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A 40-amino-acid sequence located in the nonstructural 5A (NS5A) protein of hepatitis C virus genotype 1b
(HCV-1b) was recently suggested to be the interferon sensitivity-determining region (ISDR), because HCV-1b
strains with an ISDR amino acid sequence identical to that of the prototype strain HCV-J were found to be
resistant to alpha interferon (IFN-a) whereas strains with amino acid substitutions were found to be sensitive
(N. Enomoto, I. Sakuma, Y. Asahina, M. Kurosaki, T. Murakami, C. Yamamoto, N. Izumi, F. Marumo, and
C. Sato, J. Clin. Invest. 96:224–230, 1995; N. Enomoto, I. Sakuma, Y. Asahina, M. Kurosaki, T. Murakami,
C. Yamamoto, Y. Ogura, N. Izumi, F. Marumo, and C. Sato, N. Engl. J. Med. 334:77–81, 1996). We used single-
strand conformation polymorphism (SSCP) analysis, combined with cloning and sequencing strategies, to char-
acterize NS5A quasispecies in HCV-1b-infected patients and determine the relationships between pre- and post-
treatment NS5A quasispecies mutations and the IFN-a sensitivity of HCV-1b. The serine residues involved in
phosphorylation of NS5A protein were highly conserved both in the various patients and in quasispecies in a
given patient, suggesting that phosphorylation is important in NS5A protein function. A hot spot for amino
acid substitutions was found at positions 2217 to 2218; it could be the result of either strong selection pressure
or tolerance to these amino acid replacements. The proportion of synonymous mutations was significantly high-
er than the proportion of nonsynonymous mutations, suggesting that genetic variability in the region studied
was the result of high mutation rates and viral replication kinetics rather than of positive selection. Sustained
HCV RNA clearance was associated with low viral load and low nucleotide sequence entropy, suggesting (i) that
the replication kinetics when treatment is started plays a critical role in HCV-1b sensitivity to IFN-a and (ii)
that HCV-1b resistance to IFN-a could be conferred by numerous and/or related mutations that could be
patient specific and located at different positions throughout the viral genome and could allow escape variants
to be selected by IFN-a-stimulated immune responses. No NS5A sequence appeared to be intrinsically resistant
or sensitive to IFN-a, but the HCV-J sequence was significantly more frequent in nonresponder quasispecies
than in sustained virological responder quasispecies, suggesting that the balance between NS5A quasispecies
sequences in infected patients could have a subtle regulatory influence on HCV replication.

Hepatitis C virus (HCV) is a small enveloped RNA virus
which causes chronic liver disease, including chronic active
hepatitis in up to 80% of infected individuals, as well as cir-
rhosis and hepatocellular carcinoma (1). The estimated mean
prevalence of infection in industrialized countries is 1 to 2%.
Many patients have been infected through blood transfusions
or intravenous drug use, but the cause of infection remains
unknown in about 20% of cases (63). No antiviral drugs tar-
geting specific HCV proteins have been developed, although in
vitro models are now available to screen such drugs (28, 35,
54). The only approved drug is alpha interferon (IFN-a),
whose antiviral effect results from both direct nonspecific in-
hibition of viral replication and modulation of the immune
response to viral epitopes (2, 51, 70).

In a recent meta-analysis of controlled trials of the effect of
IFN-a in chronic hepatitis C (60), the rate of sustained bio-
chemical responses (defined as sustained normalization of se-
rum alanine aminotransferase [ALT] activity after treatment
withdrawal) to a standard regimen of IFN-a (3 MU subcuta-

neously 3 times a week for 6 months) was 22%. Recent data
suggest that about 80% of patients with a sustained biochem-
ical response achieve a sustained virological response, defined
as sustained HCV RNA clearance (4). Several independent
predictors of a sustained virological response to IFN have been
identified in multivariate analyses. They include age, the pres-
ence of cirrhosis on liver biopsy, the titer of anti-HCV core
immunoglobulin M, and virological parameters such as viral
load, the HCV genotype, and the genetic heterogeneity of
hypervariable region 1 (HVR1) of the HCV genome (9, 22, 43,
46, 49, 53, 58, 66).

The independent predictive influence of virological param-
eters on sustained HCV clearance in patients receiving IFN-a
therapy raises the question whether intrinsic characteristics of
HCV strains confer sensitivity or resistance to IFN-a. Recent-
ly, Enomoto et al. (15, 16) analyzed the NS5A gene of HCV
genotype 1b (HCV-1b) strains by direct sequencing. They found
a 40-amino-acid stretch in the NS5A protein that they desig-
nated the interferon sensitivity-determining region (ISDR),
because HCV-1b strains with an amino acid sequence identical
to that of the prototype HCV-1b strain HCV-J, isolated in
1990 in Japan by Kato et al. (33), were resistant to IFN-a while
strains with amino acid substitutions were sensitive to IFN-a
(15). The authors therefore suggested that sequence analysis of
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the ISDR before therapy might be used to predict the response
to IFN-a (15, 16). Using a similar approach based on direct
sequencing of the NS5A gene, several authors confirmed the
results of Enomoto et al. (3, 40, 47, 48) while others found
frequent amino acid substitutions in the NS5A gene of nonre-
sponders to IFN-a and concluded that the response was not
related to the number of amino acid substitutions in the puta-
tive ISDR (26, 34, 67, 76).

