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epatitis C: It’s a Long Way to New Therapy, It’s a Long Way
See article on page 1347.

he conference room was packed during the annual
American Association for the Study of Liver Diseases

eeting of November 2002, when 2 speakers reported
he antiviral efficacy of a drug belonging to a brand new
lass of hepatitis C virus (HCV) inhibitors in patients
ith chronic hepatitis C. HCV RNA load reductions of
to 3 log IU/mL were seen after 2 days of treatment with
ILN 2061 (Boehringer-Ingelheim), an HCV serine pro-

einase inhibitor. The National Institutes of Health Con-
ensus Conference on the Management of Hepatitis C1

ad just officially recognized the combination of pegin-
erferon-� and ribavirin as the standard of care for hep-
titis C, and little could be offered to the approximately
0% of HCV genotype 2– and 3–infected patients or to
he 50% of genotype 1–infected patients who were not
learing the infection with this combination. The BILN
061 presentations therefore triggered a wave of hope
nd enthusiasm in the hepatology community. An an-
ouncement that a new drug was able to reduce HCV
oad by 3 logs within a few hours after oral administra-
ion was posted on the Internet the same day and was
apidly taken up by the medical and general media. The
ay after the meeting, patients were already calling,
idding to receive the new drug “that cured hepatitis C.”

What happened next? One year later, the proof of
oncept that BILN 2061 significantly inhibited HCV
eplication in vitro and in a small number of HCV-
nfected patients was published in Nature by Lamarre et
l.2 Exactly 2 years after the initial report, the current
ssue of GASTROENTEROLOGY publishes the full results of
he 3 clinical trials involving HCV genotype 1–infected
atients treated with BILN 2061 for 48 hours.3 These
arefully conducted studies, involving patients with mild
epatitis, advanced fibrosis, or compensated cirrhosis, are
he antiviral effectiveness, pharmacodynamics, and toler-
bility of BILN 2061 in this group of patients. The
esults show impressive antiviral efficacy, with viral load
eductions of the order of 2 to 3 log IU/mL in all patients
t doses of 200 mg or more, together with excellent
olerability after 2 days of treatment.3 Never-treated
atients and nonresponders or responder/relapsers to pre-
ious interferon-�–based therapy responded equally well
o BILN 2061.3 This was not surprising, given the
ntiviral mechanisms of interferon � and ribavirin, the
utative mechanisms of virological failure of interferon-
ased treatment,4 and the completely different mecha-
ism of antiviral action of BILN 2061, which specifically
nhibits the function of HCV NS3 serine proteinase, a
ey viral enzyme involved in HCV polyprotein process-
ng.3 What this report does not show is the antiviral
ffect of BILN 2061 on genotypes other than 1, and it is
oteworthy that lesser in vitro sensitivity of HCV geno-
ypes 2 and 3 proteases to BILN 2061 was recently
eported.5 The sustainability of the antiviral response was
ot studied, and neither was the incidence and impor-
ance of viral resistance during longer BILN 2061 ad-
inistration. Finally, this report confirms persistent ru-
ors of cardiac toxicity with BILN 2061 in animals.3

his explains why no more patients have received this
rug in the past 2 years, and it is hampering further
uman studies with longer administration.
A very large number of specific HCV inhibitors orig-

nating from both large, well-established drug compa-
ies and smaller biotechnology companies are currently
t the preclinical or early clinical development stage (see
eview6). Although all functional HCV structures theo-
etically represent potential targets for specific inhibi-
ors, 3 are particularly promising: the HCV internal
ibosome entry site (IRES, the HCV RNA structure that
rives polyprotein translation), the NS3 serine protein-
se, and NS5B RNA-dependent RNA polymerase (the

nzyme that catalyzes RNA replication).6 Approaches
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sing nucleotide base complementarity to inhibit IRES
unction have given promising in vitro results.6 In con-
rast, early human studies of ribozyme and antisense
ligonucleotide-based approaches have been disappoint-
ng.7 The proof of concept that RNA silencing could
ave antiviral efficacy in humans remains to be obtained.
lternative approaches are targeting the 3-dimensional

