
CLINICAL MICROBIOLOGY REVIEWS, Jan. 2007, p. 23–38 Vol. 20, No. 1
0893-8512/07/$08.00�0 doi:10.1128/CMR.00010-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Viral Determinants of Resistance to Treatment in
Patients with Hepatitis C

Anette Wohnsland, Wolf Peter Hofmann, and Christoph Sarrazin*
Department of Internal Medicine II, Saarland University Hospital, Kirrbergerstrasse, 66421 Homburg/Saar, Germany

INTRODUCTION .........................................................................................................................................................23
MECHANISMS OF RESISTANCE TO IFN-�.........................................................................................................24

IFN-�-Based Antiviral Therapy..............................................................................................................................24
IFN-� Signal Transduction .....................................................................................................................................24
Approaches to In Vitro and In Vivo Studies of IFN-� Resistance ....................................................................24
HCV Core and IFN-� Resistance ...........................................................................................................................26
E2 and IFN-� Resistance ........................................................................................................................................26

CD81-binding sites/hypervariable region 2 .......................................................................................................26
Hypervariable region 1.........................................................................................................................................26
PKR–eIF-2� phosphorylation homology domain .............................................................................................27

NS3/4A and IFN-� Resistance ................................................................................................................................27
Inhibition of the innate immune system ...........................................................................................................27
NS3 protease sequence analysis..........................................................................................................................27

NS5A and IFN-� Resistance ...................................................................................................................................28
ISDR, complete NS5A region, and V3 region ...................................................................................................28
Interaction with interleukin-8 and the 2�,5�-oligoadenylate synthetase system .....................................................28
Summary of NS5A and IFN-� resistance..........................................................................................................28

MECHANISMS OF RESISTANCE TO RIBAVIRIN ..............................................................................................29
Ribavirin Sensitivity and Resistance In Vitro ......................................................................................................29
Ribavirin Sensitivity and Resistance In Vivo........................................................................................................29
Summary of Ribavirin and Treatment Resistance...............................................................................................31

MECHANISMS OF RESISTANCE TO AMANTADINE ........................................................................................31
MECHANISMS OF RESISTANCE TO DIRECT ANTIVIRAL DRUGS..............................................................32

NS3/4A Protease Inhibitors .....................................................................................................................................32
NS5B Polymerase Inhibitors ...................................................................................................................................33

CONCLUDING REMARKS........................................................................................................................................33
ACKNOWLEDGMENT................................................................................................................................................34
REFERENCES ..............................................................................................................................................................34

INTRODUCTION

Hepatitis C virus (HCV) is an enveloped, approximately
9.6-kb, positive-sense, single-stranded RNA virus and is clas-
sified in the family Flaviviridae (17). After translation from a
large open reading frame, the polyprotein precursor is cleaved
by viral and host peptidases, resulting in three structural pro-
teins, termed core, envelope 1 (E1), and E2, and a protein
named p7, and six nonstructural (NS) proteins, termed NS2,
NS3, NS4A, NS4B, NS5A, and NS5B. The F protein has been
described as being a result of a ribosomal frameshift of the
core-encoding genomic region (149). There is a noncoding region
of 324 to 341 nucleotides at the 5� end containing the internal
ribosome entry site (IRES) and a 3� noncoding region of variable
length.

According to estimations of the WHO, over 170 million
individuals worldwide are infected with HCV (148). Chronic
HCV infection is responsible for inflammation of the liver, and
�20% of patients progress to liver cirrhosis with an increased

risk for the development of hepatocellular carcinoma (148).
The current standard treatment for patients with chronic hep-
atitis C consists of pegylated alpha interferon (IFN-�) (PEG-
IFN) in combination with the nucleoside analogue ribavirin for
24 to 48 weeks and leads to a sustained virologic response in 54
to 56% of cases (38, 83). Sustained virologic response is de-
fined as undetectable HCV RNA by a sensitive assay (lower
detection limit of �50 IU/ml) at the end of a 24-week fol-
low-up period after the end of treatment. Patients who do not
achieve a sustained virologic response may be found to be
HCV RNA negative during therapy but may relapse thereafter
or may be virologic nonresponders showing detectable HCV
RNA levels throughout the complete treatment period.

Virologic response rates have been shown to depend on
various host and viral factors such as age, weight, sex, race,
liver enzymes, stage of fibrosis, HCV genotype, and HCV
RNA concentration at baseline (9, 38, 50, 62, 83, 94, 147a). To
further improve sustained virologic response rates, different
treatment approaches are currently under investigation. For
example, individualized therapy durations on the basis of the
HCV RNA concentration at baseline and early during therapy
are the subjects of clinical studies. In addition, triple therapy
with the addition of the antiviral drug amantadine to IFN-�
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and ribavirin has been evaluated in multiple studies, leading to
contradictory results (7, 21, 82). Moreover, multiple new sub-
stances with different modes of action are being studied in
ongoing clinical trials (e.g., albuferon, amantadine, Toll-like
receptor [TLR] agonists, and viramidine). So far, none of these
drugs has been established as a standard treatment for hepa-
titis C.

Most promising, results of phase 1/phase 2 clinical trials with
direct antiviral drugs such as inhibitors of HCV-specific NS3
protease and HCV NS5B RNA-dependent RNA polymerase
(RdRp) have recently been presented at international meet-
ings (60, 112a, 115, 120a, 125a, 155a).

Resistance mechanisms that might explain how the virus
may circumvent the antiviral actions of IFN-�, ribavirin, aman-
tadine, and, most recently, new direct antiviral drugs have been
proposed in vitro and in vivo (20, 36, 41, 49, 70, 74, 139). This
review discusses recent achievements of HCV treatment resis-
tance mechanisms based on in vitro experiments and clinical
data.

MECHANISMS OF RESISTANCE TO IFN-�

IFN-�-Based Antiviral Therapy

Considerable improvements in the treatment of patients in-
fected with chronic hepatitis C were achieved by the introduc-
tion of IFN-� in its pegylated form and by the combination
with the nucleoside analogue ribavirin. Remarkably, the re-
sponse rates of IFN-�-based therapy are influenced mainly by
the HCV genotype. Due to the lack of a proofreading activity
of the HCV RNA-dependent RNA polymerase, different HCV
genomes have evolved and are classified into six genotypes
(130). The different genotypes can be further assigned to sub-
types with homologies of approximately 80% (131). Within a
given individual, a large number of closely related viral vari-
ants, called HCV quasispecies, circulate. With all IFN-�-based
treatment schedules, HCV genotype 1-infected patients
achieve much lower sustained rates of response (42 to 52%) to
antiviral therapy than those infected with HCV genotypes 2
and 3 (78 to 86%) (38, 50, 83, 153). For patients infected with
HCV genotypes 4, 5, and 6, only limited data are available, but
sustained response rates seem to be slightly higher than those
for HCV genotype 1 (50 to 77%) (38, 83). No significantly
different virologic response rates between HCV subtypes were
reported (e.g., subtypes 1a and 1b).

