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Chronic hepatitis C is a common cause of liver disease, the complications of which include cirrhosis and
hepatocellular carcinoma. Treatment of chronic hepatitis C is based on the use of alpha interferon (IFN-a).
Recently, indirect evidence based on mathematical modeling of hepatitis C virus (HCV) dynamics during
human IFN-« therapy suggested that the major initial effect of IFN-« is to block HCV virion production or
release. Here, we used primary cultures of healthy, uninfected human hepatocytes to show that: (i) healthy
human hepatocytes can be infected in vitro and support HCV genome replication, (ii) hepatocyte treatment
with IFN-« results in expression of IFN-a-induced genes, and (iii) IFN-« inhibits HCV replication in infected
human hepatocytes. These results show that IFN-a acts primarily through its nonspecific antiviral effects and
suggest that primary cultures of human hepatocytes may provide a good model to study intrinsic HCV

resistance to IFN-«.

Hepatitis C has emerged in recent years as a common cause
of liver disease, and an estimated 170 million people are
thought to be infected worldwide. Hepatitis C virus (HCV)
infection is characterized by viral persistence and chronic liver
disease in approximately 80% of cases. The complications of
chronic hepatitis C include cirrhosis in 20% of cases and hep-
atocellular carcinoma, which has an incidence of up to 4 to 5%
per year in patients with cirrhosis. Hepatitis C-related end-
stage liver disease is now the principal indication for liver
transplantation in industrialized countries (2).

HCV is a single-strand positive-sense RNA virus belonging
to the family Flaviviridae. Translation of its only open reading
frame leads to the synthesis of a single polyprotein which is
secondarily cleaved by both host and viral proteases, giving rise
to structural and nonstructural proteins (22). The nonstruc-
tural protein 5B (NS5B) is an RNA-dependent RNA polymer-
ase (RdRp). The mechanisms of HCV replication in host cells
are poorly understood. It is thought that RdRp, along with
other nonstructural proteins, the HCV RNA template, and
host cell factors, forms a replication ribonucleoprotein com-
plex associated with perinuclear membranous structures that
would be the site of RNA replication (13, 43). By analogy with
other members of the family Flaviviridae, the replication strat-
egy within this complex would be the production of a negative-
strand copy of the RNA genome, which would in turn serve as
a template for the production of progeny positive-strand RNA.
Indeed, negative-strand HCV RNA has been detected in var-
ious cells and tissues supporting HCV replication (1, 18, 20, 28,
39, 40).

* Corresponding author. Mailing address: Service de Virologie, Ho-
pital Henri Mondor, 51 ave. du Maréchal de Lattre de Tassigny, 94010
Créteil, France. Phone: (33) 1 4981 2827. Fax: (33) 1 4981 2839. E-mail:
jean-michel.pawlotsky@hmn.ap-hop-paris.fr.

8189

HCV RdRp, like other viral RNA polymerases, has a high
error rate, with misincorporation frequencies averaging about
10~* to 107 per base site, in the absence of a proofreading
mechanism. As a result, mutations accumulate in newly gen-
erated HCV genomes. Most mutant viral particles are replica-
tion deficient, but some propagate efficiently. The fittest infec-
tious particles are selected continuously on the basis of their
replication capacities and environmental selective pressures
(mainly the host immune response). This explains why each
infected individual harbors a pool of genetically distinct but
closely related HCV variants referred to collectively as a qua-
sispecies (24, 45).

Treatment of chronic hepatitis C is aimed at preventing
complications, especially cirrhosis and hepatocellular carci-
noma. It is currently based on subcutaneous injection of re-
combinant alpha interferon (IFN-«) three times a week or of
its pegylated form (i.e., IFN-a combined with polyethylene
glycol) once a week. The antiviral efficacy of IFN-a is poten-
tiated by ribavirin, a nucleoside analog with an unknown mech-
anism of action (2, 10, 21, 25, 26, 36, 47). Combination therapy
with pegylated IFN-a plus ribavirin for 24 to 48 weeks leads to
permanent viral clearance in 42 to 82% of patients according
to HCV genotype; other patients have ongoing viral replication
and remain at risk of disease progression [23; M. W. Fried,
M. L. Shiffman, R. K. Reddy, C. Smith, G. Marinos, F. L.
Goncales, Jr., et al., Gastroenterology 120(Suppl. A):55, 2001].

