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ABSTRACT

Hepatitis C virus (HCV) only infects humans and chimpanzees, while GB virus B (GBV-B), another hepatotropic hepacivirus,
infects small New World primates (tamarins and marmosets). In an effort to develop an immunocompetent small primate model
for HCV infection to study HCV pathogenesis and vaccine approaches, we investigated the HCV life cycle step(s) that may be
restricted in small primate hepatocytes. First, we found that replication-competent, genome-length chimeric HCV RNAs encod-
ing GBV-B structural proteins in place of equivalent HCV sequences designed to allow entry into simian hepatocytes failed to
induce viremia in tamarins following intrahepatic inoculation, nor did they lead to progeny virus in permissive, transfected hu-
man Huh?7.5 hepatoma cells upon serial passage. This likely reflected the disruption of interactions between distantly related
structural and nonstructural proteins that are essential for virion production, whereas such cross talk could be restored in simi-
larly designed HCV intergenotypic recombinants via adaptive mutations in NS3 protease or helicase domains. Next, HCV entry
into small primate hepatocytes was examined directly using HCV-pseudotyped retroviral particles (HCV-pp). HCV-pp effi-
ciently infected tamarin hepatic cell lines and primary marmoset hepatocyte cultures through the use of the simian CD81 or-
tholog as a coreceptor, indicating that HCV entry is not restricted in small New World primate hepatocytes. Furthermore, we
observed genomic replication and modest virus secretion following infection of primary marmoset hepatocyte cultures with a
highly cell culture-adapted HCV strain. Thus, HCV can successfully complete its life cycle in primary simian hepatocytes, sug-
gesting the possibility of adapting some HCV strains to small primate hosts.

IMPORTANCE

Hepatitis C virus (HCV) is an important human pathogen that infects over 150 million individuals worldwide and leads to chronic
liver disease. The lack of a small animal model for this infection impedes the development of a preventive vaccine and pathogenesis
studies. In seeking to establish a small primate model for HCV, we first attempted to generate recombinants between HCV and GB
virus B (GBV-B), a hepacivirus that infects small New World primates (tamarins and marmosets). This approach revealed that the ge-
netic distance between these hepaciviruses likely prevented virus morphogenesis. We next showed that HCV pseudoparticles were able
to infect tamarin or marmoset hepatocytes efficiently, demonstrating that there was no restriction in HCV entry into these simian cells.
Furthermore, we found that a highly cell culture-adapted HCV strain was able to achieve a complete viral cycle in primary marmoset
hepatocyte cultures, providing a promising basis for further HCV adaptation to small primate hosts.

pproximately 180 million persons are estimated to be
chronically infected by hepatitis C virus (HCV) world-
wide, the majority of whom are ignorant of their carrier status
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until chronic infection progresses toward serious symptomatic
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liver complications, including fibrosis, cirrhosis, and hepato-
cellular carcinoma. The recent advent of increasingly efficient
and better tolerated, yet costly treatment regimens holds prom-
ise for facilitating HCV elimination in a number of patients (1).
However, the development of a pangenotypic, cost-effective
prophylactic vaccine would arguably help reduce the global
HCV burden. A complication for this goal is that HCV is re-
ported to have a very narrow host range, limited to humans and
chimpanzees. Efforts to develop murine models mimicking
this liver infection are ongoing but have not yet translated into
the generation of a small immunocompetent animal model
that fully recapitulates human HCV infection (2).
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The hepacivirus genus was originally created to uniquely
classify HCV within the Flaviviridae family. Interestingly, in the
past few years, an increasing number of viruses that are phyloge-
netically related to HCV have been identified in various mammal
species, including rodents (3), bats (4), Old World monkeys (5),
and horses (6). Although equine hepacivirus has very recently
been detected in the livers of infected horses (7, 8), the liver tro-
pism of most of these recently identified hepaciviruses remains to
be assessed. GB virus B (GBV-B) is a hepacivirus that has been
conclusively demonstrated to be hepatotropic since 1995 (9). Al-
though its ultimate origin remains unknown, GBV-B does not
infect chimpanzees (10), but it does experimentally infect small
New World primates that are readily accessible for biomedical
research, i.e., tamarins (Saguinus species) and marmosets (Calli-
thrix species), in which it generally causes acute self-resolving hep-
atitis (11). Interestingly, GBV-B often leads to prolonged viremia
for more than 6 months (12), and in some cases, it leads to chronic
infections that closely mimic chronic HCV infections (13-15).

Although there is relatively low amino acid conservation be-
tween GBV-B and HCV polyproteins (approximately 28%), most
enzymatic functions are conserved between these phylogenetically
related viruses (16—18), and their shared hepatotropism is of great
interest for the development of a GBV-B-based surrogate small
primate model to study HCV infection (11, 13, 19). The identifi-
cation of the viral life cycle step(s) and determinant(s) involved in
primate species restriction of HCV and GBV-B would be ex-
tremely useful for the successful design of HCV chimeras en-
dowed with minimal GBV-B determinants to allow the comple-
tion of the hepaciviral life cycle in small primate hepatocytes. HCV
cell entry is the first restricted step in murine hepatocytes, due to
the lack of functional murine CD81 and occludin molecules as
HCV coreceptors, while their human orthologs have been shown
to be essential for HCV infection of human hepatocytes (reviewed
in reference 20). Glycoprotein E2 is a key viral determinant of
HCV binding to the hepatocyte surface and productive entry into
these cells (reviewed in reference 21). GBV-B E2 comprises 264
amino acids and, thus, is about two-thirds the size of HCV E2, and
itis less glycosylated (22), features that might translate into differ-
ent entry mechanisms of these viruses in the respective species-
specific hepatocytes.

In the present study, we undertook to determine whether
the failure of HCV to infect small New World primates (23) was
due to a restriction at the virus cell entry point. As a first ap-
proach, we attempted to generate a recombinant virus derived
from the cell culture-adapted JFH1 strain of HCV genotype 2a
(HCV-2a) (24) and encoding GBV-B envelope glycoproteins
(13) in place of equivalent HCV proteins. The engineering of
such GBV-B/HCV chimeras led us to explore whether a mor-
phogenesis unit derived from GBV-B and a genomic replica-
tion unit derived from HCV may be successfully uncoupled
such as to lead to the assembly of infectious viral particles. The
replication and particle assembly competences of GBV-B/JFH1
chimeras were studied both in vivo in tamarins and in cell
culture. We also compared the in vitro replication properties of
GBV-B/JFH1 chimeras to those of intergenotypic HCV geno-
type la and 2a recombinants engineered similarly with phylo-
genetically closer sequences. As a second approach, virus cell
entry was cross studied in hepatic cell lines and primary hepa-
tocyte cultures of human or small primate origin using retro-
viral particles pseudotyped with HCV or GBV-B glycoproteins.
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MATERIALS AND METHODS

Plasmids. Plasmid pGBV-B/2 contains an infectious, genome-length
GBV-B ¢cDNA (GenBank accession number AY243572) (13). Plasmid
pGBV-B-3m/Sapl has been modified from pGBV-B/2 by site-directed
mutagenesis to introduce (i) cDNA substitutions resulting in 3 amino acid
changes in the GBV-B polyprotein (Val454Ala [mutation of Val to Ala at
position 454], Val1594Thr, and Val2236Ala) and (ii) silent substitutions
designed to eliminate 2 existing BspQI restriction sites in nonstructural
protein 2 (NS2) and NS5B coding sequences without altering the amino
acid polyprotein sequence and (iii) to engineer a BspQI restriction site
downstream from the viral cDNA such as to generate RNAs with an exact
3’ extremity by in vitro transcription. Plasmids pH77C and pJFH1, which
contain genome-length cDNAs of the H77 strain of HCV genotype la
(GenBank accession number AF011751) (25) and the JFH1 strain of HCV
genotype 2a (GenBank accession number AB047639) (24), respectively,
were kindly provided by Robert Purcell (National Institutes of Health,
Bethesda, MD, USA) and Takaji Wakita (National Institute of Infectious
Diseases, Tokyo, Japan). Plasmid pJad has been modified from pJFH1 to
include cDNA substitutions resulting in 3 amino acid changes in the HCV
polyprotein (Val2153Ala, Val2440Leu, and Val2941Met) that have been
shown to increase viral production in cell culture (26). The mutated se-
quences were derived from pJFH1-2EI3-adapt, kindly provided by Ralf
Bartenschlager (University of Heidelberg, Heidelberg, Germany).