HCV, like other RNA viruses (5, 6, 10–12, 14, 29, 59, 71, 74),
exists within its hosts as pools of genetically distinct but closely
related variants referred to as quasispecies (44). This probably
confers a significant survival advantage, since the simultaneous
presence of multiple variant genomes and the high rate at
which new variants are generated allow rapid selection of mu-
tants better suited to new environmental conditions (44). The
genetic heterogeneity of the HCV quasispecies population re-
sults from a high RNA-dependent RNA polymerase error rate
(with misincorporation frequencies averaging about 1024 to
1025 per base site) and the apparent absence of any error
correction or proofreading mechanism (6). Most mutant viral
particles cannot replicate, but the remainder can transmit the
new genetic information to their progeny. The “fittest” infec-
tious particles are selected on the basis of their replication
capacities and especially by the selective pressure exerted by
their interactions with host cell proteins and the immune re-
sponse, which targets regions encoding both cytotoxic and neu-
tralizing epitopes (12, 13, 17, 37, 38, 72, 73).

The quasispecies distribution of HCV genomes in infected
individuals implies that direct sequencing of any genomic re-
gion gives access only to dominant or consensus viral se-
quences. Thus, direct sequencing is not suited to addressing
the issue of IFN-a sensitivity- and resistance-associated
sequences within any coding region of the HCV genome,
including the NS5A region. In this study, we used single-strand
conformation polymorphism (SSCP) analysis, combined with
cloning and sequencing strategies, to characterize NS5A qua-
sispecies and their nucleotide and amino acid sequences in
HCV-1b-infected patients who responded or failed to respond
to IFN-a therapy. Using these techniques, we determined the
relationships between pre- and posttreatment NS5A quasispe-
cies mutations and HCV-1b sensitivity to IFN-a therapy. Hy-
potheses on the mechanisms underlying HCV-1b resistance to
IFN-a are given.

MATERIALS AND METHODS

Patients and samples. We studied 45 consecutive patients who had chronic
hepatitis C related to HCV-1b infection and who were eligible for IFN-a therapy.
The genetic heterogeneity of the NS5A gene was studied before treatment in all
45 patients by means of reverse transcriptase-PCR-SSCP. SSCP analysis was
initially developed to detect sequence differences in single-stranded DNA by
nondenaturing polyacrylamide gel electrophoresis (52, 65). In this technique, the
target sequences are amplified by PCR. The products are denatured by heating
in the presence of formamide to obtain single-stranded DNA and are analyzed

by nondenaturing polyacrylamide gel electrophoresis. The mobility of the sepa-
rated strands depends on their sequence-specific three-dimensional conforma-
tion. Therefore, heterogeneous mixtures of mutant genomes, such as viral qua-
sispecies, can be separated into different bands by PCR-SSCP analysis (52, 65).

The patients were treated with 3 MU of IFN-a2a (Roferon-A; Roche Labo-
ratories, Basel, Switzerland) subcutaneously 3 times a week for at least 3 months.
At month 3 of therapy, patients with elevated ALT levels were considered
nonresponders while patients with normal ALT activity received a further 3
months of treatment with the same dose (i.e., until month 6). The ALT activity
in serum was used as a biochemical index of the response to IFN-a. A sustained
biochemical response was defined as normal ALT activity at month 12, i.e., 6
months after treatment withdrawal. All patients with a sustained biochemical
response at month 12 underwent HCV RNA determination by highly sensitive
nested PCR. Patients who were PCR negative at this time were defined as
sustained virological responders.

Thirteen patients were selected for sequence analysis of the NS5A gene. They
comprised five patients with a sustained virological response, defined by normal
ALT activity and negative HCV RNA PCR 6 months after IFN-a withdrawal
(sustained HCV clearance) and eight nonresponders randomly selected from the
initial 45 patients, all of whom had elevated ALT levels and detectable HCV
viremia at treatment withdrawal and 6 months later. For the epidemiological,
histological, and virological features of these 13 patients, see Table 1.

A 185-bp fragment of the NS5A gene was amplified by PCR in the pretreat-
ment samples from all 13 patients. PCR products were cloned into the pTAg
vector, and 30 to 48 clones per patient were analyzed by SSCP to determine the
frequency of each quasispecies variant (clonal frequency analysis [24]). Indeed,
clones with the same sequence gave identical patterns in this technique while
clones with different sequences gave consistently different patterns (Fig. 1). In all
instances, a second SSCP analysis was performed in the putative order of fre-
quency deduced from the first analysis to better discriminate between clones with
close but nonidentical SSCP patterns (Fig. 1). One to three (when available)
clones were then sequenced for each SSCP pattern. The same procedure was
used at month 12 (end of follow-up) with four nonresponders.

HCV RNA quantification. HCV RNA was quantified before therapy by means
of a commercial noncompetitive PCR-based assay (Amplicor HCV Monitor;
Roche Molecular Systems, Branchburg, N.J.) as specified by the manufacturer
(55). The results were expressed in log10 genome copies per milliliter.

5* untranslated region PCR. A sustained virological response was defined by
a negative 59 untranslated region PCR in patients with normal ALT activity 6
months after IFN-a withdrawal. A previously described nested reverse transcrip-
tase PCR technique was used (56).

NS5A PCR. RNA was first extracted from 50 ml of serum with RNAzol
(RNA-B; Bioprobe Systems, Montreuil-sous-Bois, France) and chloroform. Af-
ter alignment of European HCV genotype 1b sequences, conserved primers were
designed (34) to amplify a 185-bp fragment containing, downstream, the portion
of the so-called ISDR in which mutations had been reported in responders (15,
16) and, upstream, three serine residues at amino acid positions 2197, 2201, and
2204, which were recently reported to be mandatory for hyperphosphorylation of
the NS5A gene product (68). RNA was reverse transcribed at 42°C for 90 min
with 100 pmol of random hexamers in the presence of 8 U of avian myeloblas-
tosis virus reverse transcriptase (Promega, Madison, Wis.). Seminested PCR was
performed. The first round used 5 pmol of upstream primer HCPr 378 (59GTG
CTCACTTCCATGCTCACCG; nucleotides 6837 to 6858 in the HCV-J se-
quence) and downstream primer HCPr 382 (59GTTTCCGCCCATCTCCTGCC
GC39; nucleotides 7028 to 7049) (34). The second round used upstream primer
HCPr 379 (59CCCACATTACAGCAGAGACGGC39; nucleotides 6865 to 6886)
and downstream primer HCPr 382 (34). The two rounds of PCR were performed
with 2.5 U of Taq DNA polymerase (Pharmacia Biotech, Uppsala, Sweden)
under the same conditions, i.e., a 5-min denaturation at 94°C followed by 35
cycles (94°C for 30 s, 60°C for 30 s, and 72°C for 30 s) and then by a final PCR
extension at 72°C for 5 min. Amplified products were analyzed by electrophoresis
through a 3% NuSieve agarose gel (FMC, Rockland, Maine) and staining with
ethidium bromide.

