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A better understanding of natural variation in neutralization resistance and fitness of diverse

hepatitis C virus (HCV) envelope (E1E2) variants will be critical to guide rational development of

an HCV vaccine. This work has been hindered by inadequate genetic diversity in viral panels and

by a lack of standardization of HCV entry assays. Neutralization assays generally use lentiviral

pseudoparticles expressing HCV envelope proteins (HCVpp) or chimeric full-length viruses that

are replication competent in cell culture (HCVcc). There have been few systematic comparisons

of specific infectivities of E1E2-matched HCVcc and HCVpp, and to our knowledge,

neutralization of E1E2-matched HCVpp and HCVcc has never been compared using a diverse

panel of human broadly neutralizing monoclonal antibodies (bNAbs) targeting distinct epitopes.

Here, we describe an efficient method for introduction of naturally occurring E1E2 genes into a

full-length HCV genome, producing replication-competent chimeric HCVcc. We generated

diverse panels of E1E2-matched HCVcc and HCVpp and measured the entry-mediating fitness

of E1E2 variants using the two systems. We also compared neutralization of E1E2-matched

HCVcc and HCVpp by a diverse panel of human bNAbs targeting epitopes across E1E2. We

found no correlation between specific infectivities of E1E2-matched HCVcc versus HCVpp, but

found a very strong positive correlation between relative neutralization resistance of these same

E1E2-matched HCVcc and HCVpp variants. These results suggest that quantitative comparisons

of neutralization resistance of E1E2 variants can be made with confidence using either HCVcc or

HCVpp, allowing the use of either or both systems to maximize diversity of neutralization panels.

INTRODUCTION

Hepatitis C virus (HCV) infects over 170 million people
worldwide (Thomas et al., 2000), and kills more people in
the USA annually than human immunodeficiency virus
(HIV) (Holmberg et al., 2013). While direct-acting antiviral
therapy has revolutionized care for some patients with
HCV, control of the HCV pandemic remains challenging
due to poor access to care, frequent nosocomial transmis-
sion in developing countries (Averhoff et al., 2012), reinfec-
tion in high-risk individuals and the high proportion of
infected individuals who are unaware of asymptomatic car-
riers (Armstrong et al., 2006). Since direct-acting antiviral
therapy is very unlikely to control the HCV pandemic,
development of a vaccine against HCV remains essential.

Understanding of virus neutralization by antibodies is
important for vaccine development, since prior studies have
shown that antibodies that neutralize HCV play an import-
ant role in immune-mediated control of the virus, and that
neutralizing antibody resistance mutations may reduce viral
replicative fitness (Gottwein et al., 2009; Lavie et al., 2014;
Osburn et al., 2014; Pestka et al., 2007). However, study of
HCV neutralizing antibodies has been hindered by lack of
standardized methods to measure virus entry and neutral-
ization, and by inadequate genetic diversity in viral panels.
Entry and neutralization assays generally rely on either lenti-
viral particles with HCV envelope proteins (E1and E2) on
their surface [HCV pseudoparticles (HCVpp)], or full-
length hepatitis viruses that are replication competent in cell
culture (HCVcc).

HCVpp have greatly advanced the understanding of HCV
entry and neutralization by antibodies (Giang et al., 2012;
Law et al., 2008; Morin et al., 2012; Osburn et al., 2014;
Pestka et al., 2007). This model system has been used
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extensively in identifying HCV cell surface receptors required
for viral entry (Bartosch et al., 2003; Cormier et al., 2004;
McKeating et al., 2004; Zhang et al., 2004), and studies using
HCVpp have established that neutralizing antibodies can
drive evolution in vivo of HCV E1E2, leading to neutraliza-
tion escape (Dowd et al., 2009; Pestka et al., 2007). HCVpp
panels expressing diverse E1E2 variants have also been used
to define neutralizing breadth of antibodies and to show that
development of broadly neutralizing antibodies is associated
with spontaneous clearance of HCV infection (Osburn et al.,
2014; Pestka et al., 2007), and reduced liver fibrosis in
chronic infection (Swann et al., 2016).

More recently, chimeric full-length viruses that are HCVcc
have been produced which express diverse E1E2 variants and
reproduce the full replication cycle of HCV in vitro and in
animal models (Gottwein et al., 2007, 2009; Scheel et al.,
2011). These HCVcc have been used to further define viral
entry pathways (Brimacombe et al., 2011; Carlsen et al., 2013;
Mathiesen et al., 2015; Timpe et al., 2008) and to show that
broadly neutralizing monoclonal antibodies (bNAbs) can
prevent HCV infection in animal models (Forns et al., 2000;
Morin et al., 2012; Youn et al., 2005). Panels of HCVcc
expressing E1E2 frommultiple genotypes have also been used
to measure neutralizing breadth of bNAbs (Carlsen et al.,
2014; Keck et al., 2008, 2013; Law et al., 2008).