unctional structure of the HCV IRES, combined with
ibosome units and host cell factors involved in the
ranslational process. Several approaches are being fol-
owed to inhibit the NS3 serine proteinase, including the
evelopment of peptide-based molecules and of peptido-
imetic molecules such as BILN 2061.3 The design of

ow-molecular-weight NS3 serine proteinase inhibitors is
articularly challenging, however, because the enzyme’s
ctive site is long, shallow, and exposed, offering little
rasp for small inhibitor molecules.8–10 HCV RNA-
ependent RNA polymerase, like other viral poly-
erases, can be inhibited by nucleoside/nucleotide ana-

ogs that directly target the catalytic site and also by
onnucleoside inhibitors that bind to an allosteric site on
he enzyme surface some distance from the active site,
ossibly distorting its fine geometry and function.11

ost drugs currently about to enter clinical trials belong
o the RNA-dependent RNA polymerase inhibitor cat-
gory.

The BILN 2061 story perfectly illustrates the chal-
enges and issues of drug development in general and
ew HCV drug development in particular. The design
nd clinical development of specific inhibitors of HCV
eplication indeed raise serious issues, including antiviral
fficacy, toxicity, and viral resistance and their place in
he future standard therapy for chronic hepatitis C. HCV
nhibitors are generally selected by systematic screening
f a very large number of small molecules, according to
heir predicted physical ability to fix to a functional site
f an HCV target structure (RNA or protein) and to
nhibit its vital function in the virus life cycle. Before
ntering clinical studies, such drugs need to prove their
ntiviral efficacy in preclinical models. Yet there is no
onsensus on the sequence of experiments required before
aunching clinical development. Some drugs were shown
o have a potent antiviral action in surrogate models
efore being administered to chimpanzees. This was, for
nstance, the case of NM 283 (Idenix/Novartis), a specific
CV RNA-dependent RNA polymerase inhibitor cur-

ently being tested in phase II trials after it showed
ntiviral efficacy both on bovine viral diarrhea virus (a
irus that belongs to the same Flaviviridae family as
CV) in cell culture and on HCV itself in experimen-

ally infected chimpanzees.12 Other drugs have been

elected for their ability to inhibit functional in vitro g
odels of their target structure and/or the replicon sys-
em, a cell culture model of HCV replication, in the
resence of HCV IRES and nonstructural proteins. This
as the case with BILN 2061.2,3

Many potent antiviral molecules have been found to be
otentially toxic (or even lethal) or to have adverse effects
hat would be unacceptable in the context of hepatitis C
nfection.13,14 This emphasizes the absolute need for
horough preclinical toxicity studies. A substantial num-
er of potentially highly active candidate drugs have
lready disappeared from the HCV drug pipeline because
f worrisome preclinical toxicity profiles. BILN 2061
tself, although it has potent antiviral activity both in
itro and in vivo during short-term administration, has
ot entered any new clinical trials because of suspected
ardiac toxicity in animals.3 Given the urgent need for
ew HCV therapies and the fact that the infected patient
s the “gold standard” model and the key to subsequent
evelopment, drugs with potent antiviral efficacy in ap-
ropriate in vitro models, together with an acceptable
reclinical toxicity profile, should rapidly enter clinical
valuation to establish their potential benefit in chronic
epatitis C.
Even if they are effective and well tolerated, specific
CV inhibitors may well come up against viral resis-

ance during mid- to long-term administration. HCV is
highly variable virus that behaves as a viral quasispecies

