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It is estimated that 170 million people globally are infected with the
hepatitis C virus (HCV). Chronic HCV infection can result in the development
of liver cirrhosis and hepatocellular carcinoma, and therefore represents a
substantial public health problem. Current treatment for patients infected
with HCV is the combination of pegylated interferon-y and ribavirin, a
treatment that can achieve a sustained virological response, that is, a long-
term clearance of detectable virus from the plasma. However, both drugs
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Cell surface contact. The heterodimeric E1 and E2 proteins are expressed on a virus envelope that is
associated with low and very low density lipoprotein (vLDL)". Initial host cell contact is mediated by
interaction with the low density lipoprotein receptor and/or glycosaminoglycans. E2 also binds to
DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin) and L-SIGN
(liver/lymph node-specific intercellular adhesion molecule-3-grabbing integrin), which is expressed on
hepatic endothelial cells and may augment infection®. The asialoglycoprotein receptor (ASGP-R) may

High-affinity receptors and entry. The virus subsequently binds to high-affinity receptors, including
scavenger receptor class B type | (SR-BI) and the tetraspanin protein CD81, through the ecto-domain of
E2. It then binds to claudin 1 (CLDN1) and occludin'?, both of which are expressed at tight junctions of
polarized hepatocytes. Internalization of the virus proceeds through clathrin-dependent endocytosis,
and viral membrane fusion takes place in the acidified endosome. This releases the viral core into the
Qost cytosol, where uncoating and disassembly of the virus capsid releases the RNA genome.

Inhibition of the replicative cycle of hepatitis C virus

have poor safety profiles, resulting in their contraindication in many patients,
and have limited effectiveness, especially against HCV genotype 1. As a
result, there has been considerable interest over the past 15 years in
identifying specific inhibitors of HCV replication that could be used either

as an adjunct to current therapy or in place of it. This poster summarizes the
replicative cycle of HCV and the main targets for specific antiviral agents
that are currently being developed.

~

'®

(HCV morphogenesis targets

HCV assembly starts with recruitment of the core protein and
NS5A to the surface of lipid droplets, followed by delivery of
HCV RNA from the HCV replication complex to the nascent viral
particle. The subsequent intracellular assembly of HCV particles
resembles vLDL formation: it takes place at the endoplasmic
reticulum and requires apolipoprotein B and the microsomal
triglyceride transfer protein (MTP), and leads to the formation of
particles with a range of buoyant densities®’. Those particles with
a low buoyant density are secreted through the secretory system
and circulate in association with triglycerides and lipoproteins B
and E, whereas those with higher buoyant densities appear to be
targeted for intracellular degradation’. Other HCV proteins, such
as p7, NS2 and NS3, participate in virus assembly, and could form
j Cdditional targets for therapeutic intervention®.
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NS3 protease helicase. The amino-terminal third of the NS3 protein possesses serine protease activity that is essential
for viral replication. This is the target of BILN 2061, the first small molecule inhibitor of HCV to be tested in humans’.
Two other protease inhibitors, telaprevir and boceprevir, are in Phase lll clinical trials and may become the first
anti-HCV drugs, whereas several other protease inhibitors are in earlier-stage human trials*. The

carboxy-terminal two-thirds of NS3 constitute the helicase domain, which is also essential for the

replication of viral RNA. The helicase domain might stimulate the activity of NS5B polymerase,

resolve RNA secondary structure immediately prior to replication by the polymerase and/

or separate newly synthesized double-stranded RNA into separate positive and negative

strands. No helicase inhibitors are currently reported in clinical trials or advanced stages

of preclinical development, although this is an active area of research.

NS5B polymerase. The NS5B RNA-dependent RNA polymerase catalyses viral RNA synthesis and genome replication.
It shares a common fold with other nucleic acid polymerases with characteristic thumb, finger and palm domains®. A
well-conserved active site for nucleotide and metal cofactor binding allows for selective incorporation of nucleoside
analogues, a promising class of anti-HCV compounds. Several pockets form binding sites for allosteric inhibitors
that interfere with conformational changes required during the initiation of RNA synthesis.
Two loops (A1 and A2) bridge the fingers and the top surface of the thumb domain and
might regulate RNA binding. Benzimidazole and indole-based inhibitors prevent the Active
association of the N-terminal finger loop with the thumb domain by binding to AL i
thumb pocket 1, which is situated at the top of the thumb domain. £ oA i
Thiophenecarboxylic acid and dihydropyrone-based inhibitors bind to thumb y DR
pocket 2 at the base of the thumb domain, proximal to thumb pocket 1, and L4

