of genotype 1 HCV isolates

While HC84.26 neutralized representative genotype 1–6 HCV isolates (8), the limited 

number in each genotype do not represent the diversity of HCV envelope polymorphisms. 

To gain a precise breadth of protection analysis, neutralization by HC84.26 and the affinity 

mature clones was tested against a panel of genotype 1 HCVpp isolates that represents 94% 

of envelope polymorphisms present at greater than 5% frequency in a reference panel of 

genotype 1 HCV isolates (15). Each HMAb, HC84.26, HC84.26.5D and HC84.26.5G, and a 

control HC33.1 at 20 µg/ml was tested (Table 3). HC33.1 is a HMAb directed against 

aa412–423 on E2 (18). Neutralizing activity <40% was viewed as no activity; 41–60% as 

modest; 61–80% as moderate; and >80% as strong. HC84.26 did not neutralize 1a80 and 

1a142, and neutralized modestly 1a09 and 1a157 HCV isolates. Both 1a80 and 1a142 have 

F442I, and 1a09 has F442L mutations, which account for the lost or modest activities by 

HC84.26. The drop in activity against 1a157 however is not due to a mutation at 442 but is 

likely due to a K446N mutation. This is supported by the observation that a K446A mutation 

significantly reduces binding by HC84.26 by 60% (8), as well as in silico mutagenesis using 

the structure of the HC84.26.5D–E2434–446 complex noted above. Surprisingly, both 

HC84.26.5D and HC84.26.5G performed worse than HC84.26. Aside from 1a09, no 

improvements or decreased activities were observed against variants with mutations at either 

F442 or K446. In addition, neutralization against two isolates, 1a72 and 1a129, was lost by 

the affinity mature clones, although they were neutralized by HC84.26. This raised the 

question whether the specificity of the two affinity-matured clones was altered by the 

random mutagenesis step in VH.

To address this issue and based on the likelihood that improved affinity shown by 

HC84.26.5D can be attributed to the mutations in VL, we paired VH from HC84.26 and VL 

from HC84.26.5D to construct a third affinity matured clone, designated as HC84.26.WH.

5DL. As shown in Table 3, the entire panel of genotype 1 HCVpp was neutralized 

moderately to strongly by HC84.26.WH.5DL except for the 1a142 isolate. Notably, the 1a72 

and 1a129 isolates that were not neutralized by HC84.26.5D and HC84.26.5G were 

neutralized by HC84.26.WH.5DL. This was anticipated since HC84.26 neutralized these 

isolates and HC84.26.WH.5DL has the wt VH. Furthermore, one of the isolates with a F442I 

mutation, 1a80, became sensitive to HC84.26.WH.5DL. However, the 1a142 isolate also 

containing a F442I mutation remained resistant to HC84.26.WH.5DL. This is likely due to 

1a142 having a second mutation of K446E, which is predicted to reduce affinity of 

HC84.26.5D, with identical VH and putative K446 interacting residues, by >10-fold (Table 

S4; see Discussion). The control HMAb, HC33.1, neutralized this panel of genotype 1 

isolates with a similar breadth of protection as HC84.26, albeit with lower levels of 

potencies against a number of isolates (Table 3). Two isolates, 1a80 and 1a129, not 

neutralized by HC33.1 are neutralized by HC84.26.WH.5DL. The single isolate not 

neutralized by HC84.26.WH.5DL is neutralized by HC33.1. While >90% of the panel is 

neutralized by HC84.26.WH.5DL alone, a second antibody, e.g. HC33.1, is required to 
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achieve 100% breadth of protection coverage. To confirm breadth of neutralization, a 

representative panel of different genotype HCVpp was tested in primary human hepatocytes 

isolated from three different donors (Table 4). Potent neutralization was observed against the 

different HCVpp with both antibodies, except against the 1a80 isolate (as tested in Table 3). 

No neutralization with HC84.26 was observed, while neutralization was detected with 

HC84.26.WH.5DL. This pattern is similar to that observed in Huh7.5 cells (Table 3), albeit 

at a lower level of neutralization with the affinity matured antibody.

Discussion

Despite the advances achieved in DAAs in treating chronic hepatitis C, the emerging 

importance of RAVs associated with treatment failures will require alternative therapeutic 

approaches. This is especially likely in the transplant setting that involves a HCV-negative 

liver to a HCV-positive recipient when the error-prone replication rate is even higher (2). 

