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Hepatitis C virus (HCV) is a leading cause of chronic hepatitis,
cirrhosis, and hepatocellular carcinoma. The absence of culture
systems permissive for HCV replication has presented a major
bottleneck to antiviral development. We sought to recapitulate the
early steps in the life cycle of HCV by means of DNA-based
expression of viral genomic sequences. Here we report expression
of replicating HCV RNA by using a, to our knowledge, novel binary
expression system in which cells were transfected with a T7
polymerase-driven full-length HCV cDNA plasmid containing a
cis-acting hepatitis D ribozyme to control 3* cleavage, and infected
with vaccinia-T7 polymerase. HCV genomic and replicative strand
synthesis, in addition to protein synthesis, was detectable and
depended on full-length HCV sequences. Moreover, the system
was capable of generating HCV RNA quasispecies, consistent with
the action of the low-fidelity HCV NS5B RNA polymerase. IFN-a, but
not ribavirin, directly inhibited the viral replicative cycle in these
cells, identifying the virus itself and not solely the immune system
as a direct target of IFN action. The availability of a cell-based test
for viral replication will facilitate screening of inhibitory com-
pounds, analysis of IFN-resistance mechanisms, and analysis of
virus–host cell interactions.

cell-based assay u amantadine u ribavirin

Infection with hepatitis C virus (HCV) is a leading cause of
chronic liver disease throughout the world (1). Chronic infec-

tion nearly always follows acute exposure to HCV, and chron-
ically infected persons develop cirrhosis and hepatocellular
carcinoma at dramatically elevated rates (2). Considering both
the failure of humoral immunity to prevent reinfection and the
virus’ propensity for sequence diversity (3, 4), prospects for the
development of an HCV vaccine seem remote. Unfortunately,
available antiviral therapies, including IFN-a and ribavirin
(RBV), have limited effectiveness (5).

The lack of tissue-culture systems permissive for HCV repli-
cation has limited the development of new treatments. Although
self-replicating HCV RNA replicons may permit investigation of
RNA replication inhibitors (6), this system is limited to expres-
sion of the nonstructural region of the genome and requires
mutant viral sequences to replicate (7). The successful introduc-
tion of RNA transcripts from an infectious cDNA clone into
chimpanzees has made possible the adaptation of clones to
animal studies (8). However, the repetitive use of large animals
to explore HCV biology is impractical.

Although IFN directly inhibits the replication of many viruses
and alters immune function (9), current evidence that it directly
inhibits HCV replication is inferential. Sequence changes and
protein interaction assays implicate several HCV proteins as
particular targets of IFN (10, 11). Given the need to screen for
antiviral compounds, we developed a system capable of recapit-
ulating the early steps of the HCV life cycle by adapting the
infectious cDNA clone with elements that permit HCV RNA
replication in vivo.

Methods
Preparation of Constructs. We adapted the plasmid pCV-H77
containing a full-length genotype 1a HCV sequence (8) at its 39

terminus with the hepatitis D virus cis-acting ribozyme (12) in
continuity with T7 terminator sequences. Two overlapping syn-
thetic antisense oligonucleotides complementary to the terminal
39 20 nucleotides of the H77 strain, followed by the 85-nt HDV
ribozyme and further followed by the 48-nt T7 terminator, were
used as downstream primers in PCR reactions. A sense oligo-
nucleotide for H77 sequences 9367–9451 was used together with
pCV-H77 as a template in a two-step reaction by using each
overlapping antisense primer in succession. A second 39 T7
promoter was removed from pCV-H77C by replacing the XbaI-
SfiI segment with a synthetic Mlu-containing linker. The AflII
and MluI product of the PCR reactions was removed from an
intermediate cloning vector and cloned into pCV-H77 to yield
pT7-flHCV-Rz (Fig. 1). Removing a BglII-BglII fragment from
pT7-flHCV-Rz created an in-frame deletion mutant that lacks
the critical NS5B RNA-dependent RNA polymerase. A positive
control plasmid OS8 (B. Moss, National Institutes of Health,
Bethesda) contained a T7 promoter flanking the b-galactosidase
(b-gal) gene.

Cell Lines. CV-1 and HepG2 (American Type Culture Collection)
cells were maintained in DMEM containing 10% (volyvol) FBS.

