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Characterization of Hepatitis C Virus Recombinants with Chimeric
E1/E2 Envelope Proteins and Identification of Single Amino Acids in
the E2 Stem Region Important for Entry
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The hepatitis C virus (HCV) envelope proteins E1 and E2 play a key role in host cell entry and represent important targets for
vaccine and drug development. Here, we characterized HCV recombinants with chimeric E1/E2 complexes in vitro. Using geno-
type 1a/2a JFH1-based recombinants expressing 1a core-NS2, we exchanged E2 with functional isolate sequences of genotypes 1a
(alternative isolate), 1b, and 2a. While the 1a-E2 exchange did not impact virus viability, the 2a-E2 recombinant was nonviable.
After E2 exchange from three 1b isolates, long delays were observed before spread of infection. For recovered 1b-E2 recombi-
nants, single E2 stem region amino acid changes were identified at residues 706, 707, and 710. In reverse genetic studies, these
mutations increased infectivity titers by ~100-fold, apparently without influencing particle stability or cell binding although
introducing slight decrease in particle density. In addition, the 1b-E2 exchange led to a decrease in secreted core protein of 25 to
50%, which was further reduced by the E2 stem region mutations. These findings indicated that compensatory mutations per-
mitted robust infectious virus production, without increasing assembly/release. Studies of E1/E2 heterodimerization showed no
differences in intracellular E1/E2 interaction for chimeric constructs with or without E2 stem region mutations. Interestingly,
the E2 stem region mutations allowed efficient entry, which was verified in 1a-E1/1b-E2 HCV pseudoparticle assays. A CD81 in-
hibition assay indicated that the mutations influenced a late step of the HCV entry pathway. Overall, this study identified specific

amino acids in the E2 stem region of importance for HCV entry and for production of infectious virus particles.

epatitis C virus (HCV) is a major public health burden, with

130 to 170 million people persistently infected worldwide (1).
There is no vaccine available. The current treatment combining
pegylated alpha interferon and ribavirin was recently supple-
mented with directly acting protease inhibitors (2). For regimens
based on alpha interferon and ribavirin, for which most knowl-
edge is available, cure rates are around 50% and depend on the
viral genotype, with genotype 1 being the least sensitive. However,
treatment is associated with severe side effects (3), and the use of
novel directly acting antivirals is challenged by viral escape mu-
tants. Thus, to improve the development of an HCV vaccine and
more efficient treatment regimens, it is important to gain addi-
tional knowledge about the HCV life cycle and thereby identify
essential components of the HCV genome and expressed proteins.
The envelope proteins, and in particular specific residues with key
impact on entry and/or glycoprotein functionality, could poten-
tially constitute a valuable treatment target for HCV, e.g., through
development of entry inhibitors and neutralizing antibodies, and
could be of great importance for development of a prophylactic
vaccine (4-6). Numerous drugs and antibodies targeting the entry
step have been developed and analyzed (7-13). None of these
therapeutic interventions have so far reached the clinic, and a
better characterization of E1 and E2 is important to improve tar-
geting of these proteins. In this study, viruses with chimeric HCV
envelope proteins were studied with the aim to identify specific
regions and residues critical for HCV viability.

HCV is a small, enveloped, single-strand RNA virus belonging
to the Flaviviridae family. The HCV genome is 9.6 kb in length and
consists of a 5" untranslated region (UTR), an open reading frame
(ORF), and a 3" UTR. The ORF encodes a single polyprotein,
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which is co- and posttranslationally cleaved into the structural
proteins (core, E1, and E2), p7, and the nonstructural (NS) pro-
teins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (14). HCV
strains are genetically diverse, and have been grouped into seven
major genotypes and multiple subtypes. Nucleotide sequence
variability between genotypes is around 30%; between subtypes, it
is 20 to 25%. Furthermore, genetic diversity between isolates be-
longing to the same subtype is on average 5%, with the envelope
proteins exhibiting high genetic heterogeneity (15-18).

During HCV polyprotein processing, E1 and E2 are released by
host signal peptidases (19). Both proteins are heavily glycosylated
on the N-terminal ectodomain in the lumen of the endoplasmic
reticulum (ER) (20). The C-terminal ends of E1 and E2 contain
transmembrane (TM) domains, which are inserted into the intra-
cellular lipid membrane of the ER (21). During particle assembly,
E1 and E2 interact noncovalently and form a heterodimer on the
surface of the viral particle. Disulfide bridges stabilize the het-
erodimer as the complete virion is released from the host cell (22).
Previous studies have shown that the C-terminal TM domains are
important during E1/E2 heterodimerization (23) and that a part
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of the E2 ectodomain is involved in this dimerization (24). Fur-
thermore, the E1/E2 dimer and specific domains within this com-
plex, including the E2 stem region connecting the TM domain
with the ectodomain, influence viral entry (22, 24, 25).

Studies of the HCV envelope proteins and entry were initially
facilitated by development of the HCV pseudoparticle (HCVpp)
system (26, 27). Subsequent establishment of complete HCV cell
culture systems (HCVcc) allowing studies of all steps of the viral
life cycle led to great advances in basic studies of HCV (28, 29).
Furthermore, JFH1-based intra- and intergenotypic cell culture
systems enabled genotype-, subtype-, and isolate-specific studies
on the HCV structural proteins, p7, and NS2 (28, 30-33). In this
study, we aimed at further characterizing the HCV envelope pro-
teins with the intention to reveal domains and residues important
for virus viability. Through exchange of the E2 gene from a JFH1-
based recombinant expressing core-NS2 from genotype la isolate
H77C with corresponding functional E2 sequences from different
genotype la, 1b, and 2a isolates, we identified single compensatory
mutations in a 5-amino-acid (aa) stretch of the E2 stem region and
characterized their importance for the HCV life cycle. Our study
provides novel insight into the compatibilities between the HCV
envelope proteins and analyzes the impact of specific residues in
the E2 stem region on the functionality of HCV particles.

MATERIALS AND METHODS

Plasmids and construction of E2 exchange recombinants. We used the
previously developed cell culture-adapted JFH1-based intergenotypic
la/2a recombinants pH77C/JFH1yg74 q12471. @nd pH77C/JFH1 5471,
(33) as backbones and exchanged the E2 gene. The inserted E2 genes were
from molecular clones of one 1a isolate (TN) (34), three 1b isolates (]4,
DHI1, and DH5) (31, 32), and one 2a isolate (J6) (35), all of which had
previously been verified to be functional. The exchange of the E2 gene was
done using standard fusion PCR and cloning procedures. Introduction of
putative compensatory mutations was performed using site-directed mu-
tagenesis, and the HCV sequences of the final plasmid preparations were
confirmed.

As a positive control, we included the previously developed JFHI-
based recombinant pH77C/JFH1y7574 Q12471 (33). As negative controls,
we used the nonadapted pH77C/JFH1, which was previously shown to be
defective in assembly (32), pJFHI1 g5, (29), which lacks most of the
E1/E2 genes and therefore does not produce virus, and the replication-
deficient 1b/2a recombinant pDH5/JFH1,,, containing a 4-amino-acid
insertion at the NS2/NS3 junction. The replication-deficient recombinant
pJ6/JFH1-GND (28) was included in relevant assays.

Huh?7.5 and S29 cell culture assays. In vitro transcription, transfec-
tion, and culturing of Huh7.5 hepatoma cells (28) and S29 CD81-defi-
cient hepatoma cells (36) and infection of Huh7.5 cells were performed as
previously described (30, 33). Cells were in complete medium prior to
transfection with Lipofectamine 2000 (Invitrogen). In relevant assays,
medium was replaced with Opti-MEM (Invitrogen) before transfection to
increase transfection efficiency (37). Opti-MEM or complete medium
containing Lipofectamine 2000 was replaced with complete medium at 4
h or 16 h posttransfection. Spread of infection was analyzed by immuno-
staining against the NS5A protein using anti-NS5A antibody (9E10 [28])
as previously described (30, 33).

