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Alpha interferon (IFN-a) treatment is effective on a long-term basis in only 15 to 25% of patients with
chronic hepatitis C. The results of recent trials indicate that response rates can be significantly increased when
IFN-a is given in combination with ribavirin. However, a large number of patients do not respond even to
combination therapy. Nonresponsiveness to IFN is characterized by evolution of the hepatitis C virus (HCV)
quasispecies. Little is known about the changes occurring within the HCV genomes when nonresponder
patients are retreated with IFN or with IFN plus ribavirin. In the present study we have examined the genetic
divergence of HCV quasispecies during unsuccessful retreatment with IFN or IFN plus ribavirin. Fifteen
nonresponder patients with HCV-1 (4 patients with HCV-1a and 11 patients with HCV-1b) infection were
studied while being retreated for 2 months (phase 1) with IFN-a (6 MU given three times a week), followed by
IFN plus ribavirin or IFN alone for an additional 6 months (phase 2). HCV quasispecies diversification in the
E2 hypervariable region-1 (HVR1) and in the putative NS5A IFN sensitivity determining region (ISDR) were
analyzed for phase 1 and phase 2 by using the heteroduplex tracking assay and clonal frequency analysis
techniques. A major finding of this study was the relatively rapid evolution of the HCV quasispecies observed
in both treatment groups during the early phase 1 compared to the late phase 2 of treatment. The rate of
quasispecies diversification in HVR1 was significantly higher during phase 1 versus phase 2 both in patients
who received IFN plus ribavirin (P 5 0.017) and in patients who received IFN alone (P 5 0.05). A trend toward
higher rates of quasispecies evolution in the ISDR was also observed during phase 1 in both groups, although
the results did not reach statistical significance. However, the NS5A quasispecies appeared to be rather
homogeneous and stable in most nonresponder patients, suggesting the presence of a single well-fit major
variant, resistant to antiviral treatment, in agreement with published data which have identified an IFN
sensitivity determinant region within the NS5A. During the entire 8 months of retreatment, there was no
difference in the rate of fixation of mutation between patients who received combination therapy and patients
who were treated with IFN alone, suggesting that ribavirin had no major effects on the evolution of the HCV
quasispecies after the initial 2 months of IFN therapy.

Hepatitis C virus (HCV) is a positive-strand, RNA virus
classified within the Flaviviridae family (7). HCV infects about
2% of the human population and is currently recognized as one
of the main causes of chronic liver disease, cirrhosis, and hep-
atocellular carcinoma worldwide (1). In vivo, HCV is present
as a pool of different though closely related genetic variants
referred to as a quasispecies (21). HCV quasispecies change
composition over time in the individual infected host as a
consequence of the low fidelity of the viral-RNA-dependent
RNA polymerase and of selective pressure on the viral pro-
teins by host factors such as the immune response (10, 18, 20,
30). Several studies have been conducted to analyze the clinical
implications of HCV heterogeneity, and data have been pro-
vided suggesting that the evolution of HCV quasispecies may
be related to disease outcome and to response to interferon
(IFN) therapy (3, 15).

Standard treatment with 3 to 5 MU of IFN-a given three

times per week for 6 to 12 months in chronic hepatitis C leads
to sustained response in only 15 to 25% of treated patients
(17). Nonresponse has been associated with an increased rate
of HCV quasispecies diversification occurring in nearly all
patients when the envelope 2 gene hypervariable region 1
(HVR1) is analyzed and in about one-third when the putative
IFN sensitivity determining region (ISDR) within the non-
structural 5A gene (NS5A) is considered (13, 19, 23–26). Pa-
tients who fail to respond to a first cycle of IFN-a are often
retreated with IFN alone or with IFN-ribavirin combination
therapy (4, 8, 27). To date, no studies have been reported on
the behavior of HCV quasispecies during retreatment with
these schedules. Therefore, in the present study we examined
HCV quasispecies diversification within the HVR1 and the
ISDR regions in a group of patients who had failed to respond
to a first cycle of IFN and were again nonresponders when
retreated with IFN alone or with IFN plus ribavirin. These
patients were among those included in a recently conducted
clinical trial in which patients were retreated for 2 months with
IFN alone followed by randomization to continue with IFN
monotherapy or to add ribavirin in combination with IFN. This
type of design allowed us to assess sequentially the effect of
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monotherapy and of addition of ribavirin on the circulating
HCV quasispecies in patients with virological nonresponsive-
ness to those treatments.