Neutralizing antibodies provide a complementary approach to DAAs in preventing or 

treating these patients. However, the key issue for therapeutic applications of a broadly 

neutralizing antibody to HCV is whether immune pressure from the selected antibody will 

drive viral evolution and the emergence of RAVs. We selected an antibody that is less likely 

to induce RAVs for affinity maturation in an effort to increase neutralization potency and 

breadth of protection. This has been achieved with HC84.26, an IgG1 HMAb that in earlier 

studies showed broad neutralization against genotypes 1–6 HCVcc. In addition, complete 

elimination of virus occurs at a critical concentration when this antibody is co-cultured with 

infectious virions (8). Affinity maturation by a yeast display approach led to the isolation of 

a matured HC84.26 clone, HC84.26.5D that neutralized an E2 F442I mutant HCVpp that 

was not neutralized by the parental antibody. When tested in the human-liver chimeric 

mouse model to prevent acute HCV infection, HC84.26.5D protected all four mice over a 

prolonged period of 56 days with a single treatment. However, one of the mice showed 

breakthrough infection on day 63 when the serum antibody concentration was reduced by 

~100-fold. Sequence analysis of the breakthrough infection revealed no viral escape 

mutation. These studies demonstrate that HC84.26.5D is protective in vivo against acute 

HCV infection. One caveat is that the in vivo protection study was performed with a clinical 

genotype 1b infectious inoculum having F442 and the F442I mutation is less frequent in 1b 

relative to 1a (1.5% vs. 7.5% in a reference panel from Genbank). The implication is that 

escape with a 1b isolate will be less likely. Additional in vivo protection studies with other 

isolates with F442I/L mutations will be required to confirm our in vitro findings of 

HC84.26.5D neutralizing F442I/L variants.

Structural studies revealed that the conformation of a synthetic peptide encompassing 

aa434–446 on E2 bound to HC84.26.5D is similar to the conformation of these residues in 

the native E2 core protein, except for a significant deviation that suggests that binding of 

HC84.26.5D may induce conformational changes in residues 443–446 of the native protein 

(Fig. 2B). This apparent E2 flexibility is consistent with the highly dynamic nature of the E2 

glycoprotein (9), and mobility in this region has been noted by others based on structural 

studies (19). The shared bound epitope conformation for HC84.26.5D and two other HC84-

class HMAb structures determined separately (16) has implications for vaccine design, as 
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stabilization of E2 with this bound epitope conformation could preferentially elicit this class 

of broadly neutralizing HMAbs.

Against a panel of HCV isolates representative of the polymorphism commonly observed 

among genotype 1 (15), it was surprising that HC84.26.5D did not neutralize some isolates 

that were neutralized by HC84.26 (Table 3). The pairing of VH from HC84.26 and VL from 

HC84.26.5D resulted in an affinity-matured clone designated as HC84.26.WH.5DL that 

neutralized the majority of the genotype 1 isolate panel, except for one isolate. This breadth 

of protection demonstrated that the heavy chain of HC84.26.WH.5DL has implications in 

neutralization breadth. Modeling studies with HC84.26.5D suggested that mutations in VL 

are most likely responsible for improved affinity (Fig. 4B), which is retained in 

HC84.26.WH.5DL. A lesson for vaccine design to prevent HCV infection is that a single 

antibody, even when affinity-matured, is not able to provide 100% protection against the 

diversity of HCV isolates (Table 3). At a minimum, a second broadly neutralizing antibody 

to a non-competing epitope is required and more likely a third antibody will be necessary 

since HC84.26 and HC33.1 failed to neutralize one of the genotype 1 isolates, 1a80. Only 

the affinity-matured HC84.26.WH.5DL neutralized this isolate.

In conclusion, our findings suggest that a broadly neutralizing antibody with the 

characteristics of HC84.26-derived affinity-matured clones, such as HC84.26.WH.5DL, can 

provide great breadth of protection and complement DAAs to reduce the emergence of RAV. 

In addition to the liver transplant setting, the availability of an effective means to prevent 

acute HCV infection in an immunosuppressed HCV-negative recipient receiving an HCV-

positive donor kidney could change the high risk of acquiring HCV infection. Although 

there is a survival advantage to receiving an HCV-positive kidney compared with waiting on 

the deceased-donor waitlist, the current recommendation is to transplant HCV-positive 

kidneys from deceased donors to only HCV-positive recipients (20). Clinical development of 

HC84.26.WH.5DL could reduce the morbidity and mortality associated with these organ 

transplantations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DAAs Direct acting antivirals

HCV hepatitis C virus

RAVs resistance-associated variants

HMAbs human monoclonal antibodies

wt wild-type

scFv single-chain Fv fragment

SPR surface plasmon resonance

GNA Galanthus nivalis agglutinin

ELISA enzyme-linked immunosorbent assay

hAAT human alpha-1 antitrypsin

IU international unit

HCVpp HCV-pseudotype retroviral particles

IC50 antibody concentration resulting in 50% neutralization

HCVcc infectious cell cultured HCV

CDRs complementarity determining regions

VH heavy chain variable gene regions

VL light chain variable gene regions

FACS fluorescence-activated cell sorting
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Figure 1. HC84.26.5D protects humanized mice against HCV
Human liver-chimeric mice received either (A) a control HMAb, R04, or (B) HC84.26.5D at 