For determination of infectivity titers, 6 X 107 cells/well were plated in
poly-p-lysine-coated 96-well plates (Nunc) at 24 h before infection with
appropriate virus dilutions (minimum, 1:2) in triplicates and were incu-
bated for an additional 48 h before fixation and immunostaining follow-
ing a previously developed protocol (30). Focus-forming units (FFU)
were determined by automatic quantification using an ImmunoSpot se-
ries 5 UV analyzer (CTL Europe, GmbH), as previously described (38). In
this assay, the background was defined as the mean FFU count of 6 nega-
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tive wells, which was subtracted from each FFU count in positive wells.
The lower limit of quantification was set to the background value plus 3
standard deviations plus 3. This value allowed counting of titers of >10*
FFU/ml. Cultures with infectivity titers below the detection limit were in
selected experiments counted manually using a light microscope, lower-
ing the detection limit of the titration to 10> FFU/ml and 10°” FFU/well
for extracellular and intracellular titers, respectively. In manual counting,
aminimum of 1 FFU/well in all triplicate wells was set as the lower limit of
a positive sample. For quantification of intracellular infectivity titers, 4 X
10° S29 cells were transfected with in vitro-transcribed HCV RNA. Trans-
fected S29 cells were harvested at 48 h posttransfection, resuspended in
100 wl complete medium, and freeze-thaw lysed in liquid nitrogen and a
37°C water bath in four repeated cycles for the release of HCV particles.
Cell debris was removed from the suspension by two centrifugations at
1,500 X g at 4°C for 15 min prior to titration on Huh7.5 cells as stated
above (minimum dilution, 1:5).

HCYV core antigen ELISA. For measurements of intra- and extracellu-
lar HCV core concentrations, we used the Ortho HCV antigen enzyme-
linked immunosorbent assay (ELISA) kit (Ortho Clinical Diagnostics) in
accordance with the manufacturer’s protocol. For quantification of intra-
cellular core concentration, 4 X 10° S29 cells seeded the day before in
6-well plates were transfected with HCV RNA transcripts in Opti-MEM as
described above. Cells were harvested at 4 h and 48 h posttransfection, and
one-fourth of the harvested cells were centrifuged at 1,000 X gfor 5 min at
4°C. Following a wash in cold sterile phosphate-buffered saline (PBS), the
cell pellet was lysed in 100 pl radioimmunoprecipitation assay (RIPA)
buffer (Thermo Scientific) containing protease inhibitor cocktail set III
(Calbiochem) (32). For extracellular quantification of core concentration,
sterile filtered supernatant was analyzed directly at appropriate dilutions.

Equilibrium density gradient analysis. For equilibrium density anal-
ysis, around 8 ml of virus supernatant was concentrated to ~250 pl using
Amicon centrifugation filters (Millipore) prior to loading onto semicon-
tinuous gradients. Gradients were created by applying layers of 40%, 30%,
20%, and 10% OptiPrep (iodixanol; Axis-Shield) in sterile PBS in steps of
2.5 ml to ultracentrifugation tubes (Beckman). The layers were added
gently sequentially and left at 4°C overnight for gradient formation. Equi-
librium was obtained through ultracentrifugation at 35,000 rpm for 18 h
at 4°C using a swinging-bucket Beckman SW-41 rotor in a Beckman
XL-70 ultracentrifuge. Following centrifugation, 15 fractions of ~700 pl
were harvested from bottom to top, and densities were calculated. Each
fraction was analyzed for infectivity titers (minimum dilution, 1:10) and
core concentration as described above. The titration detection limit of the
manual counting in this assay was 10%° FFU/ml.

HCV particle thermostability assay. Virus supernatants from S29
transfected cells were harvested at 48 h posttransfection. The harvested
supernatants were aliquoted in volumes of 320 pl and incubated at 37°C
for 0 h,4h, 8 h, 16 h, 24 h, and 32 h. At each time point, an aliquot was
transferred to —80°C for later virus titration. Aliquots from each time
point were incubated with naive Huh7.5 cells and titrated in triplicates as
described above.

HCYV particle binding assay. Huh7.5 cells (4 X 10° cells/well) were
plated in 6-well plates (Nunc) 1 day prior to the particle binding assay. For
the assay, naive Huh7.5 cells were incubated on ice for 5 min, and 4 ml of
$29 cell-produced supernatant was applied to cells and incubated at 4°C
for 2 h to obtain particle binding to cells. Cells were washed twice in 4°C
PBS, lysed directly in 150 ul RIPA buffer (Thermo Scientific) containing
protease inhibitor cocktail set IIT (Calbiochem), and transferred to ice for
15 min with frequent agitation. Cell lysates were centrifuged at 20.000 X g
for 20 min at 4°C and subjected to core ELISA as described above.

CD81 receptor-blocking assay. We previously described the CD81
antibody-blocking assay (30). In short, 6 X 10° Huh7.5 cells/well were
plated in poly-p-lysine-coated 96-well plates (Nunc). After 24 h, cells were
incubated with anti-CD81 (JS-81; BD Biosciences) or an isotype-matched
control antibody (BD Biosciences) for 1 h, followed by addition of S29
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cell-produced HCVcc. After 48 h, the number of FFU in each well was
determined as described above.

HCVpp assays. Huh7.5 cells and human embryo kidney (HEK) 293T
cells were cultured at 37°C with 5% CO, in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
antibiotics (Invitrogen). The plasmids used to generate HCV pseudopar-
ticles (HCVpp) were murine leukemia virus (MLV) Gag-Pol, MLV-luc,
and phCMV-ires, provided by Frangois-Loic Cosset (39, 40). For genera-
tion of HCV expression plasmids, the sequence encoding the last 60
amino acids of core and the entire E1 and E2 genes were amplified by PCR
from the HCVcc recombinant plasmids J4/JFH1, DH1/JFH1, and DH5/
JFH1 (31, 32) using strain-specific primers. The reverse primer contained
a stop codon, which was introduced after the last amino acid of E2, and
amplicons were cloned into the phCMV-ires vector using the EcoRV re-
striction site. The sequence of the HCV insert was confirmed for the final
preparation of all constructed plasmids.

To generate each batch of HCVpp, 2.5 X 10° HEK 293T cells were
seeded in 10-cm dishes (Nunc) at 24 h prior to transfection. Transfection
was performed with 8 pg of Gag-Pol, 8 ug of MLV-luc, and 4 pg of HCV
envelope plasmids using a commercially available calcium phosphate pro-
tocol (Clontech Laboratories Inc.) and following the manufacturer’s in-
structions. Medium was replaced at 6 h posttransfection, and cells were
kept in culture for 48 h. Supernatants containing HCVpp were collected
and filtered through 0.45-pm-pore-size membranes, and one aliquot was
used directly for the infection assays whereas another aliquot was stored at
—80°C for further analysis of HCVpp. In addition, the transfected cells
were lysed in RIPA buffer (Thermo Scientific) and stored at —80°C for
further analysis.

For infection assays, 1.5 X 10* Huh7.5 cells/well were seeded in 96-
well plates (96-well optical-bottom plates; Nunc) at 24 h prior to infection
with fresh collected supernatants. A final volume of 100 pl containing the
supernatants and Polybrene at a final concentration of 4 pg/ml was added
to the cells, and infection was continued for 12 h. Afterwards, the infection
mixture was replaced by 200 pl of fresh medium, and cells were incubated
for an additional 72 h. For analysis, cells were washed with PBS, followed
by lysis with luciferase cell culture lysis reagent (Promega) for 10 min.
Luciferase measurements were performed with a FluoStarOptima micro-
plate reader (BMG; Labtech) after addition of firefly luciferase substrate
(luciferase assay system; Promega). Background values measured in non-
infected cells were subtracted from luminescence measurements. The sta-
tistical significance of the infectivity differences was tested with the Wil-
coxon rank sum test.

Co-IP assay. 293T cells (3 X 10%/well) were seeded in 10-cm dishes.
After 24 h, cells were transfected with phCMV-ires vectors expressing the
last 60 amino acids of core and the entire E1 from H77 and E2 from H77,
J4, DHI, or DH5, as described above. Transfection was performed with 20
g of HCV envelope plasmids using the calcium phosphate protocol as
described above. Medium was replaced at 6 h posttransfection, and cells
were kept in culture for 24 h. Coimmunoprecipitation (co-IP) was con-
ducted with the Dynabeads coimmunoprecipitation kit (Invitrogen) fol-
lowing the manufacturer’s guidelines. One day prior to co-IP, beads were
coated with either glutathione S-transferase (GST)-tagged CD81 large
extracellular loop (CD81-LEL-GST) (41) or GST tag (Novus Biologicals)
using 20 pg protein/1.5 mg beads. Approximately 0.05 g of transfected
293T cells was lysed, and co-IP was performed using either CD81-LEL-
GST- or GST-coated beads, followed by immunoblot detection (as de-
scribed below) of E1 and E2 in the elution fractions and of E1, E2, and
B-actin in the input lysate.

Concentration of HCVcc and HCVpp using ultracentrifugation.
Concentration of HCVcc and HCVpp from collected supernatants was
conducted using a cushion consisting of 2 ml 20% sucrose (Sigma) in
sterile PBS. Supernatant was layered on top of the cushion and subjected
to ultracentrifugation at 25,000 rpm for 3 h at 4°C using a centrifuge and
rotor as described above. The pelleted particles were dissolved in either 60
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wlor 100 pl sterile PBS and stored overnight at 4°C or for longer terms at
—80°C before use in Western blot analysis.

