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Abstract

Background: Pegylated interferon plus ribavirin therapy for hepatitis C virus (HCV) fails in approximately half of genotype 1
patients. Treatment failure occurs either by nonresponse (minimal declines in viral titer) or relapse (robust initial responses
followed by rebounds of viral titers during or after therapy). HCV is highly variable genetically. To determine if viral genetic
differences contribute to the difference between response and relapse, we examined the inter-patient genetic diversity and
mutation pattern in the full open reading frame HCV genotype 1a consensus sequences.

Methodology/Principal Findings: Pre- and post-therapy sequences were analyzed for 10 nonresponders and 10 relapsers
from the Virahep-C clinical study. Pre-therapy interpatient diversity among the relapsers was higher than in the
nonresponders in the viral NS2 and NS3 genes, and post-therapy diversity was higher in the relapsers for most of HCV’s ten
genes. Pre-therapy diversity among the relapsers was intermediate between that of the non-responders and responders to
therapy. The average mutation rate was just 0.9% at the amino acid level and similar numbers of mutations occurred in the
nonresponder and relapser sequences, but the mutations in NS2 of relapsers were less conservative than in nonresponders.
Finally, the number and distribution of regions under positive selection was similar between the two groups, although the
nonresponders had more foci of positive selection in E2.

Conclusions/Significance: The HCV sequences were unexpectedly stable during failed antiviral therapy, both nonresponder
and relapser sequences were under selective pressure during therapy, and variation in NS2 may have contributed to the
difference in response between the nonresponder and relapser groups. These data support a role for viral genetic variability
in determining the outcome of anti-HCV therapy, with those sequences that are more distant from an optimal sequence
being less able to resist the pressures of interferon-based therapy.
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Introduction

Hepatitis C Virus (HCV) infects over 170 million people

worldwide and more than 4 million in the USA [1–3]. The costs

related to HCV infection in the United States are over $700

million annually [4], and the impact of HCV infection is expected

to rise over the next 20 years. Current therapy for HCV employs

pegylated interferon a and ribavirin, but treatment clears the

infection in only about half of patients infected with genotype 1,

the most common genotype in the USA [5–7]. The reasons for

failure of treatment are not fully understood, but host, virus, and

immune response variables all correlate with response to therapy

[5,8].

HCV is a Hepacivirus in the Flaviviridae family. Its genome is a

,9600 nucleotide, positive polarity single stranded RNA which

contains a single large open-reading frame. The structural

proteins include the core protein, which forms the viral capsid,

and two surface glycoproteins, E1 and E2. Nonstructural

proteins include a putative ion channel (p7), an autoprotease

(NS2), a protease/helicase (NS3/4A), a putative organizer of the

replication complex (NS4B), a pleiotropic regulatory protein

(NS5A), and an RNA-dependent RNA polymerase (NS5B). An

eleventh protein, the alternate reading frame protein, is encoded

in the +1 frame of the core gene and is of unknown function

[9–11].

HCV is highly genetically variable, with six different genotypes

that have less than 72% homology at the nucleotide level. Each

genotype is divided into multiple subtypes with 80-85% similarity.

Isolates within each subtype are also extremely variable, with

8-12% divergence between isolates from independent patients
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[12–16]. Viral genetic variability contributes to differences in

response to therapy because different genotypes respond to

therapy at different rates; genotype 2 responds to six months of

therapy over 80% of the time, while response in genotype 1 is

about 50% after 12 months of treatment [6,17–19]. Differences in

viral genetic variability in discrete protein regions have also been

linked to differences in response to therapy [15,19]. High variation

in the interferon-sensitivity determining region (ISDR) in NS5A

has been associated with response to interferon-based therapy in

some studies [20–23], and correlations between variations in the

PKR-eIF2 phosphorylation homology domain (PePHD) in E2 and

response to therapy have been noted [24–31]. Employing a full

open-reading frame sequencing strategy, we have shown that high

variation in genotype 1a NS3 and NS5A is associated with early

response to therapy [32].

There are at least two different patterns by which HCV

therapy can fail. Nonresponders have only minimal declines in

viral titers, while relapsers have robust declines followed by a

rebound in titers either during or after therapy. These different

patterns could be affected by many factors including host

genetics, immune response, and viral genetic differences

[6,8,18,19,33]. Viral genetic differences could include either

pre-therapy differences or differences that arise during treatment

due to viral evolution in response to the pressures applied by

therapy.

We previously reported that high pre-therapy inter-patient

variability in NS3 and NS5A correlated strongly with early

response to therapy in genotype 1a infected patients [32]. Here,

we hypothesized that there would be differences in pre-therapy

viral genetic variability between nonresponders and relapsers,

and that HCV sequences in the relapsers would have higher

rates of amino acid mutations than in nonresponders during

therapy since nonresponder sequences were relatively resistant at

the onset of therapy. To evaluate this hypothesis, we analyzed

pre- and post-therapy full open-reading frame sequences from 20

participants in the Virahep-C clinical study of factors affecting

response to antiviral therapy [8]; ten were nonresponders, and

ten were relapsers. The inter-patient variability among the

nonresponders and relapsers at pre-and post-therapy times was

compared, and the evolution of the virus over the course of

therapy was assessed.

Results

Experimental design and patient selection
The subjects in this study were chosen from the patients in the

Virahep-C viral genetics study who failed pegylated interferon a
and ribavirin therapy [32] infected with HCV genotype 1a for

whom samples were available for sequencing 6 months post-

therapy. Nonresponders had viral titers declines of #2.1 log10

IU/mL and absolute titers of $4.62 log10 IU/mL at nadir.

Relapsers had declines in viral titers of $2.8 log10 and their

absolute titers transiently dropped below the detection limit

(2.78 log10 IU/mL) (Figure 1). The baseline characteristics for

the two groups are shown in Table 1. There were no significant

differences in baseline characteristics (p,0.05) in any charac-

teristics except AFP, a nonspecific tumor marker, and the

Ishak necroinflammatory score, an indicator of liver inflamma-

tion. Interestingly, pre-therapy HCV RNA levels were not

predictive of the difference between relapse and nonresponse to

therapy.

Conserved positional differences between
nonresponders and relapsers

We first determined if there were consistent genetic differences

at discrete amino acid positions between the nonresponders and

relapsers. To do this, we created consensus sequences of the

nonresponder and relapser sequences at 60% conservation levels

for both pre- and post-therapy samples. The consensus

sequences for the nonresponder and relapser alignments were

Figure 1. Viral titers in relapsers and nonresponders during the first 24 weeks of therapy. Viral titers are shown as the log(titers [IU/mL])
at each time point. All relapsers (blue) dropped to the detection limit. One of the relapsers had a rebound of viral titers during the first 24 weeks. All
others had rebounds later in therapy. All nonresponders (red) declined by less than 2.1 log10.
doi:10.1371/journal.pone.0002123.g001
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then compared to determine if there were positions that differed

consistently between the two phenotypes. For pre-therapy

sequences, nine positions differed between nonresponders and

relapsers (Table 2). In most of these cases, the dominant amino

acid in one group was the second most abundant amino acid in

the other group. In the post-therapy sequences, nine positions

differed, five of which were also found in the pre-therapy data.

