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Although hepatitis C virus (HCV) was first identified
in 1989 (REF. 1), its threat as a serious public health
problem and disease burden has become recognized
only in the past few years. The blood-borne HCV
infection is often subclinical, despite persistent and
progressive inflammation and FIBROSIS of the liver,
which ultimately results in liver CIRRHOSIS, hepatic failure
or HEPATOCELLULAR CARCINOMA2. It is believed that the virus
has been spread unknowingly since the early 1960s,
mainly through blood transfusions, before reliable rou-
tine blood tests became available in 1992. More recent
cases, however, are associated with intravenous drug use
and other unrecognizable transmission factors/routes3. It
is estimated that HCV has infected more than 170 mil-
lion people globally, nearly fives times more than human
immunodeficiency virus (HIV)-infected individuals4.
This problem is magnified by the high frequency of HCV
persistence during infection — the virus establishes a
chronic infection in up to 85% of cases2. HCV infection
has become the most common cause of hepatocellular
carcinoma and the primary reason for liver transplanta-
tions among adults in western countries5. So, it is no sur-
prise that the virus has commanded significant attention
from academic and pharmaceutical-industry laboratories.

The current therapy for hepatitis C is inadequate at
treating all patients who are afflicted with chronic
hepatitis C and, so far, there are no broadly effective

anti-HCV compounds. It is clear that new and better
therapeutic strategies are desperately needed in the
battle against HCV. In the past few years, targeted anti-
viral drugs, such as protease and reverse-transcriptase
inhibitors, have had an impressive effect on HIV-
related morbidity and mortality. Similarities in the
HIV and HCV key enzymes (with respect to con-
served subdomain organization and arrangement of
structural motifs) indicate that analogous drugs might
also be useful in treating hepatitis C (reviewed in REF. 6).
However, there are considerable barriers to the devel-
opment of anti-HCV therapeutics, which include the
persistence of the virus, the genetic diversity during
replication in the host, the development of drug-
resistant virus mutants and the lack of reproducible
infectious culture systems and small-animal models
for HCV replication and pathogenesis. Moreover,
given the mild clinical course of HCV infection in
most cases and the ever-complex biology of the liver,
careful consideration must be given to antiviral drugs,
which are likely to have marked side effects. Multiple-
agent treatment modalities are likely to be needed,
probably on a rotation basis, and novel viral and host
targets are being explored, which will challenge us to
rethink the way we design and carry out clinical trials.

Although combination antiviral therapies will be
required to limit the genetic diversity of HCV, an
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FIBROSIS

A process that replaces lost
parenchymal tissue, resulting 
in scar formation.

CIRRHOSIS

A liver disease in which
parenchymal tissues die and
the liver becomes filled with
fibrous tissue.
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HEPATOCELLULAR CARCINOMA

A malignant tumour of the liver
that is seen in some people with
long-term liver damage due to
chronic hepatitis C or hepatitis B.

VIRAL LOAD 

The amount of virus that is
present in the blood.

CYTOTOXIC T LYMPHOCYTES

A subset of T lymphocytes that
can kill body cells that have been
infected by viruses or
transformed by cancer.

T
H
1 CELLS

T lymphocytes that produce
cytokines to help inflammation
and antiviral responses.

T
H
2 CELLS

T lymphocytes that produce
cytokines to help antibody
responses.
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Many biotechnology and pharmaceutical companies
are devoting a substantial level of resources to the discov-
ery and development of new drugs for HCV therapeutic
intervention.Approaches vary from targeting established
viral targets, to developing protective and/or therapeutic
vaccines against HCV, to improving current IFN-based
therapies. These have been the subject of several
reviews8–13. There is also tremendous interest from acade-
mia, as indicated by the exponential increase in the num-
ber of publications related to hepatitis C in recent years.
Equipped with new advances in our understanding of the
HCV replication cycle and key enzymes, and the recent
availability of HCV-REPLICON systems in Huh-7 cells14 and
small-animal models15,16, we are now in a better position
to identify and develop anti-HCV agents. Here, we review
the current status and emerging strategies for anti-HCV
therapeutics. Because most of our current antiviral efforts
are aimed at key viral enzymes that are essential to HCV
replication, we begin our treatise with a succinct overview
of the molecular biology and life cycle of HCV.

appropriate immuno-based therapy might also be nec-
essary to eliminate completely VIRUS LOAD from the blood.
Immunological factors that are likely to be involved in
the clearance of HCV after acute infection include
CYTOTOXIC T LYMPHOCYTE (CTL) activity, antibody
responses, robust T-helper type 1 (T

H
1)-CELL cytokine

involvement and limited T
H

2-CELL cytokine partici-
pation7. Although the CTL response in chronically
HCV-infected patients seems strong, it fails to contain
the virus infection and therefore allows the smoulder-
ing inflammation due to the targeted immune response
to HCV to set the stage for hepatocarcinogenesis. The
lack of a strong T

H
1 response is believed to contribute

to the chronicity of hepatitis C, and maintaining or
inducing a T

H
1-mediated response might therefore be

an important key to HCV treatment. This concept is
supported by the clinical use of INTERFERON-α (IFN-α),
a cytokine that not only acts through its antiviral effect,
but also leads to an enhancement of the T

H
1 response

in HCV treatment.

3′NTR

Translation,
initiation
and
replication

CD81,
LDLR
binding

Serine protease
and NTPase/helicase
Oligomerization

Phosphoprotein
Cofactor for NS5B?
IFN antagonist?

RdRp
Oligomerization

NS3-protease cofactor; increases
metabolic stability of NS3

Replicase

Envelope
glycoproteins
Homo- and heterotypic
interactions

Nucleocapsid
RNA interaction,
ribosome binding,
oligomerization

Replication

C

p19/21

5′NTR

E1

p35

E2

p60/70 

NS2 NS3

p24p7 p70

NS5BNS5A

p68p8 p27 p56/58

IFN antagonist?

ISDRNS4B
Ion
channel?

Modulation of NS5A
hyperphosphorylation?

NS4AHVR1

HVR2

Zn2+ metalloproteinase or thiol protease

ARFP/F

p14/p17

IRES

3′X

Host signal-peptidase cleavage sites

NS2–NS3 cleavage site

NS3–NS4A cleavage sites

Structural proteins Non-structural proteins

Figure 1 | Schematic representation of the HCV genome and encoded viral proteins. The boxed area corresponds to 
the single open reading frame of the hepatitis C virus (HCV) genome. The stem–loop structures represent the 5′ and 3′ non-
translated (NTR) regions, including the internal ribosome-entry site (IRES) and 3′X regions. The function and molecular mass 
(in kDa) of the gene products after polyprotein processing are shown. Core (C)–E1, E1–E2, E2–p7 and p7–non-structural
protein 2 (NS2) junctions are cleaved by a cellular signal peptidase(s) to yield structural proteins. The NS2–NS3
metalloproteinase undergoes autocatalytic cleavage, which releases the mature NS3 serine protease. NS3 cleaves the
remainder of the NS polypeptide. The two regions that have extreme sequence variability in E2, known as hypervariable regions
1 and 2 (HVR1 and HVR2), are indicated. A region in NS5A, known as the interferon (IFN)-sensitivity-determining region (ISDR),
has been linked to the response to IFN-α therapy in some strains of HCV. Both NS5A and E2 have been implicated as
antagonists of IFN (for review, see REF. 34). ARFP/F, alternative reading-frame protein/frameshift protein; LDLR, low-density
lipoprotein receptor; RdRp, RNA-dependent RNA polymerase. 
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of unknown function, and might have a role in the
modulation of NS5A hyperphosphorylation. The
NS5A phosphoprotein is implicated in mediating HCV
resistance to IFN therapy. NS5A might also function to
regulate viral replication through its interaction with
the NS5B protein25, which is the RNA-dependent RNA
polymerase (RdRp) that catalyses the replication of
HCV RNA.