WB. Western blotting (WB) analysis was performed on ultracentri-
fuged HCVcc, HCVpp, or transfected HEK293T cells. Prior to immuno-
blotting, transfected HEK293T cells were lysed in four freeze-thaw cycles
as stated above for S29 cells and clarified by centrifugation at 14,000 rpm
for 15 min. Proteins were denatured at 70°C for 10 min in the presence of
NuPAGE sample reducing agent (Invitrogen) and NuPAGE LDS sample
loading buffer (Invitrogen). Proteins were separated through a 12% bis-
Tris SDS-polyacrylamide gel (Invitrogen) and subsequently transferred to
a 0.45-pm Hybond-P polyvinylidene difluoride (PVDF) membrane (GE
Healthcare Amersham) by using a XCell SureLock minicell (Invitrogen).

Membranes were incubated overnight at 4°C with specific antibodies,
i.e., anti-core (C7-50 [Enzo Life Science]), anti-E1 (A4 [42]), anti-E2
(H52 [42]), anti-Gag-MLV (25), or anti-B-actin (Santa Cruz Biotechnol-
ogies), followed by 1 h of incubation with ECL sheep anti-mouse IgG
horseradish peroxidase-linked whole antibody (GE Healthcare Amer-
sham). Target proteins were visualized using Signal West Femto maxi-
mum-sensitivity substrate (Pierce) and AutoChemi Systems (UVP Bio-
Imaging Systems) for chemiluminescence detection.

Sequence analysis. RNA extraction from cell culture supernatant fol-
lowed by reverse transcription and amplification for direct sequencing
was performed as previously described (30, 32, 33). Sequence analysis of
amplicons (sequenced directly) and final plasmid preparations were per-
formed with Sequencher (Gene Codes). Initially, the complete ORF of
each of the E2 exchange recombinants from the recovered viruses was
sequenced. However, as only one partial mutation in NS4B and a few
sporadic mutations in NS5A were identified, the remaining recovered
viruses were sequenced only from core-NS2 (see Table S1 in the supple-
mental material). Multiple-sequence alignment analysis was done using
Molecular Evolutionary Genetics Analysis 4 (MEGA4) (43). The design of
cloning strategies for E2 exchange recombinants was carried out with
Vector NTI Advanced 11 (Invitrogen). HCV sequences for multiple align-
ments were downloaded from the Los Alamos hepatitis C sequence data-
base (44).

RESULTS

Effect on virus viability of exchange of the HCV E2 protein be-
tween isolates, subtypes, and genotypes. To further our under-
standing of the role of E1 and E2 glycoproteins in the context of
the complete HCV life cycle, we here aimed at identifying and
characterizing specific residues of importance for a functional
E1/E2 complex. We initially exchanged the E2 gene of a previously
developed genotype 1a/2a JFHI-based intergenotypic core-NS2
recombinant (strain H77C) with corresponding functional se-
quences from a different genotype 1a isolate, three genotype 1b
isolates, and one genotype 2a isolate. By transfecting RNA tran-
scripts from the E2-exchanged recombinants into Huh7.5 hepa-
toma cells, we aimed at determining whether the H77C (1a) core,
El, p7, and NS2 proteins would be compatible with E2 proteins of
different isolates, subtypes, and genotypes.

For the H77C/JFH1 5471 (TN-E2) recombinant, which car-
ried the E2 gene from another genotype la isolate, infectivity titers
and spread of infection (immunostaining against the NS5A pro-
tein) after transfection were comparable to what was previously
reported for the H77C/JFH1¢q,,,7; recombinant (33) (Fig. 1).
Peak infectivity titers were 10*° FFU/ml on day 4 posttransfection,
and we did not observe requirements for mutations in sequence
analysis of supernatant viruses recovered 11 days after cell-free
passage to naive Huh7.5 cells. In contrast, we observed an eclipse
phase of 32 days before spread of infection to ~60% of cells for the
H77C/JFH14,5471.(J4-E2) recombinant, in which the E2 gene was
from a genotype 1b isolate. The peak titer observed for J4-E2 was
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FIG 1 Viability of E2-exchanged HCV recombinants. In vitro-generated RNA
transcripts of H77C/JFH1q,,471 (TN-E2), H77C/JFH1G,,,7,; (J4-E2), and
H77C/JFH1 45471 (J6-E2) recombinants were transfected into Huh7.5 cells.
The connecting lines represent the percent HCV NS5A-positive cells as deter-
mined by immunostaining at the indicated time points posttransfection (left y
axis). The column bars show the infectivity titers for the E2-exchanged recom-
binants, which spread in culture following transfection (right y axis). Titer
values are means of triplicates, with error bars displaying standard errors of the
means (SEM). The lower limit of quantification was 10%2 FFU/ml. *, measured
virus supernatant under the limit of quantification.

10> FFU/ml on day 32 posttransfection. Direct sequence analysis
of HCV recovered from supernatant at this time point identified
only one amino acid change, V710F (Table 1; see also Table S1 in
the supplemental material) (numbering throughout is according
to the H77 reference sequence, GenBank accession number
AF009606). Finally, in 2 replicate transfections of the H77C/
JFH1G)2471.(J6-E2) recombinant, in which the E2 gene was from a
genotype 2a isolate, positive cells could be detected until day 49
but with no evidence of viral spread. The cultures were thereafter
negative until day 67 (end of follow-up). Thus, we found that
exchanging E2 with an isolate of the same subtype was permissible
and that our method allowed studies of possible incompatibilities
with E2 from another subtype of genotype 1.

To achieve a better understanding of cross-subtype incompat-
ibilities for E2, we performed a total of five replicate transfections
in Huh7.5 cells with each of the 1b-E2-exchanged recombinants
J4-E2, DH1-E2, and DH5-E2. All recombinants spread to infect
the majority of the cells after an eclipse phase of 27 to 34 days,
while H77C/JFH1y 7574 q12471. infected >80% of cells no later than
day 8. In contrast, no infected cells were observed at any time
point for the replication-deficient JFH1-based core-NS2 recom-
binant, DH5/JFH1,,,, containing a 4-amino-acid insertion in the
NS2/NS3 junction. Supernatants collected at peak infection time
points (i.e., =80% positive infected cells) were analyzed further.
Core-NS2 sequence analysis of recovered viruses from the five
independent transfections revealed that all recombinants had ac-
quired mutations in at least one of the envelope genes (Table 1).
Interestingly, 9 of 15 transfections contained mutations (either
complete amino acid changes or a mixture of the original and the
mutant sequences) within a five-amino-acid stretch, from aa 706
to 710, in the stem region of E2. Changes at specific residues were
associated with each of the three 1b-E2 recombinants (Table 1).
We found mutations at amino acid position 710 (Vto For Vto G)
in 3 of 5 transfections for J4-E2. Furthermore, changes ataa 706 (G
to R) were observed in 4 of 5 transfections for DH1-E2, and a
change at position 707 (S to L) was observed in 2 of 5 transfections
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for DH5-E2. The aa 706 change (G to R) was also seen in one of
these DH5-E2 transfections.

Single mutations in the E2 stem region fully restore virus
viability of E2-exchanged recombinants. We performed reverse
genetic studies by introducing the identified single putative com-
pensatory mutations into the respective recombinants to investi-
gate their influence on virus viability. After transfection into
Huh?7.5 cells, infection spread and infectivity titers for J4-E2y,,op
DHI1-E2,06r, and DH5-E2g,,; recombinants were comparable
to those for H77C/JFH1y 7474 12471 (Fig. 2A to C). Peak infectivity
titers for the mutated 1b-E2 recombinants ranged from 10* to
10** FFU/ml within 6 to 10 days posttransfection. In contrast,
each of the original E2-exchanged isolates without putative com-
pensatory mutations produced viral titers of ~10*° FFU/ml (Fig.
2A to C). Finally, the J4-E2y,, o5, DH1-E2;06r, and DH5-E2,,
recombinants did not acquire mutations in core-NS2 after passage
to naive Huh7.5 cells (see Table S1 in the supplemental material).

Next, we tested whether the E2 stem region mutations, which
restored infectivity for the 1b-E2 recombinants from which they
had been recovered, also would restore infectivity for the other
1b-E2 recombinants. We thus introduced G706R or S707L into
J4-E2, S707L or V710F into DH1-E2, and G706R or V710F into
DHS5-E2 and tested viability by transfection of Huh7.5 cells (Fig.
2D). All mutants exhibited accelerated growth kinetics, as defined
by viral spread, compared to the original E2-exchanged recombi-
nants. However, the J4-E2 and DH1-E2 mutants depended on
additional mutations, including mutations in the E2 stem region,
for efficient production of infectious viral particles (see Table S1 in
the supplemental material). In contrast, DH5-E2 sz and DH5-
E2y70r did not acquire further mutations after passage to naive
Huh?7.5 cells. For these DH5-E2 recombinants, we observed peak
infectivity titers of 10** and 10*° FFU/ml at days 6 and 8 post-
transfection, respectively (Fig. 2D).