All four positions that were novel in the post-therapy analysis

resulted from a single amino acid change during therapy that

caused the position to cross the 60% threshold. Likewise, the

pre-therapy positions that were not consistently different in post-

therapy samples were also all the result of single amino acid

changes in the samples except position 394, which is within

hypervariable region 1 (HVR1) in E2. The one exception to the

presence of the dominant amino acid in one phenotype being

present in the other group was at position 2283 [position 311 of

Table 1. Patient characteristics.

Nonrespondera Relapsera p-valueb

Age (years) 47.5 (45, 53) 48 (43, 49) 0.57

Male 8 8 1.00

Body weight (kg) 94.6 (89.4–103.4) 89.1 (77.6, 98.4) 0.22

African-American 5 4 1.00

HCV RNA (log10 IU/mL) 6.63 (6.45, 6.77) 6.52 (6.2, 6.68) 0.16

ALT (U/L) 71 (54, 104) 66.5 (54, 91) 0.96

Albumin (g/dL) 4.1 (4, 4.4) 4.2 (4.1, 4.6) 0.40

Platelet count (1000) 182.5 (161, 203) 204 (144, 225) 0.97

AFP 105 (95, 123) 65 (54, 83) 0.01

Ishak necroinflamatory score (0–18) 11.5 (11, 15) 7 (6, 11) 0.02

Ishak fibrosis score 3.5 (2, 4) 1.5 (1, 2) 0.09

a- numbers in brackets represent 25th and 75th percentile.
b- p-values are from permutation test based on 100,000 permutations, except for comparing proportion of males and proportion of African Americans for which Fisher’s

exact test was used.
doi:10.1371/journal.pone.0002123.t001

Table 2. Amino acid differences between nonresponders’ and relapsers’ consensus sequences at $60% conservation.

Position (Polyprotein) Protein Position Nonresponder Relapser

Primary Secondary Primary Secondary

Pre-therapy

394 E2 11 H R(2),K(1),Y(1) R H(2),F(1),S(1)

787 p7 41 V A(4) A V(3),T(1)

879 NS2 70 V A(2) A V(3)

1444 NS3 418 F Y(2) Y F(3)

2283 NS5A 311 P R(1) Q P(4)

2373 NS5A 401 P S(4) S P(2)

2413 NS5A 441 D G(4) G S(2),D(1)

2518 NS5B 98 K R(4) R K(4)

2720 NS5B 300 Q R(4) R Q(3),L(1)

Post-therapy

879 NS2 70 V A(2) A V(4)

929 NS2 120 A V(3),I(1) V A(4)

1412 NS3 386 I V(2),L(2) V I(4)

1444 NS3 418 F Y(3) Y F(4)

1686 NS4A 29 I V(4) V I(3)

2373 NS5A 401 P S(3) S P(2),T(1)

2411 NS5A 439 G E(4) E G(1)

2518 NS5B 98 K R(4) R K(4)

2720 NS5B 300 Q R(4) R Q(3),L(1)

Numbers in parentheses indicate the frequency of the secondary amino acids in the ten sequences.
doi:10.1371/journal.pone.0002123.t002
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NS5A, between the ISDR (237–276) and the SH3 domain (343–

356)] in pre-therapy sequences [34]. Proline was found at this

position in all but one of the nonresponders, which had an

arginine. However, proline was also found in 40% of relapsers

with the remaining 60% having glutamine.

Therefore, there were only a few amino acids that differed

consistently between the nonresponder and relapser sequences,

and these differences were relatively conserved after therapy.

However, the weak degree of conservation at these positions, the

common presence of the alternate amino acid from the opposing

phenotype, and the conservative nature of the alternate amino

acids at these positions all argue against variation at these positions

playing a major role in determining if the patient was a

nonresponder or relapser during therapy.

Inter-patient genetic diversity among the nonresponder
and relapser sequences

Since there were no amino acid positions at which genetic

differences strongly correlated with nonresponse or relapse, we

next examined the groups of sequences to determine if there were

differences in inter-patient diversity between the nonresponders

and relapsers that correlated with the response pattern. Diversity

differences were measured by comparing the numbers of amino

acid variations relative to a reference sequence and by measuring

differences in the average protein distances within the two groups.

First, each sample was aligned against an external genotype 1a

reference sequence [32], and positions of variation relative to the

reference were identified for each sample. Variations were

classified as unique to either relapsers or nonresponders if the

variation was observed in one group of sequences but not in the

other. In pre-therapy sequences, the polyproteins had similar

numbers of unique variations in nonresponders and relapsers

(Figure 2A). To determine if the variations were evenly distributed

throughout the polyprotein, we compared the number of

variations in each gene. Relapsers had significantly more unique

variations in NS2 than the nonresponders by the Mann-Whitney

test (p = 0.048). All other proteins had similar numbers of unique

variations between the nonresponders and relapsers (p$0.05).

When the numbers of unique variations in the post-therapy

polyproteins were compared, relapsers had more unique variations

than nonresponders (p = 0.006) (Figure 2B). Examination of the

individual genes revealed that there were more unique variations

in the relapsers in E2 (p = 0.033), NS2 (p = 0.027), and NS3

(p = 0.045).

As a second measure of sample diversity, we compared the

average pair-wise protein distance within each group. The pair-

wise protein distances among the nonresponders and relapsers

were determined separately, and the mean protein distance for

each sample relative to the other nine nonresponder or relapser

sequences was determined. We then compared the average

distances among the nonresponders and relapsers and determined

their statistical significance using the Mann-Whitney test. In the

pre-therapy data (Figure 3A), relapsers had higher intra-group

genetic distances than nonresponders for the polyprotein

(p = 0.049). When individual proteins were compared, the

relapsers had a higher average distance in core (p = 0.007), NS2

(p = 0.003), and NS3 (p = 0.009), while the nonresponders had

higher average distance in P7 (p = 0.041) and NS5A (p = 0.019).

When the post-therapy samples were compared (Figure 3B),

relapsers had higher distances in the polyprotein (p = 0.003), and

in core (p = 0.001), E1 (p = 0.010), NS2 (p = 0.001), NS3

(p = 0.001), NS4B (p = 0.004), and NS5B (p = 0.007). Therefore,

the relapsers had a higher overall protein distance than the

nonresponders in both pre- and post-therapy sequences, the

differences in protein distance were broadly distributed through

the polyprotein, and the differences were more pronounced in

post-therapy samples.

We next asked whether the greater differences between

nonresponders and relapsers in the post-therapy analysis were

due to changes in sequences from the nonresponders, relapsers, or

both by comparing the pre- versus post-therapy protein distances

among the nonresponders and relapsers (Figure 4). The protein

distance among nonresponders declined significantly in core

(p = 0.006) and NS4A (p = 0.027) in the nonresponders during

therapy, while the other proteins did not change significantly.