FIG. 1. Clonal frequency analysis by SSCP. A 185-bp fragment in the NS5A gene of HCV was amplified by PCR, and the PCR product was cloned into the pTAg
vector. Thirty clones were isolated, clonal DNA was amplified by PCR, and the PCR products were analyzed by SSCP. Each clone theoretically gives two bands in SSCP,
corresponding to the two strands of double-stranded PCR products, which migrate to positions depending strictly on their nucleotide sequence. At the low temperature
used for migration (3°C), minor conformations of DNA strands can generate weak additional bands which also migrate to specific positions. A first SSCP round was
performed in random order. The second SSCP round, in which the clones are in the order of frequency deduced from the first analysis, is shown. Each lane corresponds
to a different NS5A clone. After clonal frequency analysis, one to three (when available) clones per SSCP pattern were sequenced.
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Cloning. PCR products were purified with the Sephaglas BandPrep kit (Phar-
macia Biotech) as specified by the manufacturer. Purified products were quan-
tified by ethidium bromide staining with DNA standards as controls; 50 ng was
directly ligated into 50 ng of pTAg vector (LigATor cloning kit; R&D Systems,
Abingdon, United Kingdom). Transformation of recombinant plasmid DNA into
Escherichia coli competent cells was performed as specified by the manufacturer
(R&D Systems), and transformants were grown on ampicillin-tetracycline plates.
Cloned DNA was reamplified by the same NS5A-specific PCR procedure as that
described above and used for SSCP analysis.

SSCP analysis. Amplified products were extracted from the agarose gel and
purified with the Sephaglas BandPrep kit (Pharmacia Biotech) as specified by the
manufacturer. Purified PCR products were eluted in 20 ml of dilution buffer.
SSCP analysis was performed with the PCR fragment analysis kit (Pharmacia
Biotech). An average of 50 ng of amplified DNA recovered from each serum
sample was diluted in 4.5 ml of sterile distilled water plus 4.5 ml of a solution
containing 10 mM NaOH and 2 mM EDTA, and bromophenol blue was added.
The samples were denatured for 10 min at 100°C and chilled on ice immediately.
Then 8-ml portions of the denatured samples were loaded into the wells of a
discontinuous polyacrylamide gel (CleanGel; Pharmacia Biotech) which had
been rehydrated to 0.5-mm thickness with a buffer specially designed for DNA
separation (pH 7.3). Horizontal electrophoresis was performed in a Multiphor II
electrophoresis apparatus (Pharmacia Biotech) at 3°C and 100 V for 20 min
(penetration) and 600 V for 70 min (migration and stacking). The gel was then
subjected to a rapid, sensitive silver-staining procedure with a silver-staining
DNA kit (Pharmacia Biotech), a procedure that can detect 0.5 to 2 ng of DNA.
After electrophoresis, the gel was fixed for 30 min at room temperature in 10%
acetic acid, washed, and incubated for 20 min in 200 ml of a solution containing
0.1% (wt/vol) AgNO3 and 0.1% formaldehyde. The gel was rinsed, placed in 200
ml of a solution containing 2.5% Na2CO3, 0.1% formaldehyde, and 0.002%
sodium thiosulfate, and slowly agitated until staining became visible. The reac-
tion was stopped by incubation for 20 min in 40 mM EDTA, and the stain was
fixed by incubation for 20 min at room temperature in a solution containing 10%
glycerol.

Sequencing. After cloning and PCR amplification of the clones, the PCR
products were amplified by the dye termination method in an ABI 377 auto-
mated DNA sequencer (Applied Biosystems, Foster City, Calif.) with the ABI
Prism Dye Terminator Cycle Sequencing Ready Reaction (Applied Biosystems)
as specified by the manufacturer. The sequencing primers were HCPr 379 and
HCPr 382.

Calculation of genetic diversity and genetic distances. We determined the
genetic diversity of HCV strains in the region of interest by calculating entropy,
which is defined in terms of the probabilities of the different sequences or
clusters of sequences that can appear at a given time point. This measure, also
known as Shannon entropy (74), is calculated as S 5 2(i (pi ln pi), where pi is the
frequency of each sequence in the viral quasispecies. The normalized entropy, Sn,
was calculated as Sn 5 S/ln N, where N is the total number of sequences
analyzed. Sn theoretically varies from 0 (no diversity) to 1 (maximum diversity).
Normalized entropy was calculated at both the nucleotide and amino acid levels
on the basis of the first 30 clones isolated before treatment in the 13 patients.

Nucleotide sequences were aligned with the CLUSTAL W program version
1.5 (69). Distances between pairs of sequences were calculated by using the
DNADIST module in the PHYLIP package version 3.572 (20). The calculation
was based on a Kimura two-parameter distance matrix with a transition-to-
transversion ratio of 2.0. The mean and standard error of the mean (SEM)
within-sample genetic distances were calculated for the quasispecies in each of
the 13 patients before treatment. The numbers of synonymous and nonsynony-
mous substitutions per synonymous and nonsynonymous site, respectively, were
calculated with the Jukes-Cantor correction for multiple substitutions, using the
MEGA program (31, 39). In the four nonresponders studied at month 12, the
mean and SEM of the between-sample genetic distances were calculated on the
basis of distances between pairs of pre- and posttreatment sequences, as were the
numbers of synonymous and nonsynonymous substitutions per synonymous and
nonsynonymous site. Statistical comparisons were made with a t-test.

