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Despite recent treatment advances, the majority of patients with
chronic hepatitis C fail to respond to antiviral therapy. Although
the genetic basis for this resistance is unknown, accumulated
evidence suggests that changes in the heterogeneous viral popu-
lation (quasispecies) may be an important determinant of viral
persistence and response to therapy. Sequences within hepatitis C
virus (HCV) envelope 1 and envelope 2 genes, inclusive of the
hypervariable region 1, were analyzed in parallel with the level of
viral replication in serial serum samples obtained from 23 patients
who exhibited different patterns of response to therapy and from
untreated controls. Our study provides evidence that although the
viral diversity before treatment does not predict the response to
treatment, the early emergence and dominance of a single viral
variant distinguishes patients who will have a sustained therapeu-
tic response from those who subsequently will experience a
breakthrough or relapse. A dramatic reduction in genetic diversity
leading to an increasingly homogeneous viral population was a
consistent feature associated with viral clearance in sustained
responders and was independent of HCV genotype. The persis-
tence of variants present before treatment in patients who fail to
respond or who experience a breakthrough during therapy
strongly suggests the preexistence of viral strains with inherent
resistance to IFN. Thus, the study of the evolution of the HCV
quasispecies provides prognostic information as early as the first 2
weeks after starting therapy and opens perspectives for elucidat-
ing the mechanisms of treatment failure in chronic hepatitis C.

Infection with hepatitis C virus (HCV) is a leading cause of
chronic liver disease worldwide (1). Although a broadly pro-

tective hepatitis C vaccine would be highly desirable, its devel-
opment has proven to be exceedingly difficult (2). Thus, effective
treatment for this disease is especially important. However,
despite recent successes after the introduction of combination
therapy with IFN-� and ribavirin (3–5), about 60% of patients
still fail to respond. Therefore, resistance to antiviral therapy
remains a serious problem in the management of chronic
hepatitis C. Patients who do not have a sustained response to
IFN therapy constitute a heterogeneous group (6): some expe-
rience persistent viremia and alanine aminotransferase abnor-
malities (nonresponse) whereas others have an initial response
followed by reactivation while on IFN therapy (breakthrough) or
by relapse after its discontinuation (transient response). Several
studies have pointed to the HCV genotype and the baseline level
of viremia as the most important predictive factors of respon-
siveness to IFN therapy (7). However, diverse treatment re-
sponses in patients with the same genotype and similar levels of
viremia suggest that other factors may be responsible for the
effectiveness of therapy.

Although the biological conditions associated with treatment
failure are not presently known, both host and viral factors likely
are involved. Among the latter, viral resistance to IFN is
considered to play a major role, although the molecular basis of
such resistance has not been fully defined (8–10). A specific

region of the nonstructural 5A gene (11) has been suggested as
a possible determinant of IFN sensitivity (12, 13), but this
hypothesis is still highly controversial (14–19). More recently, a
second region of potential interest has been identified within the
envelope 2 glycoprotein (E2) (20), but its role in determining
IFN resistance also remains unclear (21–24). Regardless of the
precise genetic determinant(s) of the resistance of HCV to IFN,
evidence accumulated over the past few years suggests that the
genetic variability of this virus may have important implications
not only for pathogenesis and prevention (25), but also for
therapy of HCV infection. Like most RNA viruses, HCV circu-
lates in vivo as a complex population of different but closely
related viral variants, commonly referred to as a quasispecies
(26). Owing to the large reservoir of biologically different
genetic variants provided by the quasispecies (27), viral strains
that are resistant to IFN may continuously emerge, posing a
major challenge for the development of effective therapeutic
measures (28, 29). Studies of the HCV quasispecies and its
relationship to the outcome of antiviral therapy have been based
mostly on PCR–single-stranded conformation polymorphism
analysis (30–35), a method that does not permit tracking of
individual viral variants present in the quasispecies nor a precise
measurement of the genetic distance among such variants (ge-
netic diversity). In contrast, studies using sequence analysis,
which allows for precise fingerprinting of variants, have been
limited because of the laborious nature of this technique
(36–38).