Relapsers had a different pattern. Core (p = 0.046), E1 (p = 0.006),

NS4B (p = 0.023), and NS5A (p = 0.041) had statistically signifi-

cant increases in protein distance during therapy, and many of the

other proteins, including the polyprotein, had increases that did

Figure 2. Unique amino acid variability among nonresponders
and relapsers. Amino acid variations found exclusively in one
response class but not in the other were compared between
nonresponders and relapsers. Statistical significance of the difference
in the number of variations was compared using the Mann-Whitney
test. A) Pre-therapy. B) Post-therapy. The line represents the median
value, and the box represents the 25–75% range. Whiskers represent
samples within 1.5 box lengths, and the u and * represent outliers
between 1.5 and 3 box lengths and beyond 3 box lengths respectively.
doi:10.1371/journal.pone.0002123.g002
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not reach statistical significance. Overall, protein distances

declined slightly in nonresponders during therapy, whereas they

increased substantially in relapsers.

Finally, the inter-patient protein distance of pre-therapy

sequences among nonresponders, relapsers, and responders was

compared to the distance among sustained viral responders to

antiviral therapy in the Virahep-C study [32] to determine how

the patterns observed in nonresponders and relapsers compared to

sequences that were responsive to pegylated interferon a and

ribavirin therapy. The intra-group distances of responders were

plotted in Figure 5 along with the nonresponders and relapsers.

Two patterns were most common. First, in the polyprotein, core,

E2, NS3, NS4B, and NS5B, the responders had the highest

distances between samples, relapsers were intermediate, and

nonresponders had the lowest distances. The second pattern was

observed in E1, P7, NS4A, and NS5A, where the relapsers were

similar to the nonresponders but the responders had higher

distances. The single exception to these two patterns was in NS2,

Figure 3. Protein distance among the nonresponder and
relapsers sequences. The mean protein distance among the
nonresponders and relapsers was compared, and the statistical
significance was evaluated using the Mann-Whitney test. A) Pre-
therapy. B) Post-therapy.
doi:10.1371/journal.pone.0002123.g003

Figure 4. Protein distance in pre- and post-therapy samples.
Comparison of pre- and post-therapy protein distances in A)
nonresponders and B) relapsers. Statistical significance was determined
using the Mann-Whitney test.
doi:10.1371/journal.pone.0002123.g004
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where the relapsers had distances similar to the responders but the

nonresponders were significantly lower. When analyzed using

ANOVA, there were differences in all proteins (p,0.005). These

data indicate that a spectrum of variability exists among the

response classes, with responders being the most variable, relapsers

being intermediate, and nonresponders being the least variable.

The most notable exception to this general pattern was NS2,

where relapsers resembled responders.

Evolution of viral sequences during therapy
If differences in viral genetic variability contribute to the

ability of the virus to withstand the pressures induced by therapy,

those isolates that survive therapy would be relatively resistant to

the effects of the drugs whereas those that do not survive would

be sensitive. Resistance could either be present initially or evolve

during therapy. Therefore, we hypothesized that there would be

a difference in evolution between the two groups of sequences,

with relapsers evolving to become more resistant to therapy

while nonresponders would evolve less because they were

initially relatively resistant. To test this hypothesis, paired pre-

and post-therapy sequences from each patient were aligned, and

mutations at the amino acid level that occurred during therapy

were identified. Contrary to our expectations, nonresponders

had more mutations in the polyprotein than the relapsers

(Figure 6A), but this difference was located entirely in E2. Two

regions of E2 were analyzed in detail due to their potential to

affect the outcome of therapy: HVR1 and PePHD. HVR1

(amino acids 384–410) encodes a decoy B-cell epitope [35]. In

HVR1, the nonresponders had 56 mutations in nine of ten

samples, while relapsers had 32 mutations in six of ten samples

(p.0.1 by the Mann-Whitney test). The PePHD region (amino

acids 659–670) can bind to PKR and inhibit its activity [36,37],

but there were no changes in the PePHD region in either the

nonresponders or the relapsers.

To assess the likelihood that these mutations may have altered

the activity of the proteins, the BLOSUM90 scores for each

mutation were evaluated. BLOSUM scores are log-odds ratios of

amino acid substitutions. Substitutions which occur more often

than expected have positive scores and reflect conservative

changes, and substitutions which occur less often than expected

have negative scores and reflect non-conservative changes. For all

proteins except NS2, the scores in nonresponders and relapsers

were not significantly different. In NS2, relapsers had significantly

lower scores than nonresponders by the Kolmogorov-Smirnov test

(p = 0.023) (Figure 6B). We next examined the distribution of the

BLOSUM90 scores for each gene. Most of the plots for relapsers

and nonresponders were quite similar. An example is for E2 in

Figure 6C, where there was a difference in the total number of

mutations in relapsers and nonresponders, but the BLOSUM90

score distribution was similar. However, differences in the score

distribution were evident for NS2 (Figure 6D). All of the mutations

in nonresponders had scores ranging from 21 to 3, with a

relatively even distribution throughout that range. In contrast,

most of the scores for relapsers ranged from 22 to 0. Together,

these data indicate that the mutations in the relapsers were more

likely to affect the function of NS2 than the mutations in the

nonresponders.

Locations of mutations on the known protein structures
Crystal structures have been determined for all or part of NS2

[38], NS3 [39], NS5A [40], and NS5B [41]. Mutations that

occurred during therapy were mapped onto these structures, and

the distribution of changes was analyzed by visual inspection and

comparisons to known functional sites and secondary structures on

the protein. No clear differences were noted in the distributions of

mutations from nonresponders and relapsers.

Patterns of positive selection during therapy
To determine if there was a difference in the degree or pattern

of positive selection between nonresponders and relapsers during

therapy, we measured the nonsynonymous to synonymous

substitution ratio (dN/dS) by the Nei-Gojobori method in each

patient and compared the ratios between nonresponders and

relapsers using the Mann-Whitney test. For the entire polyprotein,

nonresponders had higher dN/dS ratios than relapsers (p = 0.008)

(Figure 7A). However, this difference was distributed widely

throughout the viral genome, and hence no individual gene

achieved statistical significance.

Many different selective pressures could be applied to the HCV

genome by the pleiotropic effects of interferon and ribavirin.

Negative selection maintains critical functions in many positions,

and positive selection would affect specific regions of proteins

associated with differences in response to the therapy. However,

because all genes in the HCV genome are linked, positive selection

at any given site could co-select neutral variations throughout the

genome. Therefore, to determine if there were small regions of the

protein that were under positive selective pressure, we examined

the dN/dS ratio by the Li-Kimura method in overlapping

windows of 10 codons. Seven of ten nonresponders and seven of

ten relapsers had regions of positive selection (dN/dS .1), and

these regions were distributed throughout the viral genome

(Figure 7B). The polyproteins of nonresponders had 43 regions

of positive selection while relapsers had 23 regions, but this

difference was not statistically significant. Furthermore, there were

no apparent differences between the two groups in any gene

except E2, where nonresponders had more regions of positive

selection in E2 than the relapsers (27 vs. 10) (p.0.05). Therefore,

most nonresponder and relapser sequences evolved in response to

Figure 5. Protein distance in nonresponders, relapsers, and
responder pre-therapy sequences. Comparison of the protein
distances in three-phenotypes of patients.
doi:10.1371/journal.pone.0002123.g005
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the selective pressures induced by therapy, but E2 changed more

in nonresponders than in relapsers.