After subcutaneous administration, IFN-a specifically binds
to high-affinity receptors at the surface of target cells. IFN-a
binding to its receptor triggers a cascade of intracellular reac-
tions, leading to activation of numerous IFN-induced genes
(11, 31, 38, 41, 44). The products of these genes mediate the
cellular actions of IFN-a. As IFN-a binds to surface receptors
of immune cells, it has immunomodulatory effects (34, 42).
IFN-a binding to various cells also induces numerous proteins
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rTth reverse transcription-PCR (RT-PCR) assay (7). Primers located in the HCV
5’ noncoding region, including antisense primer HCV-I (5'-TGG[A]TGCACG-
GTCTACGAGACCTC-3', nucleotides [nt] 342 to 320) and sense primer
HCV-II (5'-CACTCCCCTGTGAGGAACT-3', nt 38 to 56) (19), were used. In
the positive-strand HCV RNA assay, 1 ng of cellular RNA (corresponding to
approximately 6 X 10 “ cells) in 10 1 of diethyl pyrocarbonate-treated water was
layered with mineral oil and heated at 95°C for 1 min. The temperature was then
lowered to 70°C, and a 20-pl reaction mixture containing 50 ng of primer HCV-I,
1X RT buffer (Applied Biosystems, Foster City, Calif.), 1 mM MnCl,, 200 pM
(each) deoxynucleoside triphosphate, and 5 U of r7th enzyme (Applied Biosys-
tems) was prepared for cDNA synthesis. Primer annealing was performed at
60°C for 2 min, followed by the RT reaction at 70°C for 20 min. In order to
inactivate the RT activity of rTth, Mn>" was chelated with 40 pl of a mixture
containing 8 pl of 10X EGTA chelating buffer (Applied Biosystems). Forty
microliters of the prewarmed (70°C) PCR mixture containing 50 ng of primer
HCV-II and 3.75 mM MgCl, was added. PCR was performed on the GeneAmp
PCR-System 9600 apparatus (Applied Biosystems) and consisted of the follow-
ing: (i) an initial denaturation step of 1 min at 94°C; (ii) 50 cycles, with 1 cycle
consisting of 15 s at 94°C, 30 s at 58°C, and 30 s at 72°C; and (iii) a final extension
step of 7 min at 72°C. PCR products were analyzed by agarose gel electrophore-
sis. The negative-strand HCV RNA assay was performed by the same procedure,
except that the primers were used in reverse order.

Real-time PCR quantification of positive- and negative-strand HCV RNA.
Both positive- and negative-strand HCV RNAs were quantified by means of a
real-time PCR assay using the LightCycler instrument and technology (Roche
Applied Science, Indianapolis, Ind.) and SYBR green I dye for detection. The
primer pair was located in the HCV 5’ noncoding region and included antisense
primer KY78 (5'-CTCGCAAGCACCCTATCAGGCAGT-3', nt 311 to 288) and
sense primer KY80 (5'-GCAGAAAGCGTCTAGCCATGGCGT-3', nt 68 to
91) (46). One microgram of cellular RNA was used for cDNA synthesis in a 20-p.l
reaction mixture containing 5 U of r7th polymerase and 1 puM RT primer. Primer
HCV-I was used for positive-strand cDNA synthesis, and primer HCV-II was
used for negative-strand cDNA synthesis. In addition, PCR amplification of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was performed
as an internal control for the quality of extracted cellular RNA, with RT using
primer GAPDH-31 (5'-GCCTGCTTCACCACCTTCTTG-3’, nt 869 to 849).
cDNA was synthesized at 70°C for 20 min in all instances, and generated cDNA
was purified with the HighPure PCR product purification kit (Roche Applied
Science) in a 50-ul volume. Positive- and negative-strand HCV PCR amplifica-
tions were performed with 3 wl of purified cDNA in a 10-pl reaction mixture
containing 1 wl of LightCycler-FastStart DNA Master SYBR green (Roche
Applied Science) and 0.5 pM (each) HCV primer KY78 and KY80. PCR con-
sisted of an initial denaturation step of 6 min at 95°C, followed by 45 cycles, with
1 cycle consisting of 15 s at 95°C, 5 s at 70°C, and 15 s at 72°C. All the samples
were analyzed in triplicate. PCR amplification of GAPDH mRNA used primers
GAPDH-51 (5'-ACAGTCCATGCCATCACTGCC-3', nt 603 to 624) and
GAPDH-31. One microliter of purified cDNA was used in 10 pl of mixture
containing 1 pl of LightCycler-FastStart DNA Master SYBR green and 0.5 pM
(each) primer. DNA was quantified in real time during the PCR by measuring
fluorescent dye incorporation into PCR products at 530 nm. At the end of each
run, a DNA melting step was performed, and the fusion curve was recorded to
control for the homogeneity and quality of amplified DNA. In each run, 10-fold
serial dilutions of synthetic positive- and negative-strand RNAs were tested in
duplicate to establish a standard curve to calculate the amount of positive- and
negative-strand HCV RNA in each sample. Tenfold serial dilutions of purified
GAPDH mRNA amplicons were tested in duplicate to quantify GAPDH mRNA
in each sample. The measured amounts of HCV RNA were normalized to the
amount of GAPDH mRNA in each sample, and the results were expressed per
culture plate (4 X 10° or 2 X 10° cells).

