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Abstract

The hepatitis C Virus (HCV) presents a high degree of
genetic variability which is explained by the combination
of a lack of proof reading by the RNA dependant RNA
polymerase and a high level of viral replication. The re-
sulting genetic polymorphism defines a classification in
clades, genotypes, subtypes, isolates and quasispecies.
This diversity is known to reflect the range of responses
to Interferon therapy. The genotype is one of the pre-
dictive parameters currently used to define the antiviral
treatment strategy and the chance of therapeutic suc-
cess. Studies have also reported the potential impact of
the viral genetic polymorphism in the outcome of antivi-
ral therapy in patients infected by the same HCV geno-
type. Both structural and non structural genomic regions
of HCV have been suggested to be involved in the Inter-
feron pathway and the resistance to antiviral therapy. In
this review, we first detail the viral basis of HCV diversity.
Then, the HCV genetic regions that may be implicated in
resistance to therapy are described, with a focus on the
structural region encoded by the E2 gene and the non-
structural genes NS3, NS5A and NS5B. Both mechanisms
of the Interferon resistance and of the new antiviral
drugs are described in this review.
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INTRODUCTION

The role of genetic variability in the natural history by
hepatitis C Virus (HCV) infection and in the primary re-
sistance to treatment remains unclear. In particular, the
mechanisms undetlying the resistance of HCV to Inter-
feron treatment are very different from those by which the
human immunodeficiency virus (HIV) becomes resistant
to antiretroviral drugs. In this review, we will describe the
impact of HCV genetic polymorphism in the treatment
response.

HCV VARIABILITY: ORIGIN AND

CLASSIFICATION

HCV has a single-strand positive RNA genome and
displays a high genetic diversity. This diversity results
from defects in the repair activity of the RNA-dependent
RNA polymerase (resulting in nucleotide substitutions)
and from the absence of 5' to 3' exonuclease activity (lack
of error correction)'. The mean frequency of nucleotide
mutations varies from 1.4 X 10’ to 1.9 X 10 substitutions
per nucleotide and per year. This estimate is based on
comparisons of the major sequences of complete genomes
obtained after eight years of evolution in a chimpanzee
and 13 years in a human'’,

Some of the mutations accumulating during replica-
tion are silent or synonymous. These mutations have no
impact on the amino-acid sequence of the viral protein,
but may affect the secondary structure of the genomic
RNA. Other so-called non-synonymous mutations lead to
changes in protein sequence and the emergence of vari-
ants. Other mutations lead to the production of defective
viral particles and are therefore lethal. The regions of the
genome corresponding to essential viral functions (domains
involved in translation or replication), or displaying major
structural constraints (non-coding 5' and 3' ends) ate the
best conserved; indeed, the non coding 5' region is the
most highly conserved region of the genome, with more
than 90% identity between the sequences of distantly re-
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lated strains. The region encoding the capsid is also well
conserved, with 81% to 88% sequence identity between
isolates”. The most variable region of the genome is that
encoding the envelope glycoproteins, E1 and E2. The se-
quences of hypervariable regions (HVR1 and HVR2) of
E2 in strains isolated from different patients may differ
by more than 50%. The polypeptides encoded by these
hypervariable regions are therefore very tolerant to amino-
acid substitutions'™”.

The classification of HCV, redefined and simplified in
1998, is based on the topology of the trees obtained by
phylogenetic relationships between viral variants. HCV
variants can be classified into six clades, and then into
subtypes corresponding to subgroups of the most closely
related viruses within a clade”. The virus genotype is indi-
cated by an Arabic number (from 1 to 0), associated with a
lowet-case letter to indicate the subtype. This new nomen-
clature has led to the reclassification of virus genotypes 7,
8, 9 and 11 as genotype 6 viruses, and the reclassification
of genotype 10 viruses as genotype 3 viruses. Recently,
the status of HCV-genotype nomenclature has been re-
examined in an attempt to resolve conflicting subtype and
genotype designations. A complete list of currently recog-
nized genotypes and subtypes was published”. The euH-
CVDB (http:/ /hepatitis.ibcp.fr), DDJB (http://www.ddbj.
nig.ac.jp) and Los Alamos (http://hcvlanl.gov) databases
currently include a large number of HCV sequences, mak-
ing it possible to compare an isolate with a large number
of reference sequences'”. Although currently restricted to
specialist laboratories, the gold standard method for HCV
genotyping is sequencing of the NS5B region followed by
phylogenetic analysis including comparison to reference
sequences[“‘u]