We investigated the composition and molecular evolution of
the HCV quasispecies during the course of IFN therapy by
tracking individual viral variants in patients with chronic hepa-
titis C who exhibited different patterns of response. Our main
objective was to determine whether the evolution of the viral
quasispecies provides biological clues for understanding and
predicting the different patterns of treatment response.

Materials and Methods
Patients. A total of 23 patients with chronic hepatitis C who had
been treated with IFN monotherapy between 1994 and 1997 at
the Department of Internal Medicine of the University of
Cagliari were included in this study. Eight women and 15 men
(mean age � SD, 43.35 � 2.7, range 25 to 58 years) were selected
from a larger number of patients treated with IFN because they
represented clear cases of the four different patterns of response
to IFN therapy, defined in detail as supporting information on
the PNAS web site, www.pnas.org. Of the 23 patients, five had
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a sustained response, five relapsed after termination of therapy,
four had a breakthrough during therapy, five failed to respond,
and four untreated patients served as controls. At the time of
enrollment the HCV genotype had not been determined and
thus the selection of the patients was based only on the different
biochemical and virological patterns of response to therapy. All
patients had an elevated serum alanine aminotransferase level
for at least 6 months before treatment and all had histologically
proven chronic hepatitis; 20 of 23 patients (87%) had chronic
hepatitis (mild in 11 and moderate in nine); whereas three (13%)
had active cirrhosis. There were no significant differences in
baseline histology or alanine aminotransferase level (mean �
SD, 147.6 � 68.3) among the different patient groups. All
patients were positive for anti-HCV antibodies by third-
generation ELISA assay and for serum HCV RNA as measured
by a nested reverse transcription–PCR (39) using two sets of
primers from the 5� noncoding region (40). All were negative for
hepatitis B surface antigen and antibodies to HIV type 1
(HIV-1). Patients received IFN-�-2a at a dose of 6 million units,
three times a week for 6 months and were followed for at least
3 years after completion of therapy. The protocol was approved
by the university’s research committee, and all patients provided
informed consent. During the treatment period, the patients
were seen each week for the first 2 weeks, then biweekly through
week 12, and then at 4-week intervals. During the follow-up
period, the patients were seen during the first and third months
and then every 3 months.

Design of the Study. The number of viral variants, the genetic
distance among the different variants (genetic diversity), the
evolution of HCV quasispecies, and the level of viral replication
were studied in serial serum samples obtained at different time
points during IFN therapy and also at different time points from
untreated controls. The analysis of the HCV quasispecies was
performed by examining viral sequences spanning the hyper-
variable region 1 (HVR1) (41) and flanking sequences from the
envelope genes [envelope glycoprotein 1 (E1) and E2]. For each
patient, we studied one sample obtained at baseline and one
within the first 2 weeks of treatment. A later sample was analyzed
in all patients (except the long-term responders who cleared the
virus) according to the response pattern. In patients who re-
lapsed after therapy, testing was performed on a sample ob-
tained within 1 month after the cessation of therapy. In patients
who relapsed during therapy, testing was performed at the
time of breakthrough, usually 12 weeks after the initiation of
therapy. In nonresponders, sampling was also at 12 weeks after
initiation of therapy and in untreated controls at 24 weeks after
enrollment.

Test for HCV RNA and Genotype. Total RNA was extracted from 100
�l of serum and reverse-transcribed in a volume of 20 �l, and the
resulting cDNA was amplified by using sets of primers from the
E1 and E2 genes, including the HVR1 (40). The sensitivity,
specificity, and details of our nested PCR technique have been
reported (39). To reduce the risk of contamination, appropriate
precautions were taken (42). The level of serum HCV RNA was
measured by a commercial assay (Cobas Amplicor HCV Mon-
itor 2.0, Roche Diagnostics). The HCV genotype was deter-
mined by sequence analysis of part of the E1 gene (43).