Overall, HCVpp and HCVcc both have advantages for inves-
tigation of HCV entry and antibody neutralization. HCVpp
can be used to quantitate single round entry and neutraliza-
tion in a high-throughput format. Recently, large panels of
HCVpp have been produced that encompass more of the
diversity of circulating HCV variants, which is critical for
accurate measurement of antibody neutralizing breadth
(Osburn et al., 2014; Urbanowicz et al., 2015). While signifi-
cantly fewer replication-competent HCVcc variants are avail-
able, progress has been made in expanding the number of
variants (Mathiesen et al., 2014; McClure et al., 2016; Urban-
owicz et al., 2015). E1E2 on surface of HCVcc may resemble
more closely the envelopes of viruses circulating in vivo, given
incorporation of human apolipoproteins into HCVcc virions
(Hishiki et al., 2010; Jiang et al., 2012; Meunier et al., 2008).

As viral entry, neutralization and vaccine development
studies proceed using HCVpp, HCVcc or both, it is critical
to understand whether specific infectivity and neutraliza-
tion results measured in one assay system are reproducible
in the other. Neutralization results obtained using HCVcc
and HCVpp have generally been similar (Fofana et al.,
2012; Meunier et al., 2005; Scheel et al., 2008; Swann
et al., 2016; Urbanowicz et al., 2015), but comparisons of
specific infectivity and neutralization of HCVpp and
HCVcc expressing genetically identical E1E2 variants have
previously been performed only on a fairly limited basis,
and to our knowledge neutralization of E1E2-matched
HCVpp and HCVcc has never been compared using a
diverse panel of bNAbs targeting distinct epitopes.

Here, we describe an efficient method for insertion of naturally
occurring E1E2 genes into a full-length HCV genome,

producing a panel of replication-competent HCVcc chimeras
expressing naturally occurring E1E2 proteins. Identical E1E2
genes were also used to produce HCVpp, allowing a systematic
comparison of specific infectivities of E1E2-matched HCVcc
and HCVpp, as well as comparison of neutralization of E1E2-
matched HCVcc and HCVpp by a panel of eight well-charac-
terized human bNAbs targeting distinct epitopes.

RESULTS

Efficient cloning of naturally occurring E1E2

genes to generate E1E2-matched HCVcc and

HCVpp

We previously generated a modified H77/JFH-1 expression
plasmid with the E1E2 gene sequence replaced by an AfeI
restriction site, allowing rapid in-frame introduction of
natural E1E2 genes by In-Fusion cloning and expression of
chimeric virus (Wasilewski et al., 2016) (Fig. 1). For this
study, we selected 19 natural E1E2 variants previously shown
to produce functional HCVpp, and used this HCVcc produc-
tion method to produce a panel of HCVcc chimeras express-
ing these same naturally occurring E1E2 protein variants. Of
these 19 HCVcc chimeras, differing at an average of 14% of
their E1E2 amino acids (0.3–22%), 13 produced replication-
competent virus and 6 were non-functional in multiple
experiments (Fig. 2). Subsets of this panel of replication-
competent HCVcc, along with two previously described
HCVcc chimeras, H77/JFH-1 (genotype 1a E1E2) (Scheel
et al., 2008) and S52/JFH-1 (genotype 3a E1E2) (Gottwein
et al., 2007), were used to compare specific infectivity of
E1E2-matched HCVcc and HCVpp, and also to compare
neutralization of E1E2-matched HCVpp and HCVcc by a
panel of human bNAbs targeting distinct epitopes across E1
and E2.

There is no correlation between specific

infectivities of E1E2-matched HCVcc and HCVpp

To determine whether in vitro function of E1E2 quantified
using HCVcc or HCVpp is related, specific infectivities [spot
forming units (SFU) per HCV IU for HCVcc and relative
light units (RLU) per HIV IU for HCVpp] of 12 functional
E1E2-matched HCVcc and HCVpp were compared. To limit
HCVcc as much as possible to single round infection, virus
was removed from cell supernatant after 12 h, and infected
cells were fixed and stained after a 72 h incubation period.
For both HCVpp and HCVcc, dilution of supernatant and
level of infection showed a linear relationship (data not
shown). Specific infectivities of HCVcc [range: 0.03–0.67
SFU (HCV IU)�1] and HCVpp [range: 0.002–0.079 RLU
(HIV IU)�1] expressing different E1E2 variants varied con-
siderably (Fig. 3a and Table S1, available in the online Sup-
plementary Material). Interestingly, no correlation in relative
specific infectivities of E1E2-matched HCVcc and HCVpp
was observed. These results suggest that relative specific
infectivity of different E1E2 variants measured with either
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HCVpp or HCVcc may not predict results that would be
obtained using the other model system.

Given these differences in specific infectivity between E1E2-
matched HCVcc and HCVpp, we investigated biochemical
differences between HCVcc and HCVpp. To determine
whether the amount of E2 incorporated per virion differs
between E1E2-matched HCVcc and HCVpp, we performed
a Western blot analysis on HCVcc and HCVpp which had
been purified by ultracentrifugation through a 20% sucrose
cushion (Fig. 3b). HCVcc incorporated significantly more
E2 per virion, with HCVcc E2 becoming undetectable by
Western blot below a dilution of 3E7 virions (virions quan-
titated by HCV IU), whereas HCVpp E2 became undetect-
able below 1E9 virions (virions quantitated by HIV IU). The
complex E2 banding pattern observed has been reported
elsewhere and has been attributed to the presence of FBS
protein (Vieyres et al., 2010) or the high mannose content
of E2 glycans (Falkowska et al., 2007). Together, these
results suggest that HCVcc incorporate a larger number of
E2 molecules per virion than HCVpp.