A chimeric virus generated by an intergenotypic ho-
mologous recombination event (genotype 2k/genotype 1b)
in the NS2 gene was first described in the St Petersburg
area: this demonstrated the occurrence of recombination
phenomena in HCV'"Y, Another recombinant form (geno-
type 2i/genotype 6p) was recently described in Vietnam,
with a point of recombination between NS2 and NS3""".
Such recombination events have already been described
for GBV-C and Dengue virus'™'". In HCV, homologous
recombination may be favoured by the nature of HCV
risk behaviour in which there may be frequent exposures,
for example among Intra Venous Drug Users. In practice,
genotyping is based solely on polymorphism in a single
genomic region (5' NC or NS5B), so it is cutrently impos-
sible to estimate the frequency of recombination events.

Studies of the global distribution of HCV genotypes
and analyses of their phylogenetic relationships have pro-
vided insight into their emergence and diversification over
the centuries. The worldwide distribution of genotype 2
began some 90 to 150 years ago; that of subtype 1b began
60 to 70 years ago and that of genotype 3 began about 40
years ago' | Genotypes 4 and 6 emerged much earlier: 350
and 700 years ago, respectively®. The simultaneous pres-
ence of a large number of subtypes of a viral genotype in
a limited geographic region is indicative of the long-stand-
ing endemic presence of the virus in the population stud-
ied. Genotype 2 is frequent in West Africa (59% to 100%,

depending on the region studied), and many subtypes have
been identified (2¢ to 2I)". The same is true of genotype
4 in Central Africa (4b, 4c, 4e and 4m)[20]. Conversely, the
limited number of subtypes in Europe (where genotype 1,
2, 3 are the more frequently found), North America and
Japan is consistent with the more recent introduction of
HCV into these populations. Another level of complexity
is found within a given infected patient termed as the qua-
sispecies population. Quasispecies are populations of dif-
ferent but closely related genomes and data have suggested
that Interferon alpha exerts a selective pressure on HCV
quasispecies”. Thus, these molecular polymorphisms
are clinically relevant and are one of the major factors in
determining the outcome of the Interferon therapy.

Since 1986, before the discovery of HCV, the efficacy
of Interferon alpha has been demonstrated in the treat-
ment of chronic non A non B hepatitis™*. Interferon
alpha is a member of the cytokine family produced by cells
in response to viral infections or other stimuli by binding
to their specific receptors on the surface of target cells,
Interferons stimulate a cascade of intracellular signalling
pathways that result in the suppression of numerous
Interferon-Stimulated Genes (ISGs) whose products
(proteins) can mediate the effects of Interferon. Among
these, are the INF induced, double stranded (ds) RNA
dependant protein kinase (PKR), the 2' 5' oligoadenylate
synthetase and the Mx proteins, of which the antiviral
activities have been well demonstrated™. Interferon also
acts as a stimulus of immunity and modulates cell growth,
differentiation and apoptosis®™”

In an effort to understand the role of different factors
on the outcome of Interferon therapy, numerous studies
have been petformed to define predictors of response and
both viral and host factors have been studied.

Among the viral factors examined, viral genotype seems
to be the most important predicting factor; it appears to be
a predictive parameter of the SVR as strong as well-estab-
lished predictive parameters such as the pre-treatment viral
load, the stage of fibrosis on liver, and the age and the sex
of the patient. Trials cleatly reported a high SVR rate of
76% to 84% in patients infected with HCV genotypes 2 or
3 whereas a weaker SVR of 42% to 52% was obtained in
HCV genotype 1-infected patients” . The SVR is likely
to be higher for genotype 2 than for genotype 3 where a
shortened treatment period was experienced, but ongo-
ing studies will determine the role of the initial viral load
and a rapid virologic response™". Therapeutic outcomes
are well known for these three genotypes because of their
geographic distribution; genotype 1 represents more than
70% of the HCV infections in the Western world, geno-
types 2 and 3 infect 10% to 20% of the other patients.
Studies focused on the outcome of the antiviral therapy
conducted in patients infected by HCV genotype 4 are
mainly provided by Egyptian cohorts and results showed
an intermediate SVR rate comprised between 55% to
69%*", Genotypes 5 and 6 are less studied because of
their minor distribution, patients infected by these geno-
types may achieve a SVR at a level between the SVRs of
genotype 1 and genotypes 2-3"7,