Thus, introduction of single E2 stem region mutations, identi-
fied from recovered genotype 1b-E2-exchanged recombinants,
led to efficient spread in cell culture and production of peak infec-
tivity titers comparable to those for H77C/JFH1y7474 12471, When
introduced into recombinants of the same E2 isolate. Introduc-
tion of the mutations into other 1b-E2 isolates accelerated growth
kinetics, although additional mutations were required for most
recombinants to efficiently infect the cell culture. Overall, these
results provided evidence for an isolate-specific interaction be-
tween aa 706 and 710 in the stem region of E2 and core, E1, p7, or
NS2, since the inserted E2 isolates are known to be compatible
with the JFH1 NS3-NS5B proteins (31, 32).

El and E2 mutations identified outside the E2 stem region
influence virus viability of 1b-E2 recombinants. To analyze the
importance of mutations outside the E2 stem region in 1b-E2
recombinants without stem region mutations, we selected specific
mutations identified in transfections for each of the three E2-
exchanged recombinants (Table 1). For J4-E2, the E1 mutation
1262F and the E2 mutation T475A (identified in the third trans-
fection) were introduced alone and in combination. The E1 mu-
tation M324T (identified in the fifth transfection) was introduced
into the DH1-E2 recombinant, while the E2 mutations V414A and
1L725F (identified in the first transfection) were introduced alone
or combined into DH5-E2. Prior to testing, the persistence of the
mutations selected for further analysis was confirmed in cell-free
passage to naive cells. Following transfection into Huh7.5 cells, 5
of 7 developed recombinants spread to the majority of cells within
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TABLE 1 E1 and E2 mutations identified from H77(core-NS2)/JFH1 recombinant with E2 from 1b strains J4, DH1, and DH5 following transfection of Huh7.5 cells”

Downloaded from http://jvi.asm.org/ on July 15, 2017 by guest

Nucleotide or amino acid change at the indicated position”

Day El gene E2 gene
Sequence type, post-
recombinant, and trans- DII DIb DIII Stem region ™
transfection no. fection (aa 445-521) (aa 522-580) (aa 581-650) (aa 651-715) (aa 716-746)
Nucleotide number 1013 1121 1124 1124 1311 1329 1344 1347 1581 1590 1761 1763 1935 2072 2098 2123 2456 2460 2468 2469 2480 2513 2556
pJ4-E2 G C A A T C C A T A A A A A C A G @ G T A C T
1¢ 32 . o T o
2¢ 45 . . AIG G
34 27 . T . . G .
44 36 C/T AIG AIG .
54 34 . . - T
pDHI-E2 G C A A T C C A T A A G A A C A G @ G T A C T
1¢ 27 . A o
2¢ 27 C/A Alg
34 34 . Cla G/C .
44 27 T/C . Cla G/a A/T
54 27 C . . .
pDH5-E2 G C A A T C C A T A A A A A T A G @ G T A C T
1¢ 29 . C ° o T
24 34 - CIA - - . G/A  CIT
34 31 GIT . T/C AIG AIG - .
44 34 . . T/C . . . C/T . .
54 34 AIG . C A . T C
Amino acid position 225 261 262 262 324 329 335 336 414 417 474 475 532 578 586 595 706 707 710 710 714 725 739
Change G—»>W Y->H [I-»F -V M->T A—-E A—»D A—-»D V—>A N-»T Y-»C T—»A N-»S T—->A F-»L T—-»A G—»>R §—»L V>F V>G I—->F L—>F L—P

¢ All mutations identified from either full ORF or core-NS2 sequence analysis can be found in Table S1 in the supplemental material.
¥ Coding mutations in E1 and E2 are shown. At positions where a mutation was not dominant among the quasispecies, both nucleotides are stated, with the dominant one in capital letters. For a 50/50 population, both nucleotides are
written in capital letters. DIa, domain Ia; DIb, domain Ib; DII, domain II; DIII, domain III; TM, transmembrane domain. Mutation numbering is according to the H77 reference sequence (GenBank accession number AF009606).
¢ The complete ORF sequence was analyzed.
@ The core-NS2 sequence was analyzed.
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FIG 2 HCV infectivity titers after transfection of the 1b-E2 H77C/JFH1y,5,4 12471 Tecombinants with and without E2 stem region mutations. In
vitro-generated RNA transcripts of H77C/JFH1y 574 12471 (J4-E2) with or without V710F (A), H77C/JFH1yg74 qi2471 (DH1-E2) with or without G706R
(B), H77C/JFH 1475 o124, (DH5-E2) with or without S707L (C), and H77C/JFH 1y 774 15471 (J4-E2) with G706R or S707L, H77C/JFH 474 12471 (DH1-E2)
with §707L or V710F, and H77C/JFH1yga q12471. (DH5-E2) with G706R or V710F (D) were transfected into Huh7.5 cells. Virus production in the supernatant
was measured on days 3, 6, 8, and 10 posttransfection. The previously developed H77C/JFH 15,4 12471 Tecombinant was included as a positive control. Amino
acid residues were numbered according to the polyprotein of the H77 reference sequence (GenBank accession number AF009606). All titer values are means of
triplicates, with error bars displaying standard errors of the means (SEM). The lower limit of quantification was 10'* FFU/ml. *, samples analyzed in a separate

experiment.

10 days posttransfection. Peak infectivity titers of the viable re-
combinants ranged from 10> to 10*? FFU/ml, which were com-
parable to the titers obtained for the H77C/JFH 1574 q12471, CON-
trol (Fig. 3). Direct sequencing of first-passage day 16 J4-E2}, ¢,
DHI1-E2y 5,41, and DH5-E2y 4144 1725 SUpernatant viruses re-
vealed no need for further mutations. In contrast, we identified
additional mutations in J4-E2,¢,r 14754 and in DH5-E2,,,,,4, (see
Table S1 in the supplemental material). Finally, J4-E2,,5, and
DH5-E2, ;,55 were both attenuated and did not spread in culture
within the analyzed time period.

Thus, for the majority of E2-exchanged recombinants, intro-
duction of identified mutations outside the stem region influ-
enced virus viability similarly to the stem region mutations. Fur-

1390 jvi.asm.org

ther, for two E2 recombinants, J4-E2 and DH1-E2, introduction
of single E1 mutations led to fully viable virus, indicating that the
compensatory mutation in genotype la E1 was enough to ensure
proper interaction with the chimeric 1b E2 protein.
Compensatory mutations in the stem region of E2 do not
influence HCV replication. To investigate the functional role of
the E2 stem region, in which compensatory mutations were iden-
tified for all E2-exchanged recombinants, we next analyzed the
mutants in assays that addressed different steps of the viral life
cycle. To determine if HCV replication capacity was affected by
the mutations, we quantified intracellular HCV core levels after
transfection of CD81-deficient hepatoma cells (S29 cells) (36),
which allows single-cycle studies as they are nonpermissible to
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FIG 3 HCV infectivity titers after transfection of the 1b-E2 H77C/
JFH1y7874 Q12471 Tecombinants containing mutations identified outside the E2
stem region. In vitro-generated RNA transcripts of J4-E2 56,5, J4-E2 5658 ta75A>
DHI1-E2, 5,41 DH5-E2y41 40, and DH5-E2y 4,44 17255 (see Table S1 in the sup-
plemental material) were transfected into Huh7.5 cells. Virus production in
the supernatant was measured on days 3, 6, 8, and 10 posttransfection. The
previously developed H77C/JFH1y,75;4 12471 Tecombinant was included as
positive control. Amino acid residues were numbered according to the poly-
protein of the H77 reference sequence (GenBank accession number
AF009606). All titer values are means of triplicates, with error bars displaying
standard errors of the means (SEM). The lower limit of quantification was
10" FFU/ml.

HCV entry. We did not observe significant differences in the in-
tracellular core levels between the E2-exchanged recombinants
with or without E2 stem region mutations (Fig. 4). In addition,
replication of the 1b-E2 H77C/JFH1y,4,4 12471 TeCcOmbinants
was comparable to that of H77C/JFH1y,g74 q12471- These results
confirmed that HCV replication was not influenced by the E2 gene
exchange or by the acquisition of compensatory E2 stem region
mutations.