On the basis of analogies to the closely related flavi-
and pestiviruses and our current understanding of
recombinant HCV proteins, a model for HCV life cycle
has been proposed26 (FIG. 2). HCV infection begins with
attachment, which is mediated by a specific interaction
between cell-surface molecules on the target cells and
the viral-envelope proteins. The mechanisms of virus
entry remain unknown, and the receptors for HCV
entry are not known at present. It has been proposed
that the binding of the E2 glycoprotein to CD81, a
tetraspanin molecule that is expressed on hepatocytes
and B lymphocytes27, functions to attach HCV to the
surface of cells, which allows a subsequent interaction
with a more specific entry receptor, such as the low-
density lipoprotein (LDL) receptor28,29. Next, the virus is
probably engulfed by receptor-mediated ENDOCYTOSIS.
The positive-strand HCV genome is then delivered to
the cytoplasm, where the RNA is translated, and the
polyprotein is processed in the ER. The replicase is
assembled at the ER membrane, where it directs the
synthesis of intermediate NEGATIVE-STRAND RNA, which is
subsequently used as a template for the generation of
positive-strand RNAs. The positive-strand RNA is
encapsidated with the structural proteins and is pre-
sumably enveloped by budding into the lumen of the
ER. The packaging of the HCV RNA genome into
newly synthesized virions is probably mediated by spe-
cific interactions between sequences within the 5′NTR
of the HCV genome and the core protein. Finally, infec-
tious virions are thought to be released by transport
through the Golgi compartment.

Because of the high replication rate30 and the lack of
proof-reading function of NS5B, the HCV genome has
high genetic variability. The genomic-sequence variance
is not distributed evenly over the genome, with both the
5′NTR and parts of the 3′NTR being the most highly
conserved regions. HCV is classified into six main geno-
types, which diverge by ~30% at the nucleotide-
sequence level, and there are more than 30 subtypes
throughout the world31. Subtypes 1a and 1b are pre-
dominant in the United States and Europe, whereas
subtype 1b is frequently found in most Asian countries.
Importantly, individuals who are infected with geno-
type 1 are generally more refractory to IFN-α therapy
than individuals who are infected with genotypes 2 and
3 (REF. 32). For some strains of HCV 1b, this is apparently
influenced by variability in a region of the NS5A gene
that is known as the IFN-sensitivity-determining region
or ISDR (FIG. 1; for review, see REF. 33). Although the
exact mechanisms by which HCV counteracts IFN are
not fully understood and are often controversial, both
the NS5A protein and E2 glycoprotein have been impli-
cated through their ability to inhibit the IFN-induced

Know your foe: HCV genome and life cycle
HCV is a small (40–60 nM in diameter), ENVELOPED,
single-stranded (ss) RNA Hepacivirus in the Flaviviridae
family; the most closely related human viruses are GB
virus C (GBV-C) or hepatitis H virus (HGV), yellow-
fever virus and dengue virus17. The HCV genome and
its encoded gene products have been characterized in
detail (for review, see REF. 18). The positive-strand RNA
genome comprises a 5′ non-translated region (NTR), a
single open reading frame (ORF) of ~9,000 nucleotides
in length and a short 3′NTR (FIG. 1). The 5′NTR (~340
nucleotides) contains the internal ribosome-entry site
(IRES), which mediates the initiation of viral-RNA trans-
lation in a cap-independent manner. Sequences in the
5′NTR, including the IRES, are essential for replication of
this virus19. The 3′NTR (230 nucleotides) comprises a
tripartite structure that consists of a variable region
immediately after the stop codon of the ORF, a poly
(U/UC) tract that varies in length between 30 and 150
residues and a highly conserved ‘X-tail’ or 3′X sequence.
The 3′X region is crucial for efficient RNA replication20.

The ORF encodes a single polyprotein of ~3,010
amino acids, which is cleaved co- and post-translationally
at several sites by host signal peptidases and HCV-
encoded proteases to produce at least three structural
proteins (core, E1 and E2), and six non-structural (NS)
proteins (NS2, NS3, NS4A NS4B, NS5A and NS5B)21

(FIG. 1). The core protein interacts with viral RNA and
forms the NUCLEOCAPSID. E1 and E2 are heavily glyco-
sylated viral-envelope proteins that can interact with
plasma membranes of hepatocytes and other cells. E1
and E2 can form heteromeric complexes, although it is
not clear whether their association is necessary for
binding to cell membranes. Possible roles for the small,
hydrophobic protein p7, which is produced by further
cleavage between E2 and NS2, include that of an ion
channel, or it might have a role in the subcellular locali-
zation of VIRION components and assembly of virus
particles22 (see below). Recently, another protein of
unknown function, which is encoded by an alternative
ORF that overlaps the core-protein gene, has been iden-
tified. It is known as ARFP (for alternative-reading-
frame protein) or F (for frameshift protein)23,24.

The NS proteins encode enzymes or accessory factors
that catalyse and regulate the replication of the HCV
RNA genome. Processing of the HCV NS polypeptide is
catalysed by two virally encoded proteases (FIG. 1). The
NS2–NS3 zinc-dependent metalloproteinase undergoes
autocatalytic cleavage to produce NS2 and NS3 (REF. 21).
The released NS3 serine protease catalyses the cleavage
of the remaining NS polyprotein to yield NS4A, NS4B,
NS5A and NS5B, which, together with NS3 and possi-
bly cellular proteins, form the replication complex or
‘replicase’ of HCV. The carboxy-terminal segment of
the NS3 protein also has NUCLEOSIDE TRIPHOSPHATASE

(NTPase) and RNA HELICASE activity. The NS4A protein
seems to have at least two functions: to form a stable
complex with NS3 to facilitate the membrane localiza-
tion of the NS3–NS4A complex in the endoplasmic
reticulum (ER), and to act as a cofactor for NS3 protease
activity. NS4B is a relatively hydrophobic 27-kDa protein

INTERFERONS

(IFN). Secreted cytokines that are
known for their antiviral,
antiproliferative and
immunomodulatory activities.
There are two types of IFN:
type I (IFN-α, IFN-β, IFN-ω
and IFN-τ) and type II (IFN-γ).
There are at least 14 IFN-α genes,
but only one IFN-β and IFN-γ
gene has been reported so far.

HCV REPLICON

A biscistronic DNA construct
that contains a selectable marker
gene and genes encoding HCV
non-structural proteins, in
which an HCV IRES and an
EMCV IRES direct the
translation of the marker gene
and viral genes, respectively.
Transfection of RNA transcribed
from such constructs into the
hepatoma cell line Huh-7 results
in selectable, autonomously
replicating HCV RNAs.

ENVELOPE

A lipoprotein-bilayer outer
membrane of many viruses.
Often heavily glycosylated,
envelope proteins usually
function to identify and attach
the virus to the cell-surface
receptor, so that viral entry can
occur.

NUCLEOCAPSID 

The coat (capsid) of a virus plus
the enclosed nucleic-acid
genome.

VIRION

A mature infectious virus
particle that exists freely outside
the host cell.