Fusion

N

Viral core
release

Translation
08¢

. > QN

Processing [ )
! -

NS3—@ T

Non-structural

T protein

NS3 protease
inhibitors

/' Polymerase
~ inhibitors =4 NS58

- -y

Endoplasmic
\retlculum

Hellcase %
N53|—|nh|b|tors Y

Y

-
-
-
-
-
-
-
-
-
-

b
-
-~ -
-
-~ -

Viral budding and
particle formation

Core
Lipid droplet

Transport

fro&

/ Nucleus \

-

The HCV genome and polyprotein

Envelope genes
|

Non-structural (viral replication) genes
1

& 5" UTR Core El E2 p/ NS2 NS3 NS4A NS4B NS5A NS5B 3"UTR
induce conformational changes that prevent the initiation of RNA synthesis. )
Two overlapping pockets, palm site 1 and palm site 2, are located near the ~ Thumb ] FE T T O -
enzyme active site. Palm site 1 binds benzothiadiazine and acylpyrrolidine - Palm site 2 TR " NS2/3 protease NS3 protease cl "
Cnalogues, whereas benzofuran-based derivatives bind to palm site 2. Thumb site 2 Palm site 1 j k Ser PRSI EE Bl cleavage site SRR
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Other possible drug targets

All proteins encoded in the small HCV genome are essential for
viral propagation. Small molecules that directly or indirectly
inhibit NS4A and NS5A function are in development, although
no direct interactions of the molecules with these proteins have
been demonstrated yet. Small molecules that bind to the
internal ribosome entry site (IRES), p7 and NS4B have also been
reported, but none has yet reached development; development
of antisense RNAs specific for the IRES has not yet led to a
proof of principle in clinical studies. In addition, a number of
host-encoded targets have been identified, of which cyclophilin A
is the most advanced. Non-immunosuppressive analogues of
cyclosporin A that form complexes with cyclophilin A and

do not inhibit calcineurin have clinical antiviral activity

against HCV?,
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AN Initiation of Highly conserved  Specificity of
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replication for resistance binds to NS3. Direct
complex mutations in binding of ligands
NS4A, suggesting has not been
that this may be demonstrated
a ‘druggable’
target
NS4B Possibly, formation  ATPases and Hydrophobic and
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viral replication
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been demonstrated


http://www.nature.com/nrmicro/posters/hepatitis-c/
http://www.nature.com/nrmicro/posters/hepatitis-c/

SUPPLEMENTARY INFORMATION

In format provided by Bethell et al. (JUNE 2009)

Supplementary information S1 | Further reading

Virology

Choo Q. L., et al. Isolation of a cDNA clone derived
from a blood-borne non-A, non-B viral hepatitis
genome. Science 244, 359-362 (1989).

Lohmann V., et al. Replication of subgenomic hepatitis
C virus RNAs in a hepatoma cell line. Science 285,
110-113 (1999).

Wakita, T. et al. Production of infectious hepatitis C
virus in tissue culture from a cloned viral genome.
Nature Med. 11, 791-796 (2005).

Lindenbach B. D., et al. Complete replication of
hepatitis C virus in cell culture. Science 309, 623-626
(2005).

Moaradpour, D., Penin, F. & Rice, C. M. Replication of
hepatitis C virus Nature Rev. Microbiol. 5, 453-463
(2007).

Drug Discovery

Pawlotsky, J.-M., Chevaliez S., & McHutchison, J. G. The
hepatitis C virus life cycle as a target for new antiviral
therapies Gastroenterol. 132, 1979-1998 (2007).

Asselah, R., Benhamou, Y. & Marcellin, P. Protease and
polymerase inhibitors for the treatment of hepatitis C
Liver International 29, 57-67 (2009).

Entry
Pileri P. et al. Binding of hepatitis C virus to CD81.
Science 282, 938-941 (1998).

Scarselli, E. et al. The human scavenger receptor class
B type | is a novel candidate receptor for the hepatitis C
virus. EMBO J. 21, 5017-5025 (2002).