MATERIALS AND METHODS

Patients. HCV genomes were analyzed in serial serum specimens obtained
from 15 selected Italian patients (13 male and 2 female; mean age, 40.1 years;
range, 26 to 59 years) with chronic hepatitis C. All 15 patients had been nonre-
sponders during a first cycle of IFN monotherapy and were again nonresponders
to a second cycle of IFN alone or of a combination of IFN plus ribavirin.
Retreatment was initiated in all patients with 6 MU t.i.w. of IFN-a for 2 months,
followed by randomization to add ribavirin (1,000 to 1,200 mg daily) for 6 months
in combination with an identical schedule of IFN-a (group 1, including nine
patients) or to continue with IFN alone (group 2, including six patients). These
patients were selected because they were infected by HCV genotype 1 (either 1a
or 1b) and had not developed a sustained response to retreatment. All patients
in group 2 remained viremic during the entire treatment period, while in group
1 patients 4 and 9 became transiently HCV RNA negative during therapy by both
b-DNA and reverse transcription-PCR (RT-PCR) at month 2 (patient 4) and at
the end of treatment (patient 9). Blood samples were obtained from each patient
before therapy, at the end of month 2 (before the addition of ribavirin in group
1), and at the end of retreatment. Changes in serum HCV RNA were monitored
by b-DNA version 2.0 (Chiron Corporation, Emeryville, Calif.) or by quantitative
PCR as described elsewhere (14).

PCR and cloning. Total RNA was extracted starting from 100 ml of serum by
the single-step guanidinium method (6) and resuspended in 10 ml of diethylpy-
rocarbonate-treated distilled water. RT was performed as described previously
(31). The RNA was incubated at 70°C for 5 min and then reverse transcribed in
a 25-ml reaction mixture containing 50 pmol of the external antisense primer, 3
mM MgCl2, 1 mmol of each deoxynucleoside triphosphate (dNTP), 1 mM di-
thiothreitol, 75 mM KCl, 5 mM Tris-HCl (pH 8.3), 20 U of RNase inhibitor
(Pharmacia LKB, Piscataway, N.J.), and 130 U of Moloney murine leukemia
virus reverse transcriptase (Gibco-BRL, Gaithersburg, Md.). The mixture was
incubated at 37°C for 60 min and then at 95°C for 5 min. The HVR1 and the
ISDR in the NS5A gene were amplified after RT by nested PCR. For both of the
regions the first round PCR was performed as follows. First, 10 ml of cDNA was
added to 40 ml of mixture containing 50 pmol of the external, sense primer, 1.5
mM MgCl2, 23.5 mM Tris-HCl (pH 8.3), 35.5 mM KCl, and 1.5 U of Taq
polymerase (Perkin-Elmer, Norwalk, Conn.). Nested “hot-start” PCR was per-
formed as follows. The bottom mixture contained 2.0 mM MgCl2, 0.2 mmol of
each dNTP, 10 mM Tris-HCl (pH 8.3), 15 mM KCl, and 50 pmol of each internal
primer. A wax layer was used to separate the lower mixture from the top reaction
mixture containing 40 mM Tris-HCl (pH 8.3), 60 mM KCl, 1.5 U of Taq poly-
merase, and 1 ml of the first-round PCR product. For the amplification of a
196-nucleotide fragment of the E2-HVR1, the two following sets of primers were
used: outer primers AS (59-CATTGCAGTTCAGGGCCGTGCTA-39) and S
(59-GGTGCTCACTGGGGAGTCCT-39) and inner primers AS (59-TGCCAA
CTGCCATTGGTGTT-39) and S (59-TCCATGGTGGGGAACTGGGC-39).
Subtype-1a/1b-specific primers were used for the amplification of a 219-nucleo-
tide fragment of the NS5A containing the putative ISDR. For genotype 1a, the
outer primer set 5A-1a-2 (AS, 59-GAGACTTCCGCAGGATTTCT-39; S, 59-T
GACGTCCATGCTCACTGAT-39) and inner primer set 5A-1a-1 (AS, 59-CGA
AGGAGTCCAGAATCACC-39; S, 59-CCTCCCATATAACAGCAGAG-39)
were used; for genotype 1b, the outer primer set 5A-1b-2 (AS, 59-CTGGATTT
CCGCAGGATCTC-39; S, 59-CAGAGACGGCTAAGCGTAGG-39) and inner
primer set 5A-1b-1 (AS, 59-TCCCTCTCATCCTCCTCCGC-39; S, 59-TCCTTG
GCCAGCTCTTCAGC-39) were used. For first- and second-round HVR1 PCR
30 cycles with the following conditions were used: 30 s at 94°C, 25 s at 55°C, and
30 s at 72°C. Cycling parameters for first-round and nested PCR of the NS5A
were as follows: 30 s at 94°C, 25 s at 65°C, and 30 s at 72°C for 30 cycles. PCR
products were purified (QIAQuik columns; Qiagen, Chatsworth, Calif.) and
ligated into TA cloning vectors (Invitrogen, San Diego, Calif.) according to the
manufacturer.