Generation of HCV quasispecie: | es. Extracted RNAs were reverse
transcribed at 42°C for 60 min by using 70 ng of primer ASPR per pl (5'-AGC
TCCGCCAAGGCAGAAGACAC-3', nt 7347 to 7369) in the presence of 8 U of
avian myeloblastosis virus reverse transcriptase (Promega, Madison, Wis.). The
first nested PCR round was performed using 5 pmol of degenerated sense primer
HC378-1b (5'-TCCCRTGYGAGCCYGAACCG-3', nt 6808 to 6828) and anti-
sense primer MKed (5'-TTCCARGACTCTARCART-3’, nt 7193 to 7234) with
Pwo high-fidelity DNA polymerase (Roche Molecular Biochemicals, Mannheim,
Germany). The second-round PCR used sense primer NS5A-S (5'-CCCACAT
TACAGCAGAGACGGC-3', nt 6865 to 6986) and antisense primer WARid
(5'-GGRTTGTARTCCGGSCGYGCCCATA-3', nt 7189 to 7213). After dena-
turation for 5 min at 94°C, the two PCR rounds comprised 30 cycles (1 cycle
consisting of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C) and a final elongation
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step at 72°C for 5 min. Amplified products were analyzed by electrophoresis
through 2% agarose gel and staining with ethidium bromide.

PCR products were cloned using the TOPO TA cloning kit for sequencing
(Invitrogen BV, Groningen, The Netherlands), according to the manufacturer’s
protocol. They were then ligated into the M13 vector, and recombinant plasmid
DNA was transformed into competent Escherichia coli cells according to the
manufacturer’s protocol. Transformants were grown on plates containing brain
heart infusion and ampicillin. Cloned DNA was reamplified by using both sense
and antisense M13-specific primers in the presence of high-fidelity Pwo DNA
polymerase. PCR products were purified with Microcon 100 before sequencing
(Millipore, Dublin, Ireland).

After cloning and PCR amplification of 20 clones per time point, each clone
was sequenced with the Cy5.0/Cy5.5 dye primer kit (Visible Genetics, Inc.,
Toronto, Canada) on a LongRead Tower automated DNA sequencer (Visible
Genetics, Inc.) according to the manufacturer’s instructions. The sequencing
primers were the labeled upstream and downstream PCR primers.

Genetic and phylogenetic analyses of HCV quasispecies evolution. Nucleotide
sequences were aligned using the CLUSTAL X program. Distances between
pairs of sequences were calculated by using the DNADIST module in the
PHYLIP package version 3.572 (distributed by J. Felsenstein, Department of
Genetics, University of Washington, Seattle). Distance calculation was based on
a Kimura two-parameter distance matrix with a transition-to-transversion ratio
of 4.0. The means * standard errors of the means (SEMs) of within-sample
genetic distances were calculated for the inocula, and the means = SEMs for
between-sample genetic distances were calculated on the basis of distances be-
tween pairs of inocula (day 0) and postculture (day 8 of infection) sequences.
Accumulation of synonymous and nonsynonymous substitutions per synonymous
and nonsynonymous site, respectively, was calculated with the Jukes-Cantor
correction for multiple substitutions, using the MEGA program (15). Statistical
comparisons were made using a ¢ test.

The PHYLIP program, version 3.572, was used to construct phylogenetic trees
by means of the neighbor-joining method with a sequence matrix determined by
the two-parameter method of Kimura. Patient viral sequence trees were con-
structed with nucleotide sequences. Phylogenetic analyses of all viral sequences
generated in this study showed distinct clusters of viral sequences corresponding
to each patient (data not shown), indicating the absence of PCR cross-contam-
ination.

