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Abstract: Background and Aims

Development of a prophylactic hepatitis C virus (HCV) vaccine will require accurate
and reproducible measurement of neutralizing breadth of vaccine-induced antibodies.
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Currently available HCV panels may not adequately represent the genetic and
antigenic diversity of circulating HCV strains, and the lack of standardization of these
panels makes it difficult to compare neutralization results obtained in different studies.
Here, we describe the selection and validation of a genetically and antigenically
diverse reference panel of 15 HCV pseudoparticles (HCVpp) for neutralization assays.

Methods

We chose 75 envelope (E1E2) clones to maximize representation of natural
polymorphisms observed in circulating HCV isolates, and 65 of these clones generated
functional HCVpp. Neutralization sensitivity of these HCVpp varied widely. HCVpp
clustered into 15 distinct groups based on patterns of relative sensitivity to seven
broadly neutralizing monoclonal antibodies (bNAbs). We used these data to select a
final panel of 15 antigenically representative HCVpp.

Results

Both the 65 and 15 HCVpp panels span four tiers of neutralization sensitivity, and
neutralizing breadth measurements for seven bNAbs were nearly equivalent using
either panel. Differences in neutralization sensitivity between HCVpp were independent
of genetic distances between E1E2 clones.

Conclusions

Neutralizing breadth of HCV antibodies should be defined using viruses spanning
multiple tiers of neutralization sensitivity, rather than panels selected solely for genetic
diversity. We propose that this multi-tier reference panel could be adopted as a
standard for the measurement of neutralizing antibody potency and breadth, facilitating
meaningful comparisons of neutralization results from vaccine trials in different
laboratories.
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Abstract 71 

Background and Aims: Development of a prophylactic hepatitis C virus (HCV) vaccine will 72 

require accurate and reproducible measurement of neutralizing breadth of vaccine-induced 73 

antibodies. Currently available HCV panels may not adequately represent the genetic and 74 

antigenic diversity of circulating HCV strains, and the lack of standardization of these panels 75 

makes it difficult to compare neutralization results obtained in different studies. Here, we 76 

describe the selection and validation of a genetically and antigenically diverse reference panel of 77 

15 HCV pseudoparticles (HCVpp) for neutralization assays.  78 

Methods: We chose 75 envelope (E1E2) clones to maximize representation of natural 79 

polymorphisms observed in circulating HCV isolates, and 65 of these clones generated 80 

functional HCVpp. Neutralization sensitivity of these HCVpp varied widely. HCVpp clustered 81 

into 15 distinct groups based on patterns of relative sensitivity to seven broadly neutralizing 82 

monoclonal antibodies (bNAbs). We used these data to select a final panel of 15 antigenically 83 

representative HCVpp.  84 

Results: Both the 65 and 15 HCVpp panels span four tiers of neutralization sensitivity, and 85 

neutralizing breadth measurements for seven bNAbs were nearly equivalent using either panel. 86 

Differences in neutralization sensitivity between HCVpp were independent of genetic distances 87 

between E1E2 clones.  88 

Conclusions: Neutralizing breadth of HCV antibodies should be defined using viruses spanning 89 

multiple tiers of neutralization sensitivity, rather than panels selected solely for genetic diversity. 90 

We propose that this multi-tier reference panel could be adopted as a standard for the 91 

measurement of neutralizing antibody potency and breadth, facilitating meaningful comparisons 92 

of neutralization results from vaccine trials in different laboratories. 93 
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Introduction 95 

Direct-acting antiviral (DAA) therapies for hepatitis C virus (HCV) infection represent a 96 

major advancement toward reducing the global burden of liver disease1. However, due to limited 97 

uptake of treatment and high incidence of new infections, few countries are on target to achieve 98 

the elimination of HCV as a public health problem by 2030, a goal set by the World Health 99 

Organization (WHO)2. Therefore, an effective prophylactic vaccine is needed to advance efforts 100 

toward HCV elimination. HCV prevention with a prophylactic vaccine is also important to 101 

prevent HCV-induced hepatocellular carcinoma (HCC), as the risk of HCC persists in some 102 

patients even after successful treatment with DAAs3, 4. 103 

The extreme genetic diversity of HCV is a barrier to vaccine development5, 6, but some 104 

broadly neutralizing antibodies (bNAbs) recognize relatively conserved envelope glycoprotein 105 

(E1E2) domains and block infection by genetically diverse HCV isolates7-14. Early development 106 

of bNAbs is associated with natural control of HCV infection in humans, and bNAbs can prevent 107 

HCV infection in animal models7, 11, 15-22. Thus, an effective HCV vaccine will certainly need to 108 

induce bNAbs or a broadly neutralizing polyclonal antibody response. Therefore, accurate and 109 

standardized measurement of neutralizing breadth of antibodies is critical to guide vaccine 110 

development.  111 

Antibody neutralizing breadth is typically measured using panels of HCV pseudoparticles 112 

(HCVpp) or replication-competent cell culture viruses (HCVcc). HCVpp are lentiviral particles 113 

with HCV E1E2 proteins on their surface, which enable the measurement of single rounds of 114 

viral entry into hepatoma cells23-25. Despite structural differences between HCVcc and HCVpp26, 115 

27, multiple studies have demonstrated concordance between neutralization results of identical 116 
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E1E2 clones expressed in either HCVpp or HCVcc28-31, suggesting that either approach can be 117 

used to measure antibody neutralizing activity in vitro.  118 

HCVpp and HCVcc panels used until now to measure neutralizing breadth have notable 119 

limitations. Our previous panel of 81 patient-derived clones was tested against a limited set of 120 

CD81 binding site mAbs29. Most other panels are relatively small and do not represent the 121 

polymorphisms present in naturally circulating HCV isolates32-34. In addition, these panels were 122 

generally assembled with an emphasis on genetic rather than antigenic diversity, and they have 123 

not been evaluated with a standard set of neutralizing antibodies or immune sera to define the 124 

range of neutralization sensitivity of isolates in each panel. Some panels may contain only 125 

neutralization sensitive or neutralization resistant isolates. Lack of standardization makes it 126 

difficult to compare neutralization results obtained in different studies.  127 

Here, we describe the selection and validation of a genetically and antigenically diverse 128 

reference panel of 15 HCVpp for use in neutralization assays. These HCVpp were selected to 129 

maximize the representation of natural polymorphisms observed in HCV sequences that are 130 

available in international sequence databases, with a focus on genotype 1 since infections with 131 

this genotype are most prevalent worldwide. In addition, we selected antigenically diverse 132 

HCVpp that demonstrated a wide range of neutralization sensitivity to diverse broadly 133 

neutralizing monoclonal antibodies and human plasma. We propose that this reference panel 134 

could be adopted as a standard for the measurement of antibody neutralizing potency and breadth 135 

to enable comparisons of neutralization results from different laboratories.  136 
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Materials and Methods 137 