HTA. The heteroduplex tracking assay (HTA) was previously reported as a
sensitive and rapid technique for monitoring the evolution of HCV quasispecies
within the same patient at different time points. The technique is described in
detail elsewhere (15, 25, 29, 31). Briefly, to generate a probe, the insert of one
clone (either HVR1 or ISDR) was amplified by PCR and, after column purifi-
cation, the PCR product was end radiolabelled with T4 polynucleotide kinase
(Gibco-BRL) plus [g-32P]ATP. The probe, which represents the quasispecies
major variant at baseline, was hybridized to the heterogeneous PCR product
from serum samples obtained at the three different time points, and the different
viral sequences were then resolved by nondenaturing polyacrylamide gel elec-
trophoresis. Nucleotide changes between the probe and the target DNA lead to
the formation of heteroduplex bands that were characterized by retarded mo-
bility during gel electrophoresis. Probe hybridized with its own unlabelled se-
quence was used to indicate the homoduplex control. As previously demon-
strated (for both the HVR1 and the NS5A portion containing the putative
ISDR), the degree of shift of the heteroduplex bands compared to the homo-
duplex band is directly proportional to the number of nucleotide changes be-

tween the probe and the target DNA, and thus the genetic distance between
variants can be estimated by calculating the heteroduplex mobility ratio (HMR)
(25, 31). The HMR is calculated by measuring the distance in millimeters of the
heteroduplex from the origin of the gel and dividing that by the distance of the
homoduplex band from the origin. The total HMR of the quasispecies at one
time point is calculated as the average of the HMRs of all the variants indicated
by the different bands.

CFA. To characterize individual clones within the circulating quasispecies at
different time points, clonal frequency analysis (CFA) was performed by using
the same patient-specific probe obtained for the HTA as previously described
(26, 31). For CFA, at least 20 independent clones were analyzed per specimen
for both the HVR1 and the putative ISDR. In each case, the quasispecies
complexity (the total number of variants) was determined by counting the num-
ber of unique gel shift patterns. To determine the frequency of each variant, the
number of identical gel shift variants was divided by the number of clones
analyzed (21), and this value was multiplied by 100 to obtain the percentage.

Reproducibility of quasispecies sampling technique was assessed by perform-
ing replicate experiments on undiluted or serially diluted specimens, as previ-
ously described (16).

The total HMR of the quasispecies at one time point is obtained by averaging
the distances (in millimeters) from the origin of the gel of all the bands repre-
senting different clones and by dividing the obtained average distance of the
clones by the distance (in millimeters) from the origin of the gel of the homo-
duplex control.