TransfectionyInfection Experiments. Lipofectamine transfection
reagent (GIBCOyBRL) was used to transfect plasmids (pT7-
flHCV-Rz, pT7-HCVDBglII-Rz, or OS8—1 mg per transfection
for CV-1, 3 mg per transfection for HepG2) into subconfluent
target cells in 6-cm tissue-culture dishes. Recombinant vaccin-
ia-T7 polymerase (vTF7–3; ref. 13) was added 24 h posttrans-
fection to the cells at a multiplicity of infection of 10. Twenty-
four hours post-vTF7–3, cells were lysed and analyzed for RNA
and protein expression. pSVtk-hGH (1 mg) constitutively ex-
pressing human growth hormone (hGH) was included in all
transfections to demonstrate equal transfection efficiencies.
Production of hGH in the culture media was assessed by a
commercial ELISA (Roche Molecular Biochemicals).

Strand-Specific Reverse Transcription (RT)–PCR. RNA was extracted
by TRIzol (GIBCOyBRL), DNaseI-treated (Roche Molecular
Biochemicals), and phenol-chloroform-extracted. RNA then was
assayed by strand-specific RT-PCR, using the following oligo-
nucleotides: 59 end sense, H77 nucleotides 29–48; 59 end anti-
sense, nucleotides 390–371; 39 end sense, nucleotides 9241–9260;
39 end antisense, nucleotides 9361–9342. RT was carried by using
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1 ml of RNA with avian myeloblastosis virus (AMV) reverse
transcriptase (Perkin–Elmer) in standard conditions. The cDNA
product was purified and subjected to 25 cycles of PCR, using 25
pmol each of the relevant sense and antisense primers, 0.5 mM
of each dNTP, 1.5 mM MgCl2, and 0.5 units of Taq polymerase.
Reaction products were analyzed on 1.5% agarose gels.

Ribonuclease Protection Assay (RPA). A sense-oriented
[a-32P]UTP-labeled probe corresponding to 98 nucleotides of
the 39 terminal HCV antigenomic RNA was generated by in vitro
transcription by using T7 polymerase from the vector pHCV-39T
(14), and RPAs were performed by using commercial reagents
(RPA III kit; Ambion). RPA products were separated by 8 M
ureay5% PAGE. pT7-flHCV-Rz DNA served as a positive
control. b-actin antisense control DNA template (pTRI-b-actin;
Ambion) was used in parallel RPAs to control for changes in
endogenous gene expression. We generated antisense RPA
probes from the vector OS8 to detect b-gal mRNA by perform-
ing PCRs using the following primers: sense, 59-CCGTCGTTT-
TACAACGTCGTGACTGGGAAAACCCTG-39; T7-adapted

antisense (T7 promoter in bold), 5*-TATACGACTCACTATAG-
GCCATTCGCCATTCAGG-39.

Immunoblots. Equal quantities of protein lysates were separated
by 10% SDSyPAGE and transferred to poly(vinylidene difluo-
ride) (PVDF) membranes. For HCV protein detection, we used
polyclonal antisera (1:50) pooled from ELISA-positive genotype
1 HCV-infected patients in standard immunoblots by using the
enhanced chemiluminescence (ECL)-Western detection method
(Amersham Pharmacia) and peroxidase-conjugated rabbit anti-
human Ab (Amersham Pharmacia) as the secondary Ab
(1:5,000). Recombinant HCV core protein (Austral Biological)
provided a positive control. The following additional Abs were
used as indicated: anti-b-gal (Promega; 1:5,000); a commercial
anti-actin (Chemicon; 1:200); polyclonal polyspecific rabbit vac-
cinia antisera (B. Moss; 1:50); and a polyclonal rabbit antiserum
to mammalian protein kinase R (PKR) (B. Williams, Cleveland
Clinic, OH; 1:1000). Appropriate species-specific conjugated
secondary Abs were used from the commercial kit (Amersham
Pharmacia).

Antiviral Inhibitor Studies. Four hours after pT7-flHCV-Rz trans-
fection and 20 h before addition of vTF7–3, we added recom-
binant IFN-a-2b, RBV (both Schering-Plough), or amantadine-
HCl (Sigma) as a one-time dose to culture media at the indicated
incremental doses. Media were not refed with drug. For IFN,
doses were selected in excess of those that induced the IFN-
inducible PKR (14) and inhibited HCV replication after inoc-
ulation of cell lines with infectious human sera (15). For RBV,
doses were selected that exhibited an inhibitory effect on HSV-1
plaque formation in CV-1 cells (16). Drug effects did not change
with variations in time of administration before vTF7–3 addition
(data not shown).