RESULTS

HCYV replicates in primary cultures of healthy human hepa-
tocytes infected in vitro. We prepared primary cultures of
healthy human hepatocytes from 15 HCV-seronegative donors
(Table 1). Ferrini et al. previously showed that healthy human
hepatocytes retain a differentiated phenotype for at least 35
days under the conditions used here (6). Serum samples from
nine patients chronically infected with HCV genotype 1 (sub-
type la or 1b) who had never been treated were used for in
vitro infection of 13 of the 15 primary hepatocyte cultures
(Table 1). Cultures were infected 3 days after plating and
harvested at various times between 3 and 12 days of culture for
extraction of total cellular RNA. Two complementary assays
were used to study positive- and negative-sense HCV RNA
strands in the inocula and infected hepatocyte cultures. The
first assay is a highly sensitive qualitative (i.e., nonquantitative)
detection assay, based on a modification of our previously
described strand-specific r7th RT-PCR assay (7). As shown in
Fig. 1a and b, the assay detects 0.1 fg of the correct RNA
strand (i.e., 3 X 10* molecules), whereas at least 1 to 10 pg of
the incorrect RNA strand is required to obtain a detectable
signal. The second assay is a quantitative assay based on real-
time PCR with the LightCycler technology allowing quantifi-
cation of positive- and negative-sense HCV RNA strands in
both the inocula and hepatocyte cultures (Fig. 1c). As shown in
Fig. 1c, the tested interval from 3.5 to 5.5 log HCV RNA copies
per capillary was within the dynamic range of quantification of
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FIG. 1. Characteristics of the strand-specific HCV RNA assays used in this study. (a) Strand specificity of the positive-strand-specific HCV
RNA r7th RT-PCR assay. Decreasing amounts of positive-strand (+) HCV RNA (100, 10, 1, and 0.1 fg) and of negative-strand (-) HCV RNA
(10, 1, and 0.1 pg) synthesized from an appropriate plasmid were subjected to the r7th RT-PCR assay. The products were analyzed by agarose gel
electrophoresis. (b) Strand specificity of the negative-strand-specific HCV RNA r7th RT-PCR assay. Decreasing amounts of negative-strand HCV
RNA (100, 10, 1, and 0.1 fg) and positive-strand HCV RNA (10, 1, and 0.1 pg) synthesized from the same plasmid as for panel a were analyzed
by the same procedure. (c) Range of linear quantification of the quantitative assay based on real-time PCR using the LightCycler technology and
SYBR green I dye for detection. The range of linear quantification of the assay was studied by testing 10-fold serial dilutions of synthetic positive-
and negative-sense HCV RNA strands after RT at 70°C with the r7th polymerase. Each point is the mean of three experimental values for each

dilution. y is the slope of the linear plots.

the assay. The quantitative assay is less sensitive for HCV RNA
strand detection than the qualitative assay, with a lower detec-
tion cutoff of 1 to 2 log HCV RNA copies per milliliter higher
than the latter. The results are summarized in Table 1.

As expected, the positive-sense RNA strand was the only
form of HCV RNA present in the inoculum. We thus used
detection of the positive- and negative-sense RNA strands with
the qualitative assay as a marker of HCV replication in hepa-
tocyte cultures. Both positive- and negative-sense RNA strands
were detected in the cultures. In culture FT147 infected with
serum S26 (Fig. 2a), positive RNA strands were detected on
day 1 postinfection and were still present in the last plate
harvested. The negative-sense RNA strand was detected on
day 2 postinfection and remained detectable up to day 10,
proving viral replication in the culture. We observed the pres-
ence of positive-strand HCV RNA throughout the culture pe-
riod and persistent expression of negative-strand HCV RNA in
the other cultures infected with different sera (Table 1 and
data not shown).

HCV replication in hepatocyte cultures was further sup-
ported by the accumulation of HCV RNA strands, as mea-
sured by real-time quantitative RT-PCR. Indeed, we observed
a significant increase in the amount of both positive- and neg-
ative-sense HCV RNA strands in culture FT172 infected with
serum S42 (Fig. 3a). A similar increase in the amount of pos-
itive-strand HCV RNA was observed in cultures FT189 and
FT195, both infected with S155, but the total amount of pos-
itive-strand HCV RNA was smaller in these cultures at the
various time points, suggesting less replication than that in
culture FT172 (Fig. 3b and c). The negative-strand HCV RNA
also accumulated in culture FT172, but the amount of nega-
tive-strand HCV RNA was consistently smaller than the
amount of positive-strand HCV RNA on days 3 and 5 (Fig. 3a).
This explains why, in cultures FT189 and FT195, negative-
strand HCV RNA was not detected with the quantitative assay,
whereas it was detected with the more sensitive qualitative
assay; i.e., its amount was below the detection cutoff of the
quantitative assay. Similar results were obtained with culture
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FIG. 2. Qualitative assay detection of positive- and negative-strand HCV RNA in a primary culture of healthy human hepatocytes infected in
vitro with an HCV-positive serum and effect of IFN-a. The hepatocyte culture FT147, infected 3 days after plating by HCV-positive serum S26,
is shown. Positive-strand (+) RNA but not negative-strand (-) RNA was present in the inoculum. (a) Primary hepatocyte culture in the absence
of IFN-a. Positive-strand HCV RNA was detected with the qualitative strand-specific r7th PCR assay from day 1 to the end of the culture (day
12), whereas negative-strand RNA was detected from days 2 to 10. (b) Culture in the presence of 5,000 U of IFN-a per ml. Positive-strand HCV
RNA was detected from days 1 to 10, whereas negative-strand RNA was never detected. (c) Culture treated on day 3 with 5,000 U of IFN-«a per
ml. Positive-strand RNA was detected throughout the culture period, whereas negative-strand RNA was no longer detected after day 5. Similar
patterns (not shown) were observed with the following cultures infected with the corresponding sera: FT141 and S23, FT143 and S34, FT144 and
S27, FT154 and S23, FT155 and S20, and FT156 and S17. MK, molecular size standards.