n infected individuals (see review15). Individual HCV
uasispecies are likely to harbor minor populations bear-
ng amino acid substitutions in target proteins, poten-
ially conferring various levels of resistance to specific
nhibitors. Drug-resistance studies of human immuno-
eficiency virus and hepatitis B virus16,17 show that
esistant populations gradually become fitter upon drug
dministration, generally by accumulating additional
ubstitutions during their replication. They ultimately
ecome predominant in the quasispecies mixture because
he replication of sensitive HCV variants is driven down
o very low or undetectable levels by drug administra-
ion. Selection of resistant variants by the drug is fol-
owed by virological relapse, and the viral load gradually
eturns to baseline or near-baseline values. Several argu-
ents strongly suggest that resistant HCV variants will

e quickly selected if specific inhibitors are administered
lone: these include the quasispecies distribution of HCV
opulations,15 the very rapid HCV replication kinetics in
ivo,18 and the recent demonstration that both HCV
rotease and polymerase inhibitors are able to select
esistant variants in vitro.19–21 For these reasons, mono-
herapy must be avoided in favor of combination strate-

ies.
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The foreseeable advent of specific HCV inhibitors raises
he issue of their position among available treatments for
hronic hepatitis C. The goal of HCV therapy is permanent
iral eradication, and this is currently achieved in a sub-
tantial proportion of patients receiving the peginterferon/
ibavirin combination. The goal of future therapies is there-
ore at best to increase the sustained viral eradication rate
nd at worst to improve the tolerability and acceptability of
herapy for patients in whom the peginterferon/ribavirin
ombination is currently effective. One intriguing question
s whether a combination of potent inhibitors of HCV
eplication could achieve sustained viral clearance without
he help of an immunomodulatory drug. This would imply
hat reducing viral replication below a certain threshold
ould allow the natural immune response to gradually

liminate infected cells. It is possible, however, that only
atients who eradicate the infection during current standard
herapy are immunologically equipped to clear infected cells
uring exclusively antiviral therapy. If so, there is little
ope that the global cure rate will be improved by replacing
urrent therapies by combinations of HCV inhibitors.
hould specific HCV inhibitors therefore be combined with
eginterferon-� and ribavirin, or could HCV inhibitors
eplace ribavirin in combination with peginterferon? In
ddition to its moderate and transient antiviral effect early
uring therapy,22 ribavirin’s main antiviral action involves
he prevention of breakthroughs during therapy and re-
apses after therapy, through mechanisms that remain un-
nown.23 In other words, ribavirin sustains the virological
esponse to peginterferon. If this effect is related to a direct
echanism of ribavirin and not to a pharmacological inter-

ction with interferon, then ribavirin or, ideally, less toxic
ibavirin-like molecules will still be needed to sustain the
esponse to HCV inhibitors. Alternatively, could HCV
nhibitors replace interferon in combination with ribavirin?
nterferon-� has been shown to be a potent inhibitor of viral
eplication in vitro,24,25 and mathematical modeling sug-
ests that one of its principal modes of action is the block-
de of virus production.18 It is not currently known whether
ubsequent clearance of infected cells is ensured solely by
he natural action of the host immune system or whether it
s accelerated by the immunomodulatory properties of in-
erferon. In the latter scenario, peginterferon or even more
otent interferon molecules will still be needed to treat
hronic hepatitis C.

All these crucial issues and questions will need to be
ddressed in future clinical trials by following a care-
ul step-by-step approach. On the basis of past expe-
ience in antiretroviral drug development, it is fore-
eeable that industry-sponsored trials will remain
ivotal but that the increasing number of available

olecules will increase the opportunities for investi-
ator-initiated studies aimed at establishing the best
herapeutic strategy for the individual patient. In this
espect, the authors of this report, together with the
linical investigators and the sponsor, should be con-
ratulated for the quality of their preclinical and
linical work, thanked for the hopes they have gener-
ted, and acknowledged for bringing us back down to
arth, albeit with a bump. It’s a long way to new
herapy, it’s a long way to go. . .

JEAN-MICHEL PAWLOTSKY
Department of Virology
Institut National de la Santé et de la Recherche
Médicale U635
Henri Mondor Hospital, University of Paris XII
Créteil, France
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