Differences in the SVR rate observed among differ-
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Figure 1 Mechanisms involved in HCV
resistance to antiviral therapies.
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ent HCV genotypes have highlighted a presumptive role
of the viral genetic determinants and have suggested that
some virus-encoded functions are involved in the response
to Interferon. Although a very efficient in vitro ot in vive or
animal models of HCV infection is not available, several
studies have been undertaken to identify which viral gene
may interfere with antiviral molecules. Both i# vivo and
in vitro studies demonstrated that the structural proteins E1
and E2, the non-structural proteins NS3, NS5A and NS5B
may contribute to the resistance of the combined Interfer-
on alpha and ribavirin therapy. Moreover, all these proteins
share a genetic polymorphism involved in the resistance
mechanisms as shown in Figure 1.

GENOMIC DOMAINS CONTRIBUTING TO
RESISTANCE

As previously described by Pawlotsky in this issue of the
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journal, HCV presents a high genetic diversity. The intra-
genotype analysis of this diversity along the viral genome
shows different degrees of variation; regions such as
the 5'UTR and the core ate highly conserved, the non-
structural regions 2, 3, 5b and the 3'UTR are relatively
variable whereas the envelope regions E1 and E2 and the
NS4 and the NS5A genes exhibit the highest sequence
diversity.

Polymorphism and significance of amino acid substitu-
tions within E2 regions in Interferon alpha resistance

E2 glycoprotein is a type | transmembrane protein of 70
kDa, with an N-terminal ectodomain and a C-terminal
hydrophobic anchor. It assembles with E1 to form a het-
erodimer. It has been shown to interact with two potential
HCV receptors, the human tetraspanin CD81 and the hu-
man scavenger receptor SR-BI, in experiments based on
soluble E2 (sE2) binding (Figure 2). The role of E2 in the
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Figure 3 Sequence homology between HCV E2-PePHD domain and PKR.
PePHD domains from various HCV genotypes (1a, 1b, 2a, 2b, 3a) are aligned and
compared with the PKR sequence. Identical and similar amino acids to PKR are
shown by (.) and (+), respectively. PKR auto-phosphorylation sites are underlined.

cell entry of HCV is extensively reviewed in this issue by
Dubuisson e/ 4.

One of the major ways by which cellular Interferon al-
pha inhibits viral replication involves the Interferon-alpha-
inducible double-stranded RNA-activated Protein Kinase
R (PKR). Indeed the Interferon alpha binds to the PKR
and leads to its autophosphorylation which in turn initi-
ates the phosphorylation of eukaryotic initiation factor 2
alpha (eIlF2a) by the PKR. This phosphorylation inhibits
the RNA transcription. Indeed, eIF2a is necessary to initi-
ate the translation by forming a complex with GTP and
met-tRNA and then allowing binding to the 40S ribosomal
subunit. The E2 glycoprotein, or more precisely, a 12-ami-
no acid domain of this protein located between residues
659 and 670 and known as PePHD (PKR-elF20a phospho-
rylation homology domain), is involved in PKR inhibition.
Taylor e al™ showed that PePHD was the main domain of
E2 able to bind PKR i# vitro. The PePHD motif sequence
is very similar to that of the auto-phosphorylation sites
of PKR and its target, elF2q, and this similarity is more
marked for genotype 1 viruses than for genotype 2 and 3
viruses (Figure 3). E2 glycoproteins of genotype 1 viruses
(HCV-1 E2) behave #n vitro as pseudosubstrates, inhibiting
the kinase activity of PKR. In mammalian cells, the stimu-
lation of translation by HCV-1 E2 is consistent with the
hypothesis of PKR inhibition. This inhibitory activity has
also been observed in a yeast model (Saccharomyces cerevisiae
expressing HCV1 E2). The replacement of HCV-1 E2
by proteins identical to those of genotype 2 and 3 viruses
abolishes this inhibitory effect. An interaction between
genotype 1 strains and PKR, »ia PePHD, has therefore
been proposed to account for the intrinsic resistance of
the strains of this genotype to Interferon alpha[35].