The underlying mechanisms for the varying virologic re-
sponse rates to IFN-�-based antiviral therapy between the
different HCV genotypes are unknown. However, as response
rates are detected independently of any host or treatment
factors, many studies focused on virus-encoded mechanisms of
resistance to IFN-�-based therapy.

IFN-� Signal Transduction

IFNs are a family of cytokines belonging to the host’s natural
immune response to various stimuli, particularly viral infec-
tion. After binding to their specific receptors on the target cell
surface, an intracellular signaling cascade is activated, which
leads to the upregulation of IFN-stimulated genes (ISGs), re-
sulting in the expression of multiple antiviral effector proteins.

The best-understood IFN-mediated signaling and transcrip-
tional activation pathway is called the Jak/signal transducer
and activators of transcription (STAT) pathway (Fig. 1). Thereby,
two cytoplasmic protein tyrosine kinases, Tyk2 and Jak1, be-
longing to the Janus kinase family phosphorylate tyrosine res-
idues of the IFN receptor that function as docking sites for
STATs. The subsequent phosphorylation of the receptor-re-
cruited STATs by the Jak kinases promotes the formation of
heterodimers between STAT1 and STAT2, which further
binds to a third protein, p48, to form the ISG factor 3
(ISGF3) complex. This complex is translocated to the cell
nucleus, where it binds to the IFN-stimulated response el-
ement in IFN-stimulated gene promoters, leading to the
expression of IFN effector proteins. HCV cell-based expres-
sion models show inhibition of IFN-�-induced signal trans-
duction through the Jak/STAT pathway (22, 26, 55, 76).
Among all ISGs, the best characterized effector proteins are
the double-stranded RNA-activated protein kinase (PKR)
(41), the 2�,5�-oligoadenylate synthetase (92), and the Mx
proteins (134). Besides its antiviral activities, IFN-� also
affects processes that regulate cell growth and the modula-
tion of the immune response.

Approaches to In Vitro and In Vivo Studies
of IFN-� Resistance

So far, several virus-encoded factors have been suggested
to be responsible for the inhibition of the antiviral effects of
IFN-� (39). The in vitro studies are based mainly on the
recombinant expression of the whole HCV open reading
frame or on the expression of individual HCV genes. The
expression of the whole HCV polyprotein has been shown to
inhibit the STAT1 function in the context of elevated levels
of protein phosphatase 2A (PP2A). Overexpression of the
catalytic subunit of PP2A resulted in the hypomethylation of
STAT1, leading to the increased binding of a protein inhib-
itor of activated STAT, called PIAS. Increased binding of
STAT1 to PIAS leads to reduced activation of ISGs (10, 26,
55). For the HCV core, the envelope protein E2, the serine
protease NS3/4A, and the NS5A protein, different mecha-
nisms were suggested to contribute to antiviral resistance
(11, 36, 41, 136, 139).

Additionally, different HCV replicon systems have been uti-
lized to study IFN-� resistance (77, 89). The HCV replicon
system is a well-defined and robust cell culture system for the
replication of the nonstructural HCV genes. By definition,
replicons are molecules that are capable of self-amplification.
In the case of HCV, the first-generation replicons were derived
from a cloned HCV genome by deleting the structural region
and inserting a selectable marker (neomycin phosphotransfer-
ase, conferring G418 resistance). A second IRES element (en-
cephalomyocarditis virus promoter) is introduced to allow the
translation of the HCV nonstructural region. Transfection of
synthetic RNAs derived from such a construct into the human
hepatoma cell line HuH7 and G418 selection lead to cell lines
carrying autonomously replicating HCV subgenomic RNA
(77). By the development of HCV replicon systems, an addi-
tional tool to study interactions of the HCV proteins with the
host cellular machinery is available.

However, the translation of these in vitro experiments to the
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situation in clinical practice has been difficult. For example, the
HCV isolates used in various HCV replicon systems are not
clinically characterized. So far, only HCV replicon systems
harboring genotype 1a/1b genomes and a recent HCV replicon
system harboring the HCV genotype 2a genome of a patient
suffering from acute fulminant hepatitis C were developed.
Moreover, selection of HCV replicon systems with resistance
to IFN-� in vitro has not been successful so far. In this context,
it would be worthwhile to construct HCV replicon systems with

HCV isolates derived from patients with different sensitivities
to IFN-�-based therapy.

As a consequence, the in vivo analysis of HCV treatment
resistance mechanisms are restricted to cloning and sequenc-
ing approaches for HCV isolates derived from patient sera
with known virologic responses to antiviral therapy. Today, the
amino acid variabilities of HCV core protein and E2, NS3/4A,
and NS5A proteins have been studied in correlation with the
virologic treatment response.

FIG. 1. Potential strategies of the different HCV proteins to antagonize IFN therapy. (A) IFN resistance through inhibition of RIG-I and TLR3
by the HCV NS3/4A protein. Viral RNA binding to RIG-I and TLR3 leads to the activation of IRF3 and NF-�B. Both transcription factors enter
the nucleus and bind to target genes, resulting in the expression of antiviral defense proteins. The NS3/4A protein disrupts the activation of IRF3
and NF-�B by the inactivation of Cardif, which is an adaptor protein in the RIG-I antiviral pathway, and through inhibition of Trif, an adaptor
molecule in the TLR3 signaling pathway. (B) Disruption of the IFN-mediated Jak/STAT pathway. IFN binding to its receptor triggers the
autophosphorylation of tyrosine residues through the Tyk2 and Jak1 kinases, which function as docking sites for STAT1 and STAT2. The
subsequent phosphorylation of STAT1 and STAT2 promotes the formation of heterodimers between STAT1 and STAT2 and the assembly of
the trimeric ISGF3 complex. After translocation of the ISGF3 complex to the cell nucleus, it binds to the IFN-stimulated response element (ISRE)
in ISG promoters, leading to the expression of IFN effector proteins. The HCV core protein induces the expression of SOCs, which block
Jak/STAT signaling through the IFN-�/� receptor. The HCV NS5A protein induces the expression of IL-8, which blocks the assembly and function
of the ISGF3 complex. The expression of the whole HCV polyprotein inhibits STAT1 function through elevated levels of PP2A, which is associated
with an increased binding of STAT1 to PIAS and a reduced activation of ISGs. (C) IFN resistance through inhibition of PKR by the HCV E2 and
HCV NS5A proteins. After IFN-� binding, autophosphorylation of PKR takes place, leading to the inhibition of the phosphorylation of eIF-2�,
which is responsible for the initiation of translation of cellular and viral proteins by facilitating Met-tRNA binding to the 40S ribosomal subunit.
HCV E2 and HCV NS5A antagonize the effects of IFN-� by the inhibition of PKR.
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HCV Core and IFN-� Resistance

The HCV core protein was shown to induce the expression
of suppressor of cytokine signaling 3 (SOCS-3) and SOCS-1 in
cultured cells, which in turn may antagonize IFN-� action by
blocking the Jak/STAT pathway (11) (Fig. 1). Sequence anal-
ysis of the HCV core gene in patients with chronic hepatitis C
and different sensitivities to IFN-�-based therapy has not been
published so far. However, in one study, the complete open
reading frame of HCV was sequenced to determine the genetic
basis of resistance to IFN-� (29). A comparison of the pairs of
IFN-�-resistant and IFN-�-sensitive HCV isolates from
three patients infected with genotype 1b revealed only two
amino acid differences within the core region in two of three
patients at different codons. In conclusion, genetic varia-
tions of the highly conserved HCV core protein seem not to
be relevant in determining IFN-� sensitivity in chronic hep-
atitis C (Table 1).