Construction of phylogenetic trees. The PHYLIP program version 3.572 (20)
was used to construct phylogenetic trees by means of the neighbor-joining
method (64) with a sequence matrix determined by the two-parameter method of
Kimura. Bootstrap support was determined by 100 resamplings of the sequences
(19).

RESULTS

Quasispecies distribution of HCV in the NS5A gene. A
185-bp NS5A PCR product was generated from the pretreat-
ment samples from 45 HCV-1b-infected patients. This frag-
ment included, upstream, the three serine residues mandatory
for hyperphosphorylation of the NS5A protein (68) and, down-
stream, the region containing the putative IFN-a sensitivity-
determining sequences (15, 16). The PCR products were ini-
tially analyzed by SSCP. As shown in Fig. 2, sera were
characterized by specific SSCP patterns, with two to eight
bands (mean 6 SD, 3.5 6 1.5) migrating to different positions
in the gel. This suggested that different mixtures of NS5A
sequences were circulating in the patients, i.e., that the NS5A
gene of HCV-1b had a quasispecies distribution.

The quasispecies distribution of the region of interest was
confirmed by cloning NS5A PCR products obtained from 13
patients before therapy into the pTAg vector. A total of 482
pretreatment NS5A clones (i.e., 30 to 48 clones per patient)
were generated and analyzed. For each sample, the clonal
frequency was calculated by SSCP and the clones were se-
quenced. This procedure showed in all instances that the pa-
tients harbored complex mixtures of genetically distinct but
closely related variants (Fig. 3). The genetic diversity of the
region of interest was estimated by calculating normalized nu-
cleotide sequence entropy in the 13 samples on the basis of the
first 30 clones isolated. The mean entropy in the 13 patients
was 0.441 6 0.063 (range, 0.127 to 0.761). The degree of
diversification of each quasispecies was evaluated as the aver-
age genetic distance within the quasispecies (within-sample
genetic distance). The mean within-sample genetic distance in
the 13 patients was 0.0408 6 0.0063 (range, 0.0110 to 0.0656).
The results are given for each patient in Table 1. The nucleo-
tide sequence entropy and the average within-sample genetic
distance were significantly related to each other (r 5 0.575, P ,
0.04) but were not related to the viral load measured at the
same time point (Table 1).

Figure 4 shows the amino acid sequences found before ther-
apy in the NS5A quasispecies from the 13 patients and their
relative frequencies. The mean normalized amino acid se-
quence entropy was 0.244 6 0.042 (range, 0.000 to 0.473). The
amino acid sequence entropy was significantly related to the
nucleotide sequence entropy (r 5 0.755, P , 0.003) but not to
the average within-sample genetic distance within the quasi-
species or to the viral load. The types of mutational changes

FIG. 2. SSCP analysis of NS5A PCR products obtained from pretreatment samples from HCV-1b-infected patients. One patient’s sample is analyzed per lane. The
SSCP patterns were different from one patient to the next and were characterized by the presence of two to eight bands (mean, 3.5 6 1.5) migrating to different positions
in the gel. These patterns suggested that the patients harbored mixes of different sequences in the region of interest, i.e., that this region had a quasispecies distribution.
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were then examined. As shown in Table 1, the proportion of
synonymous substitutions was significantly higher than the pro-
portion of nonsynonymous substitutions in all the patients ex-
cept for three, who had very low entropy. This suggested that
quasispecies mutations in the region of interest were due
mainly to random genetic drift. Most of the nonsynonymous
mutations resulted in amino acid substitutions at positions
2217 to 2218 (Fig. 4), suggesting either that, in contrast to the
rest of the region of interest, this short amino acid stretch was
subjected to strong selection pressure or that amino acid re-
placements encoded by genomic molecules selected for other
traits were tolerated at these positions. Other amino acid sub-
stitutions were rare and seemed to occur at random positions.
The three serine residues at positions 2197, 2201, and 2204,

recently suggested to be important for hyperphosphorylation
of the NS5A protein (68), were highly conserved among the
patients studied and within the quasispecies in each patient.
The other serine residues probably involved in phosphoryla-
tion of the NS5A protein (61) were also well conserved, except
for the serine at position 2200, which was often replaced by a
threonine, and the serine at position 2210, which was some-
times replaced by a proline.

Relationship between NS5A and sensitivity to IFN-a. We
then compared nucleotide sequence entropy, amino acid se-
quence entropy, the average within-sample genetic distances,
and viral load between the sustained virological responders
and nonresponders. As shown in Fig. 5, the genetic diversity of
the region of interest, as evaluated by normalized nucleotide

FIG. 3. Alignment of nucleotide sequences of independent HCV NS5A clones from two patients, characteristic of a quasispecies distribution in the region of
interest. Relative frequencies determined by SSCP are shown on the right (the nucleotide sequence between codons 2195 and 2240 of the HCV-1b sequence is shown).