To generate plasmids containing genome-length chimeric GBV-B/
HCV or HCV-1a/-2a ¢cDNAs or JFHI control cDNAs containing point
substitutions or deletions, we used a primer-based, overlapping PCR mu-
tagenesis strategy through which HCV-2a JFH1, HCV-1a H77, or GBV-B
defined sequences were amplified by PCR and fused to one another prior
to being cloned into pJFH1 (24) between two unique restriction sites. The
nucleotide sequences of PCR-amplified segments were then verified be-
tween the two cloning restriction sites of all recombinant plasmid clones.
The following section describes the genetic organization of each plasmid,
with the numbering corresponding to the nucleotide (nt) position in the
respective viral cDNA. Details of all constructions can be obtained upon
request. Plasmid pJ/GAA was derived from pJFH1 by replacing nt 8615 to
8623 [GGC-GCA-GCA], encoding the catalytic site (Gly-Asp-Asp) of the
NS5B RNA polymerase, with GGC-GAT-GAC, encoding an inactive
amino acid triplet (Gly-Ala-Ala). Plasmid pJ/AEp7 was constructed by
deleting nt 914 to 2779 of the JFH1 cDNA, corresponding to sequences
encoding E1-E2-p7 (envelope proteins 1 and 2 and ion channel protein
p7). Plasmid pJ/ACp7 was derived from pJ/AEp7 and has deletions of nt
398 to 850 and 914 to 2779 of the JFH1 c¢DNA, corresponding to se-
quences encoding C-E1-E2-p7, except for the 19 5'-terminal codons of
the core (C protein) gene, to preserve intact the HCV internal ribosome
entry site [IRES], and the 21 3’-terminal codons of the core gene, the
corresponding polypeptide of which serves as a signal peptide for the NS2
downstream protein. Plasmids pJ/E-NS3pro“®-Ubi and pJ/C-NS3pro“®-
Ubi were constructed by replacing JFH1 nt 914 to 3430 and 341 to 3430,
encoding E1-E2-p7-NS2 and C-E1-E2-p7-NS2, respectively, with GBV-B
nt 914 to 3835 and 446 to 3835, encoding the E1-E2-p13-NS2-NS3pro
(serine protease domain of NS3) and C-E1-E2-p13-NS2-NS3pro pro-
teins, respectively, fused to the mouse ubiquitin sequence. GBV-B nt 3266
to 3835 encode the 190 N-terminal amino acids of NS3 that correspond to
NS3pro.

Plasmids containing the HCV intergenotypic 1a/2a chimeric cDNAs
J/C-NS2H77, ]/E—NS3proH77—Ubi, and ]/C—NS3pr0H77—Ubi exhibit re-
placements of JFH1 nt sequences similar to those in the GBV-B/JFH1
chimeras described above but using sequences derived from HCV H77
cDNA. The NS3pro™”” sequence corresponds to nt 3420 to 3986 of
pH77C cDNA and encodes the 189 N-terminal amino acids of NS3.

Plasmids pGBV-B-II and pGBV-B-III were derived from phCMV
(Genlantis) and contain GBV-B nt 833 to 2284 and 863 to 2284, encoding
the 27 and 17 C-terminal amino acids of core, respectively, fused to the
full-length sequences of E1 and E2 envelope glycoproteins. All viral se-
quences were PCR amplified from pGBV-B/2 and included a stop codon
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atthe 3’ end and restriction sites at the 5" and 3’ extremities. The resulting
fragments were cloned into phCMV downstream from the murine en-
cephalomyocarditis virus IRES and AUG initiator codon. The GBV-B
sequence cloned into pGBV-B-IIlopt, which is designed similarly to
pGBV-B-III, has been codon optimized for enhanced translation in mam-
malian cells without altering its amino acid sequence (Life Technologies).

In vitro transcription. HCV-based plasmid DNAs were linearized by
digestion with Xbal and treated with mung bean nuclease (New England
BioLabs), while GBV-B-based plasmid DNAs were linearized with BspQI
prior to T7 RNA polymerase-mediated in vitro transcription using the T7
RiboMAX express large-scale RNA production system (Promega) accord-
ing to the manufacturers’ instructions. Following RNA synthesis, DNA
templates were removed by treatment with DNase (Promega) and RNAs
were purified by phenol-chloroform extraction and precipitated with eth-
anol. The latter steps were omitted for synthetic RNAs used in vivo in
tamarins. RNA quality and quantity were monitored by electrophoresis
on nondenaturing 1% agarose gels using known quantities of RNA mo-
lecular weight markers (RNA Millenium markers-formamide; Ambion)
and measurement of the absorbance at 260 nm. Transcribed and purified
RNAs were stored at —80°C until use for tamarin intrahepatic inocula-
tions or cell electroporations.

Animals and in vivo infectivity assays. Purpose-bred red-bellied
tamarins (Saguinus labiatus) and marmosets (Callithrix jacchus) were
housed and maintained under licenses granted by the United Kingdom
Secretary of State for the Home Office in accordance with the Animals
(Scientific Procedures) Act 1986 and by the French Ministry of Agricul-
ture, respectively. Experimental protocols were approved by the Animal
Welfare and Ethical Review Body (AWERB), the United Kingdom Home
Office, the Comité Régional d’Ethique en Matiére d’Expérimentation
Animale de Strasbourg (CREMEAS), and the Comité Régional d’Ethique
pour 'Expérimentation Animale d’Ile de France, Paris 1. Genome-length
synthetic RNA transcripts (100 wg) were inoculated into the tamarins’
livers, which were exposed by a limited abdominal incision as described
previously (27), and tamarin serum-derived GBV-B (107 genome equiv-
alents) was inoculated by the intravenous route. All surgical procedures
were performed under anesthesia with recovery. Viremia was followed up
in weekly serum samples by extraction and quantification of viral RNA as
described below.

Cells. HEK293T human embryonic kidney cells, simian virus 40
(SV40) T antigen-immortalized small primate TH1 cell lines, and human
hepatoma Huh7.5 cells were cultured as previously described (28, 29).
Hepatocytes were isolated from livers that were removed from two mar-
mosets (CJ507 and CJ514) at termination, using collagenase perfusion as
described previously (30). Primary marmoset hepatocytes (PMH) were
frozen in aliquots in 70% University of Wisconsin solution, 20% fetal calf
serum, 10% dimethyl sulfoxide (DMSO) and stored in liquid nitrogen
until use. PMH were thawed in William’s medium E (WME; Life Tech-
nologies) containing 5% fetal calf serum and plated in 24-well collagen-
coated tissue culture dishes (BioCoat; BD Biosciences) (4 X 10° cells per
well). The medium was removed 4 h later and replaced with serum-free
medium (SFM) containing hormones and growth factor supplements as
previously described (30).