E2 and IFN-� Resistance

CD81-binding sites/hypervariable region 2. The human
CD81 receptor has been proposed to be a candidate receptor
for HCV. The E2 glycoprotein is involved in virus entry, and

two conformational CD81-binding sites located in the carboxy-
terminal part of the E2 protein that overlap with parts of
hypervariable region 2 (HVR2) were described (108). It was
hypothesized that various capabilities for the binding of the E2
protein to CD81 may depend on amino acid substitutions
within the CD81-binding sites, and HVR2 and may thus con-
tribute to different treatment outcomes. However, sequencing
of the putative CD81-binding sites within the HCV E2 gene
showed no association between specific amino acid variations
and the HCV RNA concentration or response to IFN-�-based
therapy (61). Thus, given the uncertainty for the predicted
CD81-binding sites and the negative results of that study, at
present, no importance of amino acid variability within the E2
protein for the CD81 receptor interaction in correlation with
the response to IFN-�-based therapy could be shown.

Hypervariable region 1. The HCV amino acid quasispecies
heterogeneity within HVR1 of the E2 protein has been corre-
lated with the virologic response to antiviral therapy in multi-
ple studies (Table 1). While a lower HCV quasispecies hetero-
geneity was associated with spontaneous recovery in patients
with acute hepatitis C (31), in patients with chronic hepatitis C,
conflicting data concerning the significance of HVR1 quasi-
species diversity and complexity in correlation with virologic

TABLE 1. Clinical significance of HCV mutations for sensitivity/resistance to antiviral therapy

Antiviral and
HCV protein Region analyzed Importance of amino acid mutations Reference(s)

IFN-�
HCV core HCV complete open reading

frame
No correlation of mutations with virologic

treatment response in patients with HCV
genotype 1 infection

29

HCV E2 CD81-binding sites No correlation of mutations with virologic
treatment response in patients infected with
HCV genotypes 1b and 3a

61

PePHD No significant correlation of mutations with
virologic treatment response in genotype 1- and
genotype 3-infected patients

8, 42, 125, 147, 150

For patients infected with HCV genotype 2,
conflicting data about a correlation of viral
PePHD variants and treatment response exist

116, 147

HVR1/E2 Correlation of quasispecies heterogeneity with
response to antiviral therapy

1, 15, 32, 123

HCV NS3 Complete NS3 gene No correlation of mutations in patients infected
with genotype 1 with sustained virologic
treatment response

120

HCV NS5A ISDR High no. of mutations within the ISDR in patients
infected with HCV genotypes 1a/1b
and 2 correlates with treatment response

16, 29, 30, 69, 102, 104,
117, 121, 122

Complete NS5A gene High no. of mutations within the complete NS5A
sequence correlates with sustained virologic
treatment response

124

Ribavirin
HCV NS5B Complete NS5B gene F415Y mutation conferring resistance to ribavirin

in HCV replicon system; larger trials are
needed to assess prevalence and relevance
in vivo

151

HCV NS5A Complete NS5A gene G404S and E442G mutations conferring resistance
to ribavirin in HCV replicon system; in vivo
relevance is unknown

107

Amantadine, HCV p7 Complete p7 gene No correlation of amino acid variations with
virologic treatment response in patients with
genotype 1 infection

87
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response were published. Many studies showed that a higher
degree of variability in the HVR1 quasispecies correlates with
lower response rates to IFN-� treatment (46, 59, 63, 68, 90, 96,
100, 105, 128). However, no such correlation was observed in
other studies (72, 78, 97, 119). The discrepancies of these
results may be related to (i) HCV genotype distribution in
different studies, (ii) methodologies to assess quasispecies het-
erogeneity (i.e., band shift assays or sequencing), (iii) different
assessments and quantifications of quasispecies heterogeneity,
and/or (iv) different definitions of treatment outcome. How-
ever, in more recent studies using extensive cloning and se-
quencing approaches, in patients with chronic hepatitis C, a
lower HVR1 heterogeneity of HCV quasispecies before anti-
viral therapy and changes in HCV E2 quasispecies early during
therapy also seem to be associated with higher rates of viro-
logic response (1, 15, 32, 123). The lower heterogeneity of
HCV quasispecies in patients with a subsequent sustained vi-
rologic response to IFN-�-based therapy may indicate a more
effective control of the emergence of viral variants by the
immune system during successful treatment. Interestingly, this
seems to be restricted to neutralizing antibodies directed to-
wards HVR1, while within other regions (e.g., NS5A), a higher
number of amino acid variations in the HCV quasispecies is
associated with the virologic response to IFN-�-based therapy
(see below).

PKR–eIF-2� phosphorylation homology domain. The HCV
E2 glycoprotein was reported to be involved in mediating
IFN-� resistance through the inhibition of PKR (140) (Fig. 1).
PKR is a primary regulator of the IFN-�-induced antiviral and
antiproliferative effects of the host cell. Once activated by
IFN-�, autophosphorylation of PKR takes place and inhibits
the phosphorylation of the � subunit of eukaryotic initiation
factor 2 (eIF-2�), which is responsible for facilitating Met-
tRNA binding to the 40S ribosomal subunit (118). This results
in the decreased translation of cellular or viral proteins (54). A
sequence of 12 amino acids within the E2 gene that displays
high homology to several autophosphorylation sites within the
regulatory domain of the PKR and to its natural substrate,
eIF-2�, which is called the PKR–eIF-2� phosphorylation ho-
mology domain (PePHD), was identified. Within the E2 pro-
tein of HCV subtype 1a/1b isolates, inhibition of PKR was
demonstrated through interactions with the PePHD by abol-
ishing its kinase activity and blocking its inhibitory effect on
viral protein synthesis in vitro (139, 140). Interestingly, the
PePHD of the most resistant HCV subtype, subtype 1a/1b,
shares higher homology with the PKR autophosphorylation
sites than genotypes 2 and 3, suggesting that the interaction of
the PePHD with PKR specifically enhances resistance to anti-
viral therapy of HCV genotype 1 isolates compared with ge-
notypes 2 and 3. Several studies that aimed to investigate
whether the PePHD shows a correlation between mutation
rates and treatment responses could not observe significant
mutations during IFN-� treatment for isolates of HCV geno-
types 1a/b and 3a (8, 42, 125, 147, 150). For HCV genotype 1,
the PePHD region has turned out to be highly conserved, and
no clinical relationship between the amino acid sequence of
the PePHD and the outcome of IFN-� therapy could be dem-
onstrated. For genotypes 2a and 2b, conflicting data about a
putative correlation of PePHD polymorphism and IFN-� re-
sistance exist (116, 147) (Table 1). Taken together, the poten-

tial E2 PePHD interaction with PKR may explain general
differences in the IFN-� sensitivities of HCV isolates of dif-
ferent HCV genotypes (genotype 1 versus genotypes 2 and 3)
but is highly conserved in HCV isolates from patients without
an individual correlation to the outcome of IFN-�-based ther-
apy. Investigations with the recently established full-length
HCV cell culture system with E2 genes of different genotypes
may further resolve the relevance of the PePHD/PKR inter-
action (145).