Cell Lines. 138 

A single source of both wild type human embryonic kidney 293T (HEK293T) and Huh7 human 139 

hepatoma cell lines29 were used. As indicated, CD81 knockout HEK293T cells35 (Dr. Joe Grove, 140 

University of Glasgow, Glasgow, Scotland), were used for production of some HCVpp. Cells 141 

were grown in Dulbecco’s modified essential medium (Invitrogen) supplemented with 10% fetal 142 

bovine serum (FBS) and 0.1 mM nonessential amino acids (Invitrogen).  143 

Antibodies. 144 

HCV MAbs CBH-79, HC84.268, HC33.4, and HC33.110, and negative control MAb R04 (to 145 

cytomegalovirus) were produced by Steven Foung. MAbs AR3A7 and AR4A11 were produced 146 

by Mansun Law. MAb hAP33 (a chimeric mouse AP33-human Fc antibody)14, 36 was produced 147 

by Arvind Patel, and mAb HCV137 was a kind gift of Yang Wang, MassBiologics, Boston, MA. 148 

MAbs HEPC74, HEPC98, HEPC108, HEPC111, HEPC112, HEPC146 were a kind gift of James 149 

E. Crowe, Jr., Vanderbilt University Medical Center, Nashville, TN13, 38. 150 

Plasma. 151 

Genotype 1-3-infected plasma samples were obtained from the Baltimore Before and After 152 

Acute Study of Hepatitis39. Plasma samples representing genotype 4-6 HCV infections were 153 

obtained from the University of Nottingham Trent HCV Cohort study40. All subjects provided 154 

written informed consent for blood donation, and protocols were approved by the Institutional 155 

Review Board of Johns Hopkins University School of Medicine or the Northern & Yorkshire 156 

Multicentre Research Ethics Committee (ref. MREC/98/3/55). 157 

Sequence analysis.  158 
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Genotype 1-7 HCV E1E2 amino acid sequences were downloaded from NCBI 159 

(www.ncbi.nlm.nih.gov), euHCVdb41 and LANL HCV42 databases. Redundant or incomplete 160 

sequences were removed. This set of sequences and E1E2 sequences from two previously 161 

published HCVpp panels28, 29 (166 sequences) were aligned using MAFFT43 (version 7.3). 162 

Pairwise sequence distance matrices were calculated from the multiple sequence alignment 163 

(MSA), which were input to R (www.r-project.org) to perform hierarchical phylogenetic 164 

clustering. For each candidate panel of size N, the hierarchical clustering cutoff was specified to 165 

generate N clusters, and candidate sequence panels were identified by selecting one exemplar 166 

sequence for each cluster. Polymorphism coverage for each candidate panel was calculated 167 

using the MSA and an in-house Perl script. Genbank accession numbers for the 75 E1E2 clones 168 

used for HCVpp production are included in Supplemental Table 1. E1E2 expression plasmids 169 

for the final panel of 15 HCVpp are available from Addgene (www.addgene.org). 170 

HCVpp production. 171 

HIV Gag-packaged HCVpp were generated by lipofectamine-mediated transfection of HCV 172 

E1E2 plasmid, pNL4-3.Luc.R-E- plasmid containing the env-defective HIV proviral genome 173 

(NIH AIDS Reagent Program), and pAdVantage (Promega) plasmid into HEK293T cells as 174 

previously described44. MLV Gag-packaged HCVpp were produced by polyethylenimine 175 

(Polyscience) mediated transfection of HCV E1E2 plasmid, luciferase-encoding reporter 176 

plasmid (pTG126), and phCMV MLV Gag/Pol packaging construct (phCMV-5349) plasmid 177 

into HEK293T cells as described44. Mock pseudoparticles (mockpp) generated without E1E2 178 

plasmid were used as a negative control for each transfection. CD81 knockout (CD81ko) 179 

HEK293T cells were used for production of HCVpp used for testing of genotype 2 and 3 sera in 180 

Figure 5 and for production of HCVpp used for E2 quantitation. As previously shown35, HCVpp 181 
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produced in CD81ko HEK293T cells consistently showed greater entry of hepatoma cells, but 182 

neutralization results obtained using HCVpp produced in wild type or CD81ko HEK293T cells 183 

were highly correlated (Supplemental Figure 2).  184 

HCVpp entry.  185 

15,000 Huh7 cells per well were plated in 96-well solid white flat bottom microplates and 186 

incubated overnight. Then, 50 μl of HCVpp were added to the Huh7 cells in triplicate and plates 187 

were  incubated at 37°C for 5 hours. HCVpp were removed and replaced with phenol-free 188 

media and cells incubated for 72 hours at 37°C. HCVpp entry was determined by measurement 189 

of luciferase activity of cell lysate in relative light units (RLU). Sixty genotype 1a and 1b HIV 190 

Gag-packaged HCVpp showed greater specific entry than MLV-Gag HCVpp (Supplemental 191 

Figure 3), so the HIV-Gag production protocol was used to produce HCVpp for neutralization 192 

testing. 193 

Neutralization.  194 

Neutralization assays were performed as described previously44. MAbs were serially five-fold 195 

diluted, starting at a concentration of 100 μg/mL (leaving the last well as PBS only), and 196 

incubated with HCVpp for one hour at 37°C before addition to Huh7 target cells in duplicate. 197 

HCVpp entry was measured as above. The percentage of neutralization was calculated as [1 – 198 

(RLUmAb / RLUPBS)] × 100 with the PBS RLU values averaged across three plates. R04 and 199 

polyclonal human IgG (Thermo Fisher) were used as negative controls. Log10 fifty percent 200 

inhibitory concentrations (log10IC50) were calculated from neutralization curves fit by nonlinear 201 

regression [log(inhibitor) vs. normalized response, variable slope] in Prism v8 (GraphPad 202 

Software). Mab-HCVpp tests that did not reach 50% inhibition were assigned an IC50 of 100 203 

µg/mL. IC50 values for 7 mAbs generated with the final panel of 15 HCVpp are shown in 204 
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Supplemental Table 2. Plasma samples were tested for neutralization at a 1:20 dilution. Pooled 205 

plasma from HCV-negative donors also at 1:20 dilution was used as a negative control. 206 

Percentage neutralization of each HCVpp was calculated as [1 – (RLUimmune plasma / RLUcontrol 207 

plasma)] × 100. 208 

Hierarchical clustering. 209 

Log10IC50 values for each of 7 mAbs (with HCV1 and AP33 values averaged together) for each 210 

HCVpp were compared pairwise for all HCVpp using Pearson correlation, as described in 211 

Results. Rho (r) values were used as input for hierarchical clustering as implemented in the 212 