The clinical relationship between aminoacid sequence
of PePHD and the outcome of Interferon therapy has
been a matter of controversy. A few studies have add-
ressed polymorphism of the PePHD region in patients
carrying strains of genotypes 1, 2 and 3. Abid e# a/ studied
a small number of patients infected with genotype
1b HCV. They initially showed that in some patients
responding to treatment, the virus had a PePHD sequence
identical to that of the HCV-] strain (RSELSPLLLSTT),
calling Taylot's hypothesis into questionm. For HCV
2a/b isolates, conflicting results about the association
of PePHD mutations and treatment response have been
published”™. A number of studies focusing exclusively
on the diversity of PePHD sequences in genotype 1b HCV

before treatment have since shown strong conservation
of this motif, regardless of the response subsequently
obtained™"".

The genetic heterogeneity of the E2-HVRI region
can also be used to describe the composition of qua-
sispecies precisely, provided a large number of clones
are analysed. The preliminary studies in this area were
based on analysis of single-strand polymorphisms or of a
restricted number of clones (less than 10). A correlation
between high levels of quasispecies complexity before
Interferon alpha monotherapy and a lack of response to
treatment was reported” ", This led to the suggestion
that genetic variability ensured a reservoir of potentially
resistant strains. However, more recent studies with larger
numbers of sequenced clones or based on SSCP enhanced
sensitivity protocols have not confirmed the link between
the genetic complexity of HCV and virological responsel43J
These conflicting results illustrate the problems of
methodological standardisation associated with studies of
quasispecies.

Polymorphism of the HCV non-structural regions and
impact on the treatment response.

The NS2, NS3 and NS4A/B proteins may not be im-
plicated in the antiviral treatment resistance with the
current combination pegylated Interferon alpha plus
ribavirin. However, new therapies are in development
targeting the protease encoded by NS3 and the polymerase
encoded the NS5B. As already observed in the anti-HIV
HAART treatment, the genetic polymorphism of NS3 and
NS5B will be analysed in relation to therapy. HCV presents
a high mutation rate and the antiviral pressure may favour
the emergence of resistant strains. Mutation points have
been already observed in vitro (replicon system).

Polymorphism of NS5A and Interferon resistance

The NS5A protein is the non structural HCV protein
which is the protein most reported to be implicated in the
Interferon resistance Many interactions between NS5A
and different molecules from several intracellular pathways
have been also demonstrated in cellular 7 vitro systems. An
overview of the key roles of the genetic heterogeneity of
this protein will be detailed in this paragraph.

Structure of the NS5A protein: NS5A is a phospho-
protein found in a basally phosphorylated form of 56kDa
and a hyperphosphorylated form of 58 kDa. It varies in
length, from 445 amino acids in genotype 4a, 447 amino
acids in genotype 1b, 448 in genotypes 1a and 1c, 450 in
genotype 5a, 451 in genotype 6a, 452 in genotype 3 to
452 amino acids in genotype 2a and b. The amino acid
sequence varies depending on the genotype. The NS5A
protein is a plefotropic protein involved both in the viral
replication and in many interactions with cellular signalling
pathways. Although its function remains unclear, many
domains of interest have been described in this protein
(Figure 2).