NUCLEOSIDE TRIPHOSPHATASE 

An enzyme that hydrolyses
nucleoside triphosphate (NTP)
— a nucleotide that is of
fundamental importance as a
carrier of chemical energy in all
living organisms — to drive
energetically unfavourable
biological processes.

RNA HELICASE

An ATP-dependent enzyme that
catalyses the unwinding of RNA
helices.

ENDOCYTOSIS

A process by which proteins or
viral particles at the cell surface
are internalized, being
transported into the cell within
membranous vesicles.
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of a subgenomic HCV RNA (for review, see REF. 14 and
the article by Ralf Bartenschlager on p911 of this issue).
The HCV-replicon RNA replicates to fairly high levels in
Huh-7 cells, and provides — for the first time — a genetic
system to study HCV replication and a cell-based assay to
screen for HCV inhibitors. Propagation of HCV in
chimeric mouse models has recently been achieved15,16.
In the first model, immunocompromised mice were
engrafted with human hepatocytes isolated from fresh
livers, and were shown to be susceptible to HCV infec-
tion and replication15. In addition, the Trimera system
involves the infection of human liver fragments with
HCV ex vivo before being transplanted into immuno-
compromised mice16. Both systems should help to expe-
dite anti-HCV drug evaluation.

IFN-based therapies: the past, present and future 
In the absence of an effective antiviral or vaccination
strategy against HCV, the single drug that is used to treat
chronic HCV infection is IFN-α, a naturally occurring

protein kinase (PKR)34. In addition, HCV exists in indi-
vidual patients as QUASISPECIES, which differ mainly in the
hypervariable regions (HVR1 and -2) of the E2 gene —
(FIG. 1). The variability of HCV quasispecies seems to
correlate with the clinical outcome of the HCV infection
(reviewed in REF. 35).

HCV infects only humans and chimpanzees, primar-
ily targeting hepatocytes. The determinants of this
restricted host and tissue specificity are not understood,
and several reports indicate that HCV can also infect
other organs and cell types, in particular lymphoid
cells36. This extrahepatic infection might contribute to
the immune-mediated pathogenesis of chronic liver dis-
ease and/or the development of autoimmune diseases,
including MIXED CRYOGLOBULINAEMIA and GLOMERULONEPHRITIS.
Despite the extremely robust in vivo replication rate of
HCV30, efforts to propagate this virus in cell culture have
been frustratingly unsuccessful. For now, we have to use
the recently generated HCV-replicon system, in which
expression of the HCV NS proteins drives the replication

NEGATIVE-STRAND RNA 

Genomic viral RNA that is
complementary to the messenger
RNA (positive strand) that is
produced during replication.

PKR

A serine/threonine protein
kinase and among the best-
studied effectors of the host
interferon (IFN)-induced
antiviral and antiproliferative
response system. In response to
stress signals, including virus
infection, the normally latent
PKR becomes activated through
autophosphorylation and
dimerization and
phosphorylates the eIF2α
translation-initiation-factor
subunit, leading to an 
inhibition of the intiation of
mRNA translation.

QUASISPECIES

A family of closely related, but
slightly different, viral genomes.
Viral genetic variants, derived
from the original infecting
virus, which are present during
an infection.

MIXED CRYOGLOBULINAEMIA

The presence of abnormal
proteins called cryoglobulins in
blood. Cryoglobulinaemia can
cause damage to the kidneys.

GLOMERULONEPHRITIS

A kidney disease that affects the
capillaries of the glomeruli (the
compact cluster of capillaries in
the kidney that filter blood) —
characterized by oedema, raised
blood pressure and excess
protein in the urine.

Figure 2 | Proposed replicative cycle of HCV and potential sites of therapeutic intervention. The life cycle of the
hepatitis C virus (HCV) has several specific steps, many of which are targets for antiviral drugs: a | attachment; b | endocytosis;
c | virion– membrane fusion; d | uncoating; e | translation and polyprotein processing; f | replicase assembly; g | RNA replication;
h | viral assembly and ER budding; i | vesicle transport and glycoprotein maturation; j | vesicle fusion and virion release. 
ER, endoplasmic reticulum; IRES, internal ribosome-entry site; LDLR, low-density lipoprotein receptor; NS, non-structural
protein; siRNA, small interfering RNA.
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biosynthesis. This leads to a decreased intracellular
pool of GTP levels, and therefore indirectly suppresses
the synthesis of viral RNA. The antiviral activity of riba-
virin might also be related to its ability to inhibit the
HCV NS5B polymerase directly, suppress the humoral
and cellular immune responses and/or promote LETHAL

MUTAGENESIS of the viral genome (reviewed in REF. 39).
However, despite the improved efficacy of the combina-
tion therapy of IFN-α and ribavirin, most patients still
fail to achieve an SVR to the treatment32. Furthermore,
other side effects have been described for the combina-
tion therapy, including HAEMOLYTIC ANAEMIA due to the
accumulation of ribavirin triphosphate in erythrocytes38.

To further improve the therapeutic efficacy of IFN-α
monotherapy and combination therapy, several options
are being investigated. Several studies of the effect of
IFN-α treatment on viral kinetics indicated that daily
dosing of IFN-α and lengthened treatment duration
might improve the SVR30,40. Other therapeutic agents,
alone or in combination with IFN-α, have been evalu-
ated. Some clinical benefits were observed in pilot stud-
ies with ofloxacin41,42, although these results require
confirmation in larger studies. Furthermore, encourag-
ing results have been seen with the immunomodulatory
peptide α1-thymosin43 when used in combination with
IFN-α, and Phase III hepatitis C clinical trials are
underway at present (TABLE 1). In recent small studies, a
triple combination of IFN-α, ribavirin and amantadine
was found to improve the SVR44,45.

The best clinical results so far have been achieved
with the introduction of polyethylene glycol (PEG)-
modified IFN-α, which is characterized by a long half-
life, allowing a decreased frequency (weekly) of

glycoprotein that has antiviral and immunomodulatory
properties. It continues to be the only known drug to
induce sustained HCV clearance and cause an improve-
ment in liver histology37. However, IFN-α monotherapy
is limited by adverse side effects, such as severe flu-like
syndrome, LEUKOPAENIA and THROMBOCYTOPAENIA. Further-
more, a SUSTAINED VIROLOGICAL RESPONSE (SVR) is achieved
in only 15% of patients, in particular those infected with
the most prevalent HCV genotype 1 virus who are
carrying high virus loads32.

The combination of the orally active synthetic guano-
sine analogue ribavirin (FIG. 3) with IFN-α2b (TABLE 1) has
proved to be more effective than IFN-α monotherapy,
yielding an SVR in 35–40% of patients38. Ribavirin action
is thought to reside, at least in part, in its ability to inhibit
inosine monophosphate dehydrogenase (IMPDH), an
enzyme that catalyses a rate-limiting step in GTP

LEUKOPAENIA

A decrease in the number of
leukocytes (white blood cells).

THROMBOCYTOPAENIA

A condition in which there is an
abnormally small number of
platelets in the circulating blood.

SUSTAINED VIROLOGICAL

RESPONSE

(SVR). The continued lack of
detectable serum HCV RNA six
months after the completion of
treatment.
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Figure 3 | Chemical structures of ribavirin, viramidine and levovirin. Ribavirin is a purine
nucleoside analogue (1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) that has broad-spectrum
antiviral activity in cell culture. Viramidine and levovirin are analogues of ribavirin that are now in
clinical development for hepatitis C virus (HCV) treatment.