Quasispecies breadth
HCV replicates as a quasispecies, but our analyses were

performed on the consensus sequence. Therefore, to determine

if there were differences in the quasispecies breadth between the

nonresponder and relapser sequences, we evaluated the prevalence

of mixed base positions in the sequence traces of the uncloned

sequencing templates using the method developed by A. F. Poon

[42]. This method cannot identify a dominant quasispecies

sequence, but it can measure the breadth of the quasispecies at

each nucleotide position by identifying the positions where the

dominant nucleotide is present at less than 80% frequency.

Patterns of quasispecies variation in E2 have been well

characterized in many studies, especially in HVR1 [43–47]. Thus,

we compiled the sequences from E2 for each sample, and

compared the numbers of mixed bases found in nonresponders

versus relapsers using the Mann-Whitney test. The nonresponders

had more mixed base positions than relapsers both pre- and post-

therapy (p = 0.004 and p = 0.007 respectively) (Figure 8A).

Genetic bottlenecks decrease the genetic breadth within a

population, and a decrease in the diversity of both nonresponders

and relapsers was observed, consistent with both groups passing

through a bottleneck. However, the decline in diversity would be

expected to be greater in those populations that pass through a

tighter bottleneck. Thus, we expected the proportions of mixed

bases retained in the post-therapy samples relative to pre-therapy

samples to be lower in relapsers than in nonresponders. When the

proportions of mixed bases were compared, the relapsers had the

expected greater decline in mixed bases from pre- to post-therapy

samples than the nonresponders, but this difference was not

statistically significant by the Mann-Whitney test (p = 0.079)

(Figure 8B).

Figure 6. Mutations in nonresponder and responder sequences over the course of therapy. A) The number of changes in nonresponders
and relapsers were compared using Mann-Whitney test. One relapser does not appear on the chart (113 changes). B) The sums of the BLOSUM90
score for all of the changes occurring in a given sample were compared between nonresponders and relapsers. Totals were compared using a
Kolmogorov-Smirnov test. C) Distribution of BLOSUM90 scores for E2. D) Distribution for BLOSUM90 scores for NS2.
doi:10.1371/journal.pone.0002123.g006

Genetics of Failed HCV Therapy

PLoS ONE | www.plosone.org 7 May 2008 | Volume 3 | Issue 5 | e2123



Discussion

Failure of interferon plus ribavirin therapy for HCV can occur

in two different patterns: nonresponse and relapse. HCV is highly

diverse genetically, and this diversity could affect how the virus

responds to therapy. Furthermore, HCV can evolve rapidly, and

hence therapy could drive evolution of the virus by selecting

relatively resistant variants. We previously found that high genetic

diversity in genotype 1a pre-therapy NS3 and NS5A sequences

correlated robustly with response to therapy [32]. The previous

study addressed variability related to both response to therapy and

the race of the patient. Here, we employed the pre- and post-

therapy sequences from genotype 1a Virahep-C treatment failures

to evaluate both the extent to which variations in viral protein

sequences may affect the pattern of failed therapy and to

determine the effects of failed therapy on the viral sequences.

Issues of variability associated with the race of the patient were not

addressed in this study because the low number of samples

available does not provide enough power to make useful

comparisons.

To evaluate how the viral protein sequences changed during

treatment, we examined the number and pattern of amino acid

mutations that occurred in each sequence during therapy. We

expected to find a relatively high mutation frequency due to

HCV’s high genetic plasticity, but contrary to our expectations,

the 0.9% mutation frequency observed in the samples was

relatively small in relation to the variability among independent

HCV isolates (10–12%), and was in the range of quasispecies

variability typically found in a given individual (,1–4%).

Furthermore, about one third of the mutations we observed were

in E2, especially in HVR1, so the mutation rate of the HCV ORF

outside E2 was just 0.59%. Thus, a primary conclusion of this

study is that the HCV consensus sequence is relatively stable

during failed antiviral therapy. Most previous studies of HCV

evolution during therapy have focused on small regions of the

genome, primarily in NS5A and E2, and especially on the highly

variable regions in these genes [23,48–52]. These regions were

chosen because their high variation makes them ideal for

Figure 7. The dN/dS is similar in nonresponders and relapsers.
A. Comparison of dN/dS ratios between nonresponders and relapsers.
dN/dS was determined by the Nei-Gojobori method. B. dN/dS in ten
codon windows as determined by SWAPSC using the Li-Kimura method.
Each sample is represented by a different color and each dot indicates a
specific 10 codon window. Regions of positive selection are overlapping
10 codon windows with dN/dS .1, and are denoted as a collection of
points on the graph forming an upward spike.
doi:10.1371/journal.pone.0002123.g007

Figure 8. Quasispecies breadth is lower in relapser than
nonresponder sequences. Nonresponder and relapser sequences
were analyzed using Phred and positions at which the dominant
nucleotide was present at ,80% frequency were determined. A)
Number of positions of quasispecies diversity in nonresponders and
relapsers in pre- and post-therapy samples. B) Proportion of positions of
mixed nucleotides in post-therapy samples relative to pre-therapy
samples. One nonresponder (3.22) and one relapser (10.00) are not
shown. The relapser is the same as was removed from Figure 3A.
doi:10.1371/journal.pone.0002123.g008

Genetics of Failed HCV Therapy

PLoS ONE | www.plosone.org 8 May 2008 | Volume 3 | Issue 5 | e2123



evolutionary analyses. However, focusing on theses regions had

the unintended effect of helping to form the perception that HCV

sequences are similarly mutable throughout the genome.

The second major conclusion from this study was that genetic

differences in NS2 correlated with the pattern of failed response to

interferon-based therapy. These correlations were evident in the

number of pre-therapy unique variations (Figure 2), the pre-

therapy protein distance (Figure 3), and the nature of mutations

that occurred during therapy (Figure 6B and D). Relapsers had

higher variability in NS2 than nonresponders in pre-therapy

samples, and mutations that occurred in NS2 over the course of

therapy were more likely to affect the function of the protein in

relapsers than in nonresponders. Therefore, variability in NS2

may help determine whether a patient will be a nonresponder or

relapser. However, this possibility is difficult to interpret at a

functional level because the roles of NS2 in viral replication and

pathology are poorly understood. NS2 has been shown to inhibit

the interferon response when expressed in cells [53], and the

observed differences in variability could lead to differences in the

effectiveness of this inhibition. Alternatively, since NS2 is involved

in protein processing and is required for virion formation [54],

variability could also affect the effectiveness of viral protein

processing and virus production. Further study of NS2, including

identifying possible cellular targets, may clarify how NS2 affects

response to interferon-based therapy.