Molecular Cloning and Sequencing. The PCR products amplified
from the E1�E2 region were purified by using Qiaex (Qiagen,
Valencia, CA), cloned into pGEM-T vector systems (Promega),
and transformed into Escherichia coli strain J109. For sequenc-
ing, plasmid DNA was extracted with the Qiaprep Miniprep
(Qiagen) according to the manufacturer’s recommendations.
The double-stranded plasmid DNA was sequenced with the
Applied Biosystems model 373 automated DNA sequencer by a

modified Sanger method. A total of 1,987 molecular clones, each
558 nt in length, were sequenced.

Data Analysis. To ensure integrity of the sequence data, appro-
priate precautions were taken as recommended (44). Genetic
diversity was calculated by analysis of predicted amino acid
sequences, 176 aa in length, amplified from the E1 and E2 genes
of the HCV genome, including the 31 aa of HVR1. The genetic
diversity was calculated by the Hamming distance, which is
defined as the number of amino acid differences between two
sequences (45, 46). The mean Hamming distance, which is the
average of the values taken for all sequence pairs derived from
a single sample, was separately calculated within the HVR1 (31
aa) and on the entire sequence outside the HVR1 (145 aa).
Analysis of the genetic diversity and number of viral variants was
performed after exclusion of defective or unreadable sequences,
within the HVR1 on 1,790 sequences (mean of 27.9 molecular
clones for each sample) and outside the HVR1 on 1240 clones
(mean 19.7 molecular clones for each sample). More details on
the defective sequences are published as supporting information.
The average number of synonymous (silent) nucleotide substi-
tutions per synonymous site and the number of nonsynonymous
(amino acid replacement) nucleotide substitutions per nonsyn-
onymous site relative to the ancestral consensus sequence were
calculated (47) for each time point within a single patient with
the program MEGA (48). Sequences obtained from each time
point were compared with the consensus (reference) sequence of
the first time point. The phylogenetic trees were constructed
with the NEIGHBOR program in the PHYLIP package (49).

Statistical Analysis. The results are expressed as the mean � SE.
A one-way ANOVA was performed before comparing data of
different groups by t test. Changes in the levels of viremia were
evaluated by nonparametric Wilcoxon test for paired samples
because of the non-normal distribution of data. Frequency
variables were compared by a Fisher’s exact test. In all tests, a P
value less than 0.05 was considered statistically significant.

Results
The five groups of patients were similar with respect to demo-
graphic and clinical characteristics, except that 65% of the total
population was male and four of the five long-term responders
were females. Before treatment, the genetic diversity and the
number of viral variants within the HVR1 did not differ signif-
icantly among the patient groups (Table 1). However, at base-
line, patients with a complete response who later relapsed
exhibited the most heterogeneous viral population, with the
highest genetic distance among the different viral strains. Sim-
ilarly, the level of viremia did not differ significantly among the
patient groups, although it was slightly higher in nonresponders
and controls. Consistent with the geographic origin of the 23
patients, the vast majority, 16 (69.5%) of HCV infections were
genotype 1a or 1b (Table 1). One (4.3%) was genotype 2c, and
six (26%) were genotype 3a. All nonresponders were infected
with genotype 1b, whereas only one of the five patients who
exhibited a sustained long-term complete response was infected
with genotype 1b (Table 1).