Production of retroviral particles pseudotyped with HCV or GBV-B
glycoproteins. Defective retroviral pseudoparticles (pp) encoding firefly
luciferase (FLuc) reporter protein were produced essentially as described
previously (31). HEK293T cells (2 X 10° cells) were cotransfected using a
calcium phosphate-based transfection kit with three plasmid DNAs, in-
cluding a plasmid (1 to 4 pg) encoding viral glycoproteins (GBV-B, HCV,
vesicular stomatitis virus [VSV], or 4070A amphotropic murine leukemia
virus [MLV]), a packaging plasmid (8 pg) encoding Gag and Pol proteins
of MLV or lentivirus origin (human immunodeficiency virus [HIV] or
simian immunodeficiency virus [SIV]), and an MLV or lentivirus-based
transfer vector (8 pg) encoding FLuc. Pseudoparticles released into the
culture supernatant of transfected HEK293T cells at 36 h posttransfection
were concentrated 100-fold through 25% sucrose cushions by ultracen-
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trifugation at 100,000 X g for 120 min at 4°C, resuspended in phosphate-
buffered saline (PBS), and stored at 4°C for ~24 h until use in infection
experiments.

Cell transfection and infection assays. Huh7.5 cells (4 X 10° cells)
were transfected by electroporation with 10 pg of in vitro-transcribed,
genome-length RNA as described previously (16) and seeded either in
75-cm” flasks (2 X 10° cells) for further passage by splitting 1:3 to 1:6 every
3 to 4 days or in 6-well plates (2.5 X 10° cells) for protein expression
analysis by immunoblotting at 3 days posttransfection. At 2 to 3 days
postplating, PMH cultures were infected with tamarin serum-derived
GBV-B at a multiplicity of infection (MOI) of 10 genome equivalents per
cell, with cell culture-grown HCV Jad at an MOI 0f 0.02, 0.04, or 0.14 50%
tissue culture infective doses (TCIDs,,) per cell, or with virus treated with
2 successive ultraviolet exposures at 1,000 m]J/ cm?. Following incubation
for 4 to 6 h at 37°C, the viral inoculum was removed and cells were thor-
oughly washed (4 to 5 times) with WME. SEM was added, and plates were
further incubated at 37°C. Transfected and infected cell extracts were
processed for quantification or sequencing analysis of viral RNAs, and
culture supernatants were processed for infectivity endpoint dilution
titration in Huh7.5 cells or for particle analysis in density gradients as
described previously (16) or below.

Huh7.5 and TH1 cells were seeded in 96-well plates at a concentration
of 6 X 10° cells per well and infected 24 h later with 3 wl and 15 pul of
concentrated pp, either untreated or after heat inactivation for 20 min at
70°C, while PMH cultures were seeded in 24-well plates at a concentration
of 4 X 10° cells per well and infected with 100 wl of concentrated pp, either
untreated or after heat inactivation for 20 min at 70°C. MLV-pp were used
preferentially over VSV-pp in PMH cultures to limit potential luciferase
pseudotransduction. For inhibition assays, cells were preincubated with
various concentrations of anti-CD81 monoclonal antibody (MAD) or iso-
type-matched control or pp were preincubated with various concentra-
tions of single-chain antibodies specific for HCV or GBV-B E2 for 1 h at
37°C. Cells were then infected as indicated above in the presence of the
respective antibodies. After incubation for 6 h at 37°C, the inoculum was
removed and replaced by the appropriate cell culture medium. At 72 h
postinfection (p.i.), cells were lysed and relative FLuc activities were cal-
culated as ratios of FLuc activities obtained following pp infection and
background FLuc activities measured following infection with matched,
heat-inactivated pp stocks. For anti-CD81 antibody inhibition experi-
ments in PMH cultures, the viral inoculum and antibodies were removed
4 h after infection, and cells were washed three times with WME prior to
further incubation at 37°C and collection of supernatants at 72 h p.i. for
processing by real-time quantitative reverse transcription-PCR (RT-
qPCR) or infectivity endpoint dilution titration in Huh7.5 cells.

Quantification and sequence analysis of viral RNAs. Viral RNA was
isolated from transfected cell supernatants, density gradient fractions, or
tamarin serum by using the QIAamp viral RNA minikit (Qiagen), and total
RNA was isolated from transfected cells by extraction with TRIzol (Invitro-
gen) in accordance with the manufacturers’ instructions. Viral RNA was
quantified by RT-qPCR using 50 ng of total intracellular RNA, estimated by
absorbance measurement, or aliquots of RNA extracted from fluids. Assays
were performed according to a one-step procedure using one-step RT-PCR
master mix reagents (Applied Biosystems) with primer/probe sets targeting
the HCV 5’ noncoding region (primers, 5'-CGGGAGAGCCATAGTGG-3'
and 5'-AGTACCACAAGGCCTTTCG-3', and probe, 5'-FAM-CTGCG-
GAACCGGTGAGTACAC-TAMRA-3" [FAM is 6-carboxyfluorescein and
TAMRA is 6-carboxytetramethylrhodamine]) or the GBV-B NS5A coding
sequence (13). Parallel amplification of ribosomal 18S RNA in intracellular
RNA extracts using TagMan ribosomal RNA control reagents (Applied Bio-
systems) was carried out for purposes of normalization. RNA was reverse
transcribed in a 25- .l reaction mixture at 48°C for 30 min, followed by inac-
tivation of reverse transcriptase at 95°C for 10 min. Products were then am-
plified by PCR for 40 cycles of 15 s at 95°C and 1 min at 60°C. Purified
synthetic full-length GBV-B or HCV RNA transcripts whose concentrations
(genome equivalents/pl) were determined by absorbance measurements
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were stored in small aliquots at —80°C and used as standards for quantifica-
tion. Products were analyzed on a 7500 fast real-time PCR system instrument
(Applied Biosystems).

For sequencing purposes, viral RNA was extracted from RNA-trans-
fected or virus-infected cells, converted to cDNA using SuperScript II
reverse transcriptase (Invitrogen) and a random-sequence oligodeoxyri-
bonucleotide hexamer [d(N)¢] in accordance with the manufacturer’s
instructions and was amplified by PCR using platinum Tag DNA poly-
merase (Invitrogen) or One Taq 2X master mix with standard buffer
(New England BioLabs) with a series of primer pairs spanning genomic
segments of 1,000 to 2,000 bp. The amplified DNAs were purified using
the QIAquick PCR purification kit (Qiagen) and subjected to direct se-
quencing using the BigDye terminator version 1.1 cycle sequencing kit
(Applied Biosystems).

Ultracentrifugation of viral particles in density gradients. Fifteen-
milliliter amounts of supernatant fluids were collected at 96 h posttrans-
fection from RNA-transfected cells (2 X 10° cells) seeded in 75-cm? flasks,
clarified by low-speed centrifugation, filtered on 0.45-pwm membranes,
and concentrated 60-fold using 100-kDa Amicon ultra-15 units (Milli-
pore). Concentrated supernatants (105 pl) were layered on top of pre-
formed 10-to-40% iodixanol gradients (OptiPrep; Sigma-Aldrich) and
ultracentrifuged in an SW55Ti rotor (Beckman Coulter) for 16 h at
192,000 X g at 4°C. Ten fractions (490 .l each) were collected from the
top of the gradients, and each fraction was analyzed for density by weigh-
ing, for viral RNA content following RNA extraction and quantification
by RT-qPCR, and for HCV core protein content by using the Ortho HCV
enzyme-linked immunosorbent assay (ELISA) antigen test (Ortho Clini-
cal Diagnostics).