NS3/4A and IFN-� Resistance

Inhibition of the innate immune system. Expression of the
HCV NS3/4A serine protease was associated with diminished
phosphorylation and nuclear translocation of IFN regulatory
factor 3 (IRF3), leading to the reduced expression of IFN-
induced genes (36) (Fig. 1). IRF3 functions as a key activator
of the ISGs that limits virus replication at multiple points
within the replicative cycle. Among these genes, ISG56 has
been identified as being a suppressor of HCV translation
through the disruption of viral IRES function independently of
the PKR pathway (47, 135, 146). NS3/4A was shown to evade
the early immune response by the disruption of the retinoic
acid-inducible gene I (RIG-I) signaling pathway (35). Nor-
mally, this pathway is induced by virus-produced double-
stranded RNA, resulting in the activation of type I IFN, by
phosphorylation and activation of preexisting transcription fac-
tors such as NF-�B and IRF3 (151). Recently, a new adapter
protein in the RIG-I pathway, called Cardif, was identified.
Cardif was shown to be targeted and inactivated by the HCV
NS3/4A protease (85). The other described strategy of NS3/
4A, to block the expression of defense genes, is based on
binding to TLR3. TLR3 functions as a signaling receptor for
extracellular and intracellular double-stranded RNA (2) and
transmits signals to activate the type I IFN response through its
adaptor molecule, called Trif (also known as TICAM-1). Trif
functions as a linkage between TLR3 and the kinases respon-
sible for activating IRF3 and NF-�B. NS3/4A mediates the
cleavage of this adaptor protein, resulting in the inhibition of
the antiviral response (73) (Fig. 1).

NS3 protease sequence analysis. Sequence analysis of the
NS3 gene derived from patients infected with HCV genotype 1
revealed no significance of the NS3 protein variability in cor-
relation with the response to IFN-�-based therapy (Table 1).
Overall, the amino acid sequence within the NS3 protein as
part of the NS3/4A serine protease complex was highly con-
served (120). In the HCV replicon system, several mutations
within the NS3 gene that lead to enhanced replication effi-
ciency were detected. Interestingly, in HCV isolates from pa-
tients harboring identical amino acid substitutions in the NS3
protein (R1283G, P1112R, and S1496M), a slower decrease of
HCV RNA during IFN-�-based therapy was observed (120).
To confirm these findings and to address the overall impor-
tance of NS3 protein variability with regard to HCV replication
efficiency and sensitivity to IFN-�, a phenotypic evaluation
should be performed using the HCV replicon assay before any
conclusions regarding the importance for the treatment of
patients with chronic hepatitis C can be drawn.
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NS5A and IFN-� Resistance

ISDR, complete NS5A region, and V3 region. The first data
to support a significant role for amino acid variations within
the HCV NS5A protein and the response to IFN-�-based
therapy came from Japan. In 1995 and 1996, a correlation of a
high number of mutations in a so-called IFN-� sensitivity-
determining region (ISDR) comprising 40 amino acids within
the carboxy-terminal part of the NS5A protein and sustained
virologic response to IFN-� therapy in HCV genotype 1b-
infected patients was described by Enomoto et al. (29, 30)
(Table 1). In the first report, all patients with at least four
mutations within the ISDR achieved a sustained virologic re-
sponse in comparison to a prototype reference sequence. In
addition, an inverse correlation between an increasing number
of mutations within the ISDR and the HCV RNA concentra-
tion at baseline was observed (30). Subsequently, the correla-
tion of ISDR mutations with treatment response was investi-
gated by different groups in Japan, Europe, and the United
States. Studies from Japan were generally able to confirm the
strong correlation between ISDR mutations and treatment
response (16, 69). Groups from Europe and the United States
were initially not able to verify the importance of ISDR mu-
tations in IFN-� sensitivity (18, 65, 84, 99, 133, 154), and in
subsequent studies, it turned out that HCV genotype 1b iso-
lates with multiple mutations within the ISDR are rare in
Europe and the United States compared to those found in
Japan (104, 117, 121, 122). In further studies with larger pa-
tient cohorts and in a meta-analysis, the positive correlation of
an increasing number of ISDR mutations with a sustained
virologic response to IFN-�-based therapy could be confirmed
(102, 104, 117, 121, 122). After reports of the existence of a
PKR-binding domain within the NS5A protein comprising the
ISDR in the amino-terminal part (40, 41), the clinical impor-
tance of mutations within this PKR-binding domain was inves-
tigated in additional studies. However, in several studies, no
specific mutation within the carboxy-terminal part of the PKR-
binding domain in correlation with IFN-� treatment response
was observed (43, 93, 124). Furthermore, in in vitro studies of
the expression of the complete HCV open reading frame, no
colocalization of NS5A and PKR could be demonstrated (37).

To summarize the results of the different studies from West-
ern countries, in the majority of patients with a sustained
virologic response to IFN-�-based therapy, no or only a small
number of mutations within the ISDR were observed. Thus,
for these patients, sensitivity to IFN-� cannot be explained by
the ISDR hypothesis. However, in several in vitro studies of
the cellular expression of clinically characterized NS5A genes,
it was shown that the NS5A protein, independently of the
presence of ISDR mutations, was able to lower the protection
of previously IFN-�-induced cells against infection with a sur-
rogate virus (111, 132).

Therefore, mutational analysis by sequencing the entire
NS5A gene was performed to assess the significance of NS5A
mutations outside the ISDR/PKR binding domain (14, 28, 98,
124). In a study that reported the analysis of 70 full-length
NS5A sequences, the overall number of mutations within the
NS5A protein was highly correlated with the treatment re-
sponse (124) (Table 1). Furthermore, in three studies, a local
accumulation of mutations around the so-called variable re-

gion 3 (V3) within the carboxy-terminal part of the NS5A
protein was found to correlate with the treatment response in
HCV genotype 1a/1b isolates, which is currently under further
investigation (14, 98, 124). Furthermore, it must be assumed
that additional mutations outside the NS5A gene but within
other genes of the HCV open reading frame are important for
determinations of IFN-� sensitivity. For example, the isolated
replacement of the NS5A gene in the HCV replicon system
with sequences from clinical responder and nonresponder pa-
tients did not change the in vitro sensitivity to IFN-� (6).

For HCV genotype 2 isolates, a correlation between the
number of mutations within the ISDR and treatment response
was also observed (67, 91), while for HCV genotype 3a isolates,
no such association was reported for relatively small patient
cohorts reported in several studies (117, 125).