Despite the overall stability of the HCV sequences, a substantial

number of mutations did occur during failed therapy, but no

significant difference was observed in the number of mutations

between the nonresponders and relapsers (Figure 6A). We had

hypothesized that relapsers would evolve more than nonrespond-

ers as the virus adapted to the pressures of therapy. This was not

observed at the level of the number of mutations, possibly because

both groups passed through at least a weak bottleneck. However,

despite equivalent numbers of mutations in the relapser and

nonresponder groups, the overall intra-group genetic distance in

the relapsers increased while it did not change in nonresponders

(Figure 4). Therefore, the mutations in relapsers created new

sequences, whereas those in nonresponders largely alternated

between sequences already present within the group.

To determine which sequence motifs may have been under

positive selection during therapy, we examined the dN/dS ratio in

a sliding window of ten codons. Many regions of strong positive

selection were observed (Figure 7B), but the number and

distribution of regions of positive selection were similar in the

nonresponder and relapser sequences. This implies that both

nonresponders and relapsers evolved to similar degrees under the

pressures induced by therapy and that the targets of the selective

pressure were broadly distributed throughout the polyprotein. The

exception to this pattern was in E2, where there were more regions

of positive selection in nonresponders than in relapsers. As E2 is a

primary target of humoral immune responses, this difference may

be due to the difference in neutralizing antibody titers throughout

therapy. Brown et al. showed that E2 and not E1 evolve in

chronically infected patients in solvent exposed regions [55], and

our data show that there were differences in evolution of the

nonresponder and relapser sequences. Since the nonresponders

had relatively high viral titers throughout therapy, the humoral

immune response may have been be constantly stimulated by a

relatively high antigen load, leading to an evolving humoral

pressure. In relapsers, viral titers declined below the detection

limit, and the humoral immune response may have declined

during therapy due to the drop in antigen load. These analyses

compared pre- and post-therapy sequences, and the patterns of

evolution observed in samples during therapy may be different

than those that were prevalent in post-therapy samples. Therefore,

studies of samples from sustained viral responders, nonresponders,

and relapsers at early time-points during therapy, such as 2 or 4

weeks, could be useful in further understanding the evolution of

these groups in response to interferon-based therapy. However,

the relatively small number of changes observed in the viral

consensus sequence between the pre- and post-therapy time points

implies that a detailed quasispecies analysis over the early phases

of therapy would be needed to substantially advance this

understanding.

Genetic bottlenecks can cause a constriction of the genetic

variability within a population. In HCV, this is reflected in the

breadth of the quasispecies within an individual. We expected the

difference in the strength of the bottlenecks experienced by

nonresponder and relapser groups to cause a greater decline in the

quasispecies breadth in the relapsers. We found that the intra-

patient quasispecies breadth declined in both nonresponders and

in relapsers, and that the decline in relapsers was greater than in

nonresponders, but this difference did not reach statistical

significance (Figure 8B). Other groups have shown that the

breadth of the quasispecies is correlated with response to

interferon-based therapy [44,46]. Our study indicates that changes

in the breadth of the quasispecies also correlated with the

difference in response between nonresponders and relapsers.

This study was designed to assess that role of HCV genetic

variation at the protein level on outcome of therapy. Variability in

the RNA itself can also predicted to affect the response to therapy

by altering the RNA structure or the interactions of the RNA with

host proteins and/or the viral replication machinery. RNA

elements associated with protein binding could occur anywhere

in the viral RNA, but they are most likely to occur in the 39 and 59

UTRs since these areas are known to contain the promoters for

viral replication and the viral internal ribosome entry site. The

sequences obtained for this study include part of the UTRs, but

these sequences are of varying length, and in some cases are

absent. This precludes meaningful analysis of these samples

outside the ORF.

This study is the largest examination to date of genetic changes

in the full-length viral open-reading frame during interferon-based

therapy, and it is the first study comparing nonresponders to

relapsers in genotype 1a. Previous studies have examined the

changes in patient samples over the course of therapy. Enomoto

identified the ISDR [56] by examining pre- and post-therapy

sequences in full-length sequences from three nonresponding

genotype 1b infected patients. The three patients also had many

mutations scattered elsewhere throughout the structural and

nonstructural genes. We saw similar patterns of mutations in the

1a sequences. Other studies of evolution during therapy focused

on smaller portions of the genome. Vuillermoz examined the

changes in genotype 1b responders, nonresponders, and break-

through patients in E2, NS5A, and NS5B [57]. They showed

higher mutation rates in responders in the V3 region of NS5A

(amino acids 2356-2379) and conservation of the PePHD region in

E2 in all samples. We also found no mutations in the PePDH

region, but unlike Vuillermoz, we did not find a difference

between nonresponders and relapsers in the V3 region. Differ-

ences in the observed numbers of mutations between our study

and the Vuillermoz study could be due to the different genotypes

studied or the different definitions of the response types analyzed.

Evolution of HCV during therapy has also been noted in NS5B

[58], NS5A [23,50,52], and in the structural proteins, especially

HVR1 [48–52]. While correlations between diversity and

evolution between relapsers and nonresponders were noted in

some of these studies, others showed no difference between the
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groups. We did not observe significant differences in NS5A or

NS5B between the nonresponders and relapsers but we did find

many regions of positive selection in E2 as well as HVR1, similar

to earlier studies.

Genetic variability between HCV genotypes can lead to

difference in response to therapy (e.g. genotype 1 vs. 2), and we

have shown that variability differences are also associated with

early response to therapy within a given viral subgenotype [32].

Here, we divided the nonresponders into two phenotypes,

nonresponders and relapsers, and found a spectrum of diversity

associated with failed response to antiviral therapy, where

relapsers fell between responders and nonresponders. We interpret

this pattern to indicate that viral variability forms a continuum

from sequences that are close to an ‘‘optimal’’ sequence to

sequences that are more divergent. The optimal sequence would

be most resistant to the effects of therapy, and the degree of

resistance would decline with genetic distance from the optimum.

Those samples that were furthest from the optimum sequence

would be unable to withstand the super-physiological interferon

response induced by therapy, and hence would be cleared.

Therefore, although variability of the virus is clearly not the only

factor affecting response to therapy, it appears to play an

important role in determining the pattern of response of HCV

to interferon-based therapy. Further sequencing of isolates that are

nonresponders to therapy and characterization of these sequences

in in vitro studies could reveal this optimum sequence, and in vitro

studies of this sequence could reveal how HCV inhibits the type 1

interferon response. Understanding how the HCV proteins are

involved in resistance to interferon and ribavirin could identify

new drug targets that improve or replace the current therapy.

Materials and Methods

Virahep-C
Virahep-C was a multi-center clinical study of peginterferon a-

2a and ribavirin therapy in treatment naı̈ve patients chronically

infected with HCV genotype 1 [8]. Virahep-C included 205

Caucasian American and 196 African American participants, all of

whom were treated with peginterferon a-2a (PegasysTM, Roche

Pharmaceuticals; 180 mg weekly by self-administered subcutane-

ous injection) and ribavirin (CopegusTM, Roche Pharmaceuticals;

1000 mg/day for those ,75 kg and 1200 mg/day for those $75

kg, orally). Treatment was for 24–48 weeks depending on

detection of viral titers at 24 weeks. Serum RNA levels were

quantified as described previously [8], and the primary outcome

was sustained viral response, undetectable viremia at 24 weeks

post-therapy. All patients gave written informed consent to the

Virahep-C study and its integral basic science studies, and this

project was approved by the Saint Louis University Institutional

Review Board. The CONSORT checklist and CONSORT flow

chart are available as supporting information; see Figure S1 and

Checklist S1.