Multiple prior studies have demonstrated that human
apolipoproteins are present on the surface of HCVcc

virions. To investigate the presence of apolipoproteins in
our model systems, we performed a Western blot analysis
on purified E1E2-matched HCVcc and HCVpp. We
found that we can detect ApoE protein in purified
HCVcc preparations and in uninfected Huh7.5.1 superna-
tants (Fig. 3c). It has been previously demonstrated that
some of this ApoE is associated with HCVcc virions
(Boyer et al., 2014; Catanese et al., 2013; Jiang & Luo,
2009). Despite testing a much higher number of purified
HCVpp virions as well as mock-transfected 293T super-
natants, we could not detect any ApoE protein. These
data show that ApoE protein is present in HCVcc super-
natants, but is not present in HCVpp supernatants or the
293T cells used to produce them.

E1E2-matched HCVcc and HCVpp show the same

hierarchy of resistance to a diverse panel of

human broadly neutralizing antibodies

To compare antibody neutralization measured using
HCVcc and HCVpp model systems, five E1E2-matched
HCVpp and HCVcc (H77, 1a38, 1a53, 1b09 and 1b52) were
tested for neutralization by serial dilutions of up to four
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Fig. 1. Cloning strategy to generate HCVcc and HCVpp with matched E1E2 proteins. Using PCR and In-Fusion cloning, the

H77 E1E2 gene sequence was deleted from the H77/JFH-1 chimeric full-length replication-competent HCV (HCVcc) genome,
and an AfeI restriction site was introduced between the Core and P7 genes. This plasmid was then linearized by AfeI digestion
and various E1E2 genes from naturally circulating HCVs inserted, generating chimeric H77/natural isolate E1E2/JFH-1 HCVcc

genomes. RNA was produced via in vitro transcription and transfected into Huh7.5.1 cells to generate replication-competent
virus. Matching natural isolate E1E2 gene sequences were also cloned into the expression vector pcDNA3.2, and this plasmid
was co-transfected with the lentiviral luciferase reporter plasmid pNL4-3.Luc.R�E� to produce HCVpp. Colours in the HCVcc

genome indicate the HCV variant from which each segment is derived (red, JFH-1; blue, H77; orange, naturally circulating
HCV sequence).

Agreement between HCVcc and HCVpp neutralization
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bNAbs each to quantitate neutralization sensitivity, with a
total of 12 E1E2/bNAb combinations tested in this manner.
Despite the differences in HCVcc- and HCVpp-specific
infectivity, E2 incorporation and ApoE incorporation, rela-
tive neutralization of E1E2-matched HCVcc and HCVpp by
bNAbs was strikingly similar. Representative neutralization
curves are shown in Fig. 4, with all other curves in Fig. S1.
IC50 values for all E1E2-matched HCVcc and HCVpp tested
with full bNAb dilution curves are summarized in Table 1.

Using Spearman correlation, rank order of IC50s of 12 dif-
ferent bNAb/HCVpp combinations were compared to the
rank order of IC50s of the same bNAbs tested against E1E2-
matched HCVcc (Fig. 5). A highly significant positive cor-
relation between IC50s determined using HCVpp or HCVcc
was observed (r=0.8, P=0.002), suggesting that comparison
of relative neutralization resistance of different E1E2
variants expressed on either HCVcc or HCVpp reliably
yields the same result. Interestingly, while relative neutrali-
zation of E1E2-matched HCVpp and HCVcc was very
tightly correlated, there are examples of E1E2 that were neu-
tralized to similar levels in HCVpp, but neutralized

differently in HCVcc (i.e. H77 and 1b09 neutralized by
mAb HC84.22, Fig. 5). Also, the absolute IC50 values for
each bNAb/HCVpp were generally lower than the IC50s
measured for the same bNAbs with E1E2-matched HCVcc
(Fig. 5 and Table 1), suggesting that HCVpp may be gener-
ally more neutralization sensitive than HCVcc. Notable

0.2

H77 (1a)

S52 (3a)

Fig. 2. E1E2 genes used to generate E1E2-matched HCVcc and

HCVpp are genetically diverse. Maximum-likelihood tree of E1E2
amino acid sequences of envelope-matched HCVcc and HCVpp
(diamonds) with 634 genotype 1 reference sequences from Gen-

Bank (lines without symbols). Nineteen primary isolate E1E2
genes that were functional in HCVpp (12 genotype 1a and 7
genotype 1b) were used to generate HCVcc chimeras: 13 HCVcc

chimeras were replication competent (red symbols) and 6 were
replication incompetent (blue symbols). These novel replication-
competent HCVcc as well as two previously described HCVcc

chimeras, H77/JFH-1 (genotype 1a E1E2) and S52/JFH-1 (geno-
type 3a E1E2) (green symbols), were used in infectivity and neu-
tralization experiments.
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Fig. 3. No correlation between relative specific infectivities of
E1E2-matched HCVcc and HCVpp. (a) Serial dilutions of 12 dif-

ferent E1E2-matched HCVcc and HCVpp were used to infect
Huh7.5.1 cells. Using a data point in the linear range of each
infectivity assay, entry was quantified for HCVpp (RLUper millilitre
of supernatant) and HCVcc (SFU per millilitre of supernatant).