Interaction with interleukin-8 and the 2�,5�-oligoadenylate syn-
thetase system. Since a direct interaction of PKR with the
NS5A protein has not convincingly been demonstrated so far
(44), other mechanisms by which the NS5A protein could in-
hibit the action of IFN-� were investigated. Recently, the ex-
pression of the NS5A protein was associated with the induction
of interleukin-8 (IL-8) and the subsequent inhibition of IFN-�
activity in vitro (64, 109, 110) (Fig. 1). Interestingly, in patients
with HCV genotype 1 infection and with a sustained virologic
response to IFN-�-based therapy, levels of IL-8 in blood that
were significantly lower than those of virologic nonresponders
were also observed (88).

Aside from the above-described intracellular interactions of
the HCV NS5A protein, multiple studies on numerous mod-
ulations of cell processes by the NS5A protein were published
(4). Recently, the structure of an N-terminal zinc-binding do-
main of the NS5A with protein, RNA, and membrane inter-
action sites was described (141). Overall, the NS5A protein
seems to be a promiscuous protein with the function of an
important regulator of HCV replication and multiple intracel-
lular interactions.

Furthermore, an interaction of the NS5A protein with the
2�,5�-oligoadenylate synthetase leading to the inhibition of
the antiviral activity of IFN-� in vitro was described. However,
the HCV core protein seems rather to activate the 2�,5�-oligoad-
enylate synthetase system (95, 136). Activation of 2�,5�-oligo-
adenylate synthetase leads to the cleavage of single-stranded
UA and UU dinucleotides by RNase L, and differences in the
frequencies of UA and UU dinucleotides between full-length
prototype of HCV genotype 1 and those of genotypes 2 and 3,
which may explain general differences in the IFN-� sensitivities
between these genotypes, were described (51, 52). 2�,5�-Oligo-
adenylate synthetase serum levels were not associated with
virologic responses in patients with chronic hepatitis C (92),
whereas a specific polymorphism within the 2�,5�-oligoadenyl-
ate synthetase gene was associated with the outcome of anti-
viral therapy (66). Nothing is known about the frequency of
UA and UU dinucleotides before and during IFN-�-based
therapy in correlation with HCV RNA clearance.

Summary of NS5A and IFN-� resistance. Taken together,
the highest grade of clinical evidence suggests that mutations
within the ISDR of the NS5A protein are involved in sensitiv-
ity/resistance to IFN-�-based therapy in HCV genotype 1b-
infected patients. A meta-analysis of 28 studies from Japan,
Europe, and the United States clearly showed the correlation
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between an increasing number of mutations within the ISDR
and an increased probability of a sustained virologic response
to IFN-�-based therapy on the basis of 1,230 isolates from
single patients. Since an inverse correlation between the num-
ber of ISDR mutations with HCV RNA serum concentrations
was also shown in several of these studies, it is likely that
NS5A-mediated regulations of replication efficiency may ex-
plain the clinical correlation with treatment response. As for
the other HCV proteins, in vitro analysis of HCV viral variants
with defined mutational patterns must be performed to con-
firm this hypothesis.

MECHANISMS OF RESISTANCE TO RIBAVIRIN

Ribavirin (1-�-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is
a guanosine analogue that was synthesized more than 35 years
ago and that possesses broad-spectrum antiviral activity against
several RNA and DNA viruses in vitro (129). The first pilot
study addressing the utility of ribavirin for oral antiviral ther-
apy in patients with chronic hepatitis C was published in 1991
(114), which was followed by several controlled trials showing
that ribavirin monotherapy led to a decline in alanine amino-
transferase levels in a significant proportion of patients (23,
27). However, in the majority of patients receiving ribavirin
monotherapy, no significant reduction of HCV RNA was ob-
served, suggesting that ribavirin monotherapy has no or only
marginal effects on HCV replication in vivo in some patients
(103). In recent years, ribavirin was combined with PEG-IFN,
leading to substantially improved sustained virologic response
rates in patients with chronic hepatitis C.

Data from pivotal randomized trials suggest that the benefit
of adding ribavirin to PEG-IFN treatment results predomi-
nantly from the prevention of virologic relapse. However, the
distinct antiviral mechanisms of ribavirin are poorly under-
stood, and at present, four different mechanisms of action have
been proposed: (i) enhancement of the host adaptive antiviral
immune response (113, 137), (ii) inhibition of host IMP dehy-
drogenase (IMPDH) (33), (iii) direct inhibition of HCV NS5B
RNA-dependent RNA polymerase (12, 80), and, more re-
cently, (iv) RNA virus mutagenesis and “error catastrophe”
(Fig. 2). For the latter hypothesis, it has been reported that
ribavirin acts as an RNA virus mutagen, thereby leading to
an increased mutational frequency that exceeds the muta-
tional threshold of viral fitness and drives RNA viruses into
error catastrophe. By using a model of poliovirus polymer-
ase, Crotty et al. showed that the misincorporation of riba-
virin nonspecifically templates the incorporation of cytidine
and uridine with equal efficiency, thus exerting mutagenic
activity, which is strongly correlated with a decrease in po-
liovirus infectivity (20).

Ribavirin Sensitivity and Resistance In Vitro

Several in vitro studies provided evidence that ribavirin may
also cause error catastrophe in HCV infection. Using a full-
length binary HCV replicon system treated with increasing
concentrations of ribavirin, Contreras et al. showed that the
error generation rate, defined as the number of nucleotide
substitutions divided by the number of nucleotides sequenced,
increased significantly in both naturally variant regions such as

E2 HVR1 and NS5A and invariant regions such as NS5B,
underlining the presence of ribavirin-induced mutagenesis
(19). These results for the NS5B region (61a) and for the
NS5A ISDR region using a subgenomic HCV replicon system
(138) were confirmed by others. Lanford et al. reported error-
prone replication of HCV using a colony formation assay.
Thus, it was shown that the colony-forming efficiency of HuH7
cells decreased after cells were transfected with total RNA
from cultures harboring the HCV replicon system treated with
increasing concentrations of ribavirin (71). Accordingly, Zhou
et al. reported a decrease in colony formation efficiency after
ribavirin treatment (156). However, in that study, the muta-
tional frequency of the NS5A gene was found to be increased
only when HCV replicon cells were treated by a combination
of IMPDH inhibitors and ribavirin but not by ribavirin alone.

Pfeiffer and Kirkegaard provided in vitro evidence that re-
sistance to ribavirin can be conferred by distinct mechanisms
by using both a poliovirus cell culture system and the HCV
replicon system (106, 107). By passaging HeLa cells transfected
with poliovirus cDNA that were treated with ribavirin, a single
amino acid replacement of glycine with serine at position 64
(G64S) located in the finger domain of poliovirus RdRp was
selected. Interestingly, ribavirin-resistant poliovirus RdRp dis-
played an increased fidelity of RNA synthesis that may as a
result reduce the frequency of ribavirin misincorporation. Ac-
cordingly, by passaging HuH7 cells harboring the HCV repli-
con system that were treated with increasing concentrations of
ribavirin, those authors generated ribavirin-resistant HCV rep-
licon cells. Resistance was not conferred by mutations in the
HCV RdRp, and surprisingly, two other mechanisms of riba-
virin resistance were reported. On the one hand, the resistant
cell lines showed reduced ribavirin import in the cells, most
likely by the downregulation of a nucleotide transporter. On
the other hand, those authors could detect mutations within
the NS5A region, G404S, and E442G that were present only
in the ribavirin-resistant HCV replicon cell lines but not in the
ribavirin-sensitive cell lines (107) (Table 1). The NS5A protein
has been shown to interact with the HCV NS5B RdRp in vitro,
and those authors suggested that the NS5A mutations may
alter NS5B polymerase activity.