Antibodies, immunoblotting, and immunofluorescence. Immuno-
blotting and immunofluorescence assays were carried out as described
previously (16), using antibodies specific for the following HCV proteins:
CH77)JHT (HepC HBcAg 1851; Santa Cruz Biotechnology) at 0.1 pg/ml,
E1"77 (A4) diluted 1:3,500 (32), E2"77 (A11) diluted 1:500 (32), and
NS3'"1 (33) diluted 1:300. Polyclonal antibodies specific for GBV-B E2
glycoprotein (anti-E2°P antibody) were raised in rabbits following immu-
nization with a soluble form of GBV-B E2 (comprising amino acids 350 to
564) produced in Drosophila cells as previously described for HCV E2 (34)
and diluted 1:2,000 for immunoblots. Monoclonal antibodies specific for
GBV-B E2 were selected in mice, and the corresponding recombinant
single-chain variable-fragment (scFv) antibodies were produced in Dro-
sophila S2 cells as described previously (35). Monoclonal human antibody
1:7 specific for HCV E2 has been described elsewhere (36). Monoclonal
antibodies specific for human CD81 (clone JS-81) and matched, irrele-
vant IgG1 isotype were purchased from BD Biosciences.

RESULTS

Replication capacities of chimeric HCV JFH1 genomes encod-
ing GBV-B envelope glycoproteins in small primates. Based on
the hypothesis that virus cell entry may be responsible for hepaci-
virus host restriction, we generated HCV recombinant cDNAs
derived from the cell culture-adapted JFH1 strain of HCV (24)
and encoding GBV-B envelope glycoproteins in place of the cor-
responding HCV sequences to mediate entry into small primate
hepatocytes. In the majority of engineered or naturally occurring
infectious intergenotypic HCV chimeras described to date, the
crossover point between the distinct genotype sequences is located
at the NS2/NS3 junction, where proteins involved in virus mor-
phogenesis (core C, glycoproteins E1/E2, ion channel protein p7,
and nonstructural protein NS2) are uncoupled from nonstruc-
tural proteins NS3 to NS5B, which are involved in genome repli-
cation (37, 38). We found that GBV-B NS2 protease was unable to
ensure cleavage at a heterologous GBV-B NS2/HCV JFH1 NS3
junction, either in the context of truncated chimeric precursors
(16) or of full-length chimeric polyproteins (data not shown).
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This caveat prevented the generation of a functional chimera by
simply replacing JFH1 C-NS2 sequences with the corresponding
GBV-B sequences. Therefore, we engineered a GBV-B/JFH1 chi-
mera (J/C-NS3pro“®-Ubi) in which sequences encoding HCV
JFH1 C-E1-E2-p7-NS2 were replaced with the corresponding
GBV-B sequences (C-E1-E2-p13-NS2) fused in frame to the
GBV-B NS3 protease domain-coding sequence (NS3pro) fol-
lowed by the ubiquitin gene (Fig. 1A). This design was meant to
ensure the release from the recombinant polyprotein of both na-
tive JFH1 NS3 via ubiquitin activity and native GBV-B NS2 via its
own proteolytic activity (16). A second GBV-B/JFH1 chimeric
cDNA (J/E-NS3pro“®-Ubi) (Fig. 1A) was engineered similarly but
harbored the HCV JFH1 core-coding sequence. We indeed hy-
pothesized that it might be important to preserve the function of
the HCV internal ribosome entry site (IRES), which extends into
the core coding sequence (39), and/or to maintain putatively es-
sential, HCV-specific interactions between core and RNA or core
and nonstructural proteins for particle assembly.

While primary small primate hepatocyte cultures are suscepti-
ble to GBV-B infection (11), such primary cultures are hard to
transfect and do not allow wild-type GBV-B rescue following
GBV-B genome-length RNA transfection. Since no known small
primate continuous hepatic cell line susceptible to GBV-B for its
complete life cycle was available, the infectivity of the chimeric
RNAs was first assayed following intrahepatic inoculation into
GBV-B-susceptible small primate hosts. The inoculation of a mix-
ture of synthetic, in vitro-transcribed ]/C—NSSproGB—Ubi and J/E-
NS3pro“®-Ubi RNAs into the livers of two tamarins (Saguinus
labiatus; animals X2 and X5) did not result in detectable viremia
for 39 and 26 weeks postinoculation (p.i.), respectively, with the
exception of the transient detection of the chimeric nucleic acid in
X5 at 3 days p.i. (Fig. 1B, right). As controls, the intrahepatic
inoculation of GBV-B RNA into two tamarins (animals W6 and
W10) was shown to lead to high-titer viremia as early as 3 days p.i.
and for 11 weeks (Fig. 1B, left). Tamarins W10 and X5 were chal-
lenged 27 weeks after the intrahepatic RNA inoculation by intra-
venous injection of a known infectious dose of GBV-B-positive
serum. Tamarin W10 developed a secondary transient viremia for
2 weeks (Fig. 1B, left), demonstrating that the previous GBV-B
RNA intrahepatic inoculation conferred partial protection against
reinfection, in agreement with the literature (40). In contrast,
tamarin X5 developed a typical viremia as observed in naive tama-
rins, with rapid onset of viral replication within the first 7 days p.i.
and detection of viral RNA in serum samples for >12 weeks (Fig.
1B, right). These data were indicative of the failure of previously
administered chimeras to grow and demonstrated that this animal
was not spuriously refractory to GBV-B infection. The lack of in
vivo replication or adaptation of J/C-NS3pro“®-Ubi and J/E-
NS3pro“E-Ubi chimeras in small primates may stem from a defect
in infectious particle assembly or release, although we could not
exclude at this stage that it might be due to a defect in HCV rep-
lication complex activity in simian hepatocytes.

Replication and assembly capacities of GBV-B/JFH1 chime-
ras in Huh7.5 cells. The replication and assembly capacities of
chimeric GBV-B/JFH1 synthetic RNAs were analyzed following
transfection of Huh7.5 cells that are known to support JFH1 rep-
lication to high levels (29). Both ]/E—NS3proGB—Ubi and J/C-
NS3pro“®-Ubi RNAs proved equally replication competent, al-
though with approximately 10- to 20-fold-lower efficiency than
parental JFH1 RNA and assembly-deficient RNAs lacking struc-
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follow-up of tamarin X2 was stopped at 27 weeks postinoculation as indicated by the gray double slash.

tural protein sequences (J/ACp7 and J/AEp7) (Fig. 2A). These
results showed that there was no IRES-driven translation impair-
ment in J/C-NS3pro“®-Ubi. The decreased replication activity of
these recombinant RNAs was not due to a marked cleavage defect
at the Ubi/NS3 junction since mature NS3 but not NS3-contain-
ing uncleaved precursors was detected in transfected cell extracts
(Fig. 2B). Likewise, mature JFH1 core was readily detected in cells
transfected with J/E-NS3pro“®-Ubi RNA, demonstrating efficient
cleavage at the hybrid junction between JFH1 core and GBV-B E1
(Fig. 2B). The detection of GBV-B E2 glycoprotein expressed from
the recombinant polyproteins (Fig. 2B) supported the notion that
there was no posttranslational alteration of GBV-B proteins in
these contexts.