The changes in quasispecies diversity within the HVR1 and the putative ISDR
were measured during the first phase of treatment by using the following for-
mula: (HMRt2 2 HMRt1)/HMRt1, where t1 and t2 indicate the pretreatment
time point and the month-2 time point, respectively. Similarly, the change in
HMR was measured during the second phase of therapy (phase 2), from month
2 to the end of treatment by using the following formula: (HMRt3 2 HMRt2)/
HMRt2, where t3 indicates the end-of-treatment time point.

Statistical analysis. A two-sample paired Student’s t test was used to compare
mean age, mean serum alanine aminotransferase level, viral RNA titers, and
mean HMR value at baseline between the two patients groups. A P value of
,0.05 was considered significant. The nonparametric Wilcoxon test was used to
compare the rates of change in HMRs between phase 1 and phase 2 in each
patient group. The correlation between the HMR values estimated by HTA and
CFA was determined by linear regression. The rate of quasispecies diversifica-
tion over the entire period of observation was assessed and compared in the two
groups by the analysis-of-variance (ANOVA) test.

RESULTS

Nine nonresponder patients had been treated for 2 months
with IFN monotherapy followed by 6 months of IFN-ribavirin
combination therapy, while 6 patients had received 8 months of
IFN monotherapy, according to the protocol described in Ma-
terials and Methods. HCV quasispecies diversification was as-
sessed in all patients during the 2 phases of treatment, with
phase 1 being the same for all 15 patients, while phase 2
differed for patients in group 1 (IFN-ribavirin combination
therapy) versus group 2 (IFN monotherapy). Thus, patients in
group 1 allowed an internally controlled comparison of HCV
quasispecies changes during sequential IFN monotherapy fol-
lowed by IFN plus ribavirin combination therapy. Group 2
patients represented an external control group for comparison
of phase 2 results with group 1 patients.

Baseline virological and clinical characteristics of the 15
patients are summarized in Table 1. No difference was ob-
served between the two groups with regard to the HCV viral
load, genotype, and liver histology. HCV quasispecies diversity
and complexity were determined in baseline specimens from
all 15 cases. Overall, no significant differences in pretreatment
HCV quasispecies diversity and complexity between patients
of group 1 versus those of group 2 were observed (Table 2).

In the current study both the HTA and the CFA techniques
were used to quantify the HCV quasispecies diversity in se-
quential serum samples in individual patients during treat-
ment, the CFA technique allowing a more detailed assessment
of individual clones within a quasispecies population and more
accurately defining the quasispecies complexity in specimens
previously analyzed by HTA.

A total of 63 specimens were analyzed by both the HTA and
the CFA techniques (for a total of 1,400 independent clones),
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and data were quantitatively expressed in terms of the HMR,
as described in Materials and Methods. Figure 1 depicts the
strong correlation between the HMR values of each quasispe-
cies population derived in parallel by the HTA and CFA tech-
niques (r2 5 0.88; P , 0.01) supporting the accurate and
reproducible assessment of HCV quasispecies carried out in
the present study.

Virus load profiles during retreatment. In 11 patients the
HCV RNA serum levels were fairly stable during therapy, with
changes not exceeding 1 log. Significant changes in serum
HCV RNA levels were observed in four cases during therapy:
HCV RNA become undetectable by both b-DNA and PCR at
month 2 in patient 4 and at the end of treatment in patient 9,
while in patients 5 and 11 viremia decreased by more than 1 log
by the end of treatment (from 7.3 to 5.3 log Eq/ml in patient 5
and from 7.3 to 5.9 log Eq/ml in patient 11).