Viral RNA was extracted from these supernatants and RNA viral
load (IU permillilitre) quantitated using real-time PCR and an IU
viral load standard. Specific infectivity for HCVpp was calculated

as RLU per HIV IU and for HCVcc as SFU per HCV IU. Each point
represents specific infectivity of HCVcc on the x-axis and HCVpp
on the y-axis of E1E2-matched HCVpp and HCVcc. Values repre-

sent the average of two independent experiments performed in
duplicate or triplicate. (b) E1E2-matched HCVcc and HCVpp
(1a38 variant) were purified by ultracentrifugation through a 20%

sucrose cushion. Viral RNA was extracted from the purified super-
natants and viral copy number (IU) measured. A dilution series of
the purified virus was analysed by Western blotting. Mock-trans-
fected 293T supernatants (293T) and uninfected Huh7.5.1 cell

supernatants (Huh7.5.1) were also tested. Blots were probed with
human anti-E2 (HC33.1.53). (c) Purified E1E2-matched HCVcc
and HCVpp (1a38 variant), mock-transfected 293T supernatants

(293T) and uninfected Huh7.5.1 supernatants (Huh7.5.1) were
analysed by Western blotting probed with anti-ApoE.
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exceptions are combinations like mAb CBH-5/E1E2 variant
H77 and mAb AR5A/E1E2 variant 1b52, where both HCVcc
and HCVpp were fully or almost fully resistant. Also, bNAb
HC84.26 had a lower IC50 measured against 1b09 HCVcc
than against 1b09 HCVpp (IC50 5.4e�03 vs 0.03 µg ml�1).

To improve throughput of HCVpp neutralization assays,
neutralization of HCVpp is sometimes measured at a single
concentration of antibody or a single dilution of serum rather
than with full antibody dilution series. This quantitative neu-
tralization value can be expressed as a fraction unaffected
(Fu), which is infection in the presence of a given concentra-
tion of antibody relative to infection in the presence of an
equivalent concentration of non-specific IgG. Seven HCVpp
were tested for neutralization by 10 µgml�1 of up to seven
bNAbs each to quantitate neutralization sensitivity, with a
total of 34 bNAb/HCVpp combinations tested in this manner
(Table 2). E1E2 variants tested included four different geno-
type 1a isolates (H77, 1a09, 1a38 and 1a53), two different
genotype 1b isolates (1b09, 1b52) and one genotype 3a isolate
(S52). HCVcc expressing these same E1E2 variants were
tested for neutralization by full dilution series of the same
bNAbs, allowing calculation of IC50 (Table 2 and Fig. S1). Of
note, IC50s measured for H77 HCVcc and S52 HCVcc with
bNAbs CBH-5, HC33.4, HC84.26 and AR3A were all consis-
tent with values measured in a previously published study

(Carlsen et al., 2014). As has been shown in prior publica-
tions (Bailey et al., 2015a; Keck et al., 2009; Wasilewski et al.,
2016), relative resistance of HCVcc variants to most bNAbs
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Fig. 4. E1E2-matched HCVcc and HCVpp show the same hierarchy of neutralization resistance to a panel of broadly neutral-

izing antibodies targeting distinct epitopes. Representative neutralization curves for H77 and 1b09 (natural isolate) HCVcc and
HCVpp. E1E2-matched HCVcc and HCVpp were tested for sensitivity to neutralization by serial dilutions of anti-HCV bNAbs
or non-specific IgG. Colours indicate bNAb tested (dark blue, CBH-5; red, HC84.26; green, HC84.22; purple, HC33.4;

orange, AR3A). Error bars indicate SD between duplicate wells. IC50 results for all E1E2/bNAb combinations tested with full
mAb dilution curves for both HCVcc and HCVpp are summarized in Table 1, and all neutralization curves are shown in Fig. S1.

Table 1. E1E2-matched HCVpp and HCVcc IC50 values

E1E2 mAb HCVpp IC50

(µgml�1)*

HCVcc IC50

(µgml�1)*

H77 AR3A 0.10 9.56

CBH-5 >50 >50

HC33.4 0.12 1.16

HC84.22 0.38 ~50

1a38 AR4A >50 >50

1a53 AR3C 0.14 0.76

AR4A 0.36 0.68

1b09 AR3A 0.05 0.51

CBH-5 0.30 1.84

HC84.22 0.37 3.20

HC84.26 0.03 5.4e�03

1b52 AR5A ~50 34.67

*For neutralization curves with only the highest antibody concentra-
tion producing more than 50% neutralization, IC50 is reported as
~50 µgml�1 and for curves with maximum neutralization less than
50%, IC50 is reported as >50 µgml�1.

Agreement between HCVcc and HCVpp neutralization
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did not show any relationship to polymorphisms present at
known bNAb binding residues (Fig. S2). One exception was
the presence of F442L in E1E2 variants with resistance to
HC84.22 and HC84.26. This polymorphism was previously
shown to confer resistance to these mAbs (Bailey et al.,
2015a).