To determine whether GBV-B/JFH1 RNAs led to viral produc-
tion, the infectivity of supernatants from RNA-transfected cells
was first examined following infection of naive Huh7.5 cells. No
viral antigen expression (core or NS3) was detected in infected
cellsat 3 days p.i. (data not shown). Since it was unknown whether
GBV-B glycoproteins could drive entry into human hepatocytes,
the presence of viral particles in transfected cell supernatants was
next examined on the basis of viral RNA density profiles in 10-to-
40% iodixanol gradients. Following equilibrium ultracentrifuga-
tion, the viral RNA content of each of 10 fractions was determined
by RT-qPCR. The peak of parental JFH1 RNA sedimentation oc-
curred at a density of 1.05 to 1.10 g/ml, fully overlapping the peak
for core protein and most of the infectivity peak (Fig. 2C and D).
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Of note, infectivity was also associated with slightly lower densities
(1.03 to 1.05 g/ml) (Fig. 2C), in agreement with the highest infec-
tivity of viral particles associated with cellular lipoproteins (41).
The analysis of a 1:100 dilution of JFH1 RNA-transfected cell su-
pernatant demonstrated a clear RNA peak in the same density
fraction as from undiluted supernatants, unambiguously signal-
ing the detection of viral particles (Fig. 2E, top). This observation
confirmed that the density approach could successfully be ap-
plied to supernatants anticipated to contain reduced viral ti-
ters. However, supernatants from cells transfected with either
J/C-NS3pro“®-Ubi or J/E-NS3pro“®-Ubi RNA showed no pre-
dominant association of RNA with a specific density, similar to
the results for the assembly-deficient deletion mutant J/ACp7
(Fig. 2E). These findings suggested an absence or low levels of
secreted viral particles.

Comparative analysis of the potential for cell culture adapta-
tion of GBV-B/JFH1 and H77/JFH1 chimeras. Engineered HCV
intergenotypic recombinants bearing heterologous C-NS2 se-
quences often require compensatory substitution(s) in their ge-
nomes to yield fully infectious virus (37). To explore whether this
would also be the case for GBV-B/JFH1 chimeras, we undertook
to attempt adaptation of GBV-B/JFH1 chimeras by serial passage
of transfected cells. Two similar HCV intergenotypic chimeras
were also created (J/C-NS3pro™”7-Ubi and J/E-NS3pro™’”-Ubi),
in which the heterologous C-E1-E2-p7-NS2-NS3pro or E1-E2-
p7-NS2-NS3pro sequences were derived from the H77 strain of
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FIG 2 Infectivity of chimeric GBV-B/JFH1 RNAs in Huh7.5 cells. (A) Replication activities of chimeric GBV-B/JFH1 RNAs. Huh7.5 cells were transfected with
the parental JEFH1 RNA, control RNAs (black bars), including the replication-deficient RNA carrying inactivating mutations in the polymerase active-site codons
(J/GAA) and the assembly-deficient RNAs devoid of structural protein sequences (J/JACp7 and J/AEp7), or the indicated chimeric GBV-B/JFH1 RNAs (white
bars). Viral RNA extracted from transfected cells at 96 h posttransfection was quantified by RT-qPCR relative to total cellular RNA normalized with respect to
18S RNA quantification. Mean results = standard deviations from 3 independent transfections are shown. The dashed line indicates the threshold under which
RNAs are nonreplicative. (B) Maturation of chimeric polyproteins. Protein extracts prepared from RNA-transfected cells at 96 h posttransfection were analyzed
by SDS-PAGE followed by immunoblotting with anti-NS3/*!, anti-C"77//¥1! "and anti-E2® antibodies. (C to E) Viral particle production in transfected-cell
supernatants. (C, D) The supernatant from JFH1 RNA-transfected Huh7.5 cells collected at 96 h posttransfection was concentrated over a 100-kDa exclusion
membrane, loaded on a 10-to-40% iodixanol gradient, and ultracentrifuged to equilibrium. The RNA content (black lines, panels C and D), the infectivity
(dashed line, panel C), and the core antigen content (dashed line, panel D) were determined in each of the 10 fractions collected, using RT-qPCR, TCIDs, titration
in Huh7.5 cells, and ELISA, respectively, and plotted as a function of density, measured by weighing each fraction. (E) Viral RNAs in the supernatants from cell
cultures transfected with the indicated RNAs were collected at 96 h posttransfection, concentrated, and quantified by RT-qPCR. Adjusted volumes of concen-
trated supernatants corresponding to equal quantities of viral RNA were loaded on iodixanol gradients. Following ultracentrifugation, the RNA content of each
fraction was determined by RT-qPCR. The shaded area delineates the density range at which RNA associated with JFH1 particles is expected to peak. The profiles
shown are representative of 5 independent experiments.
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FIG 3 Replication of H77/JFH1 recombinant RNAs and polyprotein processing in human hepatoma Huh7.5 cells. (A) Schematic organization of engineered
intergenotypic H77/JFH1 cDNAs. HCV-2a strain JFH1 and HCV-1a strain H77 genomic sequences are represented by black and dark gray boxes, respectively,
while the sequence encoding ubiquitin (Ubi) is represented by a light gray box. Constructs were denominated as described in the legend to Fig. 1, with “H77” in
superscript characters indicating the HCV-1a H77 origin of the grafted sequences. (B) Replication activities of intergenotypic H77/JFH1 recombinant RNAs.
Viral RNAs extracted at 96 h posttransfection following transfection of Huh7.5 cells with the indicated control (black bars; see the legend to Fig. 2) or recombinant
(gray bars) RNAs were quantified by RT-qPCR relative to total cellular RNA normalized with respect to 185 RNA quantification. Mean results * standard
deviations of 3 independent transfections are shown. (C) Maturation of chimeric polyproteins. Protein extracts prepared from RNA-transfected cells at 96 h
posttransfection were analyzed by SDS-PAGE followed by immunoblotting with anti-NS3/*! anti-E1"77, anti-C"”7//*"! antibodies.

HCV genotype 1a (25) (Fig. 3A). A third chimera (J/C-NS2"77)  particle production. In contrast, J/C-NS3pro™”’-Ubi and J/C-
contained the H77 C-NS2 sequence and mirrored previously de-  NS2™77 intergenotypic RNAs reaccumulated in transfected cul-
scribed, cell culture-adaptable HCV-1a/JFH1 intergenotypic re-  tures over time (Fig. 4A). Concomitantly, in three independent
combinants (37, 42) (Fig. 3A). Altogether, these intergenotypic  transfection experiments, virus spread progressively within cell
chimeras were aimed at determining whether the ubiquitin gene  monolayers, which were fully infected within 17 to 51 days post-
insertion was not detrimental for the recombinants’ infectivity —transfection depending both on the recombinant RNA and
and at facilitating the identification of putative adaptive muta- Huh?7.5 cell permissiveness (Fig. 4B and data not shown). Inter-
tions (e.g., in the ubiquitin gene) that could be applied to boost the  estingly, GBV-B/JFH1 chimeric RNA J/C-NS3pro“®-Ubi was spo-
replication of both GBV-B/JFH1 and H77/JFH1 chimeras. radically detected in significant quantities at various times post-
The three intergenotypic H77/JFH1 RNAs replicated effi- transfection, including at 24 to 27 days posttransfection, when it
ciently, and the resulting polyproteins were accurately proteolyti- ~ was accompanied by the detection of antigen-positive cell foci in
cally processed (Fig. 3B and C). No RNA peak at the expected the culture, suggesting that this chimera might have a potential for
particle-associated density was observed for these intergenotypic  adaptation. However, the RNA levels were too low to retrieve se-
recombinant RNAs following fractionation of the supernatants quence information and adaptation was not successfully achieved
collected at 4 days posttransfection (data not shown), as is de-  at the conclusion of two independent experiments (Fig. 4).
scribed above for the GBV-B/JFHI1 chimeras. Virus adaptation The open reading frames of four adapted J/C-NS2"77 viruses
was monitored by quantifying intracellular viral RNA extracted and three adapted J/C-NS3pro™’’-Ubi viruses were sequenced.
from transfected cells by RT-qPCR, and virus spreading in the Remarkably, at least one nonsynonymous substitution was found
cultured cells based on the percentages of HCV NS3-positive cells  in the JFH1 NS3 coding sequence in all infectious recombinants
at various times posttransfection. Intracellular viral RNA quanti-  (Table 1). Interestingly, the four infectious J/C-NS2”” recombi-
ties decreased for all chimeras during the first 3 or 4 passages (Fig. nants sequenced harbored a substitution in the NS3 helicase
4A). Chimeric RNAs in which the core sequence was from HCV ~ (Q1251L or R1412W), whereas the three viable J/C-NS3pro™”’-
JFH1 (I/E—NSSpr0H77—Ubi and I/E—NS3proGB—Ubi) were unde-  Ubi chimeras harbored distinct substitutions in the NS3 protease
tectable from ~20 days posttransfection in two independent ex-  or in the ubiquitin sequence, in addition to one of the helicase
periments, suggesting that these chimeras failed to adapt to viral mutations in some cases (Table 1). When introduced singly into
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FIG 4 Cell culture adaptation of GBV-B/JFH1 and HCV intergenotypic chime-
ras. Cells transfected with the indicated GBV-B/JFH1 or H77/JFH1 chimeric
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experiments, represented by dashed and plain lines, respectively, each with the
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indicated in the key. (A) Genome replication was monitored by RT-qPCR quan-
tification of intracellular viral RNA at various times posttransfection. (B) Virus
spreading within the cell monolayers was evaluated by quantifying the percentage
of HCV NS3-positive cells by indirect immunofluorescence.