Influence of E2 exchange and stem region mutations on HCV
assembly/release. We further analyzed potential effects of the in-
troduced compensatory E2 stem region mutations on assembly
and release of viral particles. S29 cells transfected with RNA tran-
scripts from the E2-exchanged recombinants with or without
compensatory mutations were harvested at 48 h posttransfection,
and intracellular particles were released through repeated freeze-
thaw cycles. Intra- as well as extracellular titers for all 1b-E2 re-
combinants harboring E2 stem region mutations were higher than
or comparable to those for H77C/JFH1yg74 g1247- Intracellular
infectivity titers were in the range from 10>' to 10°° FFU/well
(Fig. 5A), and extracellular titers ranged from 10>” to 10*2
FFU/ml (Fig. 5B). In contrast, the original E2-exchanged recom-
binants had smaller amounts of intra- and extracellular infectious
virus, with titers from 10>* to 10** FFU/well and from 10>~ to
10** FFU/ml, respectively. Thus, the production of intra- and
extracellular infectious particles was decreased for E2-exchanged
recombinants without mutations, which was not caused by defects
in virus release.

To assess whether similar amounts of total core protein were
released for the original 1b-E2 recombinants and the correspond-
ing recombinants with E2 stem region mutations, we performed
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FIG 4 Determination of intracellular core concentration at 4 h and 48 h
posttransfection of transfected S29 cells, as a measure for HCV replication.
Intracellular core protein synthesis was quantified using HCV core antigen
ELISA on lysed 29 cells transfected with RNA transcripts of 1b-E2 H77C/
JEH1y 7874 Q12471 Fecombinants with or without compensatory E2 mutations.
For each recombinant, the core level measured at 48 h posttransfection is
shown as a percentage of the 4-h core level (100%) in one replicate. Controls
were H77C/JFH1y7g74 q12471 (POsitive control), H77C/JFH1 (assembly defec-
tive), JEH1 g, > (lacking expression of envelope proteins), and J6/JFH1-GND
(replication defective).

core antigen ELISA on supernatants from transfected S29 cells
collected at 48 h posttransfection. The extracellular concentration
of core protein was significantly lower for the original J4-E2
(P =0.04), DH1-E2 (P = 0.01), and DH5-E2 (P = 0.04) than for
H77C/JFH1y7874 12471 (Fig. 6A), suggesting an attenuated as-
sembly/release following exchange of the E2 gene. The presence
of compensatory E2 mutations further decreased the extracellular
core levels for all E2-exchanged recombinants in three separate
assays (P = 0.02), conferring on these a higher specific infectivity.
This suggests that these mutations did not restore virus assembly
but influenced another step of the HCV life cycle. Interestingly,
the attenuation observed for the original 1b-E2 H77C/JFH1,,g74
Q12471 recombinants was different from that for JFH1 g, 5, and
the nonadapted H77C/JFH1, which did not produce any extracel-
lular core and were attenuated at the assembly step (Fig. 6A and
previous results for H77C/JFH1 [32]). Thus, these mutations ap-
parently led to a decrease in secretion of particles, which, however,
had an increased infectivity; hence, E2 stem region mutations in-
creased the specific infectivity of released particles.

To determine to what extent the common H77C E1 protein
was incorporated in viral particles produced for the E2 exchange
recombinants, we concentrated the released particles using su-
crose cushion ultracentrifugation and analyzed them by SDS-
PAGE and Western blotting (WB). We could demonstrate incor-
poration of El protein for all 1b-E2 H77C/JFH1yg74 Q2471
recombinants (Fig. 6B). Using the amount of core for normaliza-
tion, a greater amount of E1 was observed for the DH1-E2 recom-
binants than for J4-E2 and DH5-E2 with or without E2 stem re-
gion mutations and for H77C/JFH1yg;5 Q12471 Furthermore,
introduction of E2 stem region mutations apparently led to an
increased E1 amount within isolates for DH1-E2 with or without
G706R. This clear pattern could not be confirmed in J4-E2 with or
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FIG 5 Intracellular (A) and extracellular (B) infectivity titers of transfected S29 cells at 48 h posttransfection. I vitro transcripts of 1b-E2 H77C/JFH1y 774 q12471
recombinants with and without E2 compensatory mutations were transfected into $29 hepatoma cells lacking CD81. H77C/JFH 17474 Q12471 and JFH1 g1/,
were included as positive and negative controls, respectively. All measurements are presented as mean values of triplicates, with error bars displaying standard
errors of the means (SEM). The lower limit of quantification was 10%” FFU/well (A) or 10" FFU/ml (B). Samples with titers under the detection limit are

indicated by an asterisk.

without V710F or in DH5-E2 with or without G706R. E2 protein
could be detected only for DH1-E2 in the E2-exchanged recom-
binants. Like for E1, an increase in E2 incorporation was identified
for DH1-E2,ysg compared to DH1-E2.

E1/E2 heterodimerization in 1b-E2-exchanged recombi-
nants is not influenced by stem region mutations. Previous stud-
ies have reported E2 to be the directly interacting partner for
CD81, whereas E1 cointeracts via E2 (22). Thus, we used CD81-
LEL-GST-coated beads in co-IP to elucidate if the E2 stem region
adaptive mutations affected E1/E2 heterodimerization and bind-
ing to the CD81-LEL. For these experiments, we used E1/E2 plas-
mids expressing E1 from H77 and E2 from J4, DH1, or DH5 with
or without E2 stem region mutations as originally constructed for
the HCVpp assays.

Immunoblotting of the co-IP elution fractions revealed the
presence of E1 and E2 in J4-E2 with or without V710F, DH1-E2

>
w

with or without G706R, and DH5-E2 with or without S707L and
hence confirmed the formation of functional E1/E2 heterodimers
(Fig. 7A). In addition, the CD81-LEL binding was confirmed to be
specific, as no H77 envelope protein could be pulled down with
GST tag-coated beads. No differences in E1 or E2 level or binding
to CD81-LEL were identified in the presence or absence of E2 stem
region mutations within isolates. Interestingly, variation in E1/E2
heterodimer levels between isolates was present, for which
DH1-E2 with or without G706R exhibited the highest degree of
envelope proteins and DH5-E2 with or without S707L had signif-
icantly decreased levels of both E1 and E2. This indicates a differ-
ence in binding affinity to CD81-LEL between the E2 proteins of
distinct isolates. To verify that similar amounts of E1 and E2 were
expressed in transfected 293T cells with the various combinations
of E2-exchanged plasmids and included controls, we also per-
formed immunoblotting on the inputlysate and found no notable
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FIG 6 Influence of E2 exchange on particle assembly/release. (A) Core protein secretion of 1b-E2 H77C/JFH1y7g74 12471 Tecombinants with or without E2
compensatory mutations was quantified in S29 cells in three independent experiments at 48 h posttransfection using ELISA. Values are presented as mean
percentages of the value for the positive control, H77C/JFH1y,75;4 12471 (100%). Negative controls were H77C/JFH1 and JFH1 g, ,. Statistical significance of
core concentration differences was determined using the ¢ test (a P value of <0.05 was considered significant), as stated in the text. (B) HCV release was measured
by detection of extracellular core, E1, and E2 proteins in the virus supernatants collected at 48 h posttransfection of S29 cells, using SDS-PAGE and Western
blotting with HCV-specific anti-core, anti-E1, or anti-E2 antibodies. Virus particles were concentrated on a 20% sucrose cushion from supernatant of cells
transfected with 1b-E2 H77C/JFH1y7474 q12471. recombinants with and without compensatory E2 mutations. The negative control was JFH1 zg, /5.
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FIG 7 Influence of compensatory E2 stem region mutations on HCV E1/E2
heterodimerization. Immunoblots of elution fractions of coimmunoprecipi-
tation using CD81-LEL-GST- or GST-tagged coated beads on lysates from
transfected 293T cells (A) and of input fractions of 293T cell lysates prior to
coimmunoprecipitation using anti-E1 and anti-E2 specific antibodies (B) are
shown. An H77C E1/E2 positive control was transfected in duplicate and
served as a specificity control, as co-IP was conducted using both CD81-LEL-
GST-coated beads (H77 E1/E2) and GST-tagged coated beads only (H77
E1/E2 GST). The AE1/E2 construct (phCMV-ires, in which the partial E1/E2
HCV sequence was deleted) was included as an E1/E2 negative control. 3-Ac-
tin served as loading control.

differences in protein expression (Fig. 7B). Thus, introduction of
stem region mutations did not influence the heterodimer forma-
tion between the E1 and E2 proteins, nor did it alter the E2 binding
to CD81.