Table 1 | Selected IFN-based therapies for the treatment of HCV infection

Drug name Company Web site Clinical phase

Monotherapy

Intron A (IFN-α2b, recombinant) Schering-Plough http://www.sch-plough.com FDA approval, 1995

PEG-INTRON (PEGylated IFN-α2b) Schering-Plough http://www.sch-plough.com FDA approval, 2001

Roferon A (IFN-α2a, recombinant) Roche http://www.roche.com FDA approval, 1996

Pegasys (PEGylated IFN-α2a) Roche http://www.roche.com FDA approval, 2001

Infergen A (IFN alfacon-1) InterMune Pharmeceuticals http://www.intermune.com FDA approval, 1997

Wellferon (lymphoblastoid IFN-αn1) GlaxoSmithKline http://www.corp.gsk.com FDA approval, 1999

Omniferon (natural IFN-α) Viragen (Scotland) http://www.viragen.com Phase II

Omega IFN (IFN-ω) BioMedicines http://www.biomedicinesinc.com Phase II

Albuferon-α (albumin-IFN-α2b) Human Genome Sciences http://www.hgsi.com Phase I

Rebif (IFN-β1a) Serono http://www.serono.com Preclinical*

Combination therapies

Rebetron (Intron A and ribavirin) Schering-Plough http://www.sch-plough.com FDA approval, 1998

PEG-INTRON and ribavirin Schering-Plough http://www.sch-plough.com FDA approval, 2001

Pegasys and ribavirin Roche http://www.roche.com FDA application
submitted

Intron A and Zadaxin (α1-thymosin) RegeneRx Biopharmaceuticals/ http://www.regenerx.com Phase III
SciClone Pharmaceuticals http://www.sciclone.com

Pegasys and Ceplene Maxim Pharmaceuticals http://www.maxim.com Phase III

IFN-β and EMZ701 Transition Therapeutics http://www.transitiontherapeutics.com Preclinical

* FDA approval for the treatment of relapsing forms of multiple sclerosis. HCV, hepatitis C virus; IFN, interferon; PEG, polyethylene glycol.
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IFN-α2a. The implications of this approach could be
profound in the development of more potent and less
toxic IFN molecules, and it would be of great interest
to determine whether these shuffled IFNs were active
in the HCV-replicon assay.

HCV molecular targets for drug development
Although substantial progress has been achieved with
PEGylated IFN-α plus ribavirin therapy, it is evident that
most patients with chronic HCV infection are not candi-
dates for IFN-based therapies. Furthermore, IFN-α has
limited efficacy in immunocompromised patients, and
treatment of HCV/HIV co-infection presents yet another
challenge55. So, the development of alternative therapeutic
interventions for these patients is imperative56. In this
regard, a number of advances have come about, owing
to: the definition of molecular clones that are infectious
in the chimpanzee animal model of HCV infection;
the development of HCV-replicon systems in Huh-7
cells; and the availability of the three-dimensional
structures of several of the key virally encoded
enzymes, in some cases in complex with substrates,
cofactors and inhibitors. In vitro assays have been
developed to examine viral enzymatic activities for the
testing and development of antiviral agents. These
have been aimed primarily at specific processes that are
essential to HCV replication, which include: virus
translation, which is controlled by regulatory elements,
such as the 5′NTR that contains the IRES; processing
of the viral protein by the NS2–NS3 and NS3–NS4A
proteases; viral RNA replication, which uses the NS3
helicase and NS5B RdRp (FIG. 2).

NS2–NS3 autoprotease. The metal-dependent cys-
teine protease NS2–NS3 catalyses cleavage between
NS2 and NS3 in an autoproteolytic manner57. The
amino-terminal portion of NS2 is responsible for
membrane association, whereas its carboxy terminus,
which overlaps with NS3, is believed to catalyse the
cleavage of the NS2–NS3 site. However, the NS2–NS3
proteolytic activity is distinct from the NS3 serine-
protease activity. Interestingly, peptides that resemble
the NS2–NS3 cleavage site did not inhibit the
NS2–NS3 protease activity, whereas cleavage-product-
derived peptides and peptides derived from NS4A
were found to inactivate NS2–NS3 activity with inhi-
bition constant (K

i
) values as low as 3 µM (REFS 58,59).

Mutagenesis studies have shown that amino-acid
residues His952 and Cys992 are essential for auto-
catalytic activity60,61. In vitro assays have been devel-
oped for the characterization of this enzyme and the
identification of new antiviral agents59,62.

NS3 protease. The activity of the chymotrypsin-like ser-
ine protease that is encoded within the amino-terminal
180 amino acids of NS3 is indispensable for HCV
infectivity in the chimpanzee model63. The structure
of the protease domain (FIG. 5) and the full-length NS3
protein were solved by X-ray crystallography64.
Efficient processing requires the NS3 protease in com-
bination with the NS4A cofactor and a structural zinc

administration46. Two PEGYLATED IFN-α preparations
combined with ribavirin are now standard treatment:
Pegasys, a PEGylated IFN-α2a (FIG. 4); and PEG-
INTRON, a PEGylated IFN-α2b (TABLE 1). Treatment
with PEGylated IFN-α at least doubles the SVR rates
that are achieved with IFN-α monotherapy, or approxi-
mates those achieved with IFN-α–ribavirin combina-
tion therapy47–49. Importantly, combination therapy of
PEGylated IFN-α with lower doses of ribavirin report-
edly improves the response rate to more than 50%
(~40% in patients infected with HCV genotype 1 and
~80% in patients carrying genotypes 2 or 3), with
fewer serious adverse events, which will probably make
this the reigning standard of therapy for chronic
hepatitis C. After the success of modified IFN, Phase III
trials evaluating Ceplene (histamine dihydrochloride; a
histamine analogue) and Pegasys as a combination
therapy for HCV treatment are in progress (TABLE 1).
A different modified IFN, in the form of a fusion of
ALBUMIN and IFN-α2b (Albuferon-α), is now in Phase I
studies in patients for whom conventional IFN treat-
ment for hepatitis C has failed.

Others have evaluated the use of different or geneti-
cally modified IFNs for anti-HCV therapy, including
IFN-β50,51, IFN-γ52 and ‘consensus’ IFN53 (TABLE 1).
Although many of these results need to be reproduced
in larger studies, the bioengineered consensus IFN,
known as Infergen, which consists of the most fre-
quently observed amino acid at each position of the
IFN-α subtypes, is producing encouraging results.
Interim data from a Phase IV clinical trial indicated
that 56% of patients treated with the combination use
of Infergen and ribavirin achieved an SVR. Phase II
clinical trials are also underway to evaluate a recombi-
nant human IFN-ω and IFN-β1a in IFN-naive patients
with chronic hepatitis (TABLE 1). Omniferon, which is a
naturally occurring IFN-α, is now in Phase II clinical
trials in Europe for hepatitis C. Recently, an emerging
powerful technology known as MOLECULAR BREEDING or
DNA shuffling was used to generate IFN mutants or
variants with increased antiviral and antiproliferative
activities54. In the shuffling experiment of a family of
more than 20 IFN-α genes, the most active human IFN
variant was improved 285,000-fold relative to human

LETHAL MUTAGENESIS

A process by which animal RNA
viruses, given their high
mutation frequencies, undergo a
sharp decline in viability after a
modest increase in mutation
frequency that results from the
promiscuous incorporation of
nucleoside analogues, such as
ribavirin triphosphate, by the
viral RNA polymerase.

HAEMOLYTIC ANAEMIA

A decrease in the normal level
of erythocytes (red blood cells)
in the bloodstream owing to 
the destruction (rather than
underproduction) of red 
blood cells.