Sequencing
Consensus sequences for the full HCV ORF were obtained by

direct sequencing of overlapping nested RT-PCR reactions as

described previously [59]. Pre-therapy sequences were deter-

mined from samples taken just prior to the beginning of therapy.

Post-therapy sequences were determined from samples collected

6 months following cessation of therapy. Post-therapy sequences

were generated using conditions identical to those used in the

pre-therapy samples to minimize amplification bias. When post-

therapy sequences could not be obtained using the conditions

previously employed for the pre-therapy samples [32], pre-

therapy samples were resequenced using the primers and

conditions that were used to amplify the post-therapy samples.

When necessary, an alternate amplification method developed

by Fan et al. involving long RT-PCR was used to amplify both

pre- and post-therapy samples [60]. Pre-therapy samples were

resequenced for samples 1013, 1030, 2011, 2027, 4025, 4035,

5009, 6018, 7002, 7003, 7040, 7041, and 7043. These sequences

differed by ,0.1% at the amino acid level from our previously

reported sequences [32]. This amplification bias is within the

0.6% we reported for HCV genetic analyses and represents

alternate samplings of the quasispecies spectrum [59]. The

analysis included all but the final 56 amino acids of the open-

reading frame because sequencing of the full ORF was not

possible for 11 samples. The sequences have been deposited in

Genbank, and are listed in Table 3.

Sequence analysis
Amino acid sequences were deduced from nucleic acid

sequences. Sequence alignments were done with ClustalW. The

ARF gene was not analyzed due to differences in length of the

protein in individual isolates. Amino acid positions that varied

relative to the genotype 1a population consensus sequence [32]

were identified using Mutation Master [61]. The genotype 1a

consensus was derived from all 12 full-length ORFs in the Los

Alamos National Laboratory and European HCV database [62] in

April, 2005 that were from different patients, plus 5 additional 1a

ORFs we sequenced from non-Virahep-C cohorts. The mean

genetic distance was calculated using the p-distance algorithm in

the MEGA3 DNA analysis package [63]. dN/dS ratios at the gene

and whole-ORF levels were calculated with the MEGA3 DNA

analysis package using the Nei-Gojobori method. dN/dS ratios in

Table 3. Patient numbers, response class, and GenBank
accession numbers for pre- and post-therapy sequences.

Patient Response* Pre-therapy Post-therapy

1013 N EU362899 EU362876

1024 N EF407428 EU362877

1030 N EU362900 EU362878

2005 R EF407452 EU362879

2011 R EU362901 EU362880

2027 R EU362902 EU362881

4025 R EU362903 EU362883

4035 N EF407453 EU362884

5009 N EU362904 EU362885

5014 N EF407435 EU362886

6020 R EF407450 EU362887

6025 N EU362905 EU362888

6030 R EU362906 EU362889

7002 R EU362907 EU362890

7003 N EU362908 EU362891

7012 N EF407438 EU362892

7040 N EU362909 EU362893

7041 R EU362910 EU362894

7043 R EU362911 EU362895

7046 R EF407433 EU362896

*N, nonresponders. R, relapsers.
doi:10.1371/journal.pone.0002123.t003
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small windows were determined using SWAPSC using the Li-

Kimura method [64].

Quasispecies breadth
The sequence, quality, and polymorphisms in trace files of the

first 1064 nucleotides of E2 were compiled for all 20 samples using

Phred [65,66]. Each trace file was converted into a single sequence

file using a script provided by Dr. Art Poon [42] with positions

where the dominant nucleotide was present at less than 80%

maximum being indicated as polymorphisms. The numbers of

mixed bases were determined using Clone Manager (Sci-Ed

Software).

Statistical analyses
The average genetic distance and numbers of unique variations

between samples were compared using the Mann-Whitney test.

BLOSUM90 scores were compared using the Kolmogorov-

Smirnov test. A p-value of #0.05 was considered statistically

significant. Statistical analyses were performed using SAS software

or SPSS v. 13.0.

Supporting Information

Checklist S1 CONSORT type checklist for the viral evolution

study within the Virahep-C study.

Found at: doi:10.1371/journal.pone.0002123.s001 (0.05 MB

DOC)

Figure S1 CONSORT flowchart. A depiction of how patients

were selected from the main Virahep-C study for this study on

viral evolution.

Found at: doi:10.1371/journal.pone.0002123.s002 (5.63 MB

DOC)

Acknowledgments

We thank the participants of Virahep-C for their invaluable commitment

of time and effort. The members of the Virahep-C study group are in

Conjeevaram et al. [8] We thank Dr. Abdul Wahed for compiling Table 1.

We thank Dr. Art Poon for providing the scripts used in compiling the

quasispecies breadth analyses.

Author Contributions

Conceived and designed the experiments: JT NC. Performed the

experiments: NC XF. Analyzed the data: RA MD JT NC. Contributed

reagents/materials/analysis tools: RA MD JT XF. Wrote the paper: NC.

References

1. (2004) Global burden of disease (GBD) for hepatitis C. J Clin Pharmacol 44:

20–29.

2. Alter MJ (2007) Epidemiology of hepatit is C virus infection.

World J Gastroenterol 13: 2436–2441.

3. Armstrong GL, Wasley A, Simard EP, McQuillan GM, Kuhnert WL, et al.

(2006) The prevalence of hepatitis C virus infection in the United States, 1999

through 2002. Ann Intern Med 144: 705–714.

4. Kim WR, Brown RS Jr, Terrault NA, El-Serag H (2002) Burden of liver disease

in the United States: summary of a workshop. Hepatology 36: 227–242.

5. Baker DE (2003) Pegylated interferon plus ribavirin for the treatment of chronic

hepatitis C. Reviews in Gastroenterological Disorders 2: 93–109.

6. Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, et al. (2002)

Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus infection. New

England Journal of Medicine 347: 975–982.

7. McHutchison JG, Gordon SC, Schiff ER, Shiffman ML, Lee WM, et al. (1998)

Interferon alfa-2b alone or in combination with ribavirin as initial treatment for

chronic hepatitis C. New England Journal of Medicine 339: 1485–1492.

8. Conjeevaram HS, Fried MW, Jeffers LJ, Terrault NA, Wiley-Lucas TE, et al.

(2006) Peginterferon and ribavirin treatment in African American and

Caucasian American patients with hepatitis C genotype 1. Gastroenterology

131: 470–477.

9. Branch AD, Stump DD, Gutierrez JA, Eng F, Walewski JL (2005) The hepatitis

C virus alternate reading frame (ARF) and its family of novel products: the

alternate reading frame protein/F-protein, the double-frameshift protein, and

others. Semin Liver Dis 25: 105–117.