Many interactions between NS5A and cellular signall-
ing pathways have been reported and the interacting
sequence has been identified for some of them. Although
studies have been conducted in vitro, results strongly
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suggest a potential involvement of the NS5A protein
in the establishment of a chronic hepatitis and in the
carcinogenesis and outcome of a liver tumour (for review,
see!™). In this review, we will focus only on the protein
interaction of NS5A with the Interferon pathway.
Interaction with the cellular Interferon pathway: Pho-
sphorylation of PKR triggered a global translastional
repression comprising the viral replication. Gale ez a/*
identified in the C-terminal NS5A a Protein Kinase R
binding domain. They demonstrated 7# vitro that the
NS5A protein is able to bind and inhibit the Interferon-
alpha-inducible double-stranded RNA-activated PKR, the
interaction occuring vz the NS5A PKR binding domain.
In that way, the NS5A protein has been suggested to
balance the Interferon cellular antiviral pathway and to be
involved in the resistance to the Interferon based-therapy.
The NS5A protein is also able to interact with the
Interferon pathway in a PKR-independent manner. It
has been demonstrated 7z vitro that NS5A induces the
expression of the pro-inflammatory chemokine interleukin
8 (IL-8) at both the mRNA and protein levels. This
chemokine is known to inhibit directly the Interferon
alpha activity. The clinical relevance of these 7 vitro studies
has been reported and it appears that the IL-8 serum levels
were higher in infected patients than in healthy controls.
A second study showed an increase of the pre-treatment
I1.-8 level in the non-responder than in the SVR***'.
Mutations in the NS5A protein and relationship with
the Interferon resistance: The 40 first amino acids of
the PKR binding domain present a high level of variability.
It was termed the Interferon sensitivity determining
region (ISDR) reported to play a key role in the Interferon
therapy response™*’. Molecular analysis of this 40 amino
acid region showed the potential role of mutations in
the resistance to Interferon therapy. They demonstrated
a correlation between the success of Interferon therapy
and the variability of the ISDR domain in Japanese
patients with HCV genotype 1b or 2 infection. Patients
infected with viral strains whose ISDR harbours more
than four mutations different from the HCV-] sequence
(the Japanese prototype strain defined as the wild-type)
were responders to Interferon therapy whereas patients
infected with a wild-type or strain harbouring less than
four mutations in ISDR were non-responders. Numerous
studies investigating the correlation between the mutations
in ISDR in genotype 1b HCV and the outcome of the
Interferon-based therapy have been undertaken. Japanese
results were concordant with the initial study whereas
European and north-American groups did not describe
such a correlation and debate remains controversial. A
recent meta-analysis has been conducted on 1230 ISDR
sequences from HCV 1b-infected patients by Pascu ef a/™".
Sequences wete provided from Japanese and European
studies. Analyses were realised by logistic regression and
clearly demonstrated an association between number
of ISDR mutations and response to the treatment both
in Japanese and European patients, irrespective from
a geographical distribution. First, controversial results
may be explained in part by the HCV European strains,
most of the European HCV 1b strains present less than

www.wjgnet.com

3 mutations and it was difficult to identify a statistical
difference between the Interferon therapy response among
European infected patients. It is also important to note
that treatment schedules were not the same in Europe
and in Japan. A correlation between the variability in the
ISDR region and a SVR has been demonstrated in the
genotype 2a-infected patients. Conversely, investigations
in the patients infected by genotypes 2b or 3a did not find
any relation between the successful therapy and genetic
variability of the NS5A gene®”. Additionally, iz vitro
studies did not report any interaction between NS5A
genotype 3a and PKR in viral resistant strains to the
Interferon therapy'™”.

The major implication of the variability in the re-
sistance to antiviral agents has been recently pointed
out, but few studies focused on the entire NS5A protein
at the quasispecies level and its kinetics under therapy.
Inshauspe ¢ a/™ identified another domain localised in
the C-terminal region of NS5A and termed it the V3
domain. It is 27 amino acids in length and it harbours
a high variability level. Duverlie ez a/” demonstrated a
relationship between the mutation level in V3 and the
response to Interferon therapy. Resistant strains were
highly conserved whereas sensitive strains were variable.
Our group and others confirmed this correlation™. We
followed HCV quasispecies diversity at baseline and under
Interferon alpha-ribavirin combined treatment in the
entite NS5A gene and in each region of interest (PKR-bd,
ISDR and V3). As reported by Puig-Basoiti ¢ a/", the V3
domain showed a higher quasispecies diversity in responder
patients than in non-responders in pre-treatment samples
and these data confirmed the potential role of the genetic
diversity in the success of the Interferon-based therapy.

NS3 protease as a target for specific antiviral therapy
Previous studies on the full-length genome sequence have
led to the HCV NS3 domain as being classified as one of
the less variable regions of the genomeﬁg’sgl. Nevertheless,
it appears important to consider the diversity of HCV
protease, because it is an attractive target for specific anti-
HCV therapy.

Catalytic functions and the three-dimensional struc-
ture of HCV NS3 protease have been reviewed in this
issue by Dubuisson e7 a/. Some of the structural and
functional constraints affecting the NS3 protease have
been demonstrated by the definition of major domains,
including the catalytic triad, the substrate binding pocket,
the NS4A binding domain and the residues binding to the
zinc ion™.