HCV RNA Quasispecies Analysis. RNA extracted from the lysates
transfected with pT7-flHCV-Rz and infected with vTF7–3 was
subjected to RT-PCR using primers corresponding to the HCV
genotype 1 E2 hypervariable region 1, according to Sullivan et al.
(17). After cloning into TOPO-pCR (Invitrogen), 11 indepen-
dent clones were directly sequenced with the ABI Prism auto-
mated sequencer by using primers flanking the insert. Amplicons
from 11 independent transformants of RNA produced by trans-
fection with pT7-HCVDBglII-Rz and infection with vTF7–3 were
directly sequenced as controls. Sequences were aligned, and
quasispecies diversity rates were compared by using the statis-
tical package SPSS 9.0 (SPSS, Chicago).

Results
Generation of a Binary HCV Expression System in Mammalian Cells.
The plasmid pCV-H77 containing an infectious cDNA clone (8)
was adapted at its 39 terminus with the cis-acting hepatitis D
ribozyme; T7 transcription termination sequences were placed 39
to the ribozyme sequences to generate pT7-flHCV-Rz (Fig. 1).
We found detectable RNA corresponding to the genomic or (1)
strand and the antigenomic or (2) strand of the viral genome
when T7 polymerase from vTF7–3 was expressed in CV-1 cells
transfected with pT7-flHCV-Rz (Figs. 1 and 2). To confirm full
antigenomic strand synthesis, we detected (2) strand RNA
sequences corresponding to both the 59 and 39 untranslated
portions of the genome (i.e., the 59 and 39 termini of the
antigenomic strand) by RT-PCR (Fig. 1 B and D). Further, by
RPA, we confirmed (2) strand RNA corresponding to the 39
terminus of the genome (Fig. 2 A). This synthesis depended on
transfection with HCV sequences (pT7-flHCV-Rz) and infec-
tion with vTF7–3. Neither pT7-flHCV-Rz alone nor vTF7–3
combined with a mutant template yielded any signal (Fig. 2 A).
Specific HCV RNA strand synthesis was not inhibitable by
actinomycin D (Fig. 2C). Although we chose CV-1 cells for their

Fig. 1. (Upper) Construction of vectors used for the binary HCV replication
system. The wild-type full-length HCV sequence (pCV-H77) was adapted at
its 59 terminus with the T7 promoter, and at its 39 terminus with the HDV
ribozyme, and the T7 terminator sequence as described in Methods) to
generate pT7-flHCV-Rz. A BglII-BglII fragment was excised to create the
mutant pT7-HCVDBglII-Rz as a negative control. (Lower) Synthesis of (1)
and (2) strand HCV RNA by RT-PCR depends on the presence of both HCV
sequences and T7. Strand-specific RT-PCR was performed as described in
Methods, using primers corresponding to the genomic 59 (A) and 39 (C)
termini and the antigenomic 59 (B) and 39 termini (D). (Lanes are designated
as follows: M, 100-bp marker; C, pT7flHCVRz DNA-positive control; N, No
RNA; H, pT7flHCVRz transfected; D, pT7-HCVDBglII-Rz; 1, vaccinia virus
vTF7–3 added to supply T7 RNA polymerase; 2, no reverse transcriptase
added to vTF7–3ypT7flHCVRz RNA.) (E). Limiting dilution analysis of ex-
tracted RNAs by using PCR specific for the 59 full-length genomic (591), 39
full-length antigenomic (392), and 59 BglII genomic strands, using the same
sets of primers for each amplification. The remainder of lanes correspond
to pT7flHCVRz transfected at the indicated dilutions of RNA. (F) Assessment
of (591) and (392) full-length HCV RNA levels by examination of the cycle
dependence of amplified products after strand-specific PCR. Numbers
indicated represent cycle number. Lanes without numbers represent PCR
products after 25 cycles of amplification.
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ease of transfection, we were also able to demonstrate successful
HCV (2) RNA synthesis when similar experiments were con-
ducted in hepatocyte-derived HepG2 cells (Fig. 2 A). Examina-
tion of relative levels of HCV (1) and (2) RNA synthesis by
limiting dilution of extracted RNA (Fig. 1E) and by PCR cycle
number suggested that (1) HCV RNA levels exceeded (2) RNA
by about 10-fold, confirming that asymmetric strand replication
was occurring.