TABLE 1. Epidemiological, clinical, and histological features of the 13 patients studied and characteristics of the
NS5A quasispecies before treatment

Patient Sex Age
(yr)

Liver
histologya

Response
to IFN-ab

Viral load
(log10 copies/

ml)c
Nd

Normalized
entropy Mean genetic

distance (SEM)
within samplese

Type of mutational changef

Nucleo-
tide

Amino
acid

Mean (SEM)
synonymous

Mean (SEM)
nonsynonymous

1 Female 37 CAH SVR 5.5 30 0.156 0.114 0.0715 (0.0279) 0.2022 (0.0668) 0.0373 (0.0143)*
2 Male 32 CAH SVR 5.9 31 0.265 0.246 0.0135 (0.0017) 0.0000 (0.0000) 0.0183 (0.0084)
3 Male 53 CAH SVR 3.9 48 0.127 0.085 0.0115 (0.0012) 0.0101 (0.0102) 0.0116 (0.0069)
4 Male 30 CAH SVR 4.2 48 0.219 0.000 0.0110 (0.0012) 0.0362 (0.0216) 0.0032 (0.0032)
5 Female 38 CAH SVR 4.7 36 0.455 0.436 0.0608 (0.0107) 0.1220 (0.0401) 0.0287 (0.0103)*
6 Male 44 CAH NR 5.3 30 0.236 0.180 0.0391 (0.0109) 0.1279 (0.0539) 0.0131 (0.0093)*
7 Female 69 CAH NR 5.4 30 0.695 0.466 0.0656 (0.0039) 0.2007 (0.0562) 0.0264 (0.0090)**
8 Male 32 CAH NR 6.2 35 0.439 0.085 0.0380 (0.0061) 0.1340 (0.0444) 0.0112 (0.0056)**
9 Male 55 CAH NR 5.6 40 0.424 0.240 0.0262 (0.0028) 0.0846 (0.0295) 0.0090 (0.0054)*
10 Male 67 CAH 1cirrhosis NR 5.8 36 0.761 0.473 0.0643 (0.0021) 0.2135 (0.0508) 0.0239 (0.0088)***
11 Female 63 CAH NR 5.7 34 0.750 0.331 0.0528 (0.0032) 0.2053 (0.0590) 0.0131 (0.0067)**
12 Male 28 CAH NR 5.6 48 0.652 0.226 0.0371 (0.0023) 0.1158 (0.0378) 0.0116 (0.0070)**
13 Female 64 CAH NR 6.1 36 0.551 0.291 0.0595 (0.0047) 0.2073 (0.0532) 0.0200 (0.0076)****

a CAH, chronic active hepatitis.
b SVR, sustained virological response, characterized by normal ALT and negative HCV RNA PCR during treatment and 6 months after; NR, nonresponse,

characterized by the lack of effect of IFN-a on ALT and HCV RNA.
c Viral load was measured by the Amplicor HCV Monitor assay (Roche Molecular Systems, Branchburg, N.J.).
d Number of independent clones analyzed before treatment.
e The within- and between-sample genetic distances within NS5A quasispecies were calculated by using the DNADIST program in the PHYLIP package version 3.752

(20).
f The proportions of synonymous mutations per synonymous site and of nonsynonymous mutations per nonsynonymous site were calculated by means of the MEGA

program (39). P values lower than 0.05 were considered to indicate significant differences. The proportion of synonymous substitutions per potential synonymous site
was compared to the proportion of nonsynonymous mutations per potential nonsynonymous site by using a t test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P ,
0.0001; P $ 0.05 was considered not significant).
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sequence entropy, was significantly lower in the sustained vi-
rological responders than in the nonresponders (0.244 6 0.058
and 0.564 6 0.066, respectively; P , 0.02). Moreover, only one
sustained virological responder had a nucleotide sequence en-
tropy higher than 0.300, while only one nonresponder had a
nucleotide sequence entropy lower than 0.400 (Table 1). There
was also a strong tendency toward a lower viral load in sus-
tained responders than in nonresponders (mean log10 viral
load, 4.84 6 0.38 and 5.38 6 0.19, respectively; P , 0.08) (Fig.
5; Table 1). In contrast, neither the amino acid sequence en-
tropy nor the average within-sample genetic distance was re-
lated to the response to IFN therapy (Fig. 5).

No specific NS5A nucleotide or amino acid sequence of
pretreatment isolates appeared to be associated with sustained

HCV clearance (Fig. 4). Similarly, the nonresponders har-
bored various NS5A nucleotide and amino acid sequences.
However, the HCV-J sequence was significantly more frequent
in the nonresponders than in the sustained responders. Indeed,
it was found in all eight nonresponders, in whom it represented
16.7 to 94.3% of the quasispecies variants (Fig. 4). Neverthe-
less, the HCV-J sequence was the dominant sequence in only
five of these eight patients. In contrast, only one of the five
patients with a sustained virological response harbored the
HCV-J sequence within his quasispecies (patient 5, in whom it
represented 8.3% of the quasispecies variants). Another re-
sponder (patient 1) had a sequence with only one mutation
relative to HCV-J, representing 3.3% of the quasispecies vari-
ants. In patient 5, the HCV-J sequence was cleared after treat-

FIG. 4. Amino acid composition (amino acid positions 2195 to 2240) of
NS5A protein of quasispecies from 13 patients. The alignment of amino acid
sequences was deduced from the nucleotide sequences of 30 to 48 independent
clones obtained before IFN-a treatment in 13 patients and 30 to 48 independent
clones obtained 6 months after IFN-a withdrawal in 4 of them (patients 10 to 13).
Relative frequencies of the variants are shown on the right, as determined by
clonal frequency analysis by means of SSCP. Patients 1 to 5 were sustained
virological responders to 3 MU of IFN-a three times a week for 6 months; i.e.,
they cleared HCV during treatment and were still nonviremic 6 months later.
Patients 6 to 13 were nonresponders. The HCV-J sequence, reported in 1990 by
Kato et al. (33), is given for comparison at the top, and the variants with a
sequence identical to HCV-J are identified by an asterisk. The three serine
residues mandatory for hyperphosphorylation of the product of the NS5A gene
(68) are underlined. Amino acid positions 2217 to 2218, at which nonsynonymous
mutations were frequently found, are identified by 1.
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ment, together with the other variants, and the patient was still
nonviremic 3 years after IFN-a withdrawal, showing that the
HCV-J sequence is not intrinsically resistant to IFN-a treat-
ment. Finally, both the nonresponders and the sustained re-
sponders harbored quasispecies variants with one to seven
mutations relative to the HCV-J sequence, showing that these
mutations are not characteristic of sensitive strains (Fig. 4).