Natural polymorphism of NS3 protease: The diversity
of the HCV NS3 protease gene in clinical samples has
been studied”"*. Although the protease NS3 is considered
to be one of the less variable genes in the HCV genome,
variability of both nucleotide and amino acid sequences
exists. The proportion of synonymous substitutions
affecting the region is significantly higher than the
proportion of non synonymous ones suggesting that
the NS3 protease mutations ate the products of random
genetic drift rather than of positive selection. NS3 protease
structural and chemical integrity is required for it to process
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the HCV polyprotein. The perpetuation of substitutions
depends in large part on the extent to which the viral
protease can tolerate them while remaining functional. The
NS3 protease appears to be tolerant, particularly in its loop
regions between helices and sheets (Figure 4). Sporadic
mutations affecting the catalytic residues have already been
observed from different patients. These catalytic-triad amino
acid mutations probably lead to a loss of function, and
therefore may be lethal. In that sense, they are not crucial
for resistance to NS3 protease inhibitors'®".

The NS3 region is known to contain a large number of

T-cell epitopes. T-cells directed against the NS3 domain
seem to be of particular importance both during the
acute and chronic phase of the disease as the CD4+ and
CD8+ T-cell response to the NS3 protease correlates with
clearance and control of the infection, As reviewed by
Dubuisson ez /" in this issue, the NS3 setine protease
influences the Interferon-dependent innate cellular host
defence by inhibition of RIG-1 and TLR3 signalling. As
use of Interferon alpha is the standard of care for HCV,
the potential of protease inhibition to enhance Interferon
therapy has attracted much interest.
NS3 Polymorphism and impact on response to
antiviral specific treatment: The NS3 protease three-
dimensional structure description has provided the
necessary detailed insight to permit rational inhibitor
design. Therapies based on such inhibitors are still at the
development and testing stage[“’m. The generation of
such therapies based on the inhibition of site-specific
proteolysis has been clearly illustrated in the development
of effective inhibitors of human immunodeficiency virus
type 1 (HIV-1)!*".

Figure 4 Three-dimensional structure of
NS3 protease (PDB accession code 1NS3).
Polymorphism and main residues implicated in
resistance are shown. The protease is shown
based on its secondary structure in light grey.
Main polymorphic residues are shown in dark
grey. The side chains of the residues forming the
catalytic triad (H57, D81, and S139) are displayed
in dark grey ball-and-stick representation. The
NS4A cofactor is shown in dark grey and Zinc
ion as a white ball. Zn2+ ligands (C97, C99
and C149) and H145 residue are modeled in
light grey spheres. Stars correspond to the side
chains of the residues forming the S1 to S6
substrate binding pockets (grey dots cloud) of
the enzyme. Residues implicated in resistance to
protease NS3 inhibitors are shown with circles.
This figure was prepared using the RasTop
programme version 2.0.3-VF.

In vitro and in vivo phase I and II studies have shown that
evaluated NS3 protease inhibitors (BILN 2061, VX-950
and SCH 503034) developed drug resistant mutations™"".
These new drugs meet the same problems of viral
resistance that exist in the specific anti-viral treatment
of HIV and HBYV infected individuals. In untreated
patients, less than five percent of protease variants present
resistant mutations to inhibitors SCH6, SCH 503034 and
VX-950°"""" The reduced fitness of the most resistant
variant may explain that such variants are rarely found in
naive patients[69’7ﬂ’73]. The replicative fitness of resistant
viruses is a critical parameter of viral resistance and is
an important factor to consider in achieving sustained
virological response. It is underestimated due to low
replicative resistant strains not being detected.

Both HCV protease inhibitors evaluated in humans,
VX-950 and SCH-503034, have demonstrated a very strong
correlation between their antiviral effect, their serum
trough levels, and the development of resistance”"".
Changing in viral quasispecies with a selection of clones
resistant to VX-950 has been observed in patients who
experienced viral load breakthrough to VX-950 mono-
therapym. Resistant variants may have poorer replicative
fitness than wild-type viruses. However, VX-950-resistant
clones isolated from patient plasma from the initial phase
1b study were thought to be associated with the lower
doses of monotherapy, and selection for these clones was
based on inadequate suppression of virus”". Four residues
in the NS3 protease, when substituted, are known to be
associated with resistance/reduced sensitivity to VX-950.
R155K/T/S/M and A156T/V, located close to the
VX-950 binding groove, a domain of NS3 protease, confer
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Thumb
subdomain

Figure 5 Three-dimensional structure of
Fingers NS5B RNA-dependent RNA polymerase (PDB
subdomain accession code 1QUV). The three subdomains
of the polymerase are shown (Fingers, Thumb
and Palm) as well as the main residues
targeted by each class of polymerase inhibitors
(NNI 1: Non nucleoside class 1, NNI 2: Non
nucleoside class 2, NNI 3: Non nucleoside
class 3, NI: Nucleoside Inhibitor). This figure
was prepared using the RasTop programme
version 2.0.3-VF.