Influence of E2 stem region mutations on infectious viral
particle density. We used equilibrium gradient density centrifu-
gation to evaluate the possible influence of the E2 stem region
mutations on the density of the produced infectious 1b-E2 H77C/
JEH1y 7874 Q12471 Tecombinant particles. We observed peak infec-
tivity titers at densities comparable to that for the positive control
for both J4-E2 and DH5-E2 recombinants with or without single
compensatory mutations (Fig. 8A). However, for the original and
mutated DH1-E2, the infectivity peak extended to slightly higher
densities, with infectious particles detected at densities of as high
as 1.15 g/ml. A significant increase in infectivity, with a slight shift
in density, was observed for all three E2-exchanged recombinants
harboring compensatory mutations compared to the original
1b-E2 H77C/JFH1y7574 12471 Tecombinants (Fig. 8A). Infectivity
titers were enhanced compared to those of the original recombi-
nants, with an average of ~1.2 log,, FFU/ml within fractions of
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comparable densities. The detected peak infectivity titers for the
adapted E2-exchanged recombinants ranged in density from 1.09
to 1.10 g/ml, consistent with previous in vitro studies (28).

To characterize the density distribution of particle-associated
core, we performed core antigen ELISA on each of the density
fractions (Fig. 8B). Consistent with the infectivity titration data,
we observed peak core concentrations at slightly higher densities
(average increase, ~0.2 g/ml) for the original 1b-E2 H77C/
JFH1y,674 q12471 Tecombinants compared to recombinants with
compensatory mutations. The specific infectivity measured as
FFU/core amount on each fraction was low, ranging from 102 to
229 FFU/fmol core, for the original E2-exchanged recombinants
compared to the corresponding E2 stem region-mutated recom-
binants. This observation was consistent with the low titer level
seen in all original E2-exchanged recombinants (Fig. 2) and the
relatively high secretion of core (Fig. 6). The 1b-E2 recombinants
with E2 stem region mutations had a relatively low specific infec-
tivity at peak titer fractions. This observation was most pro-
nounced for the DH5-E2g;,,; recombinant (Fig. 8C). The low-
density particles in general displayed the highest specific
infectivity, which was consistent with previous studies showing
the importance of virion-associated lipoproteins for HCV infec-
tion (28, 45).

Role of stem region mutations in HCV particle stability, host
cell binding, and CD81 receptor dependence. In order to further
characterize the functional role of the E2 stem region mutations,
we investigated their influence on host cell binding for all 1b-E2
recombinants. In addition, HCVcc thermostability and CD81 re-
ceptor usage assays were conducted using DH5-E2 with or with-
out S707L as a representative for the 1b-E2-exchanged isolates.

As differences in virus viability potentially could be caused by
variation in particle degradation, a particle thermostability kinet-
ics assay was established. HCVcc-containing supernatant har-
vested from S29 cells transfected with DH5-E2 with or without
S707L was titrated following incubation at 37°C for 0 h,4 h, 8 h, 16
h, 24 h, and 32 h (Fig. 9). Supernatants containing DH5-E2 par-
ticles with or without S707L exhibited highly similar degradation
of infectious particles, with the most pronounced degradation rate
in the time interval from 0 to 8 h postincubation.

As variation in both binding and receptor usage most likely
would cause significant differences in virus viability, assays eluci-
dating general host cell particle binding and dependence on the
well-characterized CD81 entry factor (46) were conducted. To
determine potential differences in host cell binding, supernatants
from S29 cells transfected with 1b-E2-exchanged particles with or
without compensatory mutations were incubated with naive
Huh?7.5 cells for 2 h at 4°C, allowing particle binding. The E2 stem
region mutations did not enhance binding to host cells for any of
the recombinants as measured by bound HCV core amounts (Fig.
10). In addition, a dose-dependent infectivity inhibition assay was
conducted on naive Huh7.5 cells using concentrated DH5-E2
with or without S707L HCVcc, produced in S29 cells, in the pres-
ence of CD81-specific antibodies ranging from 0.004 to 2.5 pg/ml
in concentration (Fig. 11). DH5-E2 with or without S707L exhib-
ited similar dose-response curves and 1Cs, values (i.e., antibody
concentration required for 50% inhibition) of 0.06 pg/ml.

In summary, no significant differences in particle stability or
host cell binding were present for 1b-E2-exchanged isolates with
or without compensatory mutations. Additionally, we found sim-
ilar CD81 receptor dependence of DH5-E2 with or without S707L.
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FIG 8 Density analysis of HCVcc particle infectivity (A), total core amount produced (B), and specific infectivity (C) of 1b-E2-exchanged H77C/JFH1y7574 qiaa71.
recombinants with or without compensatory E2 mutations: H77C/JFH1y,g;4 12471 (J4-E2) with or without V710F, H77C/JFH1y,5,5 o12471 (DH1-E2) with or
without G706R, and H77C/JFH1yg,4 Q12471 (DH5-E2) with or without S707L. Supernatants harvested from S29 cells at 48 h posttransfection were ultracen-
trifuged in a 10 to 40% iodixanol gradient, and fractions were analyzed. The transfection efficiency was monitored in all cultures using NS5A-specific immu-
nostaining prior to ultracentrifugation. The positive control was H77C/JFH1yg74 q12471- In panel A, quantified titers are presented as the mean values of
triplicates, and the lower limit of detection is 10>° FFU/ml. In panel C, the peak titer fraction for E2-exchanged recombinants with compensatory mutations is

indicated with red arrows.

100-
\ — DH5-E2

80+ \ —— DH5-E2g,01.
60+

40+

20+

% Infectious HCV particles
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FIG 9 HCV particle stability at 37°C, analyzed during a period of 32 h. In
vitro-generated RNA transcripts of DH5-E2 and DH5-E2g;,,, were transfected
into S29 cells for production of HCVcc. At 48 h posttransfection, particle-
containing supernatant was harvested, aliquoted, and incubated at 37°C. At
the indicated time points, supernatant was transferred to —80°C, followed by
subsequent infectivity titration in naive Huh7.5 cells. Titer results are pre-
sented as percent infection compared to the 0-h infectivity level. Values shown
are means from three independent assays, with error bars displaying standard
errors of the means (SEM) between assays; for each independent assay, titra-
tions for all time points were in triplicates.
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Significant impact of G706R, S707L, and V710F compensa-
tory mutations on HCV entry. To further elucidate the influence
of the cell culture-identified E2 stem region mutations on entry,
we constructed recombinant HCVpp harboring E1 from the
H77C isolate and E2 from isolate J4, DH1, or DH5 with or without
the E2 stem region mutations. We produced HCVpp in two inde-
pendent experiments, which were used in two independent infec-
tion assays. For each HCVpp assay, H77C E1/E2 served as a posi-
tive control, whereas an empty expression vector (AE1/E2) was
included as a negative control. To correlate for intraexperiment
variability, the H77C E1/E2 positive control was included in du-
plicates in all infection assays.

The chimeric H77C-E1/1b-E2 HCV pseudoparticles were in-
fectious in Huh7.5 cells, although a significant increase of infec-
tivity was observed for each isolate after introducing correspond-
ing compensatory E2 mutations (Fig. 12A). For H77C-El/
DH1-E2,06r and H77C-E1/DH5-E2;,; , infectivity exceeded or
was comparable to that of the H77C positive control. In contrast,
the increase in infectivity for H77C-E1/J4-E2y;,r compared to
H77C-E1/J4-E2 did not reach the level of H77C E1/E2. To quan-
tify the increase in infectivity caused by the presence of E2 stem
region mutations, we calculated the infectivity ratio between chi-
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FIG 10 HCVcc particle binding assay on 1b-E2-exchanged recombinants
with or without stem region mutations. In vitro transcripts of 1b-E2 H77C/
JFH1y7874 Q12471 tecombinants with and without E2 compensatory mutations
were transfected into S29 cells for production of HCVcc. At 48 h posttransfec-
tion, particle-containing supernatant was harvested and an inoculum was ap-
plied to naive Huh7.5 cells for 2 h at 4°C to allow binding but not entry of the
HCVcc particles. Following incubation, cells were washed and lysed, and cell-
bound core protein was quantified using core ELISA. Results are presented as
cell-bound core protein in percentage of the core input for each isolate. All
measurements are presented as mean values from duplicate experiments, with
error bars displaying standard errors of the means (SEM). Controls were
H77C/JFH1 (positive control), and JFH1 g/, (lacking envelope

R V787A QI247L
proteins).

meric HCVpp with and without compensatory mutations in the
two independent experiments (Table 2). For H77C-E1/J4-E2, in-
troduction of V710F increased infectivity of HCVpp by 4.46- and
4.21-fold. In the case of H77C-E1/DH1-E2, the recombinant har-
boring G706R was 3.15 and 3.46 times more infectious than the
original chimeric construct, while the S707L mutation increased
infectivity by 2.35- and 2.37-fold for H77C-E1/DH5-E2. The in-
crease in infectivity was in all cases significant (P < 0.001).