FT168 infected with serum S34 (data not shown). Finally, nei-
ther positive- nor negative-strand HCV RNA was detected in
culture supernatants by the sensitive qualitative assay.

In order to prove that HCV replicated in primary hepatocyte
cultures, i.e., that HCV RdRp synthesized both negative- and
positive-sense HCV RNA strands, we examined the accumu-
lation of mutations on HCV genomes in five cultures. A 300-bp
fragment located within the NS5A gene was chosen for this
study. In all instances, nucleotide mutations accumulated on
positive-strand HCV genomes during the culture period. Com-
parison of NS5A quasispecies sequences in the inoculum and
after 8 days of culture (20 clones per time point) showed
significantly higher between-sample genetic distances (calcu-

lated by pairwise comparison of NS5A quasispecies sequences
in the inoculum versus the culture) than within-sample genetic
distances (calculated by pairwise comparison of NS5A quasi-
species sequences in the inoculum) (Fig. 4). In all instances,
accumulation of synonymous mutations per synonymous site
was significantly greater than accumulation of nonsynonymous
mutations per nonsynonymous site (data not shown), indicat-
ing that the accumulation of mutations on HCV genomes in
culture resulted from random nucleotide misincorporations by
RdRp, in the absence of positive selection forces driving ge-
netic evolution.

Together, these findings demonstrated unequivocally that
HCV replicated in the primary cultures of healthy human



8194 CASTET ET AL.

[] ) HcvRNA strand

(a

J. VIROL.

B o HcvRNASstrand

18 1HCV copies/plate ( 10°)
16 1
14 1
12 1
Culture FT172 infected 10 T
with serum S42 8 7
6 -
4
2 -
0 | ——1 . = T |
30 min day 1 day 3 day 5
(b)
1HCV copies/plate ( 10°)
3 4
Culture FT189 infected 2 1
with serum S155 ] |_1—‘
1
0 — lj 1 l_i] T - - T T
30 min day 1 day 3 day 5
(c)
THCV copies/plate ( 10°)
3 |
Culture FT195 infected 2 1
with serum S155 1 ]
o= B Ew
30 min day 1 day 3 day 5

FIG. 3. Accumulation of positive- and negative-strand HCV RNA in hepatocyte cultures FT172 (a), FT189 (b), and FT195 (c), infected with
sera S42, S155, and S155, respectively, as measured by the quantitative LightCycler real-time RT-PCR assay. The hepatocyte cultures were infected
3 days after plating. The cells were harvested 30 min and 1, 3, and 5 days after infection for positive-strand (gray) and negative-strand (black) HCV
RNA quantification. The amounts of HCV RNA strands are shown as means = SEMs of three determinations, expressed in numbers of HCV
RNA copies per 2 X 10° cells, normalized to GAPDH mRNA. Similar results (not shown) were obtained with culture FT168 infected with serum

S34.

hepatocytes as a result of viral RdRp function. Complete in-
fectious virions did not appear to be secreted in the medium.

Primary cultures of healthy human hepatocytes exhibit a
biological response to IFN-a. To determine whether primary
hepatocyte cultures are equipped to respond appropriately to
IFN-« stimulation, uninfected cultures were treated with 5,000
U of IFN-a per ml. We then extracted total cellular protein at
various times from 0 to 24 h and analyzed the expression of
IRF-1 and double-stranded PKR by Western blotting. These
two proteins are encoded by two prototypic IFN-a-regulated
genes: IRF-1 is a transcription factor induced as a primary
response to IFN-a, while PKR induction is a secondary re-
sponse, necessitating prior synthesis of IRF-1. IFN-a-stimu-
lated Daudi cells were used as positive controls for these ex-
periments. IFN-« induced the expression of both IRF-1 and
PKR in cultured hepatocytes by factors of approximately 4 and

3, respectively (Fig. 5). As expected, IRF-1 expression pre-
ceded PKR expression by approximately 8 h. Similar experi-
ments were carried out after 8 days of culture, with both un-
infected and HCV-infected hepatocytes. Identical results were
obtained, indicating that the response to IFN-a is maintained
for more than a week and is not eliminated by HCV infection
(Fig. 5).