10. Varaklioti A, Vassilaki N, Georgopoulou U, Mavromara P (2002) Alternate

translation occurs within the core coding region of the hepatitis C viral genome.

J Biol Chem 277: 17713–17721.

11. Walewski JL, Keller TR, Stump DD, Branch AD (2001) Evidence for a new

hepatitis C virus antigen encoded in an overlapping reading frame. RNA 7:

710–721.

12. Bukh J, Miller R, Purcell R (1995) Genetic heterogeneity of hepatitis c virus:

quasispecies and genotypes. Seminars in Liver Disease 15: 41–63.

13. Robertson B, Myers G, Howard C, Brettin T, Bukh J, et al. (1998) Classification,

nomenclature, and database development for hepatitis C virus (HCV) and

related viruses: proposals for standardization. Archives of Virology 143:

2493–2503.

14. Simmonds P, Holmes EC, Cha TA, Chan SW, McOmish F, et al. (1993)

Classification of hepatitis C virus into six major genotypes and a series of

subtypes by phylogenetic analysis of the NS-5 region. Journal of General

Virology 74: 2391–2399.

15. Simmonds P (2004) Genetic diversity and evolution of hepatitis C virus–15 years

on. J Gen Virol 85: 3173–3188.

16. Simmonds P, Bukh J, Combet C, Deleage G, Enomoto N, et al. (2005)

Consensus proposals for a unified system of nomenclature of hepatitis C virus

genotypes. Hepatology 42: 962–973.

17. Gaudieri S, Rauch A, Park LP, Freitas E, Herrmann S, et al. (2006) Evidence of

viral adaptation to HLA class I-restricted immune pressure in chronic hepatitis

C virus infection. J Virol 80: 11094–11104.

18. Manns MP, McHutchison JG, Gordon SC, Rustgi VK, Shiffman M, et al.
(2001) Peginterferon alfa-2b plus ribavirin compared with interferon alfa-2b plus

ribavirin for initial treatment of chronic hepatitis C: a randomised trial. Lancet

358: 958–965.

19. Strader DB, Wright T, Thomas DL, Seeff LB (2004) Diagnosis, management,

and treatment of hepatitis C. Hepatology 39: 1147–1171.

20. Gale MJ Jr, Korth MJ, Tang NM, Tan SL, Hopkins DA, et al. (1997) Evidence
that hepatitis C virus resistance to interferon is mediated through repression of

the PKR protein kinase by the nonstructural 5A protein. Virology 230: 217–227.

21. Dal PF, Tang KH, Gerotto M, Bortoletto G, Paulon E, et al. (2007) Impact of
NS5A sequences of Hepatitis C virus genotype 1a on early viral kinetics during

treatment with peginterferon- alpha 2a plus ribavirin. J Infect Dis 196:
998–1005.

22. Kohashi T, Maekawa S, Sakamoto N, Kurosaki M, Watanabe H, et al. (2006)

Site-specific mutation of the interferon sensitivity-determining region (ISDR)
modulates hepatitis C virus replication. J Viral Hepat 13: 582–590.

23. Veillon P, Payan C, Le Guillou-Guillemette H, Gaudy C, Lunel F (2007)
Quasispecies evolution in NS5A region of hepatitis C virus genotype 1b during

interferon or combined interferon-ribavirin therapy. World J Gastroenterol 13:

1195–1203.

24. Chayama K, Suzuki F, Tsubota A, Kobayashi M, Arase Y, et al. (2000)

Association of amino acid sequence in the PKR-eIF2 phosphorylation homology

domain and response to interferon therapy. Hepatology 32: 1138–1144.

25. Gaudy C, Lambele M, Moreau A, Veillon P, Lunel F, et al. (2005) Mutations

within the hepatitis C virus genotype 1b E2-PePHD domain do not correlate
with treatment outcome. J Clin Microbiol 43: 750–754.

26. Gerotto M, Dal PF, Pontisso P, Noventa F, Gatta A, et al. (2000) Two PKR

inhibitor HCV proteins correlate with early but not sustained response to
interferon. Gastroenterology 119: 1649–1655.

27. Gupta R, Subramani M, Khaja MN, Madhavi C, Roy S, et al. (2006) Analysis of

mutations within the 59 untranslated region, interferon sensitivity region, and
PePHD region as a function of response to interferon therapy in hepatitis C

virus-infected patients in India. J Clin Microbiol 44: 709–715.

28. Hung CH, Lee CM, Lu SN, Lee JF, Wang JH, et al. (2003) Mutations in the
NS5A and E2-PePHD region of hepatitis C virus type 1b and correlation with

the response to combination therapy with interferon and ribavirin. J Viral Hepat
10: 87–94.

29. Puig-Basagoiti F, Saiz JC, Forns X, Ampurdanes S, Gimenez-Barcons M, et al.

(2001) Influence of the genetic heterogeneity of the ISDR and PePHD regions of
hepatitis C virus on the response to interferon therapy in chronic hepatitis C. J

Med Virol 65: 35–44.

30. Sarrazin C, Bruckner M, Herrmann E, Ruster B, Bruch K, et al. (2001)

Quasispecies heterogeneity of the carboxy-terminal part of the E2 gene including

the PePHD and sensitivity of hepatitis C virus 1b isolates to antiviral therapy.
Virology 289: 150–163.

31. Yang SS, Lai MY, Chen DS, Chen GH, Kao JH (2003) Mutations in the NS5A

and E2-PePHD regions of hepatitis C virus genotype 1b and response to
combination therapy of interferon plus ribavirin. Liver Int 23: 426–433.

32. Donlin MJ, Cannon NA, Yao E, Li J, Wahed A, Taylor MW, et al. (2007)
Pretreatment sequence diversity differences in the full-length hepatitis C virus

Genetics of Failed HCV Therapy

PLoS ONE | www.plosone.org 11 May 2008 | Volume 3 | Issue 5 | e2123



open reading frame correlate with early response to therapy. J Virol 81:

8211–8224.

33. Hadziyannis SJ, Sette H Jr, Morgan TR, Balan V, Diago M, et al. (2004)

Peginterferon-alpha2a and ribavirin combination therapy in chronic hepatitis C:

a randomized study of treatment duration and ribavirin dose. Ann Intern Med

140: 346–355.

34. Macdonald A, Crowder K, Street A, McCormick C, Harris M (2004) The

hepatitis C virus NS5A protein binds to members of the Src family of tyrosine

kinases and regulates kinase activity. J Gen Virol 85: 721–729.

35. van Doorn LJ, Capriles I, Maertens G, DeLeys R, Murray K, et al. (1995)

Sequence evolution of the hypervariable region in the putative envelope region

E2/NS1 of hepatitis C virus is correlated with specific humoral immune

responses. J Virol 69: 773–778.

36. Francois C, Duverlie G, Rebouillat D, Khorsi H, Castelain S, et al. (2000)

Expression of hepatitis C virus proteins interferes with the antiviral action of

interferon independently of PKR-mediated control of protein synthesis. J Virol

74: 5587–5596.