To determine whether HCVpp Fu also has a positive cor-
relation with E1E2-matched HCVcc IC50, we compared the
rank order of 10 µgml�1 Fu of 34 different bNAb/HCVpp
combinations to the IC50s of the same bNAbs measured
using E1E2-matched HCVcc (Fig. 6). These values also
showed a highly significant positive correlation (r=0.7,
P<0.0001), suggesting that even if neutralization of HCVpp
is tested at a single mAb concentration, Fu values varying
more than 3000-fold can be quantitated, and comparison of
relative neutralization resistance of different E1E2 variants
expressed on either HCVcc or HCVpp reliably yields the
same result.

DISCUSSION

For this study, we produced infectious HCVcc chimeras
expressing naturally occurring E1E2 genes. We used
paired HCVcc and HCVpp with genetically identical

E1E2 to compare the two model systems with respect to
specific infectivity and bNAb neutralization resistance.
We found that specific infectivities of E1E2-matched
HCVcc and HCVpp showed no correlation, perhaps due
to different amounts of E2 on HCVcc virions relative to
HCVpp, and presence of ApoE on HCVcc virions and
not HCVpp. Despite these differences, there was a very
strong correlation between relative bNAb neutralization
resistance of E1E2-matched HCVcc and HCVpp
variants.
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Fig. 5. Positive correlation between the rank orders of IC50 val-

ues measured using E1E2-matched HCVpp and HCVcc. E1E2-
matched HCVcc and HCVpp with five different E1E2 proteins
(H77, 1a38, 1a53, 1b09 and 1b52) were tested in duplicate in

neutralization assays with serial dilutions of up to four different
bNAbs targeting distinct epitopes or control non-specific IgG (12
total bNAb/E1E2 combinations). HCVpp and HCVcc IC50 values

were calculated from these curves. Each point indicates the
HCVcc IC50 on the x-axis and HCVpp IC50 on the y-axis of E1E2-
matched HCVcc and HCVpp. For neutralization curves with only

the highest antibody concentration (50 µg ml�1) producing more
than 50% neutralization, IC50 is graphed as 50 µgml�1 and for
curves with maximum neutralization less than 50%, IC50 is
graphed as 100 µg ml�1. Colours indicate mAb tested (cyan,

AR3C; pink, AR5A; light blue, AR4A; dark blue, CBH-5; purple,
HC33.4; green, HC84.22; red, HC84.26; orange, AR3A) and
shapes indicate E1E2 sequence (~, 1a38; □, 1a53; ., H77; 4,

1b52; &, 1b09). Correlation (r) and P value were computed using
the Spearman method.

Table 2. HCVpp Fu and HCVcc IC50 values

E1E2 mAb HCVpp Fu (mAb at

10 µgml�1)

HCVcc IC50

(µgml�1)*

H77 AR3A 0.23 9.56†

CBH-5 0.67 >50†

HC33.4 3.9e�03 1.16†

HC84.22 0.17 ~50†

HC84.26 0.003 0.1

1a09 AR3A 0.51 >50

CBH-2 0.67 >50

CBH-5 0.56 >50

HC33.4 0.23 >50

HC84.22 0.66 >50

HC84.26 0.49 >50

1a53 AR3A 0.09 8.0

AR3C 0.01 0.76†

AR4A 0.02 0.68†

CBH-5 0.17 ~50

HC33.4 0.04 5.71

HC84.22 0.16 >50

HC84.26 8.7e�03 0.08

1b09 AR3A 0.12 0.51†

CBH-5 0.06 1.84†

HC33.4 0.14 2.17

HC84.22 0.09 3.2†

HC84.26 2.9e�04 5.4e�03†

1b52 AR3A 0.59 >50

AR5A 0.88 34.67†

CBH-5 0.39 >50

HC33.4 0.38 ~50

HC84.22 0.37 >50

HC84.26 1.6e�03 1.12

S52 AR3A 0.68 >50

CBH-5 0.79 >50

HC33.4 0.35 ~50

HC84.22 0.84 >50

HC84.26 0.53 0.53

*For neutralization curves with only the highest antibody concentra-
tion producing more than 50% neutralization, IC50 is reported as
~50 µgml�1 and for curves with maximum neutralization less than
50%, IC50 is reported as >50 µgml�1.
†Values also reported in Table 1.
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Our work supports prior more limited studies showing that
HCVcc and HCVpp with identical E1E2 have similar rela-
tive neutralization resistance (Bailey et al., 2015a; Fofana
et al., 2012; Swann et al., 2016; Urbanowicz et al., 2015).
Importantly, to our knowledge, this is the first study to
show this correlation using a diverse panel of human bNAbs
targeting distinct epitopes across E1E2 and a large panel of
diverse natural E1E2 variants, suggesting that these results
are broadly applicable to other E1E2 variants and other
antibodies. This work also increases the impact of prior
studies showing in both HCVcc and HCVpp model systems
that different E1E2 variants show very different sensitivities
to antibody neutralization (Keck et al., 2012; Urbanowicz
et al., 2015; Wasilewski et al., 2016).