Palm
subdomain

moderate to high level resistance to VX-950; V36A/M and
T54A located further from the binding groove confer low-
level of resistance to VX-950 (Figure 4).

Three mutations, T54A, V170A and A156S muta-
tions conferred low to moderate levels of resistance to
SCH-503034 in a replicon model. Mutants with A156T
substitution are highly resistant to this compound'™.
Combinations of VX-950 and SCH-503034 may be limited
by the selection of cross-resistance mutations.

The polymorphic outside residues central to NS3
protease activity and substrate binding sites, may prove to
be accessory substitutions of resistance mutations con-
tributing to clinical resistance to HCV protease inhibitor
therapy. This has been supposed for 3 sepatate second site
mutations P8IL, Q86R and G16R i vitro with the protease
SCHG6 inhibitor™. Moreover, resistance to future NS3
protease inhibitors could occur through mutations arising
cither in the protease gene itself or, as has been shown for
HIV-1, in cleavage sites of the protein®

Resistance to specific HCV inhibitors will probably
emerge in case of insufficient antiviral pressure. Viral load
monitoring and checking for emergence of NS3 protease
resistance mutations could contribute to surveillance of
sustained viral response.

NS5B polymorphism and impact of the anti-polymerase
therapy

Structure of the protein: The last gene of the HCV is
the NS5B which encodes the HCV polymerase, which is an
RNA-dependent RNA polymerase (RARP). This 68 kDa
protein plays a central role in HCV replication and in viral
diversity because of the lack of a proof-reading activity.
The NS5B protein belongs to the tail-anchored proteins
as previously detailed by Dubuisson ef a/. The crystal
structure of this enzyme has been fully determined. The
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three dimensional structure is similar to other polymerases;
it shows a typical right-hand arrangement with fingers,
palm and thumb domains. This organisation forms a cavity
called a NTP tunnel in which the traffic of the nucleotides
to the active site occurs’®” (Figure 5).

Genetic polymorphism and enzymatic activity:
As all enzymatic proteins, the nucleic acid sequence is
a fundamental determinant of the three-dimensional
structure and it determines good enzymatic activity. It
has been shown that the active site does not tolerate any
mutations. Its amino acid sequence is highly conserved
among all HCV genotypes and any mutation may inhibit
viral replication. Several consensus sequence motifs have
also been described along the NS5B polymerase; five of
them are in the palm sub-domains (motifs A, B, C, D and
E) and one is in the finger domain (motif F)"™". Most
of the single amino-acid substitutions introduced into
the conserved motifs by directed mutagenesis resulted
in decreased or abolished viral replication and enzymatic
activity™",

NS5B and viral genotype: Although the NS5B protein
remains a relatively well conserved protein because of its
enzymatic function, the NS5B domain, along with other
domains of the HCV, supports a slight variability which
provides a basis for distinguishing viral type and subtype.
Indeed, the nucleic acid sequence is less conserved than
the 5'NC but sufficient to define type and viral subtype.
The relation between the structure of the NS5B and the
response to the Interferon therapy has rarely been studied
and most studies were focused on genotype 1b. Results were
contradictory. Vuillermoz ¢ @™ did not find any mutation
differences (point and rate mutations) between responders
and non-responders to the HCV NS5B strain; conversely
Kumagai ¢z a/*” reported two polymorphisms in NS5B
associated with an eatly viral clearance in the treatment of
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HCV genotype 1b-infected patients.