Evolution of NS5A quasispecies during and after IFN-a
treatment. NS5A PCR products were generated from sera
sampled 12 months after initiation of therapy, i.e., at the end of
follow-up, to determine the evolutionary pattern of NS5A qua-
sispecies during this period. PCR products were cloned into
the pTAg vector, and 36 to 48 clones per patient were studied
by SSCP for clonal frequency (Table 2). One to three clones
(when available) per SSCP pattern were sequenced and com-
pared with pretreatment sequences. As shown in Table 2, the
average between-sample (posttreatment versus pretreatment)
genetic distances were significantly higher than the average
pretreatment within-sample genetic distances, indicating that
changes in sequences occurred and that these changes were
evolutionary. In addition, when pre- and posttreatment se-
quences were compared, the proportion of synonymous muta-
tions was always significantly higher than the proportion of
nonsynonymous mutations (Table 2). Phylogenetic analysis
was used (see Materials and Methods) to study the evolution
and viral diversification of NS5A sequences over time. As
shown in Fig. 6, variants isolated at treatment initiation and

variants isolated 12 months later showed distinctive clustering
with the sampling time, compatible with shifts in the popula-
tion of viruses. This suggested that a true evolutionary process
occurred during the study period. Intermingling of sequences
was rarely observed, possibly suggesting that pretreatment
variants survived.

When pre- and posttreatment NS5A amino acid sequences
were compared (Fig. 4), it indeed appeared that most of the
variants found after treatment were not detected before treat-
ment whereas most pretreatment variants were no longer
found after treatment. Most amino acid changes occurred at
positions 2217 to 2218, again suggesting that this short stretch
is subjected to strong selection pressure that could be en-
hanced by IFN-a or that it tolerates amino acid replacements.
The HCV-J sequence was present in the quasispecies from the
four patients before treatment and was the dominant sequence
in three of the patients. This sequence was still found 12
months later in all four patients but was the dominant se-
quence in only one. Sequences with 1 to 6 amino acid substi-
tutions relative to HCV-J were present in significant propor-
tions in the four patients before and after treatment, indicating
that NS5A sequences with mutations relative to HCV-J are not
intrinsically sensitive to IFN-a treatment. Finally, it is note-
worthy that the serine residues involved in NS5A protein phos-
phorylation (61, 68) remained highly conserved among the
quasispecies variants from the four patients after treatment.

FIG. 5. Nucleotide sequence entropy, amino acid sequence entropy, average genetic distances within the quasispecies, and viral load in the five patients with a
sustained virological response (SVR) to IFN-a therapy and in the eight nonresponders (NR). NS, not significantly different.

TABLE 2. Effect of IFN-a therapy on NS5A quasispecies in four patients tested before treatment and at the end of follow-up

Patient N prea
Mean genetic

distance (SEM)
within sampleb

N postc
Mean genetic

distance (SEM)
between sampled

Type of mutational changese

Mean (SEM) synonymous Mean (SEM) nonsynonymous

10 36 0.0643 (0.0021) 37 0.0944 (0.0131)* 0.2435 (0.0086) 0.0216 (0.0016)***
11 34 0.0528 (0.0032) 42 0.0610 (0.0007)* 0.1621 (0.0051) 0.0136 (0.0005)***
12 48 0.0371 (0.0023) 48 0.0450 (0.0011)** 0.2192 (0.0029) 0.0172 (0.0007)***
13 36 0.0595 (0.0047) 36 0.0936 (0.0018)*** 0.3336 (0.0074) 0.0356 (0.0021)***

a Number of independent clones analyzed before treatment.
b Quasispecies average within-sample genetic distances calculated before therapy.
c Number of independent clones analyzed at the end of follow-up.
d The between-sample mean genetic distance was compared to the pretreatment within-sample mean genetic distance by using a t test. See footnote e for an

explanation of asterisks.
e The proportion of synonymous substitutions per potential synonymous site was compared to the proportion of nonsynonymous mutations per nonsynonymous site

among pre- and posttreatment samples by using a t test (*, P , 0.05; **, P , 0.01; ***, P , 0.0001).
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FIG. 6. Phylogenetic trees of the NS5A region within the four subjects studied before IFN-a treatment and 12 months later. The phylogenetic reconstructions shown
are neighbor-joining trees with bootstrap proportions of greater than 50 of 100 bootstrap replicates shown at appropriate branch points. M0 indicates a variant isolated
before treatment, and M12 indicates a variant isolated 12 months later.
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DISCUSSION

This study shows that the NS5A gene of HCV genotype 1b
has a quasispecies distribution, which is a characteristic of
other regions of the HCV genome, including the 59 untrans-
lated region, E2, NS2, and NS3 (18, 44, 45, 73). Nucleotide and
amino acid sequence analysis of quasispecies variants provides
valuable information on how a virus behaves in a constant or
changing environment, provided that a sufficient number of
clones are analyzed per time point and per patient, i.e., more
than 20 (12, 23). We analyzed 30 to 48 clones from each of 13
patients with chronic hepatitis C related to HCV-1b. Calcula-
tion of normalized nucleotide sequence entropy showed a high
genetic diversity of the region of interest. The three serine
residues at positions 2197, 2201, and 2204 showed remarkable
conservation, both within quasispecies in a given patient and
among the various patients, and also before and after treat-
ment, as did (although to a slightly lesser extent) the other
serine residues involved in phosphorylation of the NS5A pro-
tein (68). This finding, together with the recent observation
that seryl phosphorylation of NS5A protein is a feature con-
served among divergent HCV isolates (61), suggests that phos-
phorylation of NS5A protein, a protein thought to be inte-
grated into the polymerase complex during replication (27, 75),
is important for its function (which is unknown). In contrast,
amino acid substitutions were frequently observed at positions
2217 to 2218, both within quasispecies in a given patient and
among the various patients. This suggested either tolerance to
amino acid replacements at these positions or strong selection
pressure acting on this short amino acid stretch. Although
an HLA B38-restricted cytotoxic epitope including these two
amino acids was recently identified in the liver biopsy specimen
of an HCV-infected patient (74a), this region does not seem to
be a major target for cytotoxic responses. Therefore, selection
might instead be due to interactions with host cellular proteins.