IFN-« is not toxic for primary cultures of healthy human
hepatocytes at the concentrations used in this study. As an
effect of IFN-a on markers of intracellular HCV replication
might merely reflect cytotoxicity rather than inhibition of viral
RdRp, we studied IFN-a toxicity in our primary hepatocyte
culture system. Phase-contrast microscopy revealed no signs of
cellular toxicity. Furthermore, culture of hepatocytes from
three different donors (FT154, FT155, and FT156), treated for
5 days with 5,000 U of IFN-«a per ml, revealed no significant
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Mean between-sample Treatment
genetic distances (+SEM)

(inoculum) (inoculumvs culture)
p<0.02 0.0140 (0.0004) IFN -
I
FT141/S23 0.0124 (0.0005) p<0.001
I
I 0.0121 (0.0003) IFN +
| p<0.02 0.0115 (lo.ooos) IFN -
FT147/S26 0.0086 (0.0006) NS
|
l p<0.07 0.0133 (0.0010) IFN +
| p<0.05 0.0169 (0.0012) IFN -
FT143/S34 0.0124 (0.0012) NS
I p=0.0002 0.0178 (0.0007) IFN +
| p=0.0003 0.0118 (0.0005) IFN -
|
FT155/S20 0.0033 (0.0000) p<0.007
|
0.0084 (0.0011) IFN +
p<0.0001 0.0276 (|040016) IFN -
FT156/S17 0.0162 (0.0008) p<0.04
|
[ p<0.0001 0.0220 (0.0010) IFN +

FIG. 4. Accumulation of nucleotide substitutions on HCV genomes during replication in five primary cultures of healthy human hepatocytes
in the presence and absence of IFN-a. The accumulation of mutations on HCV genomes was assessed by comparing the mean = SEM
within-sample genetic distance (calculated by pairwise comparison of NS5A quasispecies sequences in the inoculum) with the mean = SEM
between-sample genetic distance (calculated by pairwise comparison of NS5A quasispecies sequences in the culture versus the inoculum). A
significantly higher between-sample than within-sample genetic distance was interpreted as a significant accumulation of genomic mutations over
time as a result of HCV replication in the culture; the lack of significant difference was interpreted as a lack of genetic evolution in the culture,
reflecting inhibition of HCV replication. The between-sample genetic distances were also compared for each culture in the presence (+) and
absence (-) of IFN-a. A significantly smaller between-sample genetic distance in the presence of IFN-a reflected reduced accumulation of
mutations in the culture and was interpreted as an inhibition of HCV replication by IFN-a. NS, not significantly different (i.e., P > 0.05).

reduction in total de novo protein synthesis (not shown), a
sensitive marker of cytotoxic stress in cultured hepatocytes (6).

IFN-« inhibits the expression of positive- and negative-
sense HCV RNA strands in primary cultures of healthy human
hepatocytes infected in vitro. We tested eight primary hepato-
cyte cultures infected in vitro for the effects of continuous
incubation with 5,000 and 10,000 U of IFN-a per ml by means
of the qualitative HCV RNA assay. In culture FT147 infected
with serum S26 (Fig. 2b), the positive-sense RNA strand was
detected from day 1 but disappeared after day 10 in the pres-
ence of IFN-a, whereas the negative-sense RNA strand re-
mained undetectable throughout the culture period (i.e., until

day 12). Similarly, the negative-sense RNA strand was never
detected in any other IFN—a-treated culture (not shown). In
contrast, when IFN-a treatment was started 3 days after HCV
infection, the positive-sense RNA strand was detected
throughout the culture period, whereas the negative-sense
RNA strand was detected from infection through day 5 before
disappearing (Fig. 2c).