HVR1 quasispecies diversification during IFN-ribavirin
therapy. Figure 2 illustrates analysis of HCV quasispecies by
HTA during IFN monotherapy followed by IFN-ribavirin com-
bination therapy for 7 patients in treatment group 1. For each
patient, HCV quasispecies were analyzed in serum samples
obtained before therapy (lane 1), 2 months after the initiation
of therapy (end of phase 1) (lane 2), and at the end of therapy
(end of phase 2) (lane 3). Both the E2 HVR1 (Fig. 2A) and the
putative ISDR (Fig. 2B) were amplified by RT-PCR and hy-
bridized with patient-specific probes derived from the quasi-
species major variant of the pretreatment time point. In two
cases, patients 4 and 9, the viral RNA could not be detected by
RT-PCR in serum samples obtained after 2 months of treat-
ment with IFN or at the end of treatment, respectively. In Fig.
2A, which shows temporal changes in the HVR1 quasispecies,
five patients (patients 2, 5, 6, 7, and 8) displayed an expanding
gel shift pattern during retreatment, indicating a substantial
evolution in genetic diversity between quasispecies variants.
Accordingly, in four of these patients, a consistent decrease in
HMR values over the entire treatment period (patient 2, from
0.91 to 0.84; patient 5, from 0.96 to 0.88; patient 6, from 0.95
to 0.89; patient 8, from 0.98 to 0.80) was observed. One patient
(number 7) showed a minor change in HMR (from 0.96 to
0.94). The increased quasispecies diversity at the end of ther-
apy compared to pretreatment was associated in these five
cases with a reduction in mean quasispecies complexity (from
9.5 to 6.7 variants per 20 clones analyzed). In patients 2, 5, 6,
and 7, the HTA profiles demonstrated that the major variants
detected before treatment were drastically reduced after the
first 2 months of IFN treatment and were no longer detected in
serum specimens obtained at the end of treatment. The HTA
findings were confirmed by the CFA technique, as shown in
Fig. 3, where the pretreatment quasispecies major variant of
patients 2 and 6, corresponding to clones with mobilities iden-
tical to that of the homoduplex control, was represented by
only one of 20 clones at month 2 and by none of the 20 clones
at the end of treatment.

The remaining patients in group 1 (patients 1 and 3) had a
low HVR1 genetic diversity as determined by HTA at the

pretreatment time point and showed only minor changes in the
quasispecies population during the entire treatment period.
These observations were confirmed by the corresponding CFA
profiles (Fig. 3, patient 1) and by the minor changes in HMR
over time (patient 1, from 0.98 to 0.99; patient 3, from 1 to
0.99). In addition, in these cases the quasispecies complexity
decreased during retreatment (from 10 to 7 and 4 to 3 clones
per 20 clones for patients 1 and 3, respectively). The rate of
HCV quasispecies diversification during phase 1 and during
phase 2 was assessed by calculating the mean changes in HMR
per patient per month. As shown in Fig. 4A, the rate of HVR1
quasispecies diversification was significantly higher during the
first 2 months of therapy with IFN alone (phase 1) compared
to phase 2, when patients received combination therapy (mean
change in HMR/patient/month: phase 1 5 0.02; phase 2 5
0.0027; P 5 0.017).

NS5A (ISDR) quasispecies diversification in patients of
group 1. Figure 2B shows the HTA profile for the NS5A
quasispecies in patients of group 1. In four out seven patients
(1, 2, 5, and 6) no changes were observed during the treatment
period. Of the remaining three patients, the HMR decreased
slightly in patient 3 (from 0.95 to 0.93), while it increased in
patient 7 (from 0.94 to 0.99); a marginal change in the NS5A
quasispecies composition was observed in patient 8 (from 0.98
to 0.99).

HVR1 and ISDR quasispecies diversification in patients of
group 2. Patients in group 2 were treated with IFN mono-
therapy throughout the 8-month study period. Figure 5A illus-
trates the HTA profiles of the HVR1 quasispecies in patients
10, 11, 12, 13, 14, and 15 analyzed at different time points. In
all of these patients, the HVR1 quasispecies composition con-
sistently changed during the entire treatment period, since the
major variants detected before therapy were not observed at
the end of treatment. In particular, in patients 10, 11, and 13
major changes occurred mainly during the first 2 months of
therapy and were maintained throughout the treatment period,
as indicated by the mobility pattern at month 2 (lane 2) and at
the end of therapy (lane 3).