“pvclust” package for R (http://cran.r-project.org/web/packages/pvclust/index.html). This 213 

clustering, depicted as a tree, was also used to order a matrix of correlation values produced 214 

using the “corrplot” package for R (http://cran.r-project.org/web/packages/corrplot/index.html). 215 

E2 quantitation. 216 

HCVpp were concentrated 30-fold using a 100 kDa molecular weight cutoff (ThermoFisher) and 217 

run on 4–12% denaturing, reducing BIS-TRIS gels (ThermoFisher). Proteins were visualized 218 

with mAbs HC33.1 and anti-HIV-1 p24 (Abcam, cat: 9044), HRP-conjugated secondary 219 

antibody, and SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher), and 220 

imaged on a BioRad ChemiDoc XRS+. For ELISA, HCVpp were diluted 1:10 in TBS with 0.5% 221 

bovine serum albumin, 1.0% sodium dodecyl sulfate (SDS), and 50nM dithiothreitol (DTT) and 222 

boiled at 100C, serially diluted 1:2 12 times, and then incubated overnight in GNA-lectin-223 

coated microwells. Wells were washed and incubated with HC33.1 or IgG (negative control), 224 

followed by anti-human IgG HRP-conjugated secondary antibody, and then TMB substrate. 225 

 226 
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Results 228 

Selection of HCV E1E2 clones for HCVpp production.  229 

We downloaded all available genotype 1-7 E1E2 sequences from NCBI GenBank, 230 

LANL42, and euHCVdb41 databases, including 2587 (77%) genotype 1 and 830 (23%) genotype 231 

2-7 sequences. We focused our initial polymorphism analysis on genotype 1 sequences, since 232 

genotype 1 infection is most prevalent worldwide, and best represented in sequence databases. 233 

Using the aligned set of 2587 genotype 1 E1E2 amino acid sequences, we developed a script to 234 

identify all possible amino acid polymorphisms appearing at each position in E1E2. To focus on 235 

common variations, and ignore universally conserved positions, we only tabulated 236 

polymorphisms appearing in 2-80% of database isolates. Since the functional status of the 237 

majority of sequence database E1E2 isolates is unknown, we assessed representation of these 238 

database sequence polymorphisms by a known-functional set of 166 genotype 1a and 1b E1E2 239 

clones28, 29. The entire set of 166 functional clones contained 93.8% of amino acid 240 

polymorphisms present in 2-80% of genotype 1 database sequences. Interestingly, we found that 241 

we could identify a subset of 60 functional E1E2 clones that contained as many database 242 

polymorphisms (93.8%) as the full 166 functional E1E2 panel (Fig. 1A). Since the inclusion of 243 

additional clones added no additional polymorphism coverage, we limited subsequent genotype 1 244 

phenotyping to these 60 E1E2 clones. HCVpp produced with three of these clones (1a18, 245 

UKNP1.21.4, and UKNP1.21.5) were poorly functional in initial tests (Supplemental Figure 3), 246 

so replacement clones genetically similar to each were added to the phenotyping set 247 

(UKNP1.2.5, UKNP1.21.2, and UKNP1.21.3, respectively). In addition, we selected twelve 248 

genotype 2-6 E1E2 clones from among the limited set of functional clones that had been 249 

previously described, choosing clones previously shown to be either highly neutralization 250 
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sensitive or highly resistant29. The 75 E1E2 clones selected for phenotypic analysis were widely 251 

distributed across clades in a phylogenetic tree of 3583 genotype 1-7 sequences from all subtypes 252 

(Figure 1B).  253 

 254 

Wide variation in hepatoma cell entry of HCVpp.   255 

We measured HCVpp entry into Huh7 hepatoma cells to determine the relative function 256 

of each of the 75 E1E2 clones (Figure 2A). Mock pseudoparticles lacking E1E2 (mockpp) were 257 

produced and tested in parallel with HCVpp to quantitate nonspecific entry. Specific entry of 258 

each HCVpp was calculated as a ratio of HCVpp entry relative to mockpp entry. Genotype 2-6 259 

E1E2 clones that did not produce functional HCVpp using the HIV-Gag production system were 260 

then produced using an MLV-Gag production system. HCVpp demonstrated a wide range of 261 

entry (0.38-2532 fold greater than mockpp). Of 75 HCVpp, 63 (84%) demonstrated entry greater 262 

than the pre-selected threshold of 10-fold above mockpp entry using the HIV-Gag production 263 

system, while two HCVpp (clones UKNP2.2.1 and UKNP3.2.1) exceeded this threshold only 264 

when generated using the MLV-Gag HCVpp production system. Of 75 HCVpp, 10 (13%) failed 265 

to exceed the 10-fold above mockpp threshold when produced using either the HIV-Gag or the 266 

MLV-Gag production systems. HCVpp expressing E1E2 from genotypes 2-6 were distributed 267 

across the ranking of genotype 1 HCVpp entry. The 65 HCVpp that exceeded the 10-fold above 268 

mockpp entry threshold (genotype 1 n=56, genotype 2-6 n=9) carried 96.1% of genotype 1 269 

polymorphisms and 84.8% of genotype 2-6 polymorphisms present in 2-80% of database 270 

sequences. These 65 HCVpp were used for subsequent neutralization testing. 271 

 272 

Wide variation in neutralization sensitivity of HCVpp.  273 
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We measured neutralization of each of the 65 HCVpp by serial dilutions of seven well-274 

characterized neutralizing mAbs, which were selected because they bind to a range of 275 

neutralizing epitopes across the E2 glycoprotein or E1E2 heterodimer, with a range of 276 

neutralizing breadth previously documented using other HCVpp or HCVcc panels7-10, 14, 37, 45. 277 

These seven mAbs recognize five distinct antigenic sites, including Domain B/AR3 (mAb 278 

AR3A), Domain C (mAb CBH-7), Domain D (mAb HC84.26), AR4 (mAb AR4A), and Domain 279 

E/AS412 (HC33.4, HCV1, and hAP33). All mAbs were isolated from HCV infected humans, 280 

except HCV1, which was generated by immunizing a transgenic mouse expressing human 281 

antibody genes37, and hAP33, which was generated by immunization of a wild type mouse14, and 282 

then subsequently produced as a mouse-human chimera (i.e. its variable heavy and variable light 283 

chains grafted onto a human IgG1 Fc backbone)36. The 65 HCVpp displayed a wide range of 284 

neutralization sensitivity to the panel of seven mAbs. We ranked each HCVpp from lowest to 285 

highest mean log10IC50 across seven mAbs (mean log10IC50 -0.80 to >2 g/mL) (Figure 2B). 286 

Given high similarity between epitopes and neutralization profiles of mAbs HCV1 and AP33 287 