These results have important implications for HCV fitness
and antibody neutralization testing. First, this study suggests
that specific infectivities measured with HCVpp or HCVcc
may not predict results that would be obtained using the
same E1E2 in the other model system. Prior studies have
shown that small variations in amino acid sequence of E1E2
proteins can render HCVpp non-functional, which may be
an artefact of the assay itself as these changes are sometimes

tolerated differently in HCVcc models (Keck et al., 2009;
Russell et al., 2009). In addition, a recent study by Urbano-
wicz et al. (2016) highlights multiple technical factors that
can influence production of functional HCVpp, including
plasmid transfection ratios and use of either murine leukae-
mia virus or HIV reporter constructs. In this study, we
demonstrate that HCVcc incorporate more strain 1a38
E1E2 per virion than HCVpp. Together, these studies sug-
gest that variable incorporation of different E1E2 variants
into HCVpp may complicate measurement of E1E2 fitness
using HCVpp, which may explain the lack of correlation
between HCVcc- and HCVpp-specific infectivities. We
were only able to quantitate incorporation of one E1E2 vari-
ant (1a38) into HCVpp and HCVcc, so further studies are
needed to determine whether these findings are applicable
to multiple E1E2 variants.

Further studies are also needed to determine which model
system more accurately reflects E1E2 fitness in vivo.
Measurement of HCVpp entry may be more quantitative,
since only a single round of infection can occur, but the
incorporation of E2 and apolipoproteins into HCVcc viri-
ons may be more similar to natural HCV virions. It is
important to note, however, that some studies have shown
that HCVcc particles produced in Huh-7 cells also differ
from HCV particles produced in vivo or in primary human
hepatocytes in their biophysical properties (Lindenbach
et al., 2006; Podevin et al., 2010), and that mutations that
enhance HCVcc replication in vitro can reduce efficient rep-
lication in animal models (Bukh et al., 2002). Measurement
of specific infectivity in both systems is also potentially
complicated by the presence of viral RNA that is not associ-
ated with authentic virions. Ultimately, understanding of
E1E2 fitness will likely require correlation of in vitro testing
with persistence of particular variants in vivo.

Importantly, we also showed for the first time that as an
alternative to serial mAb dilution testing with IC50 measure-
ment, neutralization of HCVpp can also be measured as an
Fu at a single antibody concentration, with results that cor-
relate with those that would be obtained using HCVcc and
full antibody dilution curves. Testing of single antibody
concentrations for neutralization of HCVpp could allow
extremely high throughput neutralizing breadth measure-
ments against large numbers of diverse variants.

These studies also confirm that natural E1E2 isolates show a
wide range of neutralization resistance whether they are
expressed on HCVpp or HCVcc, suggesting that large, rep-
resentative panels of HCV variants are needed to accurately
define neutralizing antibody breadth. It is noteworthy that
in this study, we identified a natural E1E2 variant, 1a09,
which is resistant to all human bNAbs tested. High-level
resistance of this variant despite the conservation of known
binding residues for most bNAbs (shown in Fig. S2) high-
lights the influence of polymorphisms outside of binding
epitopes on neutralization resistance, as has been described
in other studies (Bailey et al., 2015a; Keck et al., 2009; Wasi-
lewski et al., 2016). The lack of correlation in specific
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Fig. 6. Positive correlation between the rank orders of Fu values
measured using HCVpp and IC50 values measured using E1E2-
matched HCVcc. E1E2-matched HCVcc and HCVpp with six dif-

ferent E1E2 proteins (H77, 1a38, 1a53, 1b09, 1b52 and S52)
were tested in duplicate in neutralization assays with up to seven
different bNabs or control non-specific IgG (34 total bNAb/E1E2

combinations). For HCVpp, neutralization was tested at a single
concentration of mAb (10 µgml�1), and Fu was calculated (infec-
tion in the presence of 10 µgml�1 of mAb/infection in the pres-

ence of non-specific IgG). HCVcc were tested with serial dilutions
of these bNabs and IC50 values were calculated from these
curves. Values are summarized in Table 2. Relative HCVpp Fu val-

ues were compared to IC50 values of E1E2-matched HCVcc neu-
tralized by the same bNAbs. Each point indicates the HCVcc IC50

on the x-axis and HCVpp Fu on the y-axis of E1E2-matched
HCVcc and HCVpp. Colours indicate mAb tested (cyan, AR3C;

pink, AR5A; light blue, AR4A; dark blue, CBH-5; purple, HC33.4;
green, HC84.22; red, HC84.26; orange, AR3A) and shapes indi-
cate E1E2 (○, 1a09; ~, 1a38; □, 1a53; ., H77; 4, 1b52; &,

1b09; �, S52). Correlation (r) and P value were computed using
the Spearman method.
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infectivities between HCVcc and HCVpp indicates that
some E1E2 variants are more robustly functional and there-
fore, may be more useful as reagents in either HCVcc or
HCVpp systems. Therefore, neutralization panels may need
to incorporate both HCVpp and HCVcc to maximize the
diversity of E1E2 variants that can be tested.

This study also confirms prior work showing that IC50 val-
ues measured using HCVpp are generally lower than IC50

values of the same mAb measured using HCVcc, which
could lead to higher estimates of neutralizing antibody
breadth using panels of HCVpp and lower estimates using
HCVcc expressing the same E1E2 variants (Urbanowicz
et al., 2015). This quantitative difference in HCVpp and
HCVcc neutralization may be explained by the recent dem-
onstration by Fauvelle et al. (2016) that ApoE increases
HCVcc neutralization resistance.