The Replication System Is Capable of Successful HCV Protein Synthesis.
We found immunoreactive HCV core protein that was expressed
only in the presence of T7-flHCV-Rz and vaccinia-T7. HCV
core protein was not found with T7-flHCV-Rz transfection
alone or in the presence of vTF7–3 and an unrelated expression
construct (Fig. 2B). The successful synthesis of b-gal from a

control vector served as a positive control for these experiments
(Fig. 2B).

HCV Replicative Strand Synthesis Depends on Provision of Full-Length
HCV Sequences. We detected no (2) strand synthesis with either
the RT-PCR or RPAs by using the BglII deletion construct,
demonstrating that (2) strand synthesis requires the HCV
nonstructural region (Fig. 1 A–D and Fig. 2 A). In contrast, we
observed complete (1) strand synthesis with the BglII deletion
construct at the same time as we found no detectable (2) strand
synthesis (Fig. 1 A–D). Levels of BglII 59 (1) RNA were about
10-fold lower than those seen with pT7-flHCV-Rz, suggesting
that the higher levels seen with the full-length construct may be
attributable to bona fide (1) strand replication (Fig. 1E).
Promiscuous transcription of the T7 polymerase from cryptic
promoters within the plasmid is unlikely because the pT7-
HCVDBglII-Rz construct contains identical sequences 39 to the
region detected by both the RNase protection probe and the 39
(2) strand-specific PCR.

The Replicative System Generates HCV Quasispecies. Quasispecies
have been attributed to the lower fidelity of the HCV NS5B
RNA-dependent RNA polymerase. We therefore amplified and
sequenced the HCV hypervariable region from the RNAs
generated by transfection and infection with pT7-flHCV-Rz and
vTF7–3. As demonstrated in Table 1, 4 nonsynonymous nucle-
otide substitutions were seen in 4 of 11 clones derived from our
in vitro replicating virus. Another five synonymous nucleotide
substitutions were also identified. To control for quasispecies
generation attributable to Taq, T7 polymerase, or sequencing
errors, we performed identical analyses on RNAs generated
by transfection-infection with the deletion control, pT7-
HCVDBglII-Rz. In contrast, no nucleotide substitutions were
identified in 11 clones transformed by amplicons from the
control plasmid (P , 0.05, Fisher’s exact test).

IFN-a Directly and Selectively Inhibits HCV RNA and Protein Synthesis.
IFN-a, with or without RBV, is the only compound approved for
the treatment of chronic HCV infection. IFN-a may exert its
antiviral effects at several levels (9). Experimental evidence
exists from other viruses for the direct inhibition of viral RNA
and protein synthesis of IFN-a (9). However, IFN-a also exerts
indirect immunomodulatory effects against viral infection (18).
Without a replication system for HCV, the direct antiviral effects
of IFN-a cannot be distinguished from its indirect immune
effects.

We used recombinant IFN-a at doses predicted to have an
antiviral effect in tissue (15). We found a dose-dependent
inhibition of HCV (1) and (2) RNA synthesis in CV-1 cells at
IFN-a doses that had no effect on RNA levels of either actin or
the vaccinia-dependent reporter vector b-gal (Fig. 3 A and C).
The absence of any change in the OS8 b-gal mRNA proves that
IFN-a is not simply inhibiting delivery of the T7 polymerase by
the vaccinia virus vector. IFN-a also inhibited HCV core protein
synthesis disproportionately greater than b-gal (Fig. 3B). Neither
vaccinia nor actin protein synthesis were affected by IFN treat-
ment (Fig. 3B). We further confirmed that IFN-a successfully
induced IFN-activated PKR expression in our system (ref. 19;
Fig. 3B). Taken together, these data demonstrate that IFN-a
exerts a direct antiviral effect on HCV RNA and protein
synthesis.