PEGYLATION

A technique of conjugating
polyethylene glycol (PEG)
groups to proteins to increase
their resistance to proteolytic
degradation, improve their water
solubility and reduce their
antigenicity.

ALBUMIN

A protein that is made in the
liver, and the most abundant
protein in the blood. A low
albumin level is associated with
liver cirrhosis.

MOLECULAR BREEDING

In vitro recombination-based
directed evolution to yield a high
percentage of functional
variants, as identified and
evaluated using marker-assisted
selection.
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Figure 4 | Chemical structure of a branched polyethylene-
glycol molecule. The figure depicts a branched polyethylene
glycol (PEG) that was created by coupling a monofunctional
PEG (mPEG)-benzatriazole carbonate of molecular mass 
40 kDa to lysine. Conjugation of this PEG moiety to 
interferon-α2a (IFN-α2a) results in an agent with a significantly
longer half-life, which requires less frequent administration and
has an improved toxicity profile. NHS, N-hydroxysuccinimide.
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NS3 helicase. The carboxy-terminal 450 amino acids of
NS3 define the NTPase/RNA helicase domain, the activ-
ity of which is also indispensable for viral infectivity in
the chimpanzee model63. The HCV helicase has unusual
characteristics because it can unwind DNA–RNA and
DNA–DNA substrates as well as RNA–RNA hybrids.
NS3 helicase activity requires substrates with a 3′ single-
stranded overhang, as it unwinds only in a 3′-to-5′
direction57. The structure of the HCV helicase domain,
both with and without a single-stranded oligonu-
cleotide, has been determined70,71 (FIG. 7), which might
aid in the design of antiviral agents targeted to various
sites to inhibit helicase activity. Prospective targets
include the NTP-binding site, the binding sites for the
ssRNA and double-stranded (ds) RNA or DNA, and the
interaction surface between these domains. Oligo-
merization seems to be necessary for helicase activity
and could be an alternative target for intervention72.
However, the NS3 helicase has proved to be an
extremely challenging target, with little progress being
made in the identification of helicase inhibitors com-
pared with inhibitors targeting other HCV proteins.

NS4A cofactor: more than a just sidekick? It has been
shown that a direct interaction between NS3 and the
NS4A cofactor is important for the proteolytic activity
of NS3 (REF. 57), and possibly the helicase activity as
well73. Compounds that disrupt or affect the outcome of
the protein–protein interaction between NS3 and NS4A
(for example, by induction of a conformational change)
could potentially interfere with viral polyprotein pro-
cessing by the NS3 protease. Indeed, several peptides
derived from NS4A, which compete with NS4A for
binding to NS3, inhibited the protease activity in vitro in
low-micromolar values9. NS4A binding also seems to
mediate NS3 association with the ER membrane and
affect the stability of the NS3 protein74, or internal cleav-
age of NS3 (REF. 75) and NS2–NS3 processing58. So, given
the multiple functional outcomes assigned to the
NS4A–NS3 interaction, it might be an attractive candi-
date for therapeutic intervention by inhibition of the
protein–protein interaction.

molecule57. Direct comparison of the NS3-protease
crystal structure with or without NS4A showed that
NS4A is required to improve the anchoring and orien-
tation of the catalytic triad within the serine protease64.
In light of the many studies on expression, purification
and in vitro enzymatic reconstitution, the NS3 protease
is perhaps the most thoroughly characterized HCV
enzyme and the most intensively pursued HCV target.

The NS3 protease is prone to inhibition by specific
penta- or hexapeptides derived from the amino-terminal
NS3 cleavage products, which have provided the basis
for lead optimization of PEPTIDOMIMETIC inhibitors10,65,66.
This class of optimized compounds has shown
submicromolar potencies in in vitro enzymatic assays,
as well as in the HCV-replicon system. Subsequent
STRUCTURE–ACTIVITY RELATIONSHIP studies have produced a
potent and specific modified tripeptide carboxylic acid
(exemplified by the macrocyclic inhibitor in FIG. 6).
Other series of structurally diverse NS3-protease 
substrate-based inhibitors have been disclosed, including
α-ketoamides, borinic acids, phosphonates, hydrazino-
urea, α-ketoacids10 and pyrrolidine-5,5-trans lactams67.
Novel chemical scaffolds were also generated using
structure-based computational and combinatorial-
chemistry techniques, which have resulted in the iden-
tification of the lead compound VX-950 (LY-570310).
Using a different approach, other groups generated
RNA APTAMERS to NS3 that inhibited the protease activity
and might, therefore, provide potential leads for
molecules that inhibit NS3 or indicate other sites in
the NS3 protease for drug intervention68,69.

PEPTIDOMIMETIC

A compound containing non-
peptidic structural elements that
can mimic or antagonize the
biological action(s) of a natural
parent peptide.

STRUCTURE–ACTIVITY

RELATIONSHIP 

(SAR). The relationship between
chemical structure and
pharmacological activity for a
series of compounds.
Compounds are often classed
together because they have
structural characteristics in
common, including shape, size,
stereochemical arrangement and
distribution of functional
groups. Other factors
contributing to the
structure–activity relationship
include chemical reactivity,
electronic effects, resonance and
inductive effects.

RNA APTAMER

A single-stranded RNA
oligonucleotide that assumes a
specific, sequence-dependent
shape and binds to a target
protein on the basis of a lock-
and-key fit between the two
molecules.

NS4A

Zinc

Inhibitor I

Figure 5 | Crystal structures of HCV NS3 protease–inhibitor
complexes. Ribbon conformation of the three-dimensional
crystal structures of two hepatitis C virus (HCV) non-structural
protein 3 (NS3) serine-protease domains complexed with an
NS4A cofactor peptide (residues 956–967; red) and the
tripeptide inhibitor (inhibitor I; ball-and-stick model) L-BOC,
L-Glu,L-Leu-(difluoro)aminobutyric acid. The zinc ion (indicated
in light grey) is present in the non-inhibited structure (bottom)
but absent in the inhibited structure (top). BOC, tert-butyloxy-
carbonyl group.
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Figure 6 | Chemical structure of a macrocyclic inhibitor 
of HCV NS3 protease. This compound is a modified
tripeptide carboxylic-acid inhibitor of the hepatitis C virus (HCV)
non-structural protein 3 (NS3) serine protease. For further
details, refer to REF. 123.  
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only the NS5B protein, RdRp activity can now be
analysed in the context of the HCV-replicon system81.

A series of diketobutanoic acids that have activity
against HCV NS5B in vitro and in the HCV-replicon
assay have been disclosed82. These compounds appar-
ently interfere with the binding of phosphoryl groups of
the nucleotide substrate at the active site of NS5B,
thereby preventing the formation of phosphodiester
bonds that is catalysed by the polymerase. Inhibition is
more potent in the presence of Mn2+ rather than Mg2+

as a divalent cation, which mediates binding and also
shows selectivity for the NS5B polymerase. So, dike-
tobutanoic acids might be models for NS5B inhibition
in structural studies. In the clinic, the orally active
compound JTK-003, which belongs to a class of low-
nanomolar, 6,5-fused heterocyclic inhibitors (repre-
sented by the benzimidazole derivative compound II in
FIG. 9), is now in Phase I and II trials in Japan (TABLE 2).