Lozach P.. et al. DC-SIGN and L-SIGN are high affinity
binding receptors for hepatitis C virus glycoprotein E2.
J. Biol. Chem. 278, 20358-20366 (2003).

Cormier E.G. et al. L-SIGN (CD209L) and DC-SIGN
(CD209) mediate transinfection of liver cells by
hepatitis C virus. Proc. Natl Acad. Sci. USA. 101,
14067-72 (2004).

Evans, M.J. et al. Claudin-1 is a hepatitis C virus
co-receptor required for a late step in entry. Nature
446, 801-805 (2007).

Dubuisson, J., Helle F. & Cocquerel L. Early steps of the
hepatitis C virus life cycle. Cell. Microbiol. 10, 821—
827 (2008).

Assembly

Miyanari Y., et al. The lipid droplet is an important
organelle for hepatitis C virus production. Nature Cell
Biol. 9, 1089-1097 (2007).

Roingeard P, Hourioux C, Blanchard E & Prensier G.
Hepatitis C virus budding at lipid droplet-associated ER
membrane visualized by 3D electron microscopy.
Histochem. Cell Biol. 130, 561-566 (2008).

Targets — Host

Cyclophilin

Crabbé, R. et al. An evaluation of the cyclophilin
inhibitor Debio 025 and its potential as a treatment for
chronic hepatitis C Expert Opin. Investig. Drugs 18,
211-220 (2009).

Targets — Viral

IRES

Lukavsky, P. J. (2009). Structure and function of HCV
IRES domains Virus Res. 139, 166—-171

McHutchison, J. G. et al. A phase | trial of an antisense
inhibitor of hepatitis C virus (ISIS 14803), administered
to chronic hepatitis C patients J. Hepatol. 44, 88-96
(2006).

Core

Murray, C. L., Jones, C. T., Tassello, J. & Rice, C. M.
Alanine scanning of the hepatitis C virus core protein
reveals numerous residues essential for production of
infectious virus J. Virol. 81, 10220-10231 (2007).

Hourioux, C. et al. Core protein domains involved in
hepatitis C virus-like particle assembly and budding at
the endoplasmic reticulum membrane Cell. Microbiol.
9, 1014-1027 (2007).

Ivanyi-Naggy, R., Lavergne, J.-P., Gabus, C., Ficheux, D.,
Darlix, J.-L. RNA chaperoning and intrinsic disorder in
the core proteins of Flaviviridae Nucl. Acids Res. 36,
712-725 (2008).

p7

Steinmann, E. et al. Hepatitis C virus p7 protein is
crucial for assembly and release of infectious virions
PLoS Path. 3, 962-971 (2007).

Griffin, S. et al. Genotype-dependent sensitivity of
hepatitis C virus to inhibitors of the p7 ion channel
Hepatology 48, 1779-1790 (2008).

NS2

Welbourn, S. et al. Hepatits C virus NS2/3 processing is
required for NS3 stability and viral RNA replication J.
Biol. Chem. 280, 29604-29611 (2005).

Schregel, V., Jacobi, S., Penin, F. & Tautz, N. Hepatitis C
virus NS2 is a protease stimulated by cofactor domains
in NS3 Proc. Natl Acad. Sci. USA 106, 5342-5347
(2009).

Lorenz, I. C., Marcotrigiano, J., Dentzer, T. G. & Rice,
C. M. Structure of the catalytic domain of the hepatitis
C virus NS2-3 protease Nature 442, 831-835
(2006).

NS3 protease

Kim, J. L., et al. Crystal structure of the hepatitis C
virus NS3 protease domain complexed with a synthetic
NS4A cofactor peptide Cell 87, 343—355 (1996).

Yao, N., Reichert, P., Taremi, S. S., Prosise, W. W. &
Weber, P. C. Molecular views of viral polyprotein
processing revealed by the crystal structure of the
hepatitis C virus bifunctional protease-helicase
Structure 7, 1353-1363 (1999).

Lamarre, D., et al. An NS3 protease inhibitor with
antiviral effects in humans infected with hepatitis C
virus Nature 426, 186—189 (2003).

Hinrichsen, H., et al. Short-term antiviral efficacy of
BILN 2061, a hepatitis C virus serine protease
inhibitor, in hepatitis C genotype 1 patients
Gastroenterology 127, 1347-1355 (2004).