New antiviral treatments targeting the HCV poly-
merase: The HCV polymerase represents an important
target for the new inhibitors of HCV replication and
numerous assays are currently in development using
the in vitro subgenomic HCV replicon system. Thanks
to the knowledge of the three dimensional structure
of NS5B, screening of many chemical molecules
has been undertaken. Three classes of inhibitors are
now reported and include nucleoside analogues, non
nucleoside analogues and pyrophosphate mimics. Drugs
belonging to the nucleoside inhibitors are in competition
with the substrate of the RARP and inhibit polymerase
clongation. The binding site is localised in the fingers sub-
domain of the polymerase. Molecules of this class have
a 2'methylribose structure and some of them are now
well characterised®™. 2'-C-Methyl-Cytidine, 2'-C-Methyl-
Adenosine and 2'-C-Methyl-Guanosine have been shown
to be effective against genotype la and 1b in Conl
subgenomic replicons. A single mutation, S282T, confers
a cross resistance to all the 2'-C-Methyl-Nucleoside, and
to their prodrug as such the NM283 (prodrug of the 2'-
C-Methyl-Cytidine known as the Valopicitabine)™". The
R1479 (4'-Azido-Cytidine), which is another nucleoside
inhibitor, is under development1881 and a recent study
reported the mutation resistance points as S96T and S96T/
N142T. This work showed no cross resistance between
R1479 and the 2'C methyl nucleosides™. The NS5B genes
of non genotype 1 (2a, 2b, 3, 4 and 6) have been studied in
a genotype 1 replicon background; most of them reported
a weak replication that enabled drug sensitivity assays. It is
important to note that prototype sequences of genotype
4a and 6a encoded T282 and 1495 which are implicated
respectively in the 7z vitro resistance to the 2'-C-Methyl
nucleoside inhibitors and to the benzimidazole non-
nucleoside inhibitors®”. NM283 (Idenix®) has demonstrated
an anti-HCV activity in the trials of phases [ and II a, it
is now in the phase II b clinical development. Results of
the phase I trial of R1626 (Roche®), another nucleoside
inhibitor, were also encouraging. The first phase II develop-
ment study is now starting[gm.

Compounds belonging to the non-nucleoside inhibitors
(NNI) act as allosteric inhibitors that may affect the initiation
step of the polymerisation (inhibition of the conforma-
tional transition prior to the formation of an efficient pre-
elongation complex, inhibition of RNA binding to NS5B
or non-competitive inhibitors of N'TP incorporation).
Different molecules belong to this class and have distinct
targets. Indeed, three binding pockets have been localised
and are used to define each class of NNI (1 to 3). Two of
them are located in the thumb domain. The benzothiazidines
group (NNI 1) binds to one pocket located at the interface
between the thumb and palm domains and centralised
around Met414. In vitro studies have been cartied out mainly
with the genotype 1b subgenomic replicon and substitu-
tions have been shown to decrease susceptibility (M414T,
C451R, G558R, HI5R)"" or to confer resistance (H95Q,
N411S, M414L/T, Y448H)™ to benzothiazine drugs from
different pharmaceutical companies. The second pocket,
located at the base of the thumb domain, binds to the large

group of molecules comprising thiophene 2-carboxylic
acids, phenylalanine derivatives and substituted pyranones
(NNI 2) and the binding central amino acid is Met423.
In vitro assays teported differences in the inhibitory activity
between the different genotypes tested. For example, Howe
et al™ showed that the susceptibility level to the HCV-371
(NNI 2) was equal among the genotype 1b isolates but
varied with genotypes 1a, 3a and 4 (5 to 59 fold less
susceptible than genotype 1b). The last pocket is located
at the top of the thumb around Pro495 and is targeted by
the benzimidazole 5-carboxamide inhibitors (NNT 3)"*,
As with the other nucleoside inhibitors, sensitivity has
been studied 7z wvitro in the subgenomic replicon; Tomei ef
al” have recently reported that HCV strains resistant to
benzimidazole molecules harbored a substitution in Pro495.
Interestingly, it has been shown that a chimaeric 1b:2b HCV
replicon, harbouring a genotype 2b NS5B, was sensitive to
the 2'-C-Methyl-Adenosine but completely insensitive to the
NNI 1 (benzimidazole) and NNI 3 (thiophene)”. These
results underlined that a genotype specificity may exist for
each anti-polymerase inhibitor.

All of these results showed the importance of genetic
diversity in the HCV therapeutic strategy. Preliminary
results, both 7n vitro and in vivo trials, strongly suggest a
relationship between genetic polymorphism and sensitivity
to drug, Identification of the mutations set corresponding
to each antiviral drug will be very helpful. It will represent
a chance to anticipate treatment regimes at baseline
based on the viral genotype, an approach currently only
done for HIV therapy, many years after the beginning of
HAART".

Finally, the genetic diversity of the HCV largely im-
pacts in the global approach of this viral disease as in the
treatment management as well as in the development of
new HCV antiviral therapies.
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