Patients with a sustained response had a significant decrease
both in genetic diversity and number of viral strains (Table 2).
These changes were associated with a significant reduction in the
levels of HCV viremia. In most patients with a sustained
response, the genetic diversity markedly decreased by week 2
(Fig. 1A), leading to a highly homogeneous viral population
before the subsequent clearance of HCV viremia, which oc-
curred in all cases within 4 weeks after starting therapy. In
contrast, patients who had a complete response followed by
relapse showed a disparity between the evolution of the HCV
quasispecies and the pattern of viremia at week 2 of therapy.
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Although this group had a significant decrease in the level of
viremia, there was only a slight decrease in genetic diversity and
the number of viral strains by week 2 of therapy (Table 2). At the
time of relapse, there was reactivation in HCV viremia, which
returned to baseline levels, and a further, but not statistically
significant, decrease in genetic diversity. Similarly, in patients
who had a breakthrough during therapy, HCV RNA levels
initially declined in parallel with a reduction in genetic diversity
and the number of viral strains, although the extent of such
changes did not reach statistical significance (Table 2). These
parameters returned to baseline values at the time of break-
through. In nonresponders, although the level of viremia was
almost unchanged, there was a reduction in genetic diversity and
in the number of viral strains at week 2 that continued through
week 12 of therapy. Despite similar mean values, pairwise
comparison showed a significant reduction in both parameters,
caused by a more consistent trend in all patients (Table 2). Such
a discrepancy suggests that in nonresponders there is persistence
of a restricted number of viral strains that have a better fitness
for survival during IFN treatment. In untreated controls, there
were minimal changes in viral load, number of variants, and
genetic diversity over the course of 24 weeks (Table 2).

When we performed the analysis on the 145 predicted aa
outside the HVR1, the genetic diversity and the number of viral
strains at baseline were consistently lower than within the HVR1
in all patient groups (Table 1). Moreover, these parameters
outside the HVR1 did not show any change over time (Table 2).
Therefore, the patterns observed in patients with different
responses to IFN therapy were essentially caused by genetic
variation within the HVR1.

Next, we tracked individual viral variants over time by exam-
ining HVR1 sequences in patients with different patterns of
response to therapy. This region was selected because it is the
most variable region of the HCV genome (41) and it has been
shown to contain a neutralization domain (50, 51). Thus it might
be an important target for monitoring the immunologically
mediated antiviral effects induced by IFN. In sustained respond-
ers, the analysis conducted at week 2 showed a remarkable loss
of most of the strains present at baseline, in parallel with the
dramatic decrease in the level of HCV viremia, as depicted in a
typical patient (Fig. 1 A). In addition, all of the residual strains
were present at very low absolute copy number, compared with
baseline levels, and in most of the patients a single strain
represented on average about 90% of the entire viral population.

Table 1. Genetic diversity, number of viral strains, viral genotypes, and levels of serum HCV RNA at baseline in patients with chronic
hepatitis C according to their response to IFN-� therapy and in untreated controls

Sustained response (n � 5) Relapse (n � 5) Breakthrough (n � 4) Nonresponse (n � 5) No treatment (n � 4)

Genetic diversity
HVR1 8.32 � 1.98 18.60 � 5.72 10.33 � 3.13 10.16 � 4.40 7.50 � 2.73
E1�E2 outside HVR1 1.90 � 0.18 2.30 � 0.49 2.08 � 0.24 2.24 � 0.49 2.52 � 0.44

No. of viral strains
HVR1 7.20 � 0.80 11.40 � 1.75 11.50 � 2.96 11.40 � 2.36 9.50 � 0.87
E1�E2 outside HVR1 2.72 � 0.24 3.08 � 0.33 2.97 � 0.65 2.60 � 0.44 3.72 � 0.50

HCV genotype
1 1* 4 3 5* 3
Non-1 4 1 1 0 1

Serum HCV RNA
No. of copies � 105�ml 8.60 � 2.91 7.86 � 1.91 10.68 � 4.51 12.84 � 3.50 14.35 � 3.07

The analysis of the genetic diversity measured by mean Hamming distance (45) and of the number of viral strains was based on 649 sequences within the HVR1
and on 447 sequences outside the HVR1. The data represent mean � SEM. *, P � 0.024 for the comparison with the nonresponse group, by Fisher’s exact test.
None of the other differences were statistically significant.