the J/C-NS3pro™’”-Ubi cDNA backbone, the P1032L and P1159Q
substitutions in the NS3 protease, as well as the Q12511 mutation
in the NS3 helicase, were each subsequently found to be sufficient
to yield parentlike infectious virus titers at 3 to 4 days posttrans-
fection, whereas the substitution in the ubiquitin sequence (144T)
did not rescue the chimera’s infectivity (Table 2). Additional sub-
stitutions in E1 or E2 and NS5A or NS5B coding sequences that

12138 jvi.asm.org Journal

likely provide additional fitness to the viruses were selected in
some infectious recombinants (Table 1). Together, these data
demonstrated that the replacement of JFH1 C-NS2 sequences
with H77 sequences fused to H77 NS3pro and ubiquitin gave rise
to chimeric viruses that could be efficiently adapted in cell culture.
In contrast, we could not successfully adapt similarly designed
GBV-B/JFH1 chimeras in Huh7.5 cells. This failure could be ex-
plained by a lack of assembly coordination between GBV-B and
HCV proteins or the inability of GBV-B surface proteins to medi-
ate human hepatocyte infection.

Virus cell entry is not responsible for hepacivirus host re-
striction. To focus on the virus entry step only, cross-entry into
human and small primate hepatocytes mediated by HCV and
GBV-B glycoproteins was analyzed by using defective retroviral
particles pseudotyped with GBV-B or HCV glycoproteins. Eu-
karyotic-codon-optimized GBV-B sequences encoding the 17 C-
terminal amino acids of core protein fused to E1 and E2 (GBV-B-
IIopt-pp) were used such as to increase glycoprotein expression
levels and incorporation at the surface of the pseudoparticles (data
not shown). HCV pseudoparticles were assembled using codon-
optimized E1-E2 glycoprotein sequences from the H77 strain of
HCV genotype la [H77(1a)opt-pp] downstream from the corre-
sponding core signal peptide, as described previously (43). The
incorporation of GBV-B and HCV glycoproteins at the surface of
pseudoparticles was verified by immunoblotting with polyclonal
GBV-B E2-specific antibodies or monoclonal antibodies directed
against HCV El and E2 (32), respectively (Fig. 5A).

The human hepatoma cell line Huh7.5 and a small primate
hepatic cell line derived from SV40 T-antigen immortalization of
tamarin hepatocytes (TH1-14S) (28) were infected with pseudo-
particles (pp) assembled on the murine leukemia virus (MLV)
core. We established cultures of primary hepatocytes from mar-
moset livers (PMH) that were first shown to be fully susceptible to
GBV-B following infection with a viral inoculum derived from the
serum of a viremic tamarin (Fig. 5B). PMH cultures were trans-
duced with pseudoparticles assembled on a lentivirus core due to
the quiescent nature of these cells. Pseudoparticle transduction
activity was evaluated in infected cells at 72 h p.i. by quantifying
relative pp-encoded firefly luciferase reporter activities (FLuc ra-
tios, normalized with respect to background activities obtained
with heat-inactivated pp). Pseudotypes harboring glycoprotein G
from vesicular stomatitis virus (VSV) or Env from amphotropic
MLV that bind to ubiquitous cellular receptors expressed at the
surface of a large variety of cells generated highly significant rela-
tive FLuc activities (Fig. 5C and D), confirming productive entry
via these glycoproteins in all cells tested. GBV-B-IIlopt-pp gener-

ated significant and dose-dependent, although relatively low,
FLuc ratios in both Huh7.5 and TH1-14S cells, suggesting that
GBV-B glycoproteins mediated significant entry into human as
well as simian hepatocytes (Fig. 5C). The very low entry or lack of
entry of GBV-B-IIlopt-pp into PMH (Fig. 5D) may be explained
by higher nonspecific FLuc ratios (Fig. 5D, no env-pp) and by the
fact that the glycoprotein sequences used in these pseudotypes
were derived from a tamarin GBV-B isolate and may be less effi-
cient at interacting with cognate receptors at the surface of mar-
moset hepatocytes. The use of GBV-B-pp expressing wild-type
E1-E2 downstream from core sequences of two different lengths,
containing the putative E1 signal peptide, corroborated GBV-B
glycoprotein-mediated entry into human hepatic cells, although
the transduction levels with these pseudoparticles were lower
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TABLE 1 Mutations identified in infectious J/C-NS2"77 and J/C-NS3pro™”7-Ubi pseudorevertants rescued following passage of transfected cells

Amino acid substitution(s) in®

JIC-NS2"77 virus (day posttransfection):

J/IC-NS3pro*™”7-Ubi virus (day posttransfection):

Protein 1(30) 2 (65) 3 (50) 4 (35) 1 (40) 2 (65) 4 (35)

E1177 1348T M345T M345T M345T

E2177 E591G E591D Y718S

Ubi 144T

NS§3/FH!1 Q1251L R1412W Q1251L Q1251L P1032L, Q1251L P1159Q S1328T, R1412W
NS5AFH! N2156K S2358R L2276P

NS5B/FH! $2552G $2457G

“ Amino acid numbering corresponds to amino acid position within H77 polyprotein, ubiquitin (Ubi), or JEHI polyprotein, as indicated in the protein name. Amino acid
substitutions found in several viruses (viruses 1 to 4) rescued independently at the indicated numbers of days posttransfection are represented in bold characters. Substitutions

present in 100% of bulk virus populations are highlighted by gray shading.

than those of GBV-B-IIlopt-pp (Fig. 5C). Remarkably, HCV
H77(1a)opt-pp were conversely able to transduce not only
Huh7.5 cells, as previously described in the literature (31), but also
all tamarin hepatic cell lines tested (Fig. 5C and data not shown),
as well as PMH cultures (Fig. 5D). PMH cultures were also effi-
ciently transduced with HCV-pp harboring glycoproteins from
HCV genotype 2a (Fig. 5D). Altogether, these results strongly sug-
gest that there is no blockage of HCV entry into small primate
hepatocytes.