Strand-specific effects of IFN-a could not be precisely com-
pared because (2) strand levels were assessed by an RPA and
(1) strand levels were assessed by RT-PCR (Fig. 3C). None-
theless, the data indicate that IFN-a inhibits both genomic and
replicative strand synthesis, consistent with IFN-induced viral-
specific RNase activity. We also observed inhibitory activity of
IFN-a on HCV (2) strand synthesis in hepatocyte-derived

Fig. 2. (A) Synthesis of (2) strand HCV RNA depends on full-length HCV
sequences and T7 polymerase and can be supported in multiple mammalian
cell lines. RPA for 39(2) strand HCV RNA detection in transfected CV-1 cells was
performed by using a radiolabeled HCV 59 sense probe as described in Meth-
ods. Equivalent results were observed in CV-1 (Upper) and HepG2 (Lower) cell
lines. (Lanes are designated as follows: M, RNA marker with sizes indicated; P,
free probe; C, H77DNA positive control; H, transfected with pT7-flHCV-Rz; D,
transfected with pT7-flHCVDBglII-Rz; 1, vaccinia vector vTF7–3 added.)
hGH ELISA assessed transfection efficiency for lysates cotransfected with
pSVtkhGH. (B) Full-length and truncated HCV RNA transcripts are translated
into HCV proteins. (Upper) Detection of HCV core protein synthesis in CV1 cells
by using polyclonal human antisera reactive by EIA-2. (Lower) Detection of
b-gal synthesis by using anti-lacZ. (Lanes are designated as follows: L, trans-
fected with lacZ reporter construct; D, transfected with HCVDBglII deletion
mutant; the rest are as described in A) (C) Actinomycin D (ActD) fails to inhibit
HCV (2) RNA synthesis. RPAs detected no change in HCV (2) strands when
actinomycin D was administered at the indicated doses concurrently with
vTF7–3. Lanes are designated as described in A.
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HepG2 cells (Fig. 3D). Whereas the IFN doses used in these
experiments were in excess of those used in other viral systems,
this is probably a result of the antagonistic effects of vaccinia
proteins E3L and K3L against IFN (14). Nevertheless, the
specificity of the inhibitory effect of IFN was confirmed by the
absence of any effect on control RNAs and the partial inhibition
of control protein synthesis.

Neither RBV Nor Amantadine Inhibit HCV RNA Synthesis. Although it
does not seem to be effective against HCV as monotherapy,
RBV augments the antiviral effects of IFN (20). The precise
mechanisms of the action of RBV against HCV are unknown,
but data suggest that it may cause a shift from a T helper (Th)2
to a Th1 cytokine profile (18) or as an inducer of deleterious
RNA mutations (21). We found no inhibitory effect of RBV on
HCV (2) RNA synthesis in either CV-1 or HepG2 cells when
given at doses capable of inhibiting HSV-1 replication (Fig. 4A).
When RBV was combined with subinhibitory doses of IFN-a
(Fig. 4C), no additional inhibitory effect was observed, suggest-
ing that RBV does not augment the direct antiviral effect of IFN
in our system.

Preliminary data from one clinical trial suggested an additive
benefit of amantadine in patients with IFN-refractory HCV
disease (22). When we tested amantadine at doses in excess of
clinically relevant concentrations, we found no activity of this
agent on HCV (2) strand synthesis (Fig. 4B).

Discussion
We developed a binary expression system capable of successful
HCV (2) strand RNA and protein synthesis. This synthesis
depends on the provision of full-length HCV sequences and on
T7 polymerase. Replicative-strand synthesis is detectable by

strand-specific PCR and RPA and the system generates HCV
genomic quasispecies, which is consistent with the function of the
lower fidelity HCV NS5B RNA-dependent RNA polymerase.
They further demonstrate that IFN-a has a directly inhibitory
effect on HCV RNA and protein synthesis. In contrast, neither
RBV nor amantadine exhibits direct antiviral effects.

Our binary system offers several advantages over currently
available systems to study HCV replication. Because it uses a
bona fide full-length infectious cDNA sequence, it is more likely
to carry out authentic HCV RNA replication than replicon
systems that drive autonomous production of RNA from sub-
genomic constructs (6). By transcribing the infectious cDNA
template, our construct provides the authentic dual-function
template present in vivo, including a full-length template that is
both translated and transcribed. Although the replicon system
offers the ability to autonomously generate self-replicating
RNA, the levels of RNA observed in such a system are likely to
be in great excess of those seen in native infection. Our system
also offers advantages over cell lines inoculated with infectious
patient sera (15), because these systems are less tractable and
begin with inhomogeneous reagents.