Table 2. Changes in genetic diversity, number of viral strains, and levels of serum HCV RNA in patients with chronic hepatitis C
according to their response to IFN-� therapy and in untreated controls

Patient group
No. of

patients
Time

points

Interval
mean,
weeks

Change in genetic diversity* Change in the number of viral strains

Change in serum HCV
RNA �103 copies�mlHVR1

E1�E2 outside
HVR1 HVR1

E1�E2 outside
HVR1

Sustained response 5 a vs. b 1.4 � 0.2 �5.82 � 1.46† �0.74 � 0.23 �3.60 � 2.51‡ 0.43 � 0.98 �859.25 � 291.26§

Relapse 5 a vs. b 1.8 � 0.2 �3.54 � 1.54 �0.20 � 0.19 �3.60 � 1.69 �0.20 � 0.19 �770.36 � 182.69¶

a vs. c 29.6 � 1.0 �7.90 � 4.42 �0.92 � 0.46 �1.20 � 2.04 �0.92 � 0.46 �95.10 � 125.13
Breakthrough 4 a vs. b 2.0 � 0.0 �4.90 � 4.03 �0.93 � 0.57 �6.00 � 3.49 �1.03 � 0.54 �996.81 � 481.94

a vs. c 12.0 � 0.0 3.35 � 5.40 0.45 � 0.98 �0.25 � 1.03 �0.25 � 0.87 �282.78 � 338.80
Nonresponse 5 a vs. b 2.0 � 0.0 �3.72 � 1.39 �0.64 � 0.40 �4.60 � 1.86 �0.44 � 0.49 �95.11 � 96.50

a vs. c 12.0 � 0.0 �1.38 � 0.16� �0.16 � 0.43 �4.60 � 1.33** 0.20 � 0.41 �135.79 � 114.56
No treatment 4 a vs. b 2.0 � 0.0 �0.03 � 0.17 0.38 � 0.33 �1.00 � 0.91 �0.03 � 0.87 �81.02 � 312.36

a vs. c 27.8 � 1.0 0.30 � 1.51 0.45 � 0.24 �0.25 � 1.11 1.03 � 0.61 �184.80 � 300.48

†, P � 0.017 for the change between time points a and b, by a paired t test. ‡, P � 0.033 for the change between time points a and b, by a paired t test. §,
P � 0.043 for the change between time points a and b, by nonparametric Wilcoxon test for paired samples. ¶, P � 0.043 for the change of time points a and b,
by nonparametric Wilcoxon test for paired samples. �, P � 0.009 for the change between time points a and c, by a paired t test. **, P � 0.026 for the change
between time points a and c, by a paired t test.
*Genetic diversity was measured by mean Hamming distance (45). The data represent mean � SEM. Negative values indicate a reduction in genetic diversity,
number of viral strains, and levels of serum HCV RNA; positive values indicate an increase in these values. The first time point (a) corresponds to the baseline,
the second (b) to the first or second week of therapy and the third (c) to the time of relapse (mean 29.6 weeks), or breakthrough (week 12), or a late sample
in nonresponders (week 12) or in untreated controls (mean 27.8 weeks).
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The dominant strain at baseline disappeared in three patients,
while it was still present in the remaining two, although in only
one was it dominant. In contrast, the dominant strain persisted
in all of the nonresponders, with little, if any, change in the

absolute number of viral copies (typical patient: Fig. 1D). This
finding, together with a significant reduction in the genetic
diversity and the number of viral strains at week 12, is consistent
with a higher fitness of the pre-existing dominant strain during

Fig. 1. Clinical course and evolution of the HCV quasispecies within the HVR1 in representative patients according to the pattern of response to IFN therapy
(A–D) and in untreated controls (E). (Upper) The clinical course. The light blue areas indicate the values for alanine aminotransferase. The red horizontal bars
indicate positive assays for serum HCV RNA by PCR. The red lines indicate the titer of serum HCV RNA as measured by the monitor assay. The yellow horizontal
bars indicate the duration and dosage of IFN treatment. (Lower) The number of viral strains and the genetic diversity within the 31 aa of the HVR1. The vertical
bars indicate the number and the proportion of viral variants within each sample. Within the vertical bars, each variant is identified by a different color. The
dominant viral variant found in each patient at the first time point is indicated in turquoise; other variants are indicated by additional colors. The same color
indicates identity between viral variants detected at different time points, but not between different patients. The genetic diversity (black line) was calculated
by mean Hamming distance (45) from the predicted amino acid sequences obtained from each sample.
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therapy. A similar pattern was observed in patients who expe-
rienced a breakthrough during therapy (typical patient: Fig. 1C).
The dominant strain persisted in three of the four patients at
week 2, and in all patients remained the dominant strain at the
time of breakthrough.