The effect of increasing IFN-a concentrations (500 to 10,000
U/ml) on the detection of positive- and negative-sense HCV
RNA strands was studied 5 or 8 days after infection. In cultures
FT147 and FT161 (Fig. 6a), the negative-sense HCV RNA
strand was never detected, whatever the IFN-a concentration
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FIG. 5. Effects of IFN-a on IRF-1 and PKR expression in primary cultures of human hepatocytes. Immunoblot analysis was performed with
anti-IRF-1 and anti-PKR antibodies after 8 days of culture in infected and noninfected primary hepatocytes treated with 5,000 U of IFN-«a per ml
and in Daudi cells treated with 1,000 U of IFN-a per ml used as positive controls. Cells not treated with IFN-«a were used as controls. Immunoblot
experimental results (a), together with their quantitative representation after National Institutes of Health image analysis (b) are shown. (b) (Left)
Effect of 1,000 U of IFN-a per ml on Daudi cells harvested after 4 and 16 h of treatment. (Center) Effect of 5,000 U of IFN-a per ml on hepatocyte
culture FT172 harvested after 0, 2, 4, 8, 16, and 24 h of treatment. (Right) Effect of HCV infection of the primary hepatocyte culture on the effect
of IFN-a on IRF-1 and PKR expression. Similar results (not shown) were obtained in cultures FT164 and FT171.

used, whereas the positive-sense HCV RNA strand was always
detected, even at the maximum IFN-a concentration used, i.e.,
10,000 U/ml. Inhibition of viral replication in the culture was
confirmed by using the less sensitive, but quantitative, real-
time RT-PCR assay. Indeed, this assay did not detect positive-
strand HCV RNA at IFN-a concentrations higher than 500
U/ml, meaning that the intracellular amount of positive-strand
HCV RNA was below the detection cutoff level (Fig. 6b).

Altogether, these results suggested potent concentration-de-
pendent inhibition of positive-sense HCV RNA strand accu-
mulation in response to IFN-a treatment.

IFN-« inhibits the accumulation of mutations on the HCV
genome during replication in primary cultures of healthy hu-
man hepatocytes infected in vitro. In order to confirm that
IFN-« inhibited HCV replication, we studied its effect on the
accumulation of mutations on HCV genomes. In the absence
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FIG. 6. Effect of increasing concentrations of IFN-a on the accumu
cultures infected in vitro. Cultures FT147 (infected with serum S26) and
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lation of positive- and negative-strand HCV RNA in primary hepatocyte
FT161 (infected with serum S42) were treated for 5 and 8 days with IFN-«

concentrations ranging from 1,000 to 10,000 U/ml and 500 to 5,000 U/ml, respectively. Qualitative detection of positive-sense (+) and negative-
sense (-) HCV RNA strands is shown in cultures FT147 (a) and FT161 (b). In both instances, positive-strand HCV RNA was detected at all
concentrations used, whereas the negative strand was never detected. MW, molecular size standards. (c¢) In culture FT161, LightCycler real-time
RT-PCR quantitative analysis of the same extracts showed a reduction in the amount of positive-sense HCV RNA strand in the culture when the
IFN-a concentration increased, suggesting IFN-a concentration-dependent inhibition of HCV replication in the culture. Similar results (not

shown) were obtained with culture FT187 infected with serum S155.

of IFN-a, significant HCV genetic evolution was always ob-
served, due to random accumulation of mutations (Fig. 4). In
contrast, when 5,000 or 10,000 U of IFN-a per ml was added
daily before testing for positive-strand RNA on day 8 of infec-
tion (i.e., several days before it otherwise became undetect-

able), no significant genetic evolution was observed in two of
the five cultures tested (Fig. 4). In addition, the between-
sample genetic distances (calculated by pairwise comparison of
the quasispecies sequences in culture on day 8 versus that in
the inoculum) were significantly lower in the presence of
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IFN-« than in the absence of IFN-«a in three of the five cul-
tures, again suggesting that IFN-a significantly inhibited the
accumulation of HCV genome mutations. No significant dif-
ference was seen in the remaining two cultures. In one culture,
phylogenetic analysis followed by phylogenetic tree plotting
showed a trend toward distinctive clustering of postculture and
inoculum quasispecies sequences, respectively, in the absence
of IFN-«; this clustering was abolished in the presence of
IFN-a (data not shown). No such trend was clearly visible in
the remaining four cultures.

DISCUSSION

This study shows that HCV can replicate in primary cultures
of human hepatocytes infected in vitro, as a result of viral
RdRp function. As previously described (7), in vitro infection
resulted in the production of negative-sense HCV RNA
strands, an HCV replication intermediate. In addition, real-
time RT-PCR quantification showed a significant accumula-
tion of positive-sense HCV RNA strands and, when present in
sufficient amounts, of negative-sense HCV RNA strands dur-
ing hepatocyte culture. Significant accumulation of random
mutations on the HCV genome showed that the viral RdRp, an
error-prone RNA polymerase with no proofreading activity,
was responsible for the accumulation of positive-strand HCV
RNA genomes during culture. The random accumulation of
mutations in the region studied, in the absence of positive pres-
sure toward amino acid changes, was not surprising in this in vitro
culture system. However, the same region of the NS5A gene
displays a similar pattern of genetic evolution in HCV-infected
patients (33). As NS5A is part of the replication complex and
is most likely involved in regulating RdRp function (13, 43),
the conservation constraints on NS5A evolution occurring in
vivo might also be present in our hepatocyte culture system.