In contrast to HVR1, another highly diverse region of the
HCV genome subjected to strong selection pressure by neu-
tralizing antibodies (17, 62, 73), the proportion of synonymous
mutations was significantly higher than the proportion of non-
synonymous mutations in the portion of the NS5A gene stud-
ied here. Entropy measures the repertoire size of viral quasi-
species, which results from the accumulation of nucleotide
substitutions over time under the variable influence of three
parameters: (i) viral production, i.e., replication rates; (ii) rates
of misincorporation of viral RNA-dependent RNA polymer-
ases; and (iii) selection of the fittest newly produced variants
(13, 14). The significantly higher proportion of synonymous
mutations suggests that the overall genetic diversity of the re-
gion studied, as measured by nucleotide sequence entropy,
reflects a combination of high mutation rates, viral replication
kinetics, and limitations to acceptance of amino acid substitu-
tions rather than the positive selection of viral variants (74).

An important finding in this study was that pretreatment
nucleotide sequence entropy was significantly lower in the pa-
tients who eliminated HCV than in the nonresponders (Fig. 5).
The predictive value of low pretreatment entropy for a sus-
tained virological response cannot be deduced from our data,
because the eight nonresponders were randomly selected from
a larger group of patients. In contrast, all five sustained viro-
logical responders were studied. Our results therefore show
that patients with a high pretreatment entropy in the region of
interest are very unlikely to eradicate HCV when given the
classical IFN-a regimen. The viral load was also lower in sus-
tained responders than in nonresponders, and the difference
was close to statistical significance. It is noteworthy that in a
multivariate analysis of the series of patients from whom the

present study group was extracted, a low viral load emerged as
an independent predictor of a sustained virological response to
IFN-a, in keeping with numerous reports (8, 25, 42, 46, 49, 58).

As recently reported, it can be assumed that the viral load
and infected-cell numbers are in steady state before treatment,
with a minimal estimated production of the order of 1010 to
1011 virions per day (41, 77), and a maximal estimated half-life
of free virions of 0.3 day (41). In this model, the viral load is a
good estimate of the level of virus production (41), while our
findings indicate that nucleotide sequence entropy in the re-
gion of the NS5A gene we studied is dependent largely on viral
replication kinetics. Our results therefore suggest that replica-
tion kinetics when treatment is started is a major determinant
of the response of HCV-1b to 3 MU of IFN-a three times a
week. On the other hand, the fact that no major selection
pressure appeared to be exerted on the region of the NS5A
gene studied (except possibly at amino acid positions 2217 to
2218) suggests that its genetic diversity reflects the overall
diversity of the HCV strain whereas other regions subjected to
strong pressure, such as HVR1, might be less representative.
Since only patients with low nucleotide sequence entropy, i.e.,
a small HCV quasispecies repertoire, can have sustained HCV
RNA clearance, HCV resistance to therapy is unlikely to be
related to a small number of specific mutations on the genome,
which could be achieved by rapid viral replication starting from
a small quasispecies repertoire. The resistance of HCV to
IFN-a would instead depend on the presence of complex (i.e.,
numerous and/or related) mutations, which could be achieved
only by starting from a large quasispecies repertoire. Indeed, in
quasispecies with low entropy, there is a low probability that all
the mutations needed for resistance will be present before
treatment or will occur after the initiation of therapy, given the
initial effect of IFN-a on virus production (41). In contrast,
high pretreatment entropy is associated with a higher proba-
bility that the resistance mutations are present, even in minor
poorly fit variants, and that these variants can be selected (7).

IFN-a acts on HCV through two phenomena: (i) it causes
direct inhibition of HCV replication through activation of the
expression of various proteins, such as 29,59-oligoadenylate
synthetase, Mx protein, or double-stranded RNA-activated
protein kinase (PKR), that act as nonspecific antiviral agents
in infected cells (2, 51); and (ii) it is a multifunctional immu-
nomodulatory cytokine which induces a number of immuno-
logical changes, including expression of class I and class II
major histocompatibility complex antigens, activation of cyto-
toxic T cells and macrophages, and complex interactions with
the cytokine cascade (51, 70). Early loss of HCV RNA in
serum is necessary for long-term eradication of HCV. This
results from the direct antiviral effect of IFN-a (41) and could
be largely dependent on the viral kinetics at the time treatment
is started. Indeed, the antiviral effect of a single injection of
IFN-a was recently shown to be dose dependent and short-
lived (less than 24 h) (41). It is therefore possible that primary
HCV resistance is due mainly to a mismatch between the
recommended IFN-a (3 MU three times per week) and the
viral kinetics, which would strongly support the use of higher
IFN-a doses and more frequent administration at the outset
(41). It must be stressed, however, that in spite of prolonged
IFN-a treatment, sustained HCV eradication is obtained in a
relatively small proportion of the patients who initially clear
HCV RNA, owing to subsequent breakthroughs and relapses
(58, 60). It is therefore possible that quasispecies variants
against which the host has mounted an immune response are
eliminated during IFN-a treatment but that the remaining
variants bear mutations giving a selective advantage to escape
immune system elimination (36, 50). Such mutations would be
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numerous, possibly related, and located at different positions
throughout the viral genome corresponding to the various
epitopes involved in immune system-mediated viral clearance,
a hypothesis supported by our results. If so, the mutations
conferring IFN-a resistance on HCV-1b would differ among
patients, being strictly dependent on the state of the immune
system relative to HCV epitopes during therapy. The better
efficacy of longer maintenance IFN-a therapy on sustained
HCV clearance (30, 60) could then be explained by the fact the
IFN-a stimulated immune system has more time to mount an
efficient response to escape variants selected during the first
months of therapy.