A more heterogeneous pattern was seen in patients who
relapsed after the termination of therapy (Fig. 1B). A distinctive
feature of all but one patient with relapse was a high degree of
viral diversity at baseline with no single strain representing more
than 25% of the total population. At relapse, two patterns were
observed. In three cases, there was emergence of a new strain
that now showed clear dominance (Fig. 1B) and in two cases an
apparently minor population emerged as the distinctly dominant
strain.

Untreated controls showed a pattern very similar to that seen
in nonresponders in that the dominant strain persisted over time
in all patients. A common feature of both untreated and treated
patients, regardless of the different patterns of response to
therapy, was the continuous replacement of minor variants (each
usually represented by a single clone), with new strains during
the entire observation period (examples: Fig. 1 A–E). Thus, the
major difference among the patterns of response to treatment
was the behavior of the dominant strain, which persisted and
remained quantitatively predominant in nonresponders, patients
with breakthrough, and controls, whereas it disappeared or lost
its dominance in almost all patients with a sustained response. In
patients with relapse there was no dominant strain at baseline,
but an unequivocally dominant strain at relapse.

Phylogenetic analysis of all of the HVR1 amino acid sequences
revealed distinct clusters of unique viral sequences for each
subject, indicating that the results were not caused by PCR
contamination. Phylogenetic reconstructions showed different
patterns according to the response to therapy. In most patients
with a sustained response, the administration of IFN resulted, by
week 2, in the emergence of strains that were distinct from the
baseline sequences, clustering as a distinct monophyletic popu-
lation (typical example: Fig. 2 A, which is published as supporting
information on the PNAS web site). A tendency to form clusters
over time was also seen in most patients with the relapsing
pattern. In these patients, however, clustering of the sequences
usually occurred at the time of relapse (see Fig. 2B). In contrast,
in nonresponders, patients who had a breakthrough, and un-
treated patients, there was no tendency to form clusters with
sampling time. The pattern was characterized by an intermin-
gling of sequences from different time points (typical example:
see Fig. 2 C–E).

The accumulation rates of synonymous relative to nonsynony-
mous nucleotide substitutions revealed a difference in virus
evolution within and outside the HVR1 (Table 3, which is
published as supporting information on the PNAS web site). In
all groups of patients, the rate of nonsynonymous substitutions
within the HVR1 was generally higher than that of synonymous
substitutions, suggesting a positive selection. Treatment with
IFN did not modify this trend, except in patients with a sustained
response, in whom synonymous substitutions prevailed at week
2 of therapy. In contrast, the substitutions outside the HVR1
were mainly synonymous in all groups of patients, suggesting that
this region evolved under purifying selection (see Table 3).

Discussion
Our study provided evidence that the number of viral strains and
the genetic diversity before treatment did not correlate with
treatment outcome. Consistent with these observations, phylo-
genetic analysis of viral sequences obtained from all patients
before treatment failed to show any clustering associated with a
specific pattern of response. In contrast, within the limitation of
our data set, analysis of the early evolution of the viral quasi-
species yielded important prognostic information. In patients