Ribavirin Sensitivity and Resistance In Vivo

To translate the in vitro evidence of ribavirin-induced mu-
tagenesis to clinical settings, accumulating data from patients
with chronic hepatitis C who received either ribavirin mono-
therapy or IFN-�–ribavirin combination therapy were recently
published. Schinkel et al. were the first to evaluate nucleotide
substitutions of the NS5A region by a direct sequencing ap-
proach comparing mutation rates in serum samples from pa-
tients who had not responded to IFN-� monotherapy and who
were subsequently treated with IFN-� and ribavirin combina-
tion therapy (126). As the mutation rate was not increased and
no significant phylogenetic sequence divergence was detect-
able in the NS5A region during combination treatment com-
pared to IFN-� monotherapy, those authors concluded that
ribavirin does not induce mutations, possibly rendering the
virions more sensitive to IFN-�. In two other studies, the
mutagenic effect of ribavirin monotherapy was studied by ei-
ther direct sequencing of the NS5B region or quasispecies
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analyses of the NS3 and NS5A regions at several time points.
In both studies, no significant increase in the mutation rate was
observed (79a, 105a).

However, in a recent study, a moderate but significant in-
crease of the NS5B and NS3 quasispecies heterogeneity was
reported during the first weeks of ribavirin monotherapy (61a).
In that study, an increase in the proportions of G-to-A and

C-to-T transition mutations that may be specific for the mis-
incorporation of ribavirin during RNA synthesis was observed.
In concordance with those findings, Asahina et al. recently
reported significantly increased mutation rates by direct se-
quencing of the NS5A and NS5B regions in patients who
were treated with ribavirin monotherapy for 4 weeks fol-
lowed by IFN-�–ribavirin combination treatment for 24

FIG. 2. Different proposed antiviral mechanisms of ribavirin. (A) Enhancement of the host adaptive antiviral immune response. Ribavirin
modulates the balance of T-helper 1 (TH1) and TH2 responses by enhancing TH1 and inhibiting TH2 cytokine production. (B) Inhibition of host
IMPDH. Intracellular ribavirin is converted by cellular kinases to ribavirin monophosphate (RMP), ribavirin diphosphate (RDP), and ribavirin
triphosphate (RTP). Ribavirin monophosphate is a competitive inhibitor of IMPDH, which leads to the depletion of the intracellular GTP pool
necessary for viral RNA synthesis. (C) Direct inhibition of HCV NS5B RdRp. The phosphorylated form of ribavirin, ribavirin triphosphate, binds
the nucleotide-binding site of polymerases, thereby competitively inhibiting viral replication. Moreover, ribavirin is utilized and incorporated by
viral RNA polymerases including the HCV RdRp opposite cytosine or uridine, which can result in a significant block to RNA elongation. (D) RNA
virus mutagenesis and error catastrophe. Ribavirin acts as an RNA virus mutagen, thereby leading to an increased mutational frequency that
exceeds the mutational threshold of viral fitness and drives RNA viruses into lethal mutagenesis and error catastrophe. CTL, cytotoxic T
lymphocyte. TNF-�, tumor necrosis factor alpha.
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weeks when samples collected prior to treatment, at base-
line, and at the end of ribavirin monotherapy were com-
pared (5). Furthermore, the highest mutation rates within
the NS5A region and nonsynonymous NS5A mutations were
detected in those patients who achieved a sustained re-
sponse to combination therapy.

In another study that compared NS5B quasispecies of
mainly HCV subtype 1a-infected patients before and after
ribavirin monotherapy, a weak but statistically not significant
increase in the error generation rate was detected in samples
from patients treated with ribavirin compared to controls that
were treated with IFN-� or placebo (152). Interestingly, a
nucleotide substitution leading to an amino acid change
from phenylalanine to tyrosine at NS5B position 415
(F415Y) emerged in all five HCV subtype 1a-infected pa-
tients treated with ribavirin. By constructing HCV sub-
genomic replicons with both the NS5B 415F and the NS5B
415Y amino acid substitutions, those authors demonstrated
in vitro that the treatment of replicon cells with ribavirin
reduced the HCV RNA levels of the NS5B 415F replicon
but not of the NS5B 415Y replicon (Table 1). In silico
analyses showed that the NS5B 415 amino acid position
maps to the thumb subdomain of NS5B and that the re-
placement of the phenylalanine with tyrosine may narrow
the putative RNA-binding pocket in the central tunnel of
the HCV RdRp, thus affecting polymerase function. Those
authors concluded that the selection of the NS5B F415Y
substitution during ribavirin therapy represents a mutation
that confers resistance to ribavirin. In other cohorts, how-
ever, this proposed NS5B resistance mutation was less prev-
alent and was not associated with a lack of response to
antiviral therapy (20a). Furthermore, it has to be noted that
the tyrosine residue at NS5B position 415 is the consensus
residue found in almost all HCV genotypes but not HCV
subtype 1a.

An earlier study examined the possibility of selecting riba-
virin-responsive or -resistant variants in patients receiving riba-
virin monotherapy for at least 12 months. Single-stranded con-
formation polymorphism analysis of the HVR1 and NS5A and
NS5B regions followed by direct sequencing or cloning and
sequencing before treatment and at 6 and 12 months of ther-
apy was conducted and compared to data for untreated con-
trols (112). Phylogenetic analyses did not show any clustering
of related variants in correlation with ribavirin treatment, sug-
gesting that no selection of responsive or resistant variants
occurred during ribavirin monotherapy.

Summary of Ribavirin and Treatment Resistance

Taken together, conflicting results concerning mechanisms
that confer resistance to ribavirin both in vitro and in vivo have
been published so far. Additional experimental and clinical
data are needed to elucidate the role of ribavirin as a mutagen
in hepatitis C virus infection. Furthermore, despite the appar-
ent existence of ribavirin resistance in cell culture, the a priori
presence of ribavirin resistance and possible mechanisms that
confer ribavirin resistance have to be confirmed in patients
undergoing antiviral therapy. As recently shown, mathematical
modeling of the ribavirin effect on HCV kinetics during anti-

viral therapy may help to gain more insights into ribavirin
sensitivity and resistance (24, 57).