(Supplemental Figure 4), log10IC50 values for these two mAbs were averaged, giving each mAb 288 

half the weight of the other five mAbs in this analysis. Based upon the normal distribution of 289 

these mean log10IC50 values, we separated the HCVpp into four tiers: HCVpp with mean 290 

log10IC50 values more than one standard deviation below the overall mean (log10IC50<0.22 291 

g/mL; Tier 1; 8 HCVpp), within one standard deviation below the mean (log10IC50 0.22-0.83 292 

g/mL; Tier 2; 24 HCVpp), within one standard deviation above the mean (log10IC50 0.83-1.45 293 

g/mL; Tier 3; 24 HCVpp), and greater than one standard deviation above the mean 294 

(log10IC50>1.45 g/mL; Tier 4, 9 HCVpp). 295 
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 In agreement with prior studies16, 29, some HCVpp generated using E1E2 clones from the 296 

same subtype differed dramatically in their sensitivity to neutralization, while many HCVpp 297 

generated using E1E2 clones from different subtypes or even different genotypes demonstrated 298 

very similar neutralization sensitivity. As expected based on prior studies34, HCVpp 1a154 299 

(strain H77) was relatively sensitive to neutralization, falling in Tier 2. Within or across 300 

subtypes, the genetic distance between E1E2 clones did not correlate with the difference in 301 

neutralization sensitivity of HCVpp produced from those clones (Supplemental Figure 5A). 302 

There was also no correlation between the magnitude of hepatoma cell entry of each HCVpp and 303 

the relative neutralization sensitivity of that HCVpp (Supplemental Figure 5B). It is noteworthy 304 

that some of the most neutralization sensitive and neutralization resistant HCVpp were genotype 305 

2-6 strains, although this was not surprising since these E1E2 clones were selected in part based 306 

on prior testing showing them to be either highly neutralization sensitive or resistant29. 307 

 308 

Hierarchical clustering based on patterns of relative neutralization sensitivity reveals 309 

antigenic relationships among HCVpp.  310 

While HCVpp can be ranked by overall neutralization sensitivity to a set of mAbs, they 311 

also have unique patterns of relative sensitivity to individual mAbs targeting different 312 

neutralizing epitopes. For example, while two HCVpp might have equivalent mean IC50 values 313 

for a set of mAbs, one HCVpp might be most sensitive to mAb AR3A and most resistant to mAb 314 

AR4A, while another is most sensitive to AR4A and most resistant to AR3A. We defined the 315 

neutralization profile for each HCVpp as a set of 6 log10IC50 values (log10IC50s for AR3A, CBH-316 

7, HC84.26, AR4A, HC33.4, and the average log10IC50 of HCV1 and hAP33) . We performed 317 

hierarchical clustering of HCVpp based on pairwise Pearson correlations between their 318 
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neutralization profiles (Figure 3). Four HCVpp were fully resistant to all reference mAbs 319 

(IC50>100 g/mL), so they were excluded from this analysis. HCVpp were assigned to the same 320 

antigenic group if they clustered with approximately unbiased (AU) values >70, with mean 321 

r>0.81 for the group, corresponding to p<0.05. Based on clustering analysis, 61 HCVpp fell in 322 

15 distinct antigenic groups, with each group containing from one to twelve HCVpp. Notably, 323 

clustering was not driven by genotype or subtype. Six groups contained HCVpp from multiple 324 

subtypes, and nine groups contained only genotype 1a HCVpp, which was expected by chance 325 

given the large number of genotype 1a HCVpp included in the analysis. Of genotype 1a HCVpp, 326 

16 (44%) fell in multi-subtype groups, while 20 (56%) fell in 1a-only groups (p=0.48 by 327 

Fischer’s exact test). In some cases, neutralization profiles of genotype 2-6 HCVpp were highly 328 

correlated with profiles of one or more genotype 1 HCVpp [e.g. UKNP4.1.1 (4a) and 329 

UKNP1.20.4 (1b), r=0.94, p=0.006]. Overall, this analysis showed that a large number of 330 

genetically diverse HCVpp could be clustered based on neutralization profiles into a relatively 331 

small number of antigenic groups, which were not dictated by genotype or subtype. 332 

 333 

Identification of an antigenically and genetically diverse and representative subset of 15 334 

HCVpp. 335 

For ease of use and to limit redundancy, we selected a representative subset of the larger 336 

panel of 65 HCVpp based on five criteria. First, we selected HCVpp that would preserve the 337 

same distribution of overall neutralization sensitivity across Tiers 1-4 that we observed with the 338 

full panel of 65 HCVpp. Second, we selected HCVpp that would best preserve the log10IC50  339 

mean, range, and standard deviation observed with the 65 HCVpp panel for each of the 7 340 

reference mAbs. Third, we selected HCVpp to maximize the representation of the 15 hierarchical 341 
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antigenic clusters. Fourth, we included HCVpp from multiple genotypes and subtypes to 342 

maintain genetic diversity. Fifth, we selected HCVpp that demonstrated robust hepatoma cell 343 

entry after production using the HIV-Gag HCVpp protocol (to maximize ease of use and 344 

reproducibility).  By satisfying these five criteria, we identified 15 HCVpp that were robustly 345 

functional and antigenically representative of the larger panel of 65 HCVpp (Figure 4). Notably, 346 

the prototype reference strain H77 (HCVpp 1a154) was included in Tier 2 of this final panel.  347 

Overall neutralization sensitivity of the 65 and 15 HCVpp panels was very similar (mean 348 

(range) IC50 37.80 (0.41 to >100) μg/mL vs. 35.94 (0.63 to >100) g/mL). Like the larger panel, 349 

the panel of 15 HCVpp could be distributed across four tiers of overall neutralization resistance, 350 

with 2 HCVpp (13.5%) in Tier 1, 6 HCVpp (40%) in Tier 2, 5 HCVpp (33%) in Tier 3, and 2 351 

HCVpp (13.5%) in Tier 4 (Figure 4). In addition, neutralizing breadth (% of the panel 352 

neutralized) for each mAb at IC50 thresholds of 100, 10, or 1 µg/mL was very similar when 353 

quantitated using either the panel of 65 or the panel of 15 HCVpp (Table 1). Interestingly, these 354 

15 HCVpp were highly antigenically representative of the larger panel of 65 HCVpp despite 355 

expressing only 79.6% of genotype 1 polymorphisms and 60.3% of genotype 2-6 polymorphisms 356 

present in 2-80% of database sequences, indicating that many E1E2 amino acid differences 357 

across strains and genotypes are irrelevant for bNAb sensitivity. 358 

To better understand the differences in hepatoma cell entry and neutralization sensitivity 359 

between these 15 HCVpp, we used Western blot and ELISA (Supplemental Figure 1A-B), to 360 

measure incorporation of E2 into each HCVpp. We found that incorporation of E2 varied greatly 361 

across HCVpp, and the level of E2 incorporation correlated significantly with the level of 362 

hepatoma cell entry of each HCVpp (Supplemental Figure 1C). However, the level of E2 363 

incorporation did not correlate with HCVpp neutralization sensitivity (Supplemental Figure 1D), 364 
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indicating that differences in sensitivity between HCVpp are not dictated by these differences in 365 