HCV-pp entry into small primate cells is mediated by HCV
E2 and the simian ortholog of CD81. We demonstrated a dose-
dependent inhibition of H77(1a)opt-pp infection in TH1-14S
cells in the presence of a single-chain variable fragment derived
from an HCV E2-specific monoclonal antibody (36), while an
irrelevant single-chain monoclonal antibody raised against a
soluble form of GBV-B E2 had no significant effect (Fig. 6A).
These data confirmed the specific involvement of HCV E2 gly-
coprotein in HCV-pp entry into small primate hepatocytes.
Using a monoclonal antibody recognizing tamarin tetraspanin
CD81, as well as the human ortholog, which is an essential
coreceptor for HCV in human hepatocytes (31), we next ob-
served dose-dependent inhibition of H77(1a)opt-pp infection
in THI-14S cells and in PHM cultures, as in Huh7.5 cells,
whereas a nonspecific isotypic monoclonal antibody had no
effect (Fig. 6B). This indicated that the interaction of HCV
glycoproteins with simian CD81 is likely to be equally as im-
portant for HCV entry into small primate hepatocytes as it is

for entry into human hepatocytes. In addition, it is noteworthy
that H77(1a)opt-pp, in contrast to VSV-pp, did not show any
sign of entry into fibroblastic cells isolated from tamarins (data
not shown). Yet, we found that tamarin fibroblastic cells do
express CD81 at their surface, as determined by flow cytometry
analysis (data not shown), indicating that simian CD81 is not
sufficient to mediate HCV entry into small primate cells and
that additional coreceptors are likely required, as in human
cells. This demonstrates the specificity of HCV entry into he-
patic cells of small primates, like its entry into those of human
origin (31).

Productive infection of PMH cultures with HCV Jad. The
efficient entry of JFH1(2a)opt-pp into small primate hepato-
cytes prompted us to investigate whether PMH cultures could
support the entire infectious life cycle of JFH1. For these ex-
periments, we used a highly adapted variant of JFH1 (Jad) that
contained cell-culture adaptive mutations in NS5A and NS5B,
as previously described (44). PMH cultures were infected with
Jad at various multiplicities of infection and washed exten-
sively at 4 h p.i. to remove viral inoculum, and newly secreted
virus in the culture supernatants was quantified at various
times p.i. The quantification of viral production by RT-qPCR
analysis of PMH supernatants revealed accumulation of Jad
RNA during the first 48 h p.i., suggestive of Jad particle pro-
duction (Fig. 7A). Comparative kinetic studies in Huh7.5 cells
following Jad infection under similar conditions showed that
higher RNA levels were reached at 48 h and, more markedly, at

TABLE 2 Effects of point mutations on J/C-NS3pro'””-Ubi viral production

Amino acid substitution in“:

Mean infectious titer = SD

Backbone Ubi NS3"" ! protease NS3/"M! helicase (log TCID,/ml)®
JFH1 — — — 3.29 = 0.40
J/C-NS3pro™”7-Ubi — — — <

144T — — <

— — QI1251L 2.94 = 0.49

— P1032L — 3.47 = 0.63

— P1032L Q12511 2.79 = 0.62

— P1159Q — 3.02 = 0.48

“ A substitution introduced by site-directed mutagenesis into the J/C-NS3pro*'’”

-Ubi cDNA within the sequence encoding the indicated protein is denoted by the native residue

followed by its numbering within JFH1 polyprotein and the mutant residue (except for the substitution in the ubiquitin gene, which is numbered according to the amino acid

position within the Ubi gene). —, none.

b Infectious titers (mean results * standard deviations from 3 transfection experiments, each with 2 or 3 independently transcribed RNAs) were determined 3 days posttransfection.

<, below infectivity threshold (1.60 log TCIDs,/ml).
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FIG 5 HCV and GBV-B pseudoparticle cross-entry into human and small primate cells. (A) HCV and GBV-B glycoprotein incorporation at the surface
of pseudoparticles. Aliquots of the indicated pseudoparticle (pp) stocks were analyzed by SDS-PAGE followed by immunoblotting with anti-E2°"
polyclonal antibodies (left) and a mixture of anti-E1""”” and anti-E2"”” monoclonal antibodies (right). (B) Primary marmoset hepatocyte (PMH) cultures
are susceptible to GBV-B infection. PMH cultures derived from the liver of marmoset CJ507 were infected with tamarin-derived GBV-B or with
UV-inactivated GBV-B at an MOI of 10 genome equivalents (ge) per cell. Virus production was evaluated by RT-qPCR quantification of GBV-B RNA
extracted from culture supernatants at 72 h p.i. (mean results = standard deviations from 5 experiments). (C, D) Analysis of HCV-pp and GBV-B-pp
entry into human and small primate cells. Human (Huh7.5) and tamarin (TH1-14S) hepatic cell lines were infected with high doses (15 pl, black bars)
and 5-fold-lower doses (3 pl, gray bars) of the indicated untreated or heat-inactivated pp stocks with MLV cores (C), and PMH cultures were infected with
100 pl (black bars) of untreated or heat-inactivated pp stocks with lentivirus cores (D). Mean log,, values * standard deviations of the ratios of firefly
luciferase (FLuc) activities obtained 72 h after infection with the untreated and heat-inactivated pp in 3 independent experiments are shown. The dashed
line represents the threshold below which entry is not considered to be specific with respect to the FLuc ratio obtained for pseudoparticles devoid of
envelope glycoprotein (no env-pp).

72 h p.i. in Huh7.5 cells than in PMH cultures (Fig. 7A). We
hypothesize that a robust interferon response in PMH may
limit the extent of viral replication over time, unlike the case
for Huh7.5 cells, which are deficient in interferon response
pathways. Using two multiplicities of infection, we found that
the levels of Jad RNA recovered in the supernatants at 3 days
p.i. were 2.0 to 2.5 log units above the levels of RNA quantified
from supernatants of cells infected with UV-treated Jad (Fig.
7B). The infectious Jad production in PMH culture superna-
tants was titrated in Huh7.5 cells and found to be 2.96 = 0.39
log TCIDs,/ml (mean =* standard deviation from 2 indepen-
dent experiments each performed in duplicate or triplicate),
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while no infectivity was associated with cells infected with UV-
treated Jad. Comparatively, the infectious Jad production in
Huh?7.5 cells infected under similar conditions reached 4.58 *
0.02 log TCIDs,/ml, confirming that these human cells are
more permissive to HCV. In addition, anti-CD81 antibodies
were shown to decrease viral yields in PMH culture superna-
tants down to ~20% compared to the levels found with iso-
type-matched control antibodies (Fig. 7C), supporting the
conclusion that Jad is able to productively enter and replicate
in cells of PMH cultures by making use of CD81 as a (co)recep-
tor. Altogether, these results are strongly indicative of a pro-
ductive, although low-yield HCV infection in these PMH
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FIG 6 E2- and CD81-mediated entry of HCV-pp into small primate hepatic cells. (A) H77(1a)opt-pp were preincubated with increasing concentrations (0.2, 1,
5,25, and 100 pg/ml, from dark gray to white bars) of anti-HCV E2 or anti-GBV-B E2 (nonspecific scFv) single-chain antibodies or in the absence of antibody
(black bars) prior to infection of Huh7.5 (top) or TH1-14S (bottom) cells. (B) Huh7.5 and TH1-14S cell lines and PMH cultures were preincubated with
increasing concentrations (0.1, 1, 3, 10, and 30 pg/ml for cell lines or 1 and 10 pwg/ml for PMH, from dark gray to white bars) of anti-CD81 monoclonal antibody
(MAD) or nonspecific isotype-matched MAb or in the absence of MAb (black bars) prior to infection with H77(1a)opt-pp. Relative infection ratios were
determined at 72 h p.i. by scoring FLuc activities in the presence of antibodies relative to FLuc activities in the absence of antibodies set at 100% and are

represented with a logarithmic scale.

cultures, suggesting that all steps of the HCV Jad life cycle, in-
cluding virus entry, genome replication, and particle assembly,
may take place in primary small primate hepatocytes.