MECHANISMS OF RESISTANCE TO AMANTADINE

Amantadine, a tricyclic amine, has antiviral activity against a
broad range of viruses. Used for patients with chronic hepatitis
C, amantadine had no antiviral effect when it was given as
monotherapy in different studies (3, 45, 127). Placebo-con-
trolled trials with the combination treatment of IFN-� with or
without amantadine have shown no significantly higher sus-
tained virologic response rates in patients who received aman-
tadine (56, 142, 155). Meta-analyses of all studies with IFN-�
in combination with amantadine showed contradictory results
(22, 81). Triple therapy with PEG-IFN, ribavirin, and amanta-
dine showed improved sustained virologic response rates in
patients who were previously nonresponders but showed no
significant benefit in naı̈ve patients or relapsers in comparison
with standard combination therapy (7, 13, 22, 34, 82, 143).
Additional studies with PEG-IFN, ribavirin, and higher doses
of amantadine to verify a potential antiviral effect of amanta-
dine in patients with chronic hepatitis C virus genotype 1 in-
fection are under way.

As a potential target for amantadine, Griffin et al. identified
the HCV p7 protein (48). The small, highly hydrophobic HCV
p7 protein is located downstream of the HCV structural pro-
teins and is inconsistently cleaved from the E2 protein (25).
The HCV p7 protein was identified as being a calcium ion
channel in artificial lipid bilayers and in membranes of mam-
malian cells (48, 49). Amantadine abrogates the activity of this
channel, similar to its ability to inhibit the M2 protein, an
integral membrane protein of influenza A virus (53). Further-
more, a study of mutated p7 variants showed that p7 is involved
in the release of infectious virus particles. Mutated p7 proteins
and p7 deletion mutants strongly impaired virus release in
transfected HuH7 cells (134a).

In a recent study, the clinical importance of amino acid
variations within the HCV p7 protein for the response to
IFN-�-based antiviral therapy with and without amantadine in
patients with HCV genotype 1 infection was investigated.
Overall, the HCV p7 protein was highly conserved, and no
significant association of amino acid variations within HCV p7
with the virologic treatment response in patients who received
amantadine was observed (87) (Table 1). Interestingly, in pa-
tients with HCV subtype 1b infection and combination therapy
with amantadine, a trend for a more frequent presence of
amino acid substitution L20F was detected in virologic nonre-
sponders compared with virologic responders. By in silico
modeling, amino acid position 20 was located towards the p7
channel lumen, and the L20F substitution may impair the
amantadine interaction by changes in the size and shape of the
p7 ion channel pore. Taken together, there is no evidence for
a clear additional antiviral effect of amantadine for first-line
therapy of patients with chronic hepatitis C, and results of
future studies, especially with higher amantadine doses,
have to be awaited. Together with these studies as well as in
in vitro systems (e.g., HCV replicon or patch-clamp assay),
the potential importance of the L20F mutation should be
addressed (87).
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MECHANISMS OF RESISTANCE TO DIRECT
ANTIVIRAL DRUGS

Based on the availability of an HCV replicon system and
the detailed knowledge about the structure and function of
HCV proteins, in recent years, a subset of new compounds
comprising direct inhibitors of HCV enzymes like protease,
helicase, and polymerase were developed. The most ad-
vanced new antiviral agents are directed against the HCV
NS3/4A serine protease and the HCV-specific NS5B RNA-
dependent RNA polymerase. Different antiviral agents for
the specific inhibition of the HCV NS3/4A protease and the
HCV NS5B polymerase are currently in phase 1/phase 2
trials for treatment of patients with chronic hepatitis C
(Tables 2 and 3), and multiple additional direct antiviral
drugs are in preclinical development. So far, results of phase
1 studies are available for three protease inhibitors (BILN2061,
VX-950, and SCH503034) and three polymerase inhibitors (va-
lopicitabine, R1479, and HCV796).

NS3/4A Protease Inhibitors

During short-term monotherapy with the protease inhibitors
BILN2061 (2 days), SCH503034, and VX-950 (14 days), a
decrease in HCV RNA concentrations of between 1.5 and 4
log10 HCV RNA IU/ml was observed in patients with chronic
HCV genotype 1 infection. BILN2061 and VX-950 especially
showed high antiviral efficacy, with HCV RNA levels below the
detection limit of a highly sensitive assay (�10 IU/ml) in indi-
vidual patients at the end of therapy. However, after the end of
dosing, HCV RNA levels increased to concentrations at base-
line in all patients (60, 70, 112b, 115, 155a). For the protease
inhibitor BILN2061, studies of patients infected with geno-
types 2 and 3 were published. Interestingly, a generally less
pronounced antiviral activity in patients infected with geno-
types 2 and 3 was observed. This shows a high probability of
specificity of direct antiviral drugs for a special genotype
caused by the substantial HCV sequence variability between
different genotypes (60, 115). In comparison with IFN-�-based

TABLE 2. Phase 1/2 HCV NS3/4A protease inhibitors and resistance mechanisms

Inhibitora Company and study Description Resistance mechanisms Reference(s)

BILN2061 Böhringer-Ingelheim,
phase 1

Peptidomimetic inhibitor, noncovalent
binding; clinical development was
stopped because of cardiac toxicity
observed in animal studies

In the replicon system, resistance is
conferred by mutations at positions
R155Q, A156S/T, and D168A/V

74, 75, 79

VX-950
(Telaprevir)

Vertex, phase 2 Peptidomimetic inhibitor, �-ketoamide,
monotherapy and combination
therapy with IFN

In the replicon system, resistance is
conferred by mutation at position A156S

74, 75

By sequence analysis, resistance conferred
by mutations at positions V36, T54,
R155, and A156

125a

SCH503034 Schering-Plough,
phase 2

Peptidomimetic inhibitor, �-ketoamide,
monotherapy and combination
therapy with IFN

In the replicon system, low to moderate
resistance is conferred by mutations at
positions T54A, V170A, and A156S;
longer exposure or selection led to
the selection of a more resistant
variant, A156T

144

By sequence analysis, only selection of
HCV isolates with mutations at position
T54 in single patients

120a

a The inhibitor target is HCV NS3/4A protease.

TABLE 3. Phase 1/2 HCV NS5B polymerase inhibitors and resistance mechanisms

Inhibitora Company and study Description Resistance mechanism(s) Reference(s)

NM283
(valopicitabine)

Idenix, phase 2 Nucleoside polymerase inhibitor NM283
(prodrug of 2�-C-methylcytosine
�NM107	)

Sequence analysis of the HCV NS5B
gene of several drug-resistant
replicons defined a single
substitution of the highly
conserved S282T mutation that
confers resistance to nucleosides
containing 2�-methyl functionality

86, 101

R1626 Roche, phase 1 Nucleoside polymerase inhibitor
4�-acidocytidine (R1479)

Unknown 115a

HCV796 ViroPharma/Wyeth, phase 1 Nonnucleoside polymerase inhibitor One mutation, C316Y, was detected
by sequence analysis of the HCV
NS5B gene of patients with
resistance