E2 incorporation.  366 

 367 

Panel validation using human immune plasma samples and additional neutralizing mAbs.  368 

We selected thirty-five plasma samples from HCV-infected humans for neutralization 369 

breadth testing using the 15 HCVpp panel. The samples were obtained from individuals infected 370 

with genotype 1 (n=9), 2 (n=5), 3 (n=6), 4 (n=5), 5 (n=5), or 6 (n=5) virus. The majority of 371 

samples were obtained from individuals with chronic infection, and samples were not matched 372 

for duration of infection. As expected, these samples displayed a range of neutralizing breadth 373 

when tested at a 1:20 plasma dilution (0%-100% of the panel neutralized) (Figure 5A and 374 

Supplemental Table 3).  Interestingly, some plasma samples with moderate or poor neutralizing 375 

breadth enhanced rather than inhibited entry of some HCVpp, which was demonstrated by 376 

greater entry of HCVpp incubated with immune plasma relative to entry of HCVpp incubated 377 

with HCV-negative control plasma, as has been previously described (Supplemental Table 3)46-378 

48. For unclear reasons, genotype 4-6-infected plasma displayed greater neutralizing breadth than 379 

genotype 1-3-infected plasma (median 87% vs 27% of the panel neutralized). However, across 380 

all genotype 1-6 plasma samples, Tier 1 HCVpp were significantly more sensitive to plasma 381 

neutralization than Tiers 2, 3, and 4 (p<0.001 for each comparison). Tier 2 HCVpp were 382 

significantly more sensitive than Tiers 3 and 4 (p<0.05, p<0.0001, respectively). Tier 3 HCVpp 383 

were significantly more sensitive than Tier 4 (p<0.05). (Figure 5B). Notably, this trend of 384 

increasing neutralization resistance from Tier 1-4 was also consistent when genotype 1-6-385 

infected plasma samples were segregated by genotype, although not all comparisons between 386 
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Tiers were statistically significant, likely due to smaller numbers of samples in each group 387 

(Figure 5C).    388 

Seven additional neutralizing mAbs (HEPC74, HEPC98, HEPC108, HEPC111, 389 

HEPC112, HEPC146, and HC33.1) were also tested using the 15 HCVpp panel because they 390 

bind to unique epitopes relative to the seven reference mAbs used to select the panel. Four of 391 

these mAbs (HEPC98, HEPC108, HEPC112, HEPC146) target distinct antigenic sites relative to 392 

the initial mAb reference panel 29, 38. As expected, the mAbs showed a wide range of neutralizing 393 

breadth when tested at 20 µg/mL concentration (62% or 5% of the panel neutralized by HEPC74 394 

or HEPC112, respectively) (Supplemental Figure 6A). We expected that neutralization of the 395 

panel by HEPC74 would be similar to neutralization we had observed with AR3A, given 396 

structural analyses demonstrating that the two mAbs bind to highly similar epitopes. This was 397 

confirmed, as % neutralization of each HCVpp by HEPC74 was highly correlated with values 398 

obtained with AR3A (r=0.67, p=0.008) but not with unrelated mAb HC33.4 (r=0.33, p=0.23) 399 

(Supplemental Figure 6B). 400 

 Taken together, these data confirmed that immune plasma samples and novel mAbs 401 

displayed a wide range of neutralizing breadth across the HCVpp panel. Regardless of the 402 

infecting genotype of the immune plasma source, Tier 1 HCVpp were most sensitive to 403 

neutralization, followed by Tier2, Tier 3, and then Tier 4. 404 

 405 

Panel validation by independent neutralization testing in a second research laboratory.  406 

To ensure reproducibility of neutralization measured using this panel, the panel of 15 407 

HCVpp was reproduced by plasmid transfection at the University of Nottingham, and 408 

neutralization testing was repeated with the original seven reference mAbs (HCV1, hAP33, 409 
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AR3A, CBH-7, HC84.26, AR4A, and HC33.4). Neutralization results (log10IC50 values) for each 410 

HCVpp and mAb combination obtained at the University of Nottingham were highly correlated 411 

with those previously obtained at Johns Hopkins (r = 0.92, p<0.0001) (Figure 6A). Mean IC50 for 412 

each HCVpp across seven mAbs ranged from 0.63 to >100 µg/mL in Johns Hopkins testing, and 413 

from 0.74 to 91.38 µg/mL in University of Nottingham testing. None of the HCVpp switched 414 

neutralization sensitivity tiers in the repeat testing (Figure 6B).  415 

  416 
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Discussion 417 

Development of a prophylactic HCV vaccine will require accurate and reproducible 418 

measurement of neutralizing breadth and potency of vaccine-induced antibodies. By analyzing 419 

hepatoma cell entry, neutralization sensitivity, and neutralization profiles of HCVpp generated 420 

with diverse E1E2 clones, we identified a robustly functional and reproducible panel of 15 421 

HCVpp that gave neutralizing potency and breadth measurements for 7 bNAbs that were 422 

remarkably similar to results obtained with a more genetically diverse 65 virus panel. 423 

We observed a wide range of neutralization sensitivity across a large number of subtype 424 

1a and 1b HCVpp and a smaller number of genotype 2-6 HCVpp. In agreement with prior 425 

studies16, 28, 29, 34, 49, the genetic distance between E1E2 clones did not correlate with differences 426 

in neutralization sensitivity between HCVpp generated from those clones (Supplemental Figure 427 

5). We also observed very close correlations between neutralization profiles of some HCVpp 428 

with very divergent E1E2 sequences, including some close correlations between neutralization 429 

profiles of HCVpp from different genotypes. These findings are supported by a recent study by 430 

Bankwitz, et al., which also found that neutralization profiling could be used to select a relatively 431 

small number of isolates to represent a larger HCV panel49. Neutralizing breadth of four of the 432 

reference mAbs used in this study was previously measured using a widely adopted panel of 433 

genotype 1-6 HCVcc [strains H77 (gt1a), J6 (gt2a), S52 (gt3a), ED43 (gt4a), SA13 (gt5a), HK6a 434 

(gt6a)]8, 10, 11, 32, so it is useful to compare those prior results to the results obtained with this new 435 