DISCUSSION

This work explored the possibility of developing GBV-B/HCV
chimeras comprising a morphogenesis unit derived from GBV-B
and a genomic replication unit derived from HCV to further the
development of a small primate i1 vivo model for HCV. We found
that chimeric J/C-NS3pro“®-Ubi RNA, encoding appropriately
processed GBV-B C, E1, E2, p13, and NS2, did not lead to viremia
in GBV-B-susceptible tamarins (Fig. 1). This defect could not be
attributed to a lack of function of HCV replicase complex in small
primate hepatocytes, since we further documented RNA replica-
tion following infection of primary marmoset hepatocyte cultures
with HCV Jad (Fig. 7). Furthermore, I/C-NS3pr0GB -Ubi RNA
replicated efficiently but was unable to lead to viral particle pro-
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duction in Huh?7.5 cells at early times posttransfection (Fig. 2) or
following passage of transfected cells (Fig. 4). We showed that this
defect could not be explained by the lack of infection of human
hepatocyte cultures by GBV-B glycoprotein-containing particles
since (i) retroviral particles pseudotyped with GBV-B glycopro-
teins were able to transduce Huh7.5 cells (Fig. 5) and (ii) GBV-B
isolated from the serum of a viremic tamarin was able to efficiently
infect Huh7.5 cells and subsequently proceed to efficient genome
replication in these cells (data not shown). Altogether, these re-
sults strongly suggest that the defect of J/C-NS3pro“®-Ubi likely
resides in the inability of this chimeric RNA to lead to infectious
particle assembly and/or release. This contrasts with the proper-
ties of a similar HCV intergenotypic chimera (J/C-NS3pro™”’-
Ubi), which reproducibly led to efficient virus production
through the acquisition of compensatory mutations within its ge-
nome following serial passage of transfected cells (Fig. 4 and Ta-
bles 1 and 2). In HCV, essential cross talk between structural pro-
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FIG 7 Infection of PMH cultures with HCV Jad. (A) PMH cultures (gray bars) or Huh7.5 cells (white bars) were infected with Jad at an MOI of 0.04 TCID/cell,
and viral production was determined at the indicated times p.i. by RT-qPCR titration of the culture supernatants. (B) PMH cultures were infected with untreated
or UV-inactivated Jad at an MOI of 0.02 (gray bars) or 0.14 (black bars) TCID,,, per cell. Viral production was determined at 3 days p.i. by RT-qPCR titration of
the culture supernatants. Mean results = standard deviations from two experiments each performed in duplicates or triplicates are represented. (C) PMH
cultures were incubated with Jad at a MOI of 0.14 TCID, per cell in the presence of anti-CD81 (hatched bar) or control isotype-matched (black bar) antibodies
for 4 h and further incubated in the absence of antibodies for 72 h. Viral production was quantified at 72 h p.i. by RT-qPCR titration of the culture supernatants
and expressed with respect to viral titers obtained in the presence of control antibodies set at 100%.

teins, p7, NS2, and nonstructural proteins of the replication
complex has been shown to be essential for virus morphogenesis
and release (reviewed in reference 45). Our data suggest that sim-
ilar protein interactions are likely to be equally important to yield
GBV-B particles and that the greater genetic distance between
GBV-B and HCV than between HCV subtypes 1a and 2a renders
restoration of these interactions more unlikely. In line with these
findings, we also failed to obtain infectious reverse HCV-1a/
GBV-B chimeras derived from GBV-B and encoding HCV-H77
C-E1-E2-p7 or C-E1-E2-p7-NS2 proteins upon intrahepatic in-
oculation into small primates (data not shown). Surprisingly,
however, Li et al. recently described HCV-1b/GBV-B chimeras
encoding E1-E2-p7 or C-E1-E2-p7 of an HCV-1b isolate within
the replicative backbone of GBV-B that are infectious in marmo-
sets (46). Whether these discrepancies reflect morphogenesis re-
quirements specific to the HCV subtype used in the construct
necessitates further investigation.

All cell culture-adapted HCV-1a/HCV-2a recombinants de-
scribed in our study contain a substitution leading to an amino
acid change in JFH1 NS3. The Q1251L and R1412W substitutions
in the NS3 helicase, which were observed in the genomes of most
J/C-NS2H77 and ]/C-NS3pr0H77-Ubi viruses rescued (Table 1),
were also reported in JFHI recombinants encoding HCV-1a
C-NS2 proteins that have been described in the literature (37, 42),
highlighting preferential ways of rescuing functional H77 inser-
tions. The Q1251L substitution was found to be sufficient to com-
pensate for the J/C-NS3pro™’’-Ubi chimera’s defect (Table 2),
likely by restoring important cross talk between NS2 and NS3-4A,
which have been shown by imaging and genetic methods to be
essential for the recruitment of core protein from cytosolic lipid
droplets into maturing particles (47). Our data also demonstrate
that the insertion of H77 NS3pro and ubiquitin sequences had no
negative impact on the recombinants’ infectivity. This provides an
effective way to create infectious HCV JFH1-based recombinants
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encoding C-NS2 proteins from hepaciviruses with phylogeneti-
cally divergent NS2 protease, e.g., from newly discovered mam-
malian hepaciviruses (3). Interestingly, while no substitution was
selected in the NS3 protease-coding sequences of the four J/C-
NS2M77 viruses, each of the three infectious J/C-NS3pro'’’-Ubi
viruses harbored a substitution targeting either the NS3 protease
domain of JFH1 (P1032L and P1159Q) or the inserted ubiquitin
sequence. The substitutions in JFH1 NS3 protease but not the one
in ubiquitin were found to be individually compensatory for the
J/IC-NS3pro™’7-Ubi chimera (Table 2). We speculate that these
substitutions may modulate the cleavage kinetics at the Ubi/NS3
junction, in line with the fact that cleavage at the NS2/NS3 junc-
tion has recently been reported to be a rate-limiting step in JFH1
replication (48).

The development of retroviral particles pseudotyped with
GBV-B glycoproteins allowed us to provide the first evidence that
GBV-B glycoproteins could mediate significant virus entry into
human hepatoma cell lines (Fig. 5). It would be of interest to
introduce E2 mutations selected in vivo during prolonged or per-
sistent GBV-B infections in marmosets (14, 15, 49) to determine
whether they increase GBV-B-pp cell entry. Efficient GBV-B-pp
would represent an invaluable tool to seek GBV-B receptors at the
surface of human and simian hepatocytes and determine whether
differences in E2 glycoproteins of GBV-B and HCV translate into
different mechanisms of hepacivirus cell entry. The fact that HCV
genotype la or 2a glycoproteins can mediate productive, CD81-
dependent entry into small primate hepatic cell lines or primary
hepatocyte cultures in the absence of all human coreceptors (Fig. 5
and 6) strongly suggests that there is no blockage at HCV cell entry
into simian hepatocytes. Recently, it has also been reported that
HCV-pp can productively transduce primary cultures of macaque
hepatocytes (50). Importantly, we showed that a highly replicating
JFH1 variant (Jad) was capable of not only entry but also genome
replication and low-level virus production in primary marmoset
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hepatocyte cultures (Fig. 7). These ex vivo data provide an encour-
aging indication of possible further adaptation of Jad to small
primates, which would provide an invaluable and accessible in
vivo model system to study HCV vaccine candidates.
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