144a

a The inhibitor target is HCV NS5B polymerase.
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therapy, the antiviral efficacy for blocking viral production is
significantly higher in patients treated with the protease inhib-
itor BILN2061 (
99% versus 55 to 95%) (58). Combination
therapy with SCH503034 or VX-950 and PEG-IFN leads to a
higher decline in the HCV RNA viral load compared with that
of protease inhibitor monotherapy (120a). Restoration of the
IFN signal transduction pathway, which was shown to be par-
tially blocked by the NS3/4A protein, may be responsible for
the improved effect of IFN-� under specific inhibition of the
NS3/4A protease (36). Due to the error-prone nature of the
HCV RNA-dependent RNA polymerase together with highly
efficient replication, the selection of isolates that are resistant
to compounds such as HCV NS3/4A protease and NS5B poly-
merase inhibitors could be a major limitation for the efficiency
of direct antiviral therapies in patients with chronic hepatitis C.
In the subgenomic HCV replicon system, different mutations
in the HCV NS3 serine protease domain (R155Q, A156S/T,
D168A/V, T54A, and V170A) that confer different levels of
resistance to BILN 2061, VX-950, and SCH503034 were iden-
tified (74, 75, 79, 144) (Table 2). In patients treated with the
protease inhibitor VX-950, selection of resistant variants with
viral breakthrough during a 14-day treatment period was ob-
served. By highly sensitive sequence analysis of the HCV qua-
sispecies before treatment, at the end of treatment, and during
follow-up, different amino acid positions (V36, T54, R155, and
A156) with mutations that confer different levels of resistance
to VX-950 were described (125a). For treatment with
SCH503034, no analysis of the HCV quasispecies during ther-
apy was performed, and by direct sequencing, only the selec-
tion of HCV isolates with mutations at position T54 in single
patients was reported (120a, 155a). Whether the combination
of different direct antiviral drugs as well as combination ther-
apy with PEG-IFN could prevent the development of resis-
tance remains to be clarified in future studies. Overall, it is
clear that for HCV infection, a rapid development of resis-
tance as in human immunodeficiency virus infection is possible
and that an efficient initial blocking of HCV replication with
high plasma levels of the protease inhibitor is essential for the
long-term success of this treatment option.

NS5B Polymerase Inhibitors

Results of phase 1/phase 2 studies with the HCV NS5B
RNA polymerase inhibitor valopicitabine (NM283) showed a
decrease in the HCV RNA concentration of 1 to 2 log10 HCV
RNA IU/ml in the treatment of naı̈ve patients or IFN-� non-
responders (44a). Interim analysis of ongoing studies also
showed improved antiviral efficacy for combination therapy
with NM283 and PEG-IFN (98a). NM283 is the oral prodrug
of 2�-C-methyl-cytidine (NM107) and is cleaved to the free
nucleoside that is converted to the active triphosphate by the
cellular machinery. No in vivo resistance data for NM283 are
available yet, but it was shown that the 2�-C-methyl-nucleoside
NM107 is susceptible to resistance development, as shown in
replicon systems and isolated polymerase assays. Sequence
analysis of the HCV NS5B gene of several drug-resistant rep-
licons defined a single replacement of the highly conserved
serine 282 with threonine (S282T) that confers resistance to
nucleosides containing 2�-methyl functionality (86, 101). Re-
cently, the development of resistance to NM283 was investi-

gated using NM107 and a bovine viral diarrhea virus in vitro
infection assay. Bovine viral diarrhea virus is a pestivirus re-
lated to HCV, and sequencing analysis of variants that are
resistant to NM107 revealed that resistance was due to an
S405T substitution, which is the homologous mutation of
S282T in HCV NS5B (9a). Taken together, only limited data
on HCV polymerase inhibitors are available today. So far, the
antiviral activity of the drugs tested in patients with chronic
hepatitis C seems to be generally weaker than that of several
HCV protease inhibitors, but this may be overcome by in-
creased specificity and higher doses of HCV polymerase inhib-
itors. In the future, it will be highly interesting to investigate
the significance of mutations in different HCV genes of pa-
tients treated with IFN-� in combination with direct antiviral
drugs (potential IFN-� resistance regions together with targets
of protease and polymerase inhibitors).

CONCLUDING REMARKS

Several HCV proteins have been associated with mecha-
nisms of resistance to different antiviral drugs in acute and
chronic hepatitis C. In the vast majority of the multiple studies
addressing this issue, either in vitro mechanisms together with
HCV prototype isolates or amino acid sequence data for dif-
ferent HCV proteins obtained from patients undergoing anti-
viral therapies have been investigated. This restriction should
be overcome in the future.

As a main viral strategy to circumvent the effects of IFN-�,
the inhibition of PKR by the E2 and NS5A proteins in in vitro
studies has been proposed. However, for both proteins, no
concluding data in follow-up studies have been presented, and
the overall importance of PKR inhibition is uncertain. More
recently, the inhibition of signaling molecules of the innate
immune response (Cardif and Trif) by the NS3/4A protease
has been described. This mechanism may explain the high rate
of HCV persistence after acute hepatitis C virus infection.
However, the potential importance of the virologic response to
IFN-�-based therapy in patients with chronic hepatitis C has to
be investigated in future studies.

In the majority of clinical studies investigating amino acid
mutations of different HCV proteins, no correlation of specific
mutations or the number of mutations with the response to
IFN-�-based antiviral therapy was detected. While, in all prob-
ability, the amino acid variability of HCV proteins reflects
different sensitivities to IFN-�-based antiviral therapy, it be-
came clear that simply counting mutations generally may not
be sufficient for the detection of functional differences, which
in turn may result in different treatment outcomes. However,
multiple studies and a meta-analysis have conclusively shown
that for the NS5A ISDR, indeed, just the number of mutations
is significantly associated with the response to IFN-�-based
therapy, and future studies should aim to elucidate the under-
lying functional mechanisms of this phenomenon.

None of the proposed antiviral effects of ribavirin have been
conclusively proofed so far. For the error catastrophe mecha-
nism, several supportive data exist, and also, analysis of HCV
kinetics in patients with relatively low IFN-� efficacy argues in
favor of this hypothesis. However, the decline of alanine amino-
transferase levels despite significant changes in HCV RNA
concentrations during ribavirin monotherapy is not well ex-
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plained by a sole RNA virus mutagenic effect of ribavirin, and
thus, additional mechanisms of action have to be assumed.

For amantadine, the interaction with the p7 protein repre-
sents an attractive model for an explanation of its mode of
action. However, only preliminary in vitro studies are available
so far. Furthermore, the at best weak antiviral efficacy of aman-
tadine in patients with chronic hepatitis C will make it difficult
to determine specific HCV p7 sequence variants with sensitiv-
ity/resistance to amantadine.

The new era of direct antiviral drugs for treatment of hep-
atitis C is just beginning, and little is known about resistance of
the different HCV isolates, subtypes, and genotypes to, e.g.,
HCV protease and polymerase inhibitors today. However, it is
already clear that different from hepatitis B and analogous to
the situation in human immunodeficiency virus, depending on
the drug plasma levels, clinically manifest resistance can de-
velop very rapidly within a few days in patients with hepatitis C
undergoing therapy with, for example, an NS3/4A protease
inhibitor. The various possibilities of the use of direct antiviral
drugs in hepatitis C together with IFN-� with or without riba-
virin or combined with each other open a broad field of new
treatment options with associated resistance mechanisms.
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