We performed immunoblot detection of MLV capsid protein
in the supernatants used for infection assays to exclude that dif-
ferences in infectivity between HCVpp were due to variation in the
quantity of particles produced for the assay. No differences in the
amount of capsid were detected (Fig. 12B). Thus, introduction of
cell culture-acquired compensatory mutation G706R, S707L, or
V710F led to a significant increase in entry of H77C-E1/1b-E2
recombinant HCVpp.

The presence of E1 and E2 was identified in WB on sucrose
cushion-concentrated HCVpp from collected supernatants and
on the transfected 293T cell lysate. When analyzing concentrated
HCVpp used for the infection assays, we observed that E1, as well
as E2, was incorporated into the particles. For each chimeric E1/E2
HCVpp, similar amounts of E1 were incorporated in particles
with and without compensatory mutations (Fig. 12B). When
comparing E1 amounts between isolates, however, H77C-E1/
J4-E2 and H77C-E1/DH5-E2 had significantly decreased levels
incorporated compared to H77C-E1/DHI1-E2 and the H77C
E1/E2 control. This was consistent with findings in HCVcc parti-
cles (Fig. 6B). We observed less incorporation of E2 into H77C-
E1/DHI1-E2 ;g and H77C-E1/DH5-E2¢,,; compared with the
chimeric particles without mutations. This was not caused by a
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FIG 11 Dose-dependent inhibition of DH5-E2 with or without S707L bind-
ing to the CD81 receptor using CD81 specific antibody. In vitro-generated
RNA transcripts of DH5-E2 and DH5-E2g;,,,; were transfected into S29 cells
for production of HCVcc. At 48 h posttransfection, particle-containing super-
natant was harvested and DH5-E2 with or without S707L inoculum was ap-
plied to naive Huh7.5 cells which had been incubated with anti-CD81 anti-
body at concentrations ranging from 0.004 to 2.5 pg/ml for 1 h preinfection.
Results are presented as the means of 4 replicates at each antibody concentra-
tion, with error bars representing SEM. Percent inhibition was calculated rel-
ative to infectivity titers of 6 replicates of virus only. Open symbols represent
percent inhibition relative to virus only using an isotype-matched negative
control at a concentration of 2.5 wl/ml.
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lower expression of E2 in the transfected 293T cells with the re-
spective plasmids (Fig. 12C). Comparison of the incorporation of
E2 between the different HCVpp constructs was not possible due
to possible differences in antibody affinity between isolates.

In conclusion, these data showed that mutations G706R,
§707L, and V710F in the E2 stem region increased entry and thus
compensated for the decreased infectivity of the 1a-E1/1b-E2 en-
velope-chimeric particles.

DISCUSSION

In this study, we investigated the role of the E1/E2 heterodimer
during the HCV life cycle and further analyzed the function of a
five-amino-acid stretch in the E2 stem region that is essential for
the function of the envelope proteins. By exchanging the E2 gene
of a previously developed 1a (H77 core-NS2)/2a JFH1-based re-
combinant with the corresponding gene from genotype 1a, 1b, or
2a isolates, we found very different effects on viral viability. Al-
though exchange of E2 with that of a different isolate from the
same subtype (TN) conferred immediate viral spread without the
need for compensatory mutations, no viral recovery was observed
when exchanging E2 from a different genotype (J6, genotype 2a)
(Fig. 1). Interestingly, when exchanging E2 from another subtype
(J4, DH1, and DHS5, genotype 1b), spread of infection was delayed.
We identified single mutations within aa 706 to 710 of the E2 stem
region in the recovered 1b-E2 recombinant viruses. Introduction
of these mutations increased viral titers on average ~100-fold,
confirming a compensatory effect.

The identified mutations, i.e., V710F or V710G in J4-E2,
G706R in DH1-E2, and S707L in DH5-E2 (Table 1), were ana-
lyzed in a multiple-sequence alignment containing 513 HCV E2
sequences from genotype 1 (44) (see Fig. S1 in the supplemental
material, and data not shown). S707 was conserved in all genotype
1 sequences, and the same was observed in subtype la and 1b for
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FIG 12 Effect of compensatory E2 mutations on chimeric HCV pseudopar-
ticle entry. (A) Infectivity of HCVpp was detected by luciferase reporter gene
expression. Infectivity is presented in relative light units (RLU) obtained in 20
wlofcell lysate from a representative experiment. Error bars show the standard
errors of the means (SEM) of 8 replicates. (B and C) Immunoblots of concen-
trated HCVpp (B) and HCVpp 293T cell lysate (C) using anti-E1 and anti-E2
specific antibodies, originating from the experiment presented in panel A. The
H77C E1/E2 positive control was transfected in duplicates and served as an
intraexperiment control. The AE1/E2 construct (phCMV-ires in which the
HCV sequence was deleted) was included as a negative control. Anti-B-actin
and anti-Gag MLV (CA) were included as loading controls.

G706, although subtype 1c had S706. At position 710, the amino
acid distribution was more heterogeneous, with genotype 1 se-
quences containing V (~67%), A (~30%), T (~3%), or I (<1%).
Interestingly, none of the sequences included in the alignment
contained the residue 706R, 707L, 710F, or 710G, which we iden-
tified from the recovered 1b-E2-exchanged viruses. When analyz-
ing the influence of the G706R, S707L, and V710F mutations on
viability separately for all 1b-E2 H77C/JFH1y 7474 q12471, Fecombi-
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nants, we found the J4-E2 and DH1-E2 functionality to be depen-
dent on the mutations originally identified for these particular
recombinants (V710F and G706R, respectively) (Fig. 2D). In con-
trast, introduction of the three E2 stem region mutations indepen-
dently into DH5-E2 resulted in immediate viral spread following
transfection of these mutants and production of robust infectivity
titers. These observations suggested that the unique E2 stem re-
gion mutations compensated for the attenuated phenotype of the
original 1b-E2 recombinants, primarily impacting the E2 from
which the specific mutation was identified.

The fact that the TN-, J4-, DH1-, DH5-, and J6-E2 proteins are
all functional in the JFHI1-based core-NS2 recombinant from
which they were derived (31, 32, 34, 35) indicates the existence of
a genotype-specific interaction between E2 and core, E1, p7, or
NS2. Given our findings, particularly in the pseudoparticle sys-
tem, it seems likely that the functional incompatibilities of the
E2-exchanged recombinants are caused by a coevolution of E1
and E2, thereby creating a genotype-specific interaction that to a
lesser extent also applies to subtypes, and, furthermore, that the E2
stem region plays an important role in this interaction. Identifica-
tion of single E1 mutations which in two E2-exchanged isolates
fully restored viability (Fig. 3) suggested that mutations in E1
compensated either directly for a change in the E1/E2 interaction
or indirectly for that of the E1/E2 heterodimer with a third mole-
cule such as a cellular entry factor.

We demonstrated that chimeric H77-E1/1b-E2 HCVpp, al-
though able to enter Huh7.5 cells, have impaired infectivity com-
pared to H77C E1/E2. Others have reported functional chimeric
H77C-E1/1b-E2 (Conl isolate) HCVpp being able to reach infec-
tivity levels comparable to those for the H77 E1/E2 control (47).
These differences in infectivity between H77C-E1/1b-E2 chimeras
might be explained by the entry efficiency differences in the geno-
type 1b isolates used, even though we observed decreased entry for
all three 1b isolates. It should be noted that in contrast to our
HCVpp infection assays, which were performed with Huh7.5 tar-
get cells to better correlate results with the HCVcc data, the pre-
viously published study used the original Huh7 target cells (47).

While we were not able to adapt the intergenotypic la/2a
HCVcc construct with E2 from J6, two previous studies report
intergenotypic H77C-E1/E2 combinations to be functional for
entry, concluding that H77C-E1 is compatible with E2 from the
same and different genotypes in the HCVpp system (25, 47). We
speculate that in the HCVcc context, other factors in the HCV life
cycle besides entry play an important role in the intergenotypic
incompatibility observed here. We cannot rule out, however, that

TABLE 2 Infectivity of chimeric HCVpp with or without compensatory
mutations in two independent experiments®

Mean ratio, 95% confidence limit (P value®) in expt:

HCVpp 1 2

H77-E1/E2-J4y 70k 4.46,3.32-6.01 (< 0.001) 4.21, 3.62—4.9 (<0.001)
vs H77-E1/E2-J4

H77-E1/E2-DH106r  3.15, 2.67-3.72 (<0.001) 3.46, 3.03-3.95 (< 0.001)
vs H77-E1/E2-DH1

H77-E1/E2-DH5¢;,,
vs H77-E1/E2-DH5

“ Luciferase measurement was used as a measure of infectivity.

b The statistical significance of the differences was tested with the Wilcoxon rank sum

test, and a P value of less than 0.005 was considered statistically significant.