Recently, a monoclonal antibody that specifically
inhibits the RNA-polymerase activity of NS5B was
developed83, which might provide insight into the
design of other compounds that might inhibit HCV
replication. In addition, high-affinity and specific
RNA aptamers of NS5B might offer an alternative
avenue for inhibiting the RdRp activity84. These
results, however, need to be followed up in experi-
mental models before being considered in clinical
studies. Finally, some companies are developing
nucleoside analogues as inhibitors of HCV NS5B
RdRp, driven by the success of nucleoside-analogue
inhibitors of HIV reverse transcriptase and the recent
proposition that ribavirin, when converted to the
triphoshate form, is used by HCV RdRp and causes
lethal mutagenesis of the viral genome39.

NS5B polymerase. HCV NS5B polymerase is also a vali-
dated HCV target for antiviral therapy in that its activity
is essential for HCV viral replication and infectivity in a
chimpanzee model63,76. The biochemical properties of
NS5B have been characterized extensively (reviewed
in REF. 77). A detailed view of HCV NS5B was revealed
by the crystal structures of the RdRp78,79. Although
canonical polymerase features exist, HCV NS5B
adopts a unique molecular structure that resembles a
‘thumb–palm–finger’ that is different from other known
DNA and RNA polymerases, highlighting the attractive-
ness of the HCV polymerase as a drug target. The
active-site cavity of HCV NS5B is completely encircled,
owing to extensive interactions between the finger and
thumb subdomains (FIG. 8). HCV NS5B uses di- or tri-
nucleotides efficiently to initiate RNA replication,
whereby the initiation complex, which consists of the
polymerase, template and primer, is assembled at the
3′ end of the template RNA77. On the basis of the ter-
tiary structures of HCV NS5B, the RdRp is predicted to
be able to accommodate the template–primer duplex
without global conformation changes, indicating that
the general structure is probably preserved during the
reaction pathway. This is in contrast to other previously
determined polymerase structures, the inter-subdomain
contacts of which are relatively flexible and can undergo
large-scale subdomain movement. Recent studies indi-
cate that NS5B can oligomerize, which might be impor-
tant for modulating the polymerase80. Several groups
developed HCV polymerase assays containing recombi-
nant NS5B, for which elongation activity was shown
in vitro57,77. In addition to polymerase assays containing

Figure 7 | Crystal structure of HCV NS3 helicase
complexed with single-stranded DNA. Ribbon diagram 
of the hepatitis C virus (HCV) non-structural protein 3 (NS3)
helicase RNA-helicase domain complexed with a
deoxyuridine octamer (dU8; yellow). The protein comprises
three domains. Domains 1 (purple) and 2 (red) share a similar
fold, and make symmetrically equivalent contacts with the
backbone of the bound oligonucleotide. Domain 3 (green) 
is predominantly α-helical, and has a carboxy-terminal 
40-amino-acid region that lacks any secondary-structure
element. A sulphate ion (shown in green) is bound within a
phosphate-binding loop in the amino-terminal region of
domain 1. Reproduced from REF. 124 © (1998), with
permission from Elsevier Science.
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Figure 8 | Crystal structure of HCV NS5B polymerase.
Ribbon representation of the first 570 residues from the amino
terminus of hepatitis C virus (HCV) non-structural protein 5B
(NS5B), with α-helices and β-strands represented in red and
cyan, respectively. The ‘thumb’, ‘finger’ and ‘palm’ subdomains
are common to all known polymerases. NH2 and COOH
indicate the positions of the amino and carboxy terminus of the
protein, respectively. Reproduced, with permission, from REF. 77

© (2002) Birkhäuser Publishing Ltd.
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genome is that the stem–loop structures, particularly
those at the 3′NTR, are very stable, and might, there-
fore, be difficult to disrupt. However, specific sites for
interfering with IRES function have been identified,
including subdomains IIb, IIIe and IIId, which interact
with the 40S ribosomal subunit and are essential for
translation initiation, and subdomain IIIb, which binds
the eukaryotic translation-initiation factor eIF3 and is
required for IRES-mediated translational activity (FIG. 10).
As the tertiary structures of these important sub-
domains are now available, pharmaceutical companies
can apply structure-based methods for the discovery of
inhibitors of HCV protein synthesis and replication, as
screening efforts for small-molecule inhibitors have not
yielded any promising leads.

Ribozymes and antisense. Ribozymes have been devel-
oped to inhibit HCV replication by cleaving the target
HCV genomic RNA. Ribozymes are naturally occur-
ring, short RNA molecules with endoribonuclease
activity that can catalyse sequence-specific cleavage of
RNA85. The specificity of such catalytic RNA is deter-
mined by flanking sequences that are complementary
to the target RNA. Heptazyme is such a ribozyme,
which targets the HCV IRES and has been shown to
inhibit replication of an HCV–poliovirus chimaera in
cell culture86. However, Phase II dosing of Heptazyme

HCV IRES. The highly conserved regions in the IRES
of the HCV RNA genome (FIG. 10), its distinctive 
translational-initiation mechanism and its essential
role in mediating the unusual translational-initiation
and replication processes of HCV make these elements
an attractive target for compounds that inhibit trans-
cription and translation of the HCV RNA. One draw-
back to targeting the IRES or the 3′NTR of the HCV

HO

O

Cl

O

S

H3C
O

Figure 9 | Chemical structure of the benzimidazole
derivative compound II. This compound represents an
analogue of JTK-003, an orally active inhibitor of non-structural
protein 5B (NS5B) that is now in Phase I/II trials. Compound II
had a half-maximal inhibitory concentration (IC50 ) of 0.011 mM
against hepatitis C virus (HCV) non-structural protein 5B
(NS5B) polymerase in vitro. For further details, see REF. 125. 

Table 2 | A sample of the drug pipeline for hepatitis C and related treatments

Target/ Drug name Mechanism/ Company Clinical 
indication drug category phase

IRES ISIS 14803 Antisense ISIS Pharmaceuticals/ Phase II
Elan Corporation

Heptazyme Ribozyme Ribozyme Pharmaceuticals Phase II*

NS3 BILN-2061 Serine-protease Boehringer Ingelheim Phase II
inhibitor

VX-950/LY-570310 Serine-protease Vertex Pharmaceuticals/ Lilly Preclinical
inhibitor

NS5B JTK-003 RdRp inhibitor Japan Tobacco Phase I/II

E1 Not known; Therapeutic vaccine Innogenetics Phase IIa
a recombinant E1

E2 XTL-002 Monoclonal antibody XTL Biopharmaceuticals Phase Ib

IMPDH VX-497 IMPDH inhibitor Vertex Pharmaceuticals Phase II
Levovirin IMPDH inhibitor Ribapharm Phase I
Viramidine IMPDH inhibitor Ribapharm Phase I

Liver fibrosis Actimmune (IFN-γ) Antifibrotic InterMune Pharmaceuticals Phase II
IP-501 Antifibrotic Interneuron Pharmaceuticals Phase III

Liver apoptosis IDN-6556 Caspase inhibitor Idun Pharmaceuticals Phase II

HCC T67 β-tubulin inhibitor Tularik Phase III

HCV re-infection  Civacir HCV IgG Nabi Pharmaceuticals Phase I/II
CellCept Immunosuppressant Roche Holdings Preclinical
(mycophenolate mofetil)

Target unknown Ceplene (histamine Immune modulator Maxim Pharmaceuticals Phase II
dihydrochloride)
Zadazin Immune modulator SciClone Pharmaceuticals Phase III
(thymosin α-1)
Symmetrel Broad antiviral agent Endo Laboratories Phase IV
(amantadine
hydrochloride)

* Suspended pending toxicology investigation. HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IFN, interferon; IgG, immuno-
globulin G; IMPDH, inosine monophosphate dehydrogenase; IRES, internal ribosome-entry site; NS, non-structural protein; 
RdRp, RNA-dependent RNA polymerase.
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RNaseH-mediated mechanism. Several ASOs that have
been designed to bind to the stem–loop structures in
the HCV IRES have been effective in inhibiting HCV
replication in cell-culture assays and the expression of
an HCV luciferase reporter gene in the livers of mice
infected with recombinant vaccinia virus expressing the
reporter construct87,88. ISIS 14803 is a 20-nucleotide,
5′-methylcytidine phosphorothioate ASO that is in a
Phase II clinical trial at present in patients with chronic
HCV infections89.

for the treatment of chronic hepatitis C has been halted
owing to blindness that occurred in one animal after
receiving high-dose Heptazyme during toxicology test-
ing, although it has not been determined whether the
toxicity is due to the drug.