In contrast, in patients 12, 14, and 15 different shift patterns
were observed at the three time points, indicating that new
subsets of quasispecies variants could continuously emerge.

TABLE 1. Baseline features of patients included in the two schemes of treatmenta

Treatment No. of
cases

Sex
(M/F)

Mean age
(yr) 6 SD

Mean serum
ALT 6 SD

Histological severity of
chronic hepatitis

HCV
genotype
(1a/1b)

Serum
HCV RNA
(MEq/ml)Mild Moderate Severe

Group 1 (IFN 3 IFN-ribavirin) 9 8/1 39.8 6 9.7 239 6 145 1 5 2 3/6 5.2 6 7.4
Group 2 (IFN alone) 6 5/1 40.5 6 12 130 6 25.2 2 2 3 1/5 4.7 6 6

a ALT, alanine aminotransferase. P values were not significant for age, serum ALT, and serum HCV RNA values.

TABLE 2. HCV quasispecies features at baseline in patients
included in the two schemes of treatment

Treatment group
Mean Qsa:

Diversity 6 SDb Complexity 6 SDc

Group 1 0.96 6 0.028 8.0 6 1.4
Group 2 0.93 6 0.014 8.2 6 7.1

a Qs, quasispecies.
b Relative to HMR.
c Number of single shift patterns within 20 clones analyzed by CFA. The P

values were not significant.
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HMR decreased after IFN therapy in patient 11 (from 0.94
to 0.92), in patient 12 (from 0.99 to 0.87), and in patient 14
(from 0.87 to 0.80), indicating an increasing genetic divergence
between variants before and at the end of treatment. In con-
trast, HMR values increased in patients 13 and 15 (from 0.91
to 0.96 and from 0.93 to 0.96, respectively), indicating a reduc-
tion in quasispecies genetic diversity.

Figure 5B shows the quasispecies tracking profiles of NS5A
sequences in the same patients before treatment, after 2
months of treatment, and at the end of therapy. As observed
for patients treated with IFN plus ribavirin, the NS5A quasi-
species population in this group of patients appeared not to be

affected by IFN, since similar or identical gel shift patterns
were observed in most patients at the time of sequential test-
ing. In only one patient (number 15) was a marked change in
the major quasispecies variants observed at the end of treat-
ment. The overall stability of the NS5A quasispecies was as-
sociated, in most patients, with a simple genetic quasispecies
composition. Only patient 11 showed a more complex NS5A
quasispecies that remained stable over the period of observa-
tion.

Figure 4B illustrates the comparison of the rates of genetic
diversification between phase 1 and phase 2 of treatment in
patients of group 2. As we observed in group 1, the rate of

FIG. 1. Correlation between two methods for HCV quasispecies analysis. Data were derived by using 63 specimens for which the quasispecies diversity was analyzed
in the HVR1 or in the NS5A regions by two different methods, HTA and CFA. The y axis depicts HCV quasispecies genetic diversity data expressed as the HMR
generated via the HTA technique, while the x axis shows quasispecies genetic diversity data obtained by the CFA technique. A highly significant correlation was
observed between the two methods for both genetic regions. The digits close to the solid diamond symbols represent the number of samples with the same value when
the value was .1.

FIG. 2. HTA of the HCV quasispecies in the HVR1 (A) and NS5A (B) characterized before, during, and at the end of therapy in seven patients who received IFN
followed by combination therapy. For each experiment, radiolabeled probes were generated from pretreatment quasispecies major variant and hybridized to itself
(homoduplex, indicated by an asterisk) or to heterogeneous target sequences obtained from PCR-amplified products of the same patient before therapy (lane 1), 2
months after initiation of IFN therapy (lane 2), and at the end of therapy (lane 3).
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quasispecies diversification was significantly different in the
two phases of treatment: the mean change in HMR/patient/
month was approximately fivefold higher during the first 2
months of treatment (0.015) compared to the following 6
months (0.003) (P 5 0.05).