Although we have not yet detected more downstream events
in the HCV life cycle, our system provides a model for the first
key step, (2) strand synthesis. Screening in a cell-based system
has the potential to accelerate the discovery of clinically effective
compounds. Although our assay system currently relies on the
delivery of T7 polymerase by recombinant vaccinia, potential
means of circumventing this reliance include expression of T7 by
alternate transfection methods or the use of less cytopathic
vectors. Nonetheless, our ability to demonstrate the inducible
IFN-inhibitable expression of HCV proteins and RNA is an

Table 1. Generation of quasispecies by the HCV replication system

Nonsynonymous substitutions
Synonymous
substitutions

373–––––––––––––––––––––––––––––––––––––––––––420

Consensus LLFAGVDAETHVTGGNAGRTTAGLVGLLTPGAKQNIQLINTNGSW

pT7-f1HCV-RzyvTF7-3
Clone 1 ––––––––––––––––––––––––––––––––––––––––––––G 0
Clone 2 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 3 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 4 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 5 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 6 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 7 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 8 –––––––––––––––––––––––––––––––––H––––––––––– 3
Clone 9 ––––––––––––––––––––A–––––––––––––––––––––––– 0
Clone 10 ––––––––––––––––––––––––––––––––––––M–––––––– 2
Clone 11 ––––––––––––––––––––––––––––––––––––––––––––– 0

pT7-HCVDBglII-RzyvTF7-3
Clone 1 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 2 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 3 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 4 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 5 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 6 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 7 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 8 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 9 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 10 ––––––––––––––––––––––––––––––––––––––––––––– 0
Clone 11 ––––––––––––––––––––––––––––––––––––––––––––– 0

RNAs from the indicated transfected-infected cells were harvested, reverse transcribed in the HCV E2 HVR-1
region, cloned, and independently sequenced. Alignments were performed and compared with the parent H77
HVR-1 sequence. The table displays nonsynonymous substitutions on the left and synonymous substitutions on
the right.
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exciting step toward unraveling the early steps in the HCV life
cycle.

The mechanisms by which IFN-a exerts its action against HCV
are likely to be protean. Nonetheless, our data demonstrate that
this agent directly inhibits both HCV RNA and protein synthesis.
The selective inhibitory action of IFN-a on HCV genomic and
replicative strand RNA synthesis is consistent with its known
effects on viral RNA synthesis. In contrast, the effects of IFN-a
on viral protein synthesis were partially selective. Indeed, a
modest inhibitory effect was seen on translation of a T7-
dependent reporter protein, although not on production of its
mRNA. The decreased translation rate of the b-gal mRNA in the
OS8 reporter plasmid confirms the known specific effects of
PKR (23). We speculate that the disproportionate effect of IFN
on HCV core protein synthesis therefore results from limitations
on both the available viral template RNA and viral protein
translation rates.

We used genotype 1a HCV, which has been associated with
decreased clinical susceptibility to IFN (24). The doses of IFN we
evaluated may therefore exceed those necessary to inhibit the
replication of other, more IFN-sensitive genotypes. Compari-
sons between different genotypes or manipulation of resistance
elements within the NS5A protein (25, 26) may reveal whether
these observed clinical differences can be attributed to altered
susceptibility to the direct effects of IFN. In addition, mutation

of PKR-interaction domains in NS5A and E2 (10, 11) will allow
us to examine the functional importance of these interactions.

RBV is a nucleoside analogue with a variety of potential
antiviral actions (27). The basis of its clinical effectiveness in
HCV infection is not understood. The absence of a direct
inhibitory effect of RBV on HCV RNA synthesis supports the
observed lack of a clinical effect of RBV monotherapy on HCV
RNA levels (28). The mechanism of the complementary action
of RBV with IFN against HCV may therefore reside in its effects
on other aspects of the host antiviral response. In this regard,
these data suggest that RBV does not act against HCV in a
manner described for the related pestivirus bovine viral diarrhea
virus or against poliovirus (21).