An alternative approach to selectively targeting the
HCV RNA genome is the use of antisense oligo-
nucleotide (ASO) technology, which inhibits gene
expression by inducing cleavage of the target RNA at
the site of oligonucleotide hybridization by an
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Figure 10 | Sequence and structure of HCV IRES. Shown is the sequence and secondary structure of the 5′ non-translated region
(NTR) of the hepatitis C virus (HCV), which contains the internal ribosome-entry site (IRES), including the four domains (I, II, III and IV)
and subdomains of domain III (a, b, c, d, e and f). The IRES sequence is indicated in blue, with the location of the start codon (AUG)
indicated in red. Numbers refer to nucleotide positions. The binding sites of eukaryotic translation-initiation factor 3 (eIF3) and the 40S
ribosomal subunit are indicated in boxes. Solution structures of domain II and subdomains IIIa,b,c, IIId and IIIe are also depicted.
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and proliferation involved in the immune-system
response, indicating that it has the potential to treat
both viral proliferation and liver inflammation.

Ribavirin analogues. Two new analogues of ribavirin
are under development (TABLE 2). Levovirin (FIG. 3) is
the L-enantiomer of ribavirin, and shares similar
immunomodulatory activities with ribavirin, but has a
more favourable in vivo toxicology and better tolera-
bility profiles. However, Levovirin has no in vitro
antiviral activity against a panel of RNA and DNA
viruses, indicating that structural modification of riba-
virin can dissociate its immunomodulatory properties
from its antiviral and toxicological properties.
Viramidine is a liver-targeting analogue of ribavirin; it
is an inactive PRODRUG of ribavirin that is activated by
deamination in the liver by adenosine deaminase (FIG. 3).
Initial results from a Phase I trial indicated that the
prodrug had slightly less haematological toxicity than
ribavirin and was well tolerated. In addition,
Viramidine was more efficiently targeted to the liver in
rats, with a remarkably decreased concentration in red
blood cells compared with ribavirin.

Glucosidase inhibitors. During viral assembly, mam-
malian viruses are dependent on the host-cell glycosyl-
ation machinery for morphogenesis and secretion100.
The cellular enzymes that mediate the first step in the
N-linked glycosylation pathway are the ER-localized
glucosidases, including ER α-glucosidases I and II.
Imino-sugar derivatives, such as N-butyldeoxynojiri-
mycin (NB-DNJ) and N-nonyl-deoxynojirimycin
(NN-DNJ), which competitively inhibit ER glucosi-
dases, have been shown to block replication of wood-
chuck hepatitis virus (WHV)101,102 and bovine diar-
rhea virus (BVDV), an in vitro surrogate model of
hepatitis C103–105, as well as the flaviviruses dengue-
virus serotype 2 and Japanese-encephalitis virus106. So,
targeting ER α-glucosidases at a low level could be a
potential strategy for treating viral infections without
compromising the host cell. The potential use of imino
sugars as broad-spectrum anti-hepatitis-virus agents
has been reviewed recently107.

Inhibition of replicase/ER association. The NS proteins
of HCV are believed to form a membrane-associated
replicase together with unidentified host components,
as shown by their association with the ER membrane108.
Association of NS5B with the ER membrane is medi-
ated by the carboxyl-terminal 21 amino-acid residues
that are highly conserved among HCV isolates, and are
predicted to form a transmembrane α-helix109. The
membrane-anchor region of the NS5A phosphoprotein
has been mapped to the amino-terminal 30 amino-acid
residues, which contain an amphipathic α-helix that is
also highly preserved among HCV isolates110. The
hydrophobic amino-terminal domain of NS4A is
required for ER targeting of NS3 (REF. 111). So, formation
of the HCV replicase seems to involve specific determi-
nants for membrane association, which might represent
novel targets for antiviral intervention.

Targeting envelope proteins. The binding of HCV E2
to CD81 and the LDL receptor for viral entry, and the
recent development of surrogate models to study virus
attachment90,91, also raise the possibility of finding
agents to block the binding or entry of the virus into
cells. Alternatively, interference with the E2–CD81
interaction might stimulate the INNATE IMMUNE RESPONSE

against HCV, as engagement of CD81 by the E2 glyco-
protein has been shown recently to inhibit the func-
tion of natural-killer cells92,93.

Monoclonal antibodies have the distinctive ability to
reduce viral levels by acting directly on the virus, and
might be able to prevent re-infection of new liver cells.
XTL-002, a fully human, high-affinity monoclonal anti-
body directed against the HCV E2 protein, is in a Phase Ib
clinical study (TABLE 2). XTL-002 has been shown to
reduce, in a dose-dependent manner, serum levels of
HCV in the Trimera system16. In Phase Ia clinical trials,
more than half of a group of 15 HCV patients who
received a single intravenous infusion of XTL-002 expe-
rienced significant viral-load reductions, ranging from
2- to 100-fold, without serious side effects.

Vaccines
For developing countries, a preventive vaccine is the
only viable option to controlling an emerging viral pan-
demic. However, vaccine development for HCV has
been particularly problematic owing to the presence of
large numbers of HCV genotypes and quasispecies.
Initial excitement was generated when a chimpanzee
that had previously been inoculated with genotype 1a
HCV RNA developed immunity to homologous type 1a
RNA as well as heterologous 1a strains in re-challenge
studies94. Subsequent studies by others showed similar
encouraging results95,96, supporting the feasibility of
developing a cross-protective vaccine for HCV. Several
antigens and delivery strategies, including purified pep-
tide vaccines targeting CTL epitopes and DNA vac-
cines combined with different adjuvants (for example,
CpG  dinucleotides and cytokines), as well as recombi-
nant viruses and assembled virus-like particles, are
being pursued to stimulate HCV-specific immune
responses97,98. Phase IIa clinical studies are underway in
Belgium to explore the safety and immune response of
an HCV E1 candidate therapeutic vaccine in patients
with chronic hepatitis C infection (TABLE 2).

Emerging and potential new therapies
IMPDH inhibitors. Cellular genes that are required for
HCV replication represent an attractive class of genes
for small-molecule targeting to control viral replica-
tion. On the basis of the success of IFN-α co-therapy
with ribavirin, which has been postulated to exert its
effects on intracellular pools of guanine nucleotides by
inhibiting the cellular IMPDH, new inhibitors of
IMPDH are being developed for the potential treat-
ment of HCV infection.VX-497 (merimepodib) (FIG. 11)

is the lead compound in a series of oral IMPDH
inhibitors and is in Phase II clinical development99.
VX-497 has the potential to exert direct antiviral activity,
and it has been shown to effect lymphocyte migration

INNATE IMMUNE RESPONSE

A crucial response during the
early phase of host defence
against infection by pathogens,
before the antigen-specific,
adaptive immune response is
induced.