In agreement with these observations, there was no differ-
ence in the patterns of HCV quasispecies diversification over
the entire treatment period in patients of group 1 compared to
those of group 2 (P 5 0.90 by ANOVA).

DISCUSSION

With respect to the treatment of chronic hepatitis C, it is
becoming apparent that response rates with current treatment
regimens remain suboptimal (2, 17). Since one goal of success-
ful therapy is the eradication of virus from the infected host,
studies examining the dynamic responses of HCV to various
treatment regimens are warranted. In particular, the effect of
retreatment with IFN alone or with IFN plus ribavirin on the
evolution of the HCV quasispecies in nonresponsive patients is
unknown.

In the present study, a detailed assessment of HCV quasi-
species diversification rates in a group of IFN nonresponders
who were randomized to receive retreatment with IFN alone
for 8 months or IFN alone for 2 months followed by IFN plus
ribavirin was carried out. The two treatment groups were well
matched for the virological predictors of IFN response, includ-
ing pretreatment viral load and infecting HCV genotype (all
were genotype 1) (17); in addition, the pretreatment quasispe-
cies diversity was similar in the two groups.

The diversification of HCV quasispecies was analyzed within
the two distinct genomic regions HVR1 and NS5A-ISDR, pre-
viously shown to be affected by IFN therapy by using the
related techniques HTA and CFA. The systematic application
of these well-standardized and highly reproducible methods
(26, 29, 31) allowed quasispecies analysis in a relatively large
number of serial samples. Although all patients were nonre-
sponders, in some of them the predominant clones have clearly
been suppressed during treatment. This was likely due to the
antiviral treatment which induced rapid clearance of HCV-

sensitive variants, giving minor and resistant variants an op-
portunity to expand. We cannot exclude, however, that the
treatment increased variation within the existing major vari-
ants as a result of selective pressure in favor of those mutants

FIG. 3. CFA of the HVR1 quasispecies in patients 1, 2, and 3 within patients of group 1. For each patient, a radiolabeled probe was prepared from the pretreatment
quasispecies major variant. In each case, 20 independent HVR1 clones were analyzed at three different time points: before treatment, after 2 months of IFN treatment,
and at the end of IFN-ribavirin treatment. Each panel depicts the gel shift pattern of the 20 HVR1 clones plus the homoduplex shift control, which is indicated by an
asterisk.

FIG. 4. Comparison of the rate of HVR1 quasispecies diversification during
the first 2 months of treatment (phase 1) versus the second phase of treatment
(phase 2) within patients of groups 1 and 2. To estimate the rate of quasispecies
genetic divergence during different intervals of treatment, the mean change in
HMR per patient/month was derived as described in Materials and Methods.
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that were most fit to replicate. Probably the best approach to
address these issues would be to analyze the nucleotide se-
quences of a representative number of cDNA clones at each
time point and their phylogenetic relationship. However, it
would be difficult to verify both hypotheses because of the
rapid turnover of viral population and the lack of closer time
points.

During the first 2 months of IFN retreatment, an increased
rate of quasispecies diversification in both HVR1 and NS5A
genes was observed. Interestingly, these two genomic regions
evolved rather independently, and changes in the quasispecies
population occurred more frequently within the HVR1 com-
pared to the NS5A, with rates of diversification that were
statistically significant for HVR1 but not for NS5A. In one
particular case, however, the behavior of the quasispecies was
clearly different, with changes occurring within NS5A but not
within HVR1. These results, while confirming that IFN exerts
a different selective pressure on the HCV quasispecies in
HVR1 compared to the portion of the NS5A which contains
the putative ISDR sequence, indicate that independent evolu-
tion of these two regions may occur.

The overall lower rate of genetic diversification observed in
the NS5A regions compared to the HVR1 may have been a
consequence of the selection on an IFN-resistant population in
the NS5A quasispecies already during the first cycle of therapy,
a notion also in agreement with the rather restricted NS5A
quasispecies found before retreatment in most of our patients.
However, the data are not significantly different from those
previously reported in naive patients (31).