HCVpp panel. Both panels include some sensitive isolates, but the neutralization breadth of each 436 

mAb (defined here as a percentage of isolates in the panel neutralized by  10 g/mL of mAb) 437 

was lower using the HCVpp panel than it was in prior studies using the HCVcc panel 438 
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(Supplemental Table 4), indicating that the HCVpp panel incorporates more antigenic diversity 439 

than the HCVcc panel, despite including fewer HCV genotypes. Taken together, these data 440 

confirm that the neutralizing breadth of antibodies should be defined by neutralization of 441 

antigenically diverse isolates representing multiple tiers of neutralization sensitivity, rather than 442 

by neutralization of isolates from multiple genotypes.  443 

 The neutralization panel described here has some limitations. First, we characterized 444 

relatively few genotype 2-6 E1E2 clones, and no genotype 7 or 8 clones. However, genotype 2-6 445 

HCVpp were distributed among genotype 1 HCVpp in both the neutralization sensitivity and 446 

neutralization profile analyses, confirming that neutralization phenotypes do not segregate by 447 

genotype or subtype46. In addition, neutralization sensitivities of Tier 1-4 HCVpp were consistent 448 

regardless of the infecting genotype of immune plasma tested. Thus, this reference panel is likely 449 

to be antigenically representative of genotype 2-8 as well as genotype 1 strains. Nevertheless, it 450 

will be important to continue to phenotype additional genotype 2-8 isolates. Second, this panel 451 

was generated with HCVpp rather than HCVcc to facilitate widespread use. HCVpp are 452 

generally more neutralization sensitive than HCVcc, likely because HCVcc incorporate 453 

apolipoprotein E and HCVpp do not26, 30. Therefore, it will be helpful to incorporate some or all 454 

of these E1E2 clones into chimeric HCVcc, to confirm that relative neutralization sensitivity is 455 

consistent across HCVpp and HCVcc, as has been observed in prior studies28-31. 456 

 It is interesting that most genotype 4-6-infected plasma samples tested with this panel 457 

displayed greater neutralizing breadth than genotype 1-3-infected plasma. This observation 458 

might be the result of different durations of infection at the time of plasma sampling, since 459 

longer duration of infection has been associated with greater neutralizing breadth16, 50. Genotype 460 
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1-3 samples were obtained from the BBAASH acute infection cohort39, with subjects infected a 461 

median (range) of 389 (228-963) days at the time of sampling, while genotype 4-6 samples were 462 

obtained from the University of Nottingham Trent HCV cohort40, from individuals with chronic 463 

infection of unknown duration. Further studies with time-matched samples from multiple 464 

genotypes will be needed to clarify this observation. 465 

 While this panel can be used immediately to compare neutralizing breadth of antibodies 466 

induced by candidate vaccines, further work is needed to determine the level of serum 467 

neutralizing breadth and neutralizing potency that is necessary for protection against HCV 468 

infection. These data might be obtained by using this panel to test serum from animal challenge 469 

models of HCV infection or by measuring plasma neutralizing breadth in vaccine trials 470 

performed in at-risk human populations. As this panel is adopted in new laboratories, quality 471 

control of HCVpp will be important. HCVpp should be used in experiments only if they 472 

demonstrate entry at least ten-fold above background entry by mockpp. In addition, one or more 473 

of the reference bNAbs from this study could be included in experiments as a positive control to 474 

confirm that neutralization breadth (Table 1) and IC50 values (Supplemental Table 2) are similar 475 

to those obtained here. Controls for plasma or serum neutralization experiments should also be 476 

carefully considered, since we and others have observed enhancement, rather than inhibition of 477 

infection by some plasma samples. This enhancement of HCVpp entry may be due to 478 

lipoproteins in plasma that increase entry when neutralizing antibodies levels are low or absent47, 479 

48. To control for these effects, neutralization by immune plasma or serum should be calculated 480 

relative to control wells containing pre-immune plasma or serum, or immunoglobulins should be 481 

purified from plasma prior to testing. 482 
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In conclusion, we have rationally selected and validated a genetically and antigenically 483 

diverse panel of 15 HCVpp for use in neutralization assays. This study also demonstrated that 484 

neutralizing breadth of HCV antibodies should be defined using viruses spanning multiple tiers 485 

of neutralization sensitivity, rather than panels selected solely for genetic diversity. We propose 486 

that this panel could be adopted as a standard for measurement of antibody neutralizing potency 487 

and breadth, advancing HCV vaccine development by facilitating comparisons of neutralization 488 

results from laboratories around the world. 489 
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Figure Legends 618 

Figure 1. Selection of genetically diverse and representative E1E2 strains for HCVpp 619 

phenotyping. A. Percent representation by candidate panels of polymorphisms observed with 2-620 

80% frequency in a set of 2587 nonredundant gt1 E1E2 sequences. Polymorphism coverage by a 621 

set of 166 functional gt1 E1E2 clones is shown as a black dotted line (93.8%). Polymorphism 622 

coverage by previously published panels of 19 gt1 HCVpp (“JHU 2014”), 113 gt1 HCVpp 623 

(“JHU 2017”)28, and 58 gt1 HCVpp (“UoN 2016”)29, are indicated. Candidate gt1 E1E2 panels 624 

of various sizes, selected by hierarchical phylogenetic clustering (“Cluster-based”), are shown as 625 

black points, and coverage by an optimized panel of 60 gt1 E1E2 clones (“OptGt1”) is shown as 626 

a blue point circled in red (93.8%).  B. Neighbor-joining phylogenetic tree of 3583 E1E2 amino 627 

acid sequences representing all subtypes of gt 1-7. Tree was generated in Mega v7.0.21 using the 628 

Jones-Taylor-Thornton model with gamma distribution. Branches are drawn to scale, and 629 

positions containing gaps and missing data were eliminated. Symbols indicate 75 gt 1-6 clones 630 

selected for HCVpp production.  631 

 632 

Figure 2. Wide variation in hepatoma cell entry and neutralization sensitivity of HCVpp. 633 

A. Hepatoma cell entry of 75 HCVpp expressed as fold increase in relative light units (RLU) 634 

compared to the background entry of mockpp. In some cases, HCVpp were first generated using 635 