PRODRUG

A pharmacologically inactive
compound that is converted to
the active form of the drug by
endogenous enzymes or
metabolism. It is generally
designed to overcome problems
that are associated with stability,
toxicity, lack of specificity or
limited (oral) bioavailability.
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homologous sequence for specific degradation.
Importantly, several recent reports have shown specific
inhibitory effects of synthetic siRNA on the replication of
HIV-1 (REFS 116–118) and poliovirus119 in cultured cells.
siRNA-induced inhibition of the HCV NS5B gene was
recently shown using co-transfection studies in adult
mice120. However, the feasibility and efficacy of siRNA
remain to be tested in animals infected with live virus.
A major limitation of the use of siRNA as an antiviral
therapeutic is that the effects are transient, as mammals,
in contrast to worms and plants, apparently lack the
mechanisms that amplify the silencing cycles. So, the
development of an efficient delivery system will be crucial
for the use of RNAi as a therapeutic. Despite these chall-
enges, the rapid progress of the RNAi technology has
opened up new avenues for novel anti-HCV therapies.

Liver damage and hepatocellular carcinoma. In addition
to drugs with direct antiviral properties, therapies that
preserve the cell structure or prevent/reverse the fibrosis
and cirrhosis caused by chronic hepatitis C are also
needed. Recent data indicate that fibrosis, and perhaps
even early cirrhosis, might be reversible to some extent.
Furthermore, improved liver histology might enhance
the subsequent response to IFN-based therapies. In a
small pilot study, interleukin-10 (IL-10), a cytokine that
downregulates the pro-inflammatory response and
modulates hepatic fibrogenesis, was found to reduce the
degree of liver fibrosis and improve liver histology in
patients with chronic hepatitis C who were refractory
to treatments with IFN alone or in combination with
ribavirin121 (TABLE 2). IP-501 is an orally administered
antifibrotic compound that is being tested for the treat-
ment of alcohol-induced liver disease and chronic
hepatitis-C-induced cirrhosis, whereas Actimmune, an
anti-IFN-γ, is now undergoing a Phase II trial for the
treatment of severe liver fibrosis or cirrhosis caused by
HCV (TABLE 2). Excessive apoptosis (programmed cell
death) of the liver is another hallmark characteristic of
hepatitis C, so drugs that modulate the apoptotic
pathway could be used to treat the disease122. To this
end, a caspase inhibitor (IDN-6556), which has a
hepatoprotective effect for hepatitis C treatment, is in
Phase II trials (TABLE 2). Drugs are also in need to treat
hepatocellular carcinoma, which is on the rise in the
United States primarily owing to increased incidence
of HCV infection rates. Clinical results indicate that
the compound T67, which binds irreversibly to 
β-tubulin, might have particular relevance for the
treatment of this aggressive form of cancer.

Recurrent hepatitis C after liver-transplant surgery.
Better agents are also needed to prevent the recurrence
of hepatitis C after liver-transplant surgery, which is a
significant unmet medical need5. Re-infection by HCV
is nearly universal in patients who have received liver
transplants due to chronic HCV infection. Antiviral
therapy has been used to prevent or treat recurrent
hepatitis C, but tolerance is poor in post-transplant
patients. The immunosupressive drug CellCept
(mycophenolate mofetil; FIG. 12), when used at high

Inhibition of viral assembly/transport. Topology and
subcellular-localization studies indicate that the p7
polypeptide might have a functional role in several com-
partments of the secretory pathway, possibly in the pro-
duction of progeny virus or virion assembly22. In fact,
mutation of the equivalent protein of BVDV can inhibit
the production of infectious virus112.Recent studies have
shown that p7 can form hexamers, particularly in the
presence of lipid membranes, enhancing membrane
permeability113. The hexameric forms of p7 resemble
cation-channel pores, which are reminiscent of viro-
porins, a family of short, viral integral polypeptides that
can form a hydrophilic pore in the membrane by
oligomerization and subsequently cause membrane
destabilization112. Intriguingly, amantadine, which was
evaluated in combination with IFN-α and ribavirin for
chronic hepatitis C treatment45, can reverse the mem-
brane permeability effects of HCV p7 (REF. 112). If these
results can be substantiated in an experimental model,
HCV p7 could be a potential target for therapeutic
intervention for blocking the production of infectious
HCV progeny.

RNA-mediated interference. RNA interference (RNAi) is
an emerging powerful technology for sequence-specific
targeting and degradation of messenger RNA114,115. Early
studies in plants initially established RNAi or RNA
silencing as part of a natural antiviral defence, a mech-
anism that has now been extended to animals. The
proposed mechanism involves cleavage of dsRNA, intro-
duced as either a viral replicative intermediate or an arti-
ficial construct, into small interfering RNA (siRNA)
fragments of 21–22 base pairs that target mRNA of
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Figure 11 | Chemical structure of VX-497. VX-497 is an oral inosine monophosphate
dehydrogenase (IMPDH) inhibitor that is in Phase II clinical trials for hepatitis C virus (HCV)
treatment. A Phase II trial of the triple combination therapy of VX-497, PEGylated interferon-α
(PEG-IFN-α) and ribavirin is underway (TABLE 1).
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Figure 12 | Chemical structure of mycophenolate mofetil.
Mycophenolate mofetil is an immunosuppressant that acts 
by inhibiting inosine monophosphate dehydrogenase
(IMPDH), and is being developed for the prevention of acute
and chronic organ rejection.
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involved is likely to be a necessity. One of the biggest
challenges remains the development of an effective and
safe prophylactic vaccine, and failing that, a therapeutic
vaccine. We will need to understand better how HCV
interacts with and evades the adaptive immune
responses, which might aid in the development of uni-
versally effective therapies and vaccines for HCV. We
know it is possible to stimulate the immune system to
attack HCV, as shown by IFN-α, one of the best known
of such immunomodulators. Bearing in mind that the
use of immune modulators might have undesired
effects in HCV/HIV co-infected patients, which will
need to be addressed carefully with proper research
before clinical studies, it is hoped that other immune
modulators will be developed as we analyse the ever-
complex interplay between HCV and the host immune
system and the mechanisms of HCV resistance to IFN.
In addition, we need to understand better the mecha-
nisms by which HCV induces liver cirrhosis, fibrosis
and hepatocellular carcinoma, as well as its role in extra-
hepatic infections, to develop a more comprehensive
treatment of hepatitis C.

doses for at least one year after liver transplantation,
was found to reduce the incidence of hepatitis C re-
infection (TABLE 2). Interestingly, mycophenolate mofetil
inhibits IMPDH but seems to a have a weak effect on
HCV replication, and studies are planned for its use in
combination with PEGylated IFN-α to treat HCV
infection. A Phase I/II clinical trial has been initiated to
evaluate Civacir or hepatitis C immunoglobulin for
preventing HCV recurrence of transplanted livers in
patients suffering from hepatitis C (TABLE 2).

Summary and concluding remarks
The clinical pipeline for hepatitis C is showing promise
for safer and more effective therapies; most of these
focus on modification of the IFN molecule (TABLES 1,2).
Inhibitors in Phase II clinical development include those
that target the HCV IRES, NS3 protease and NS5B poly-
merase. Some companies are focusing their efforts on
developing ribavirin analogues, whereas others are
exploring host drug discovery targets. For those path-
ways that are vital to fundamental cellular processes,
modulation rather than ablation of the enzymes that are
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