In conclusion, we have developed an efficient method to
produce HCVcc bearing natural E1E2 protein variants.
With this tool, we produced HCVcc and HCVpp bearing
matched E1E2 proteins and conducted a systematic com-
parison of specific infectivities, also comparing for the first
time resistance of E1E2-matched HCVcc and HCVpp to a
diverse panel of human bNAbs. We found no correlation
between specific infectivities of E1E2 variants quantitated
using HCVcc or HCVpp, whereas we found a very strong
positive correlation between relative neutralization
resistance of these same E1E2-matched HCVcc and HCVpp
variants. These results suggest that quantitative compari-
sons of relative neutralization resistance of E1E2 variants
can be made with confidence using either HCVcc or
HCVpp, allowing the use of either or both systems to maxi-
mize diversity of neutralization panels.

METHODS

Source of HCVcc. H77/JFH-1 (Scheel et al., 2008) and S52/JFH-1
(Gottwein et al., 2007) were a gift of Jens Bukh (Copenhagen University
Hospital, Copenhagen, Denmark).

Source of E1E2. Plasma samples were obtained from HCV-infected
subjects as previously described (Osburn et al., 2014). E1E2 clones used
are found in GenBank (accession numbers FJ828970.1, KF589884.1,
KJ187972.1–KJ187975.1, KJ187977.1, KJ187983.1, KJ187984.1,
KJ187986.1, KJ187989.1 and KJ187990.1).

Source of mAbs. CBH-5 (Hadlock et al., 2000), HC84.22, HC84.26
(Keck et al., 2012) and HC33.4 (Keck et al., 2013) were a gift of Steven
Foung (Stanford University School of Medicine, Stanford, CA, USA).
AR3A, AR3C (Law et al., 2008), AR4A and AR5A (Giang et al., 2012)
were a gift from Mansun Law (The Scripps Research Institute, La Jolla,
CA, USA).

HCVcc neutralization assays. HCVcc neutralization assays were per-
formed as described elsewhere (Wasilewski et al., 2016). Briefly, human
hepatoma Huh7.5.1 cells (a gift of Jake Liang, NIH, Bethesda, MD,
USA) were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS, 1% sodium pyruvate and 1% L-glutamate. Ten
thousand Huh7.5.1 cells per well were plated in flat bottom 96-well tis-
sue culture plates and incubated overnight at 37

�
C. The following day,

HCVcc were mixed with mAb (2.5-fold dilutions started at 50 µgml�1)

then incubated at 37
�
C for 1 h. Medium was removed from the cells

and replaced with 50 µl of HCVcc/antibody mixture. The plates were
placed in a CO2 incubator at 37

�
C overnight, after which the HCVcc

were removed and replaced with 100 µl of Huh7.5.1 medium and incu-
bated for 48h at 37

�
C. After 48h, medium was removed and cells were

fixed and stained. Images were acquired and SFU were counted in the
presence of mAb (HCVccSFUtest) or non-specific IgG (HCVccSFUcontrol)
using an AID iSpot Reader Spectrum operating AID ELISpot Reader
version 7.0. Percentage neutralization was calculated as 100%�[1�
(HCVccSFUtest/HCVccSFUcontrol)].

HCV NS5A immunostaining. HCV NS5A immunostaining was con-
ducted as described elsewhere (Wasilewski et al., 2016). Briefly, cells
were fixed with 4% formaldehyde then stained for HCV NS5A using
primary anti-NS5A antibody 9E10 (a gift of Charles Rice, The Rockefel-
ler University, New York City, NY, USA) at 1 : 10 000 dilution for 1 h at
room temperature. Cells were washed twice with PBS and stained using
secondary antibody Alexa Daylight 488 conjugated goat anti-mouse IgG
(Life Technologies) at 1 : 500 dilution for 1 h at room temperature. Cells
were washed twice in PBS and then stored covered in 100 µl PBS at 4

�
C.

HCVpp neutralization assays. HCVpp were generated by cotransfec-
tion of pNL4-3.Luc.R�E� plasmid and an expression plasmid contain-
ing HCV E1E2 as described elsewhere (Bailey et al., 2015b; Hsu et al.,
2003; Logvinoff et al., 2004). Virus-containing medium was collected at
48 and 72h, pooled and stored at �4

�
C. For infectivity and neutraliza-

tion testing of HCVpp 8000 Hep3B cells (American Type Culture
Collection) or 10 000 Huh7.5.1 cells per well were plated in flat bottom
96-well tissue culture plates and incubated overnight at 37

�
C. The fol-

lowing day, HCVpp were mixed with mAb (2.5-fold dilutions started at
50 µgml�1 or a single concentration of 10 µgml�1) then incubated at
37

�
C for 1 h. Medium was removed from the cells and replaced with

50µl of HCVpp/antibody mixture. The plates were placed in a CO2

incubator at 37
�
C for 5 h, after which the HCVpp were removed and

replaced with 100 µl of fresh medium and incubated for 72h at 37
�
C.