The principal finding of this study is the effect of IFN-a on
HCV replication in primary hepatocyte culture. IFN-o was
recently shown to inhibit the replication of dengue virus, an-
other member of the Flaviviridae family, in hepatoma cell lines
infected in vitro (5). Mathematical modeling of HCV dynamics
during human IFN-a treatment recently suggested that IFN-«
blocks HCV virion production or release as a result of its
direct, nonspecific antiviral effect (29, 30). The capacity of
IFN-a to directly inhibit HCV replication in healthy human
hepatocytes had not previously been demonstrated.

We show that IFN-a blocks HCV genome synthesis by the
HCV RdRp in cultured healthy human hepatocytes in a con-
centration-dependent manner. This effect is probably medi-
ated by IFN-a-induced cellular pathways supporting nonspe-
cific antiviral actions. Indeed, we observed the following. (i)
IFN-a-induced genes were expressed in primary hepatocyte
cultures treated with IFN-a, and their expression was not al-
tered by HCV infection. (ii) Expression of negative-strand
HCV RNA was always suppressed in IFN-a-treated cultures.
(iii) IFN-a significantly inhibited the accumulation of muta-
tions on the HCV genome in three of five hepatocyte cultures.
The concentrations of IFN-a used here were relatively high
(500 to 10,000 U/ml), but we showed that IFN-a toxicity could
not explain the inhibitory effect on HCV replication. An earlier
report suggested that IFN-a could act by inhibiting de novo
infection of hepatocytes (48). If IFN-a effectively prevents

J. VIROL.

HCV entry into hepatocytes in vivo, this effect would probably
be mediated by IFN-a-induced humoral responses (neutraliz-
ing antibodies), which are not present in hepatocyte cultures.
We did not examine whether IFN-« could affect virus entry in
our model, in addition to inhibiting viral replication. It is con-
ceivable that the reduction of positive-strand HCV RNA ac-
cumulation in IFN-a-treated cells could be enhanced by re-
ceptor down-regulation or by decreased internalization or
membrane fusion.

Interestingly, despite the disappearance of negative-strand
HCV RNA from all IFN-a-treated cultures, positive-strand
RNA always persisted for several days, suggesting that the
kinetics of HCV RNA strands in cell culture differ from those
in the peripheral circulation. This finding was not surprising,
because most of the mechanisms governing viral clearance are
absent in vitro, especially when only intracellular HCV RNA is
concerned, whereas the estimated mean half-life of free HCV
virions is only 2.7 h in vivo (30). In contrast, the apparent lack
of IFN-a inhibition of mutation accumulation on HCV ge-
nomes in two cultures, despite a clear effect on negative-strand
HCV RNA production, was surprising. The inhibitory effect of
IFN-a may have been weaker in these two cultures, permitting
low-level viral replication, while negative-strand HCV RNA
was undetectable, even with our sensitive qualitative strand-
specific HCV RNA assay. Such variability in the effect of
IFN-a might be explained by partial hepatocyte resistance to
IFN-a stimulation or by partial viral resistance to IFN-a, pos-
sibly mediated by viral proteins inhibiting antiviral effectors
induced by IFN-a (32). It is noteworthy that all the cultures
were infected with HCV genotype 1, a genotype that displays
various levels of IFN-a sensitivity based on initial IFN-a block-
ing efficacy (16, 30), possibly owing to differences in the se-
quences of viral proteins and, thus, in their structure and func-
tion. Unfortunately, data on early viral dynamics during IFN-«
therapy in the patients whose blood samples were used for in
vitro infection are not available to confirm this hypothesis.

In conclusion, we show that primary cultures of healthy
human hepatocytes can be infected in vitro by HCV and sup-
port its sustained replication. We further show that IFN-a is
able to block HCV replication in this culture model, which is
close to the HCV-infected human liver. These results
strengthen the hypothesis that IFN-a acts primarily through its
nonspecific antiviral effects and suggest that primary cultures
of human hepatocytes may provide a good model to study
intrinsic HCV resistance to IFN-a. However, clearance of in-
fected cells resulting from IFN-a-modulated immune re-
sponses probably plays a major role in permanent HCV RNA
clearance during therapy (16, 30), emphasizing the need for
both in vitro and in vivo studies to understand IFN-« treatment
failure in HCV-infected patients.
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