250 mg/kg by intraperitoneal injection 24 hours prior to challenge with genotype 1b infected 

human serum (105 IU of HCV RNA) by intravenous injections. Viral load measurements 

were determined by realtime PCR at weekly intervals on an ABI model 7300 system using 

TaqMan chemistry (14). (C) Serum human IgG half-life measurements in mice treated with 

HC84.26.5D. Each timepoint was measured by ELISA in triplicates for HMAb in each 
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mouse serum sample tested and the concentration was back-calculated based on a standard 

curve (S. Fig. 2).
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Figure 2. Structure of the HC84.26.5D–E2434–446 complex
(A) Ribbon diagram of the HC84.26.5D–E2434–446 complex (side view). VL, green; VH, 

cyan; E2434–446, orange. VLCDR loops are labeled L1–L3; VHCDR loops are labeled H1–

H3. The side chains of epitope residues Trp437, Phe442, Tyr443, and Lys446 are drawn in 

stick representation. (B) Conformation of the E2434–446 epitope bound to HC84.26.5D and 

in unbound E2 core protein. The E2434–446 epitope from the complex with HC84.26.5D 

(orange) was superposed onto E2434–446 from the complex with HC84.1 (yellow) (Protein 

Data Bank accession code 4JZN) (16), and onto E2434–446 from the structure of the E2 core 
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glycoprotein (wheat) (4MWF) (9). The E2434–446 epitopes were superposed through 

residues 437–442. The N- and C-termini are labeled. The epitopes are in the same overall 

orientation as in (A).
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Figure 3. The HC84.26.5D–E2434–446 binding interface
(A) Close-up view of the interactions between Lys446 of E2434–446 (orange) and and the VL 

(green) and VH (cyan) domains of HC84.26.5D. The side chains of contacting residues are 

shown in stick format with carbon atoms in orange (E2434–446) or green (VL); nitrogen 

atoms in blue, and oxygen atoms in red. Hydrogen bonds are drawn as dotted black lines. 

The salt bridge linking Lys446 to VLAsp50 is represented as a solid red line. (B) 

Interactions between the α-helix of E2434–446 (orange) and the VL (green) and VH (cyan) 

domains of HC84.26AM. The side chains of contacting residues are drawn in stick format 
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with carbon atoms in orange (E2434–446), green (VL), or cyan (VH); nitrogen atoms in blue, 

oxygen atoms in red, and sulfur atom in yellow.
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Figure 4. Affinity-matured residues in the HC84.26.5D-E2434–446 interface and model of 
HC84.26.5D with E2 core protein
(A) Amino acid sequences of the VH and VL regions of wild-type HC84.26 and affinity-

matured HC84.26.5D were aligned. Bars show the position of CDRs. Amino acid 

differences between the two antibodies are highlighted in red. Contacting residues in the 

HC84.26.5D–E2434–446 structure are marked with black stars. (B) Model of HC84.26.5D in 

complex with E2 core glycoprotein. VH and VL domains are cyan and green, respectively. 

Mutant antibody residues from affinity maturation are drawn in stick format, with carbon 

atoms in magenta, nitrogen atoms in blue, and oxygen atoms in red. Three sites that were 

mutated in the HC84.26.5D-treated mouse with breakthrough infection (B.A818), and not 

inoculum or control mice, are shown as light blue sticks on the E2 core model and labeled. 

Inset shows putative antibody VH hydrophobic contacts with E2 residue W616 based on the 

modeled complex (E2 residue W437 also shown for reference).
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Table 2

Neutralization against 1a H77Cpp and variants*

1a E2 F442I E2 F442L E2

HC84.26 wt 0.06±0.01 >50 15±0.05

HC84.26.5D 0.06±0.02 0.37±0.03 0.14±0.01

HC84.26.5G 0.09±0.02 1.95±0.02 0.76±0.03

HC84.26.5DG 0.05±0.01 1.25±0.02 0.31±0.02

*
Concentration (µg/ml) resulting in 50% neutralization (IC50)
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Table 3

Neutralization of genotype 1a HCVpp isolates (%)

*
Each antibody tested at 20 µg/ml.

(Red) HCV variants with a mutation at F442 and/or at K446: 1a80 and 1a142 have F442I; 1a09 has F442L; 1a142, K446E; 1a157, K446N; and 
1b21, K446H.
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Table 4

Neutralization of different genotype HCVpp isolates in primary human hepatocytes (%)

*
Each antibody tested at 20 µg/ml.
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