Medium was removed from the cells and 50µl of 1� Cell Culture Lysis
Reagent (Promega) added and left to incubate for >5min, then 45µl
from each well was then transferred to a white, low-luminescence 96-
well plate (Berthold Technologies) and luciferase activity measured in
RLU in a Berthold luminometer (Centro LB 960; Berthold Technolo-
gies). Pseudoparticle infection was measured in the presence of mAb
(HCVppRLUtest) or non-specific IgG/HCV-negative normal human
plasma (HCVppRLUcontrol) at the same dilution. The percentage of neu-
tralization was calculated as 100%�[1�(HCVppRLUtest/HCVppRLUcon-

trol)]. Fu was measured as described above using mAb and IgG at a
concentration of 10 µgml�1. This was then calculated as (HCVppRLUt-

est/HCVppRLUcontrol). Each sample was tested in duplicate. A mock
pseudoparticle (no envelope) was used as a negative control. Neutraliza-
tion was tested only for HCVpp with absolute infectivity (RLU) at least
10� greater than typical RLU values of mock pseudoparticles with no
envelope proteins.

HCVcc-specific infectivity quantitation. HCVcc RNA levels in
infection supernatants (IU per millilitre) were quantified using a process
of RNA extraction and utilization of commercial real-time reagents
(Abbot HCV RealTime assay) migrated onto a research-based real-time
PCR platform (LightCycler 480; Roche). HCVcc were titred and SFUper
millilitre were calculated in the linear range. Specific infectivity was cal-
culated as: SFU per millilitre/HCV IU per millilitre.

HCVpp-specific infectivity quantitation. HCVpp RNA viral load
(IU permillilitre) was quantitated using real-time PCR and an IU viral
load standard (Shan et al., 2013). The amount of infection produced in
Huh7.5.1 cells by a measured volume of HCVpp supernatant was
measured in RLU (HCVppRLU) as described in HCVpp neutralization
assays. To determine specific infectivity, the amount of infection per
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millilitre was divided by viral loadper millilitre and calculated as: HCVpp

RLU per millilitre/HIV IU per millilitre.

Generation of HCVcc chimeras. HCVcc chimeras were generated as
described previously (Wasilewski et al., 2016). Briefly, HCVcc chimera
H77/JFH1 (Scheel et al., 2008) was amplified in three sections, omitting
nucleotides 916–2579 (E1E2). Amplified sections were re-assembled
using In-Fusion cloning (Clontech), and this reassembly generated an
AfeI restriction site at the location of the omitted nucleotides. After
digestion of this HCVcc backbone with enzyme AfeI (New England Biol-
abs), E1E2 inserts amplified from library plasmids were inserted in
frame using In-Fusion cloning.

To make HCVcc RNA, 2 µg plasmid DNA was linearized using XbaI
(New England Biolabs) then used for in vitro RNA transcription using
the T7 MEGAscript kit (Ambion). RNA clean-up was performed using
RNeasy mini kit (Qiagen), quantified using a NanoDrop 1000 spectro-
photometer (Thermo Scientific) and stored at �80

�
C. Five micrograms

of RNA was transfected into 1.8e6 Huh7.5.1 cells using Nucleofector kit
T (Amaxa) and plated in a 6 cm plate. Transfection supernatants were
collected 4–6 days later and stored at �80

�
C for titring by HCV NS5A

immunostaining. High-titre transfection supernatants were used to
infect Huh7.5.1 cells and infection supernatants collected, titred and
stored at�80

�
C for use in infectivity and neutralization experiments.

Determination of IC50 values. Neutralization data were plotted and
analysed in GraphPad Prism version 6.00. Curves were plotted by non-
linear regression and IC50 values calculated. Since IC50 could not be
accurately quantitated for curves that did not exceed 50% neutralization
at the highest antibody concentration tested, or for curves that exceeded
50% neutralization at only the highest antibody concentration
(50 µgml�1), these curves were assigned an IC50 of >50 µgml�1 or
~50 µgml�1, respectively. Any curve with a calculated IC50 value greater
than 50 µgml�1 was also assigned an IC50 >50 µgml�1. IC50 values
>50 µgml�1 and ~50 µgml�1 were plotted for correlation analysis as
100 µgml�1 or 50 µgml�1, respectively. Curves generating ambiguous
IC50 values were discarded.

Generation of phylogenetic tree. A maximum-likelihood tree was
generated from E1E2 amino acid sequences using the Jones–Taylor–
Thornton (JTT) model with gamma distribution and invariant sites,
deletion of columns with gaps, with maximum-likelihood tree inferred
by the nearest-neighbour interchange method, with analyses carried out
in MEGA V6 (Tamura & Nei, 1993; Tamura et al., 2013). Six hundred and
thirty-four genotype 1a and 1b sequences from GenBank were included
for reference.

Western blotting. HCVpp and HCVcc supernatants were concen-
trated and purified by ultracentrifugation through a 20% sucrose cush-
ion (123 000 g, 2 h, 4

�
C) with pellets resuspended in PBS. Viral RNA

was extracted from purified supernatants and RNA viral concentration
quantitated using real-time PCR. Equal copy numbers of each viral
supernatant were denatured and run on a 4–12% Bis-Tris gel. After
transfer, blots were probed with human anti-E2 HC33.1.53 (Keck et al.,
2013) (a gift of Dr Steven Foung, Stanford University School of Medi-
cine, Stanford, CA, USA) and goat anti-ApoE (50A-G1b, Academy Bio-
Medical). Binding was detected with HRP-conjugated anti-human IgG
secondary antibody (no. 555788, BD Pharmingen) and HRP-conjugated
anti-goat IgG (sc-2020; Santa Cruz Biotechnology).
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