Inoculation experiments of conditioned media from our ex-
pression system into HepG2 cells have not yet revealed detect-
able HCV replicative RNA in either supernatants or cell lysates
(data not shown). Nevertheless, our data strongly suggest that
the observed hepatotropism of HCV may be determined at the
level of cell entry, because the non-hepatocyte-derived cell lines
(CV-1) used in these experiments also supported viral replica-
tion. Irrespective of our ability to achieve the ultimate endpoint
of mature virus production, we have succeeded in developing an
assay for the viral life cycle, which should be a useful reagent for
HCV investigation.

Fig. 3. IFN-a disproportionately and selectively inhibits HCV protein and RNA strand synthesis. IFN-a was added at the doses indicated and its effects on RNA
and protein synthesis were assessed by RPA (A) and by Western blot (B), using specific probes and Abs as described in Methods. (A) RNA expression. (Top) HCV
(2) strand synthesis was assessed by using an RPA probe corresponding to the 39 terminal RNA. (Middle) Actin RNA synthesis was assessed by using an antisense
RPA probe. Lane 3 is empty here. (Bottom) b-gal RNA synthesis was assessed by using an antisense RPA probe prepared from the control vector OS8. In this
experiment, free probe was of the wrong size to be visualized in lane 2. The arrows identify the location of the signal protected from RNase digestion in each
experiment. In all rows, lanes 4–7 were transfected with pT7-flHCV-Rz and infected with vTF7–3; RNA then was extracted from the transfectedyinfected cells
and used for the indicated RPA. [Lanes are designated as follows: M, RNA markers; P, free probe; C, H77DNA-positive control (except for Bottom); H,
pT7-flHCV-Rz-transfected; I1–I3, pT7-flHCV-Rz-transfected and treated with increasing doses of IFN-a.] (B) Protein expression. (First row) HCV core protein
synthesis was assessed by using polyclonal antisera as described in Methods. (Second row) Actin protein synthesis was assessed by using commercial anti-actin
Ab. (Third row) Vaccinia-T7-dependent expression was assessed by using a mAb to b-gal. (Fourth row) Vaccinia protein expression was assessed by using
polyclonal vaccinia antisera. (Fifth row) PKR protein expression was assessed by using polyclonal anti-PKR Ab. The upper 80-kDa band is nonspecific and is
unaltered by IFN. (Lanes are designated as follows: P, positive control recombinant protein; H, pT7-flHCV-Rz-transfected; O, OS8-transfected.) (C) RT-PCR of the
genomic 59 terminus. To determine the IFN sensitivity of genomic strand synthesis, RT-PCR was performed by using primers corresponding to the genomic 59
terminal HCV RNA. RT-PCR conditions were identical to those described for Fig. 1A. M, DNA markers; P, positive control using pT7-flHCV-Rz as template; H,
pT7-flHCV-Rz-transfected; I1–I3, pT7-flHCV-Rz-transfected and treated with increasing doses of IFN-a as indicated; C, no added RNA control; N, no added RT
control. (D) IFN-a exerts inhibitory effects on HCV (2) RNA in HepG2 cells. Analogous IFN dose-response experiments were conducted at the doses indicated in
HepG2 cell lines transfected and infected as indicated. Control actin and b-gal RNA levels were unaffected at the IFN doses used (data not shown).
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Fig. 4. RBV and amantadine (AMA) fail to inhibit HCV (2) RNA synthesis. HCV (2) strand synthesis and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
RNA synthesis were assessed in the presence of increasing doses of RBV (A) and AMA (B) by RPA, using a sense probe corresponding to the HCV 39 terminus. (A)
RBV dose-response. Indicated doses of RBV (mgyml) were incubated as described in Methods in the presence of pT7flHCVRz-transfected vTF7–3-infected cells
in CV-1 (Top) and HepG2 (Middle) lines. Bottom indicates inhibition of HSV-1 plaque-forming units in CV-1 cells by RBV as described in Methods. (B) AMA
dose-response. pT7-flHCV-Rz-transfectedyvTF7–3-infected cells were incubated in the presence of the indicated doses of AMA-HCl (mgyml). Lanes are
designated as follows: M, RNA markers; P, free probes; C, pT7-flHCV-Rz DNA-positive control; H, pT7-flHCV-Rz-transfected. (C) RBV does not enhance the direct
antiviral effect of IFN. RBV was added at increasing doses to the transfectedyinfected cells treated with IFN-a at the indicated doses. Lanes are designated as
in B. Arrowheads indicate the HCV (2) strand RNase-protected product.
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