In recent years several studies have associated nonrespon-
siveness to IFN treatment with the presence of a specific con-
sensus ISDR within the carboxyl-terminal half of the HCV
NS5A gene. In particular, it has been shown that patients with
an ISDR sequence identical to that of HCV-J (wild type) do
not respond, while those with a mutated sequence often do
respond to the therapy (5, 9). These findings have not been

always confirmed (28, 32). Unlike all previous studies, where
the nucleotide sequence of the putative ISDR was determined,
in our study we analyzed the NS5A quasispecies by a combi-
nation of the HTA and CFA techniques, and we have shown
that in nonresponders the NS5A quasispecies is often very
homogeneous and highly conserved during treatment. These
findings suggest the presence of a single well-fit major variant,
one resistant to the antiviral treatment. The presence of such
a homogeneous viral population already before the beginning
of retreatment might be the result of a previous selection of an
IFN-resistant strain that occurred during the first cycle of ther-
apy. Thus, these findings support what has been previously
suggested by different authors about the existence of an ISDR
motif associated with IFN nonresponsiveness (5, 9, 11).

A major finding of the present study was that the HCV
quasispecies changed much more rapidly during the early
phase of retreatment than during the late phase, a finding
independent of whether patients received IFN alone or IFN
plus ribavirin during the second phase. Indeed, mean changes
in HMR per patient/month were five- to sevenfold higher for
HVR1 during the first 2 months of retreatment than for the
following 6 months. This observation is consistent with the
concept that IFN resistance occurs early in the course of treat-
ment and indicates the need for assessing other induction
schedules for IFN retreatment, such as daily IFN treatment,
which may increase the antiviral pressure and reduce the level
of virus escape.

The addition of ribavirin to IFN had no major effects on the
diversification and evolution of the HCV quasispecies driven
by IFN. This appeared to be true for the changes occurring
both in the HVR1 and in the NS5A genes. Indeed, the patterns
of these quasispecies that had developed during the first 2
months of IFN retreatment remained unchanged in most pa-
tients during further treatment, without any differences be-
tween monotherapy and combination therapy. These observa-
tions are in agreement with previous work indicating that

FIG. 5. HTA of the HCV quasispecies in the HVR1 (A) and NS5A (B) characterized before, during, and at the end of therapy in six patients who received IFN
monotherapy. For each experiment, radiolabeled probes were generated from pretreatment quasispecies major variant and hybridized to itself (homoduplex, indicated
by an asterisk) or to heterogeneous target sequences obtained from PCR-amplified products of the same patient before therapy (lane 1), 2 months after initiation of
IFN therapy (lane 2), and at the end of therapy (lane 3).
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ribavirin alone has no appreciable effect on HCV quasispecies
heterogeneity (12). The mechanism by which ribavirin in-
creases the virological response to IFN still remains largely
unknown. It has been recently reported that, in cultured pe-
ripheral blood mononuclear cells from patients chronically in-
fected with HCV, combination therapy induced increased lev-
els of 29,59-oligoadenylate synthetase compared to treatment
with IFN alone, suggesting that the enhanced antiviral activity
was due to a synergistic effect of ribavirin plus IFN on the
expression of this enzyme (22). Since our results were obtained
with patients treated sequentially with the two drugs, a similar
quasispecies analysis should be done in patients receiving IFN
in combination with ribavirin from the beginning of treatment.

In summary, the present study describes a detailed analysis
of HCV quasispecies diversification in two groups of nonre-
sponder patients, all of whom were infected with HCV geno-
type 1 and who were then retreated with IFN alone or with IFN
plus ribavirin. Retreatment was associated with accelerated
quasispecies diversification during the first 2 months of therapy
in nearly all patients. After the first 2 months, the level of
quasispecies diversification was reduced, regardless of the ad-
dition of ribavirin to the treatment schedule. The data argue
for clinical trials designed to investigate the efficacy of using
more-aggressive drugs with increased antiviral activity on HCV
during the early treatment period.
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