who exhibited a sustained therapeutic response, we documented
a significant decrease in the number of viral strains, genetic
diversity, and levels of viremia within 2 weeks of initiating
therapy. In contrast, in patients who relapsed after termination
of therapy, there were no significant changes in the HCV
quasispecies, despite a significant reduction in the level of HCV
RNA replication, suggesting that important changes in the HCV
quasispecies, but not in viremia, early after starting therapy may
differentiate patients who will eradicate the virus from those
who will relapse shortly after cessation of therapy. A dramatic
reduction in genetic diversity leading to an increasingly homo-
geneous viral population was a consistent feature associated with
viral clearance in sustained responders and was independent of
HCV genotype. A strikingly similar trend of decreasing viral
diversity was recently documented just before viral clearance in
acute resolving hepatitis, whereas an increase in viral diversity
was found to correlate with acute hepatitis that progressed to
chronicity (52). Although the immunological correlates of spon-
taneous viral clearance are still undefined (53), it has been
suggested that a reduction in genetic diversity in the envelope
genes, and especially in the HVR1 of the E2 gene, a neutral-
ization domain, is likely to be the result of a more successful and
balanced cellular and humoral immune response (54). Phyloge-
netic analysis showed a distinct clustering of viral sequences
leading to a monophyletic population of variants in sustained
responders, suggesting that in these patients there is a shift in
HCV quasispecies shortly after initiating therapy, likely as the
result of the rapid elimination of IFN-sensitive HCV strains. In
contrast, the lack of progressive shift in the viral population seen
in nonresponders and those who had a breakthrough suggests a
relative evolutionary stasis of the HCV quasispecies. Strikingly,
untreated controls showed a pattern most similar to that ob-
served in nonresponders with an intermingling of sequences over
time.

The molecular mechanisms underlying treatment failure in
chronic HCV infection are still unknown. Our observation that
in nonresponders the initial dominant strain persists without
significant changes in viral replication levels argues in favor of
the hypothesis that inherently IFN-resistant HCV variants are
present in these patients before the initiation of therapy. Al-
though a region within the nonstructural protein 5A, named the
IFN sensitivity-determining region (11), and a highly conserved
stretch of 12 aa in the E2 protein (20) have been suggested as
potential determinants of IFN resistance, the evidence for this
is inconsistent (25). In this respect and in accordance with
several previous studies (14–19, 21–24), we failed to observe any
correlation between mutations in these two regions and outcome
of IFN therapy (P.F., unpublished data). The mechanism of
treatment failure in patients who relapsed during or shortly after
therapy is more difficult to interpret. In patients who had a
breakthrough, the reappearance of the original dominant strain
suggests either an intermediate grade of sensitivity to IFN or,
alternatively, transient viral suppression by IFN-modulated im-
mune-mediated mechanisms. In contrast, the emergence of new
viral strains in patients who had a relapse suggests that most of
the baseline variants were sensitive to IFN. The origin of these
new strains is unclear. They could represent new mutants,
pre-existing minor variants present at levels below the threshold
for detection, or pre-existing variants derived from viral reser-
voirs that were less accessible to IFN. Regardless of the mech-
anism, it is surprising that an RNA virus that apparently does not
induce latent infection can persist for weeks to months, in both
breakthrough and relapse patients, in the face of a seemingly
complete suppression of viremia. The most plausible hypothesis
is that, despite the disappearance of viremia, very low levels of
viral replication continue to occur, most likely in the liver,
providing a persistent reservoir for virus reactivation after
release from the suppressive effects of IFN.
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In conclusion, there are parallels between the spontaneous
resolution of acute HCV infection and the response to IFN in
chronically infected patients. The early evolution of the HCV
quasispecies defines patients who will have a sustained biochem-
ical and virologic resolution of infection. In contrast, measure-
ment of HCV RNA level alone does not distinguish complete
responders from those who will subsequently experience a
breakthrough or relapse. Thus, the study of the HCV quasispe-
cies, although technically complex, may provide prognostic
information as early as 2 weeks after starting therapy. In
addition, the study of the HCV quasispecies opens new perspec-
tives for elucidating the mechanisms of treatment failure in
chronic hepatitis C. The persistence of variants present before

treatment in patients who fail to respond or who experience a
breakthrough during therapy strongly suggests the existence of
viral strains with inherent resistance to IFN. The genetic basis for
this resistance is presently unknown. Further elucidation of the
mechanisms of HCV resistance will depend on the development
of reliable and sensitive replication models. In the interim much
can be learned from the study of the HCV quasispecies early
after the initiation of therapy.
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