2.35,2.01-2.74 (<0.001) 2.37,2.11-2.65 (< 0.001)
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this is a result of the recognized differences between the HCVpp
and HCVcc systems with regard to entry (22).

We used the CD81-deficient S29 cell single-cycle assay to in-
vestigate the impact of the E2 stem region mutations on replica-
tion and assembly/release. Introduction of compensatory muta-
tions did not influence replication (Fig. 4). This was expected,
since only NS3-NS5B is required for replication (14). In contrast,
compared to that for H77C/JFH1yg74 12471, €Xchange of the E2
gene resulted in a significant decrease of core release for all 1b-E2
H77C/JFH1y7g74 Qi2471. Tecombinants, with this decrease being
different in the distinct isolates tested (Fig. 6A). The different lev-
els of decrease in core release could be explained by the heteroge-
neity within the E2 ectodomain, given the importance of the E2
ectodomain for viral assembly (48, 49). Following introduction of
compensatory E2 stem region mutations in 1b-E2-exchanged
recombinants, we observed a further reduction in the release of
core protein compared to that for the original 1b-E2 H77C/
JFH1y7874 Qiz471- Thus, the single compensatory E2 mutations
seemed to increase the infectivity of viral particles at the expense of
core release, thereby increasing the specific infectivity of the virus.

We observed variations in the levels of incorporation of E1 in
both HCVpp and HCVcc between isolates when exchanging the
E2 gene. Reduced E1 incorporation levels were most pronounced
when exchanging E2 with J4 or DH5 isolates (Fig. 6B and 12B).
Interestingly, the degree of envelope protein integration did not
correlate with differences in infectivity following introduction of
the E2 compensatory mutations, as peak infectivity titers between
isolates were comparable (Fig. 2). Thus, the amount of envelope
protein on the virus particle did not seem to be the limiting factor
for production of infectious virus from the original E2 exchange
recombinants. In the HCVpp system, a previous study reported
increased particle infectivity concomitantly with increasing
amounts of incorporated E1 and E2 (50), although this finding
cannot be directly compared to our E2-exchaged recombinants
with and without compensatory mutation, as other factors, e.g.,
protein heterodimerization or proper protein folding, could be
the limiting factor for infectivity. However, the co-IP CD81-LEL
analysis on all H77-E1/1b-E2 recombinants indicated that het-
erodimerization was maintained following E2 exchange. In agree-
ment with the HCVcc and HCVpp results, the DH1-E2 recombi-
nant with or without G706R had increased envelope protein
amounts compared to those of J4-E2 and DH5-E2 (Fig. 6, 7, and
12). This points toward increased heterodimerization ability
within H77-E1/DH1-E2 resulting in increased glycoprotein in-
corporated in the particle or improved CD81 affinity of the
DHI1-E2 protein. Interestingly, we furthermore found no influ-
ence of E2 stem region mutations on the degree of het-
erodimerization within isolates (Fig. 7). This preserved het-
erodimerization ability was supported by a previous study
investigating specific E2 domains (25).

As introduction of the E2 stem region mutations did not en-
hance intracellular heterodimerization or the release of virus par-
ticles as measured by the levels of core, E1, and E2, despite an
~2-log increase in infectivity, we decided to investigate the impact
of the mutations on viral particle stability, host cell binding, and
CD81 receptor usage. However, none of these were increased by
introduction of E2 stem region mutations. The results resembled
those from previous reports on the particle thermostability deg-
radation rate (51) and CD8I receptor dependency for efficient
infection (31). Our combined data suggest that the E2 stem region
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mutations primarily influence steps downstream of the CD81 re-
ceptor interaction in the HCV entry pathway.

Several HCVpp studies have shown that heterodimerization of
El and E2 is a requirement to obtain infectious HCVpp (26, 52,
53). Thus, the co-IP results correlated with the observation that
infectious HCVpp was produced for all H77-E1/1b-E2 chimeras
with or without E2 stem region mutations. Interestingly, intro-
duction of V710F, G706R, and S707L into the corresponding chi-
meric pseudoparticles H77C-E1/J4-E2, H77C-E1/DH1-E2, and
H77C-E1/DH5-E2, respectively, resulted in an average >3-fold
increase in infectivity (Table 2 and Fig. 12). Our results are sup-
ported by a previous study highlighting functional regions of the
E2 glycoprotein, including the importance of the stem region for
HCV entry (25). In the previous study, a 2.5-log titer decrease was
observed in the JFH1 genotype 2a infectious cell culture system
following exchange of aa 705 to 715 in the E2 stem region with the
corresponding sequence of a genotype 1a isolate. In addition, at-
tempts to identify specific stem region residues important for in-
fectivity in a wild-type 2a virus were made. However, none of the
tested mutations, including mutations at aa 707 and aa 710, influ-
enced virus viability (25). In immunoblot detection of E2 in both
co-IP and HCVpp assays, we found that intracellular E2 from
DH1 and DH5 migrated at a smaller protein size than J4 E2 (Fig. 7
and Fig. 12C). Through amino acid sequence analysis, we identi-
fied the presence of 11 previously described N-linked glycosyla-
tion sites (54) in J4-E2, whereas only 10 sites were found in DH1
and DH5 (i.e., glycosylation site 5 [aa 478] was absent). Thus, the
difference in protein size could potentially be caused by the ab-
sence of this N-linked glycosylation site. However, considering the
location of the glycosylation difference and the fact that no differ-
ences in infectivity between isolates were observed, we find this
unlikely to have an influence on the function of the E2 stem region
mutations. The lack of influence on infectivity and het-
erodimerization of E2 glycosylation site 5 was confirmed in a pre-
vious study (55).

Based on the heterodimerization and HCVpp results, chimeric
El and E2 form functional heterodimers able to bind to CD81,
which is not increased by E2 stem region mutations. The muta-
tions identified in our study could acts at a later step in entry; one
possibility is that they induce conformational changes in the stem
region, thereby increasing the functionality of the E1/E2 complex
and possibly resulting in an improved unshielding of host cell
receptor binding sites or fusogenic domains in late steps of the
HCV entry pathway. A previous study has proposed that the stem
region has an influence on envelope protein reorganization dur-
ing the fusion process (56). Thus, E2 stem region mutations could
favor a direct reestablishment of correct envelope protein interac-
tion.

Interestingly, when performing equilibrium gradient density
centrifugation for physiochemical analysis of the produced parti-
cles, we observed a tendency for peak infectivity titers and peak
core levels at slightly higher densities for the original E2-ex-
changed recombinants in comparison with the positive control
and the mutant 1b-E2 recombinants (Fig. 8A and B). This could
be due to the high production of noninfectious particles, which
might fail to interact with a sufficient amount of lipids, thus in-
creasing their density. Previous studies have elucidated the impor-
tance of lipoprotein association to HCV particles in relation to an
increased specific infectivity (45, 57); hence, a decrease in this
association could give rise to the low specific infectivity in the
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original 1b-E2-exchanged recombinants (Fig. 8C). We further-
more observed a low specific infectivity in all E2-exchanged re-
combinants at the densities with peak infectivity titers, indicating
the presence of large amounts of noninfectious particles in these
fractions (Fig. 8C). This was in agreement with findings from
other groups, where densities with peak RNA titers correlated to
low specific infectivity (58-60). In general, the highest specific
infectivity was found in the low-density fractions, in agreement
with previous findings (22). Therefore, it cannot be excluded that
the viability increase for the mutated 1b-E2 recombinants could
be caused indirectly through increased interaction of virion-asso-
ciated lipid with host cell receptors.

In future studies, it would be of interest to further study host
receptor binding, especially at late steps of the HCV entry process,
to investigate where the identified mutations in the E2 stem region
have specific influence on host cell receptor interaction and thus
on virus particle uptake. In addition, it would be of relevance to
examine the importance of the E2 stem region using similar ap-
proaches for other HCV genotypes.

In summary, we have used a genetic and biochemical strategy
to characterize the HCV E1 and E2 glycoprotein function in con-
text of the complete virus life cycle, aiming at a better understand-
ing of their role in HCV infection. To our knowledge, this study is
the first to identify single amino acid residues in the E2 stem re-
gion with functional importance for viral entry. Further knowl-
edge about residues important for HCV entry could be important
for HCV disease and control, as the envelope proteins might con-
stitute a valuable target for future therapy. Furthermore, a better
understanding of the HCV envelope protein functionality could
have impact on the design of antibody-based HCV vaccine or
prophylaxis.
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