Altogether, these findings suggest that the resistance of
HCV-1b to IFN-a is mediated through viral replication kinet-
ics and complex nonspecific mutations related to the host im-
mune response, rather than through specific sequences in the
NS5A gene of HCV-1b. Indeed, the HCV-J sequence does not
appear to be intrinsically resistant to IFN-a, and mutant se-
quences are not intrinsically sensitive to IFN-a, while their
presence does not appear to confer sensitivity. Nevertheless,
the HCV-J sequence was consistently found more often in the
nonresponders than in the sustained virological responders.
This could explain why the HCV-J sequence or sequences with
few mutations relative to HCV-J were more frequently found
in nonresponders than in sustained responders in studies based
on direct sequencing, which gives access only to dominant or
consensus sequences (15, 16, 40, 47, 48).

The presence of the HCV-J sequence in all the nonrespond-
ers and in the only sustained virological responder with high
entropy suggests that NS5A quasispecies mutations could play
a role in the resistance of HCV-1b to IFN-a by influencing
viral kinetics and, as a consequence, genomic entropy. Indeed,
NS5A protein seems to be integrated into the polymerase com-
plex during replication (27) and could therefore play a critical
role in the regulation of viral replication. Recent studies have
suggested that the amino acid sequences in the region we
studied could be important in the structure and function of the
protein. First, the NS5A gene product was recently shown to
repress, in vitro, the IFN-a-induced PKR, a mediator of the
antiviral effect of IFN-a which directly inhibits the protein syn-
thesis initiation factor eIF2-a (21). Interestingly, the HCV-J
sequence bound PKR and inhibited the phosphorylation of
eIF2-a, while certain forms with as few as two mutations lost
their ability to bind PKR and to inhibit eIF2-a phosphory-
lation (33a). The relative proportion of these two functionally
distinct sets of sequences at a given time point in a given
patient might participate in the regulation of HCV replication
rates in infected cells, in which antiviral conditions exist natu-
rally through endogenous IFN-a production (57). It could also
play a role in IFN-a resistance by influencing replication ki-
netics at the time treatment is started and/or by at least partly
inhibiting the antiviral effect of IFN-a through the interaction
with PKR and possibly other mediators of IFN-a action. Sec-
ond, it has recently been found, in vitro and in cultured cells,
that NS5A protein is phosphorylated in the region we studied
by an associated cellular serine/threonine kinase that differed
from PKR (61). The action of this kinase seems to be highly
dependent on the amino acid sequences found immediately
upstream and downstream of the phosphate acceptor sites,
namely, serines and, to a lesser extent, threonines (61). In this
respect, it must be noted that amino acid 2217 in the HCV-J
sequence is a threonine which follows another threonine and
that the kinase would prefer to phosphorylate serine or threo-
nine residues followed by acidic amino acids (61), which is the
case in the region immediately following amino acids 2217 to
2218 in the HCV-J sequence. It is therefore possible that

quasispecies mutations regulate the rate of phosphorylation of
the protein. It is also possible that, as reported for dengue virus
type 2 NS5 protein, the phosphorylation state of NS5A protein
correlates with its subcellular location (32). Since replication
seems to occur on cytoplasmic membranes surrounding the nu-
cleus and since PKR is mostly a cytoplasmic enzyme, the co-
existence of unequally phosphorylated NS5A variants in infect-
ed cells might conceivably participate in the regulation of viral
replication during chronic infection and might therefore play a
role in the resistance of HCV-1b to IFN-a therapy. Strong
selection pressures exerted on amino acid positions 2217 to
2218 would be consistent with the involvement of these two
amino acids in the interaction with host proteins and/or in the
phosphorylation processes. Both in vitro and in vivo structure-
function studies are now needed to determine the relative
biological activities of NS5A quasispecies variants isolated
from individual patients.

The results of the analysis of NS5A quasispecies at the end
of the follow-up period in four nonresponders were compatible
with a true evolutionary process characterized by shifts in the
populations of viruses. No control group of untreated patients
was studied, but it has recently been shown that the IFN-a
regimen used in this study is associated with significantly high-
er rates of accumulation of mutations in various regions of the
HCV genome than during the natural progression of the dis-
ease in untreated patients (22a). Again, most amino acid changes
occurred at positions 2217 to 2218, suggesting that viral vari-
ants were selected or that substitutions at these positions were
tolerated. It must be noted, however, that the posttreatment
sequences were different from one patient to the next, indicat-
ing that no specific NS5A amino acid sequence is resistant to
IFN-a and reinforcing our hypothesis that resistant variants
could be specific to each patient. In contrast, nucleotide sub-
stitutions not involving amino acids 2217 to 2218 were synon-
ymous in most cases, suggesting that the observed changes
reflected enhanced replication kinetics (74). This is consistent
with our recent observation of replication rebound during and
after treatment (breakthrough and relapse, respectively) in
patients who do not clear HCV (58a). It is possible that this
rebound is dependent on changes in regions of the HCV ge-
nome that are more directly involved both in replication and in
elimination by the immune system. In this respect, we recently
observed profound changes in the composition of HCV qua-
sispecies in the HVR1, the target of neutralizing responses,
during and after IFN-a treatment (58a). These changes could
at least partly account for the changes in viral replication
kinetics caused by treatment.
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30. Jouët, P., F. Roudot-Thoraval, D. Dhumeaux, J. M. Métreau, and le Groupe
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