HIV Gag (circles) and then MLV Gag (open diamonds). Data represent 1-5 independent 636 

experiments for each HCVpp, with each experiment performed with 2-6 replicates. A threshold 637 

of 10-fold above mockpp entry is indicated with a dotted line. Asterisks indicate HCVpp that 638 

were freeze-thawed prior to testing. B. Neutralization of 65 HCVpp by 7 bNAbs targeting 639 

diverse epitopes across E1E2. Mab/HCVpp tests that did not reach 50% inhibition were assigned 640 
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an IC50 of 100 µg/mL. HCVpp are arranged from most to least neutralization sensitive based on 641 

mean log10IC50 measured for 7 mAbs and divided into four tiers of sensitivity based on the 642 

normal distribution of the data. Each mAb-HCVpp combination was tested with nine serial mAb 643 

dilutions in duplicate. Points indicate means and whiskers SEM. Prototype reference strain H77 644 

is highlighted in red. 645 

 646 

Figure 3. Hierarchical clustering based on patterns of relative neutralization sensitivity 647 

reveals antigenic relationships among HCVpp. A heat map was generated showing all 648 

pairwise correlations among neutralization profiles of 61 HCVpp (neutralization profile = 649 

log10IC50 values for 7 mAbs). HCVpp are arrayed in the same order along the x and y axes, with 650 

the genotype of each HCVpp indicated on the x-axis. Circles at each intersection are scaled by 651 

the magnitude of the Pearson correlation (r) between neutralization profiles. Hierarchical 652 

clustering analysis using these pairwise correlations is depicted as a tree. Circles at tree nodes 653 

indicate approximately unbiased (AU) test values >70, indicating strength of support for a 654 

particular cluster. HCVpp were assigned to the same antigenic group (black boxes) if they 655 

clustered with approximately unbiased (AU) values >70, with mean r>0.81 for correlations 656 

among the group, corresponding to p<0.05. Arrows indicate HCVpp selected for the final 15 657 

HCVpp panel. 658 

 659 

Figure 4. Identification of an antigenically and genetically diverse and representative 660 

subset of 15 HCVpp. HCVpp selected as representative of the larger HCVpp panel based on the 661 

distribution of neutralization sensitivity across Tiers 1-4, preservation of the log10IC50 mean, 662 

range, and standard deviation for each of the 7 reference mAbs, representation of hierarchical 663 
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antigenic clusters, inclusion of multiple genotypes and subtypes, and robust hepatoma cell entry. 664 

Points indicate means and whiskers SEM. Prototype reference strain H77 is highlighted in red. 665 

 666 

Figure 5. Panel validation using human immune plasma samples. A. % neutralization of the 667 

15 HCVpp panel (Tiers 1-4) by plasma samples at 1:20 dilution from 35 persons infected with 668 

genotype (gt) 1-6 HCV, measured in duplicate. B-C. Plasma neutralization is arranged according 669 

to HCVpp Tier. Each point indicates mean neutralization of all HCVpp in the indicated Tier by a 670 

single plasma sample from panel A. All plasma samples (gt1-6) were analyzed together in B, or 671 

separated by infecting HCV genotype in C. Horizontal lines are medians. Groups were compared 672 

by one-way ANOVA if data were normally distributed (gt1, 2, 3, 5, 6 graphs) or by Friedman 673 

test if data were not normally distributed (gt1-6, gt4 graphs). All tests were adjusted for multiple 674 

comparisons using the Benjamani, Krieger, and Yekutieli method, with adjusted p<0.05 675 

considered significant. * <0.05, ** <0.005, *** <0.001, **** <0.0001. 676 

 677 

Figure 6. Panel validation by independent neutralization testing in a second research 678 

laboratory. Repeat production of the HCVpp panel and neutralization testing with 7 reference 679 

mAbs tested with serial dilutions in duplicate. A. Correlation between log10IC50 values for each 680 

HCVpp-mAb combination obtained at Johns Hopkins or the University of Nottingham. R and p 681 

values from Pearson correlation. B. For each HCVpp, log10IC50 results for 7 mAbs obtained at 682 

Johns Hopkins are on the left (black) and repeat results obtained at the University of Nottingham 683 

are on the right (gray). Points indicate means and whiskers SEM. Prototype reference strain H77 684 

is highlighted in red. 685 
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Supplemental Figure 1. Quantitation of E2 incorporated into HCVpp. A. Western blot of a 687 

denaturing, reducing gel run with concentrated HCVpp, probed with an anti-E2 mAb (HC33.1) 688 

targeting a linear epitope that is intact in all E2 variants and an anti-HIV p24 mAb. B. ELISA 689 

with serial 2-fold dilutions of concentrated, denatured HCVpp bound to GNA-lectin-coated 690 

wells, probed with anti-E2 (HC33.1). Values are means of duplicate wells, and error bars are 691 

SEM. C. Positive correlation of the amount of E2 incorporated into each HCVpp (area under the 692 

curve calculated in B) with entry of that HCVpp into Huh7 hepatoma cells (expressed as fold 693 

entry above background entry of mock HCVpp with no E1E2). D. No correlation of the amount 694 

of E2 incorporated into each HCVpp (area under the curve calculated in B) with neutralization 695 

sensitivity of that HCVpp (mean log10IC50 for each HCVpp from Figure 2). R and p values were 696 

calculated using the Pearson method, with p<0.05 considered significant. 697 

 698 

Supplemental Figure 2. A. Hepatoma cell (Huh7) entry of 15 HCVpp produced by transfection 699 

of either wild type (WT) HEK293T cells or CD81 knockout (CD81ko) HEK293T cells, 700 

expressed as fold increase in RLU above background entry of mock HCVpp without E1E2 701 

transfected and tested in parallel. B. Correlation between percent neutralization values obtained 702 

using mAb HEPC74 at 20 µg/mL concentration and 15 HCVpp produced in WT HEK293T cells 703 

or CD81ko HEK293T cells. R and p values were calculated using Pearson correlation. 704 

 705 

Supplemental Figure 3. Initial testing to compare specific entry of HIV-Gag HCVpp to 706 

MLV-Gag HCVpp. Sixty genotype 1a or 1b E1E2 were co-transfected with either env-deficient 707 

HIV-1 with a luciferase reporter gene (HIV-Gag HCVpp) or with a luciferase-encoding reporter 708 

plasmid and an MLV Gag/Pol packaging construct (MLV-Gag HCVpp). Mockpp (lacking E1E2) 709 
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were produced in parallel, and entry was calculated as a ratio of HCVpp entry relative to mockpp 710 

entry.  The pre-selected threshold of 10-fold greater than mockpp entry is indicated with a dotted 711 

line. 712 

 713 

Supplemental Figure 4. Correlation between IC50 values across 65 HCVpp for bNAbs 714 

HCV1 and hAP33. Given the similarity of epitopes targeted by these bNAbs, we measured the 715 

correlation between log10IC50 values for these mAbs across the HCVpp panel. Due to this high 716 

correlation in neutralization profiles, log10IC50 values for these two mAbs for each HCVpp were 717 

averaged (given half the weight of the other 5 bNAbs) when ranking HCVpp by neutralization 718 

sensitivity and for hierarchical clustering of HCVpp (Figures 2-4, 6). R and p calculated by the 719 

Pearson method. 720 

 721 

Supplemental Figure 5. Genetic distance and magnitude of hepatoma cell entry do not 722 

predict neutralization sensitivity of HCVpp. A. For each of 64 HCVpp, E1E2 amino acid p 723 

distance and absolute difference in mean log10IC50 were calculated relative to reference strain 724 