37. Taylor DR, Shi ST, Romano PR, Garber GN, Lai MMC (1999) Inhibition of

the interferon-inducible protein kinase PKR by HCV E2 protein. Science 285:

107–110.

38. Lorenz IC, Marcotrigiano J, Dentzer TG, Rice CM (2006) Structure of the

catalytic domain of the hepatitis C virus NS2-3 protease. Nature 442: 831–835.

39. Yao N, Reichert P, Taremi SS, Prosise WW, Weber PC (1999) Molecular views

of viral polyprotein processing revealed by the crystal structure of the hepatitis C

virus bifunctional protease-helicase. Structure 7: 1353–1363.

40. Tellinghuisen TL, Marcotrigiano J, Rice CM (2005) Structure of the zinc-

binding domain of an essential component of the hepatitis C virus replicase.

Nature 435: 374–379.

41. O’Farrell D, Trowbridge R, Rowlands D, Jager J (2003) Substrate complexes of

hepatitis C virus RNA polymerase (HC-J4): structural evidence for nucleotide

import and de-novo initiation. J Mol Biol 326: 1025–1035.

42. Poon AF, Kosakovsky Pond SL, Bennett P, Richman DD, Leigh Brown AJ, et al.

(2007) Adaptation to human populations is revealed by within-host polymor-

phisms in HIV-1 and hepatitis C virus. PLoS Pathog 3: e45.

43. Abbate I, Lo IO, Di SR, Cappiello G, Girardi E, et al. (2004) HVR-1

quasispecies modifications occur early and are correlated to initial but not

sustained response in HCV-infected patients treated with pegylated- or

standard-interferon and ribavirin. J Hepatol 40: 831–836.

44. Chambers TJ, Fan X, Droll DA, Hembrador E, Slater T, et al. (2005)

Quasispecies heterogeneity within the E1/E2 region as a pretreatment variable

during pegylated interferon therapy of chronic hepatitis C virus infection. J Virol

79: 3071–3083.

45. Forns X, Purcell RH, Bukh J (1999) Quasispecies in viral persistence and

pathogenesis of hepatitis C virus. Trends Microbiol 7: 402–410.

46. Morishima C, Polyak SJ, Ray R, Doherty MC, Di Bisceglie AM, et al. (2006)

Hepatitis C virus-specific immune responses and quasi-species variability at

baseline are associated with nonresponse to antiviral therapy during advanced

hepatitis C. J Infect Dis 193: 931–940.

47. von WM, Lee JH, Ruster B, Kronenberger B, Sarrazin C, et al. (2003) Dynamics

of hepatitis C virus quasispecies turnover during interferon-alpha treatment.

J Viral Hepat 10: 413–422.

48. Arataki K, Kumada H, Toyota K, Ohishi W, Takahashi S, et al. (2006)

Evolution of hepatitis C virus quasispecies during ribavirin and interferon-alpha-

2b combination therapy and interferon-alpha-2b monotherapy. Intervirology

49: 352–361.
49. Chen S, Wang YM (2002) Genetic evolution of structural region of hepatitis C

virus in primary infection. World J Gastroenterol 8: 686–693.

50. Odeberg J, Yun Z, Sonnerborg A, Weiland O, Lundeberg J (1998) Variation in
the hepatitis C virus NS5a region in relation to hypervariable region 1

heterogeneity during interferon treatment. J Med Virol 56: 33–38.
51. Pawlotsky JM, Germanidis G, Frainais PO, Bouvier M, Soulier A, et al. (1999)

Evolution of the hepatitis C virus second envelope protein hypervariable region

in chronically infected patients receiving alpha interferon therapy. J Virol 73:
6490–6499.

52. Polyak SJ, McArdle S, Liu SL, Sullivan DG, Chung M, et al. (1998) Evolution of
hepatitis C virus quasispecies in hypervariable region 1 and the putative

interferon sensitivity-determining region during interferon therapy and natural
infection. J Virol 72: 4288–4296.

53. Kaukinen P, Sillanpaa M, Kotenko S, Lin R, Hiscott J, et al. (2006) Hepatitis C

virus NS2 and NS3/4A proteins are potent inhibitors of host cell cytokine/
chemokine gene expression. Virol J 3: 66.

54. Jones CT, Murray CL, Eastman DK, Tassello J, Rice CM (2007) Hepatitis C
virus p7 and NS2 proteins are essential for production of infectious virus. J Virol

81: 8374–8383.

55. Brown RJ, Juttla VS, Tarr AW, Finnis R, Irving WL, et al. (2005) Evolutionary
dynamics of hepatitis C virus envelope genes during chronic infection. J Gen

Virol 86: 1931–1942.
56. Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, et al. (1995)

Comparison of full-length sequences of interferon-sensitve and resistant hepatitis
C virus 1b. Sensitivity to interferon is conferred by amino acid substitutions in

the NS5A region. J Clin Invest 96: 224–230.

57. Vuillermoz I, Khattab E, Sablon E, Ottevaere I, Durantel D, et al. (2004)
Genetic variability of hepatitis C virus in chronically infected patients with viral

breakthrough during interferon-ribavirin therapy. J Med Virol 74: 41–53.
58. Hamano K, Sakamoto N, Enomoto N, Izumi N, Asahina Y, et al. (2005)

Mutations in the NS5B region of the hepatitis C virus genome correlate with

clinical outcomes of interferon-alpha plus ribavirin combination therapy.
J Gastroenterol Hepatol 20: 1401–1409.

59. Yao E, Tavis JE (2005) A general method for nested RT-PCR amplification and
sequencing the complete HCV genotype 1 open reading frame. Virol J 2: 88.

60. Fan X, Xu Y, Di Bisceglie AM (2006) Efficient amplification and cloning of near
full-length hepatitis C virus genome from clinical samples. Biochem Biophys Res

Commun 346: 1163–1172.

61. Walewski JL, Gutierrez JA, Branch-Elliman W, Stump DD, Keller TR, et al.
(2002) Mutation Master: profiles of substitutions in hepatitis C virus RNA of the

core, alternate reading frame, and NS2 coding regions. RNA 8: 557–571.
62. Kuiken C, Yusim K, Boykin L, Richardson R (2005) The Los Alamos hepatitis

C sequence database. Bioinformatics 21: 379–384.

63. Kumar S, Tamura K, Nei M (2004) MEGA3: Integrated software for Molecular
Evolutionary Genetics Analysis and sequence alignment. Brief Bioinform 5:

150–163.
64. Fares MA (2004) SWAPSC: sliding window analysis procedure to detect selective

constraints. Bioinformatics 20: 2867–2868.
65. Ewing B, Green P (1998) Base-calling of automated sequencer traces using

phred. II. Error probabilities. Genome Res 8: 186–194.

66. Ewing B, Hillier L, Wendl MC, Green P (1998) Base-calling of automated
sequencer traces using phred. I. Accuracy assessment. Genome Res 8: 175–185.

Genetics of Failed HCV Therapy

PLoS ONE | www.plosone.org 12 May 2008 | Volume 3 | Issue 5 | e2123