Gentile, I., Viola, C., Borgia, F., Castaldo, G. & Borgia,
G. Telaprevir: a promising protease inhibitor for the
treatment of hepatitits C virus infection Curr. Med.
Chem. 16, 1115-1121 (2009).

Njoroge, F. G., Chen, K. X., Shih, N.-Y. & Piwinski, J. J.
Challenges in modern drug discovery: a case study of
boceprevir, an HCV protease inhibitor for the treatment
of hepatitis C virus infection Accts. Chem. Res. 41,
50-59 (2008).

NS3 helicase

Frick, D. N. The hepatitis C virus NS3 protein: a model
RNA helicase and potential drug target Curr. Issues
Mol. Biol. 9, 1-20 (2007).

Mackintosh, S. G.,et al. Structural and biological
identification of residues on the surface of NS3 helicase
required for optimal replication of the hepatitis C virus
J. Biol. Chem. 281, 3528-3535 (2006).

NS4A

Yang, W,, et al. Selection of replicon variants resistant
to ACH-806, a novel hepatitis C virus inhibitor with no
cross-resistance to NS3 protease and NS5B
polymerase inhibitors Antimicrob. Agents Chemother.
52,2043-2052 (2008).

NS4B

Jones, D. M., Patel, A. H., Targett-Adams, P. &
McLauchlan, J. The hepatitis C virus NS4B protein can
trans-complement viral RNA replication and modulates
production of infectious virus J. Virol. 83, 2163-2177
(2009).

Thompson, A. A, et al. Biochemical characterization of
recombinant hepatitis C virus non-structural protein
4B: evidence for ATP/GTP hydrolysis and adenylate
kinase activity Biochemistry 48, 909-916 (2009).

Einav, S., et al. Discovery of a hepatitis C target and its
pharmacological inhibitors by microfluidic affinity
analysis Nature Biotech. 26, 1019-1027 (2008).

NS5A

Macdonald A. & Harris, M. Hepatitis C virus NS5A:
tales of a promiscuous protein J. Gen.Virol. 85, 2485—
2502 (2004).

Tellinghuisen, T. L., Foss, K. L. & Treadaway, J.
Regulation of hepatitis C virion production via
phosphorylation of the NS5A protein PLoS Path. 4(3),
1000032 (2008)

Appel, N., et al. Essential role of domain IlI
nonstructutal protein 5A for hepatitis C virus infectious
particle assembly Plos Path. 4(3), e1000035 (2008).

Tellinghuisen, T. L., Marcotrigiano, J. & Rice, C. M.
Structure of the zinc-binding domain of an essential
component of the hepatitis C virus replicase Nature
435, 374-379 (2005).

Love, R. A., Brodsky, O., Hickey, M. J., Wells, P. A. &
Cronin, C. N. Crystal structure of a novel dimeric form
of NS5A domain | protein from hepatitis C virus J.
Virol. 83, 4395-4403 (2009).

Schmitz, U. & Tan, S.-L. NS5A- from obscurity to new
target for HCV therapy Recent Pat. Anti-Inf. Drug Disc.
3,77-92 (2008).

Nettles, R., et al. BMS-790052 is a first -in-class potent
hepatitis C virus (HCV) NS5A inhibitor for patients with
chronic HCV infection: results from a proof-of-concept
study AASLD Annual Meeting LB12 (2008).

NS5B

Behrens SE, Tomei L & De Francesco R. Identification
and properties of the RNA-dependent RNA polymerase
of hepatitis C virus. EMBO J. 15, 12—22 (1996).

Lohmann V, Kérner F, Herian U & Bartenschlager R.
Biochemical properties of hepatitis C virus NS5B RNA-
dependent RNA polymerase and identification of amino
acid sequence motifs essential for enzymatic activity. J
Virol. 71, 8416-8428 (1997).

De Francesco R, Carfi A. Advances in the development
of new therapeutic agents targeting the NS3—4A serine
protease or the NS5B RNA-dependent RNA
polymerase of the hepatitis C virus. Adv Drug Deliv Rev.
59, 1242-1262 (2007).

NATURE REVIEWS | MICROBIOLOGY

© 2009 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/micro