1a154 (H77, genotype 1a) HCVpp. The expected genetic distances were observed between H77 725 

and genotype 1a (red), genotype 1b (blue), and genotype 2-6 (black) E1E2 clones, but this 726 

distance was not correlated with the difference in neutralization sensitivity of HCVpp generated 727 

with these clones relative to H77 HCVpp sensitivity. B. No correlation between the magnitude of 728 

hepatoma cell entry (Figure 2A) and mean log10IC50 (Figure 2B) of 65 HCVpp. R and p values 729 

calculated using the Spearman method. 730 
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Supplemental Figure 6. A. % neutralization of the 15 HCVpp panel by 7 additional neutralizing 732 

mAbs at 20 µg/mL concentration, measured in duplicate. B. Correlation between % 733 

neutralization values obtained with HEPC74 and related mAb AR3A, or HEPC74 and unrelated 734 

mAb HC33.4, tested at 20 µg/mL concentration. Each point represents neutralization of a single 735 

HCVpp measured in duplicate. R and p values determined using the Spearman method. 736 
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mAbs # HCVpp 100 µg/mL 10 µg/mL 1 µg/mL

65 91 82 46

15 93 80 47

65 89 80 28

15 87 87 40

65 91 80 20

15 87 80 33

65 74 57 34

15 73 67 33

65 74 54 18

15 60 53 13

65 77 48 20

15 73 40 27

65 31 12 3

15 33 13 13

CBH-7

Table 1. Neutralizing breadth of reference mAbs 

measured using 65 or 15 HCVpp panels.

1
Percent of isolates in 65 or 15 HCVpp panels 

neutralized with IC50<100, 10, or 1 µg/mL.

Neutralizing breadth
1
(%)

hAP33

HCV1

AR4A

HC84.26

AR3A

HC33.4

Table 1
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Figure 1. Selection of genetically diverse and representative E1E2 strains for HCVpp phenotyping. A. 
Percent representation by candidate panels of polymorphisms observed with 2-80% frequency in a set of 2587 
nonredundant genotype 1 E1E2 sequences. Polymorphism coverage by the full set of 166 functional genotype 1 
E1E2 clones that were considered for inclusion is shown as a black dotted line (93.8%). Polymorphism 
coverage by previously published panels of 19 gt1 HCVpp (“JHU 2014”) and 113 gt1 HCVpp (“JHU 2017”)27, 
and 58 gt1 HCVpp (“UoN 2016”)28, are shown as red, gray, and orange points, respectively. Candidate 
genotype 1 E1E2 panels of various sizes, selected by hierarchical phylogenetic clustering (“Cluster-based”), are 
shown as black points, and coverage by an optimized diverse panel of 60 genotype 1 E1E2 clones (“OptGt1”) is 
shown as a blue point circled in red (93.8%).  B. Neighbor-joining phylogenetic tree of 3583 E1E2 amino acid 
sequences representing all subtypes of genotypes 1-7. Tree was generated in Mega v7.0.21 using the Jones-
Taylor-Thornton model with gamma distribution. Branches are drawn to scale, and positions containing gaps 
and missing data were eliminated. Symbols indicate 75 genotype 1-6 clones selected for HCVpp production and 
phenotypic analysis. 
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Figure 2. Wide variation in hepatoma cell entry and neutralization sensitivity of HCVpp. A. Hepatoma 
cell entry of 75 HCVpp expressed as fold increase in relative light units (RLU) compared to the background 
entry of mockpp (pseudoparticles without E1E2). In some cases, HCVpp were first generated using HIV Gag 
(circles) and then MLV Gag (open diamonds). Data represent 1-5 independent experiments for each HCVpp, 
with each experiment performed with 2-6 replicates. A pre-selected threshold of 10-fold above mockpp entry is 
indicated with a dotted line. Asterisks indicate HCVpp that were freeze-thawed prior to testing. B. 
Neutralization of 65 HCVpp by 7 bNAbs targeting diverse epitopes across E1E2. Mab/HCVpp tests that did not 
reach 50% inhibition were assigned an IC50 of 100 µg/mL. HCVpp are arranged from most to least 
neutralization sensitive based on mean log10IC50 measured for 7 mAbs and divided into four tiers of sensitivity 
based on the normal distribution of the data. Each mAb-HCVpp combination was tested with nine serial mAb 
dilutions in duplicate. Points indicate means and whiskers SEM. Label for prototype reference strain H77 is 
highlighted in red. 
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Figure 3. Hierarchical clustering based on patterns of relative neutralization sensitivity reveals antigenic 
relationships among HCVpp. A heat map was generated showing all pairwise correlations among 
neutralization profiles of 61 HCVpp (neutralization profile = log10IC50 values for 7 mAbs, with IC50s for mAbs 
HCV1 and hAP33 averaged to a single value given high similarity of these mAbs). HCVpp are arrayed in the 
same order along the x and y axes, with the genotype of each HCVpp indicated on the x-axis. Four HCVpp 
were excluded because they were fully resistant to all reference mAbs. Circles at each intersection are scaled by 
the magnitude of the Pearson correlation (r) between neutralization profiles of each HCVpp pair (darker 
blue=higher r, darker red=more negative r). Hierarchical clustering analysis using these pairwise correlations is 
depicted as a tree. Circles at tree nodes indicate approximately unbiased (AU) test values >70, which indicate 
strength of support for a particular cluster. HCVpp were assigned to the same antigenic group (black boxes) if 
they clustered with approximately unbiased (AU) values >70, with mean r>0.81 for correlations among the 
group, corresponding to p<0.05. Arrows indicate representative HCVpp selected for the final 15 HCVpp panel. 
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Figure 4. Identification of an antigenically and genetically diverse and representative subset of 15 
HCVpp. HCVpp selected as representative of the larger HCVpp panel based on the distribution of 
neutralization sensitivity across Tiers 1-4, preservation of the log10IC50 mean, range, and standard deviation for 
each of the 7 reference mAbs, representation of hierarchical antigenic clusters, inclusion of multiple genotypes 
and subtypes, and robust hepatoma cell entry. Points indicate means and whiskers SEM. Label for prototype 
reference strain H77 is highlighted in red. 
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Figure 6. Panel validation by independent neutralization testing in a second research laboratory. Repeat 
production of the HCVpp panel and neutralization testing with 7 reference mAbs tested with serial dilutions in 
duplicate. A. Correlation between log10IC50 values for each HCVpp-mAb combination obtained at Johns 
Hopkins or the University of Nottingham. R and p values from Pearson correlation. B. For each HCVpp, 
log10IC50 results for 7 mAbs obtained at Johns Hopkins are on the left (black) and repeat results obtained at the 
University of Nottingham are on the right (gray). Points indicate means and whiskers SEM. Label for prototype 
reference strain H77 is highlighted in red. 
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