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a b s t r a c t

Current therapy for chronic hepatitis C virus (HCV) infection constitutes a combination of pegylated
interferon alfa-2a or alpha-2b and ribavirin. Although successful for many patient populations, this reg-
imen has numerous limitations, including non-response, relapse, poor tolerability and long duration of
treatment. To address these shortcomings, new small molecule agents are advancing in clinical develop-
ment. Most of the current clinical candidates act by directly inhibiting key enzymes in the viral life-cycle:
the NS5B polymerase, or the NS3/4A protease. Less well-studied, the non-structural 4B (NS4B) protein
has recently emerged as an alternative target for Direct-acting Antiviral Agents (DAAs). NS4B is a 27-
CV
S4B
embranous web

nhibitor
lemizole hydrochloride

kDa membrane protein that is primarily involved in the formation of membrane vesicles – also named
membranous web – used as scaffold for the assembly of the HCV replication complex. In addition, NS4B
contains NTPase and RNA binding activities, as well as anti-apoptotic properties. This review summa-
rizes the current understanding of the structure and functions of NS4B, an essential component of the
replication machinery of HCV. In this literature and patent review, we report the recent developments

in anti-NS4B drug discovery. These advances open the possibility for future combination therapies with
other DAAs.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Burden of HCV infection and unmet medical need
Hepatitis C virus (HCV) infection is a serious public health con-
cern that affects 170 million people worldwide (Shepard et al.,
2005), for which no vaccine is available. Among those infected,
approximately 20–30% develop severe liver disease, such as chronic
hepatitis, liver cirrhosis, or hepatocellular carcinoma (Alter and
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F eading frame, flanked by the 5′ and 3′ un-translated regions (UTRs). The polyprotein of
a lts in ten functional structural and non-structural proteins.
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Fig. 2. The HCV life cycle. Following (1) virus attachment and endocytosis, (2) the
positive single-stranded RNA ((+) ssRNA) is released by membrane fusion or uncoat-
ing. (3) The viral RNA is then recognized by the translation complex through the
internal ribosome entry site (IRES). Polyprotein translation and processing take place
within the endoplasmic reticulum (ER). (4) Expression of the viral proteins induces
lipid rearrangements that support viral RNA synthesis, as well as (5) virion assembly
ig. 1. Organization of the HCV genome. The RNA genome encodes a single open r
pproximately 3000 amino acids is processed by host and viral proteases, and resu

eeff, 2000). The combined use of the nucleoside analog ribavirin
nd pegylated interferon alpha is the current standard of care. How-
ver, success in treatment depends largely on the viral genotype.
or instance, the rate of viral clearance upon current standard of
are is only ∼50% with genotype 1, the most prevalent circulat-
ng strain in Western Europe and North America. Additionally, this
rug combination has also been associated with severe side effects
uch as fatigue, nausea and depression, therefore precluding treat-
ent for many individuals (Russo and Fried, 2003; Zeuzem et al.,

000). All of these issues justify the need to develop novel, more
fficacious and safer anti-HCV drugs.

.2. New targets, promising compounds

In recent years there has been significant breakthrough in
dentifying essential functions within HCV replication that can
e directly targeted for antiviral therapy. The HCV RNA genome
ncodes a polyprotein that is processed into ten smaller polypep-
ides, including the capsid protein (C), the envelope proteins (E1
nd E2), an ion channel (p7), and six nonstructural proteins (NS2,
S3, NS4A, NS4B, NS5A, and NS5B) (Fig. 1). The first proteins to be
linically validated as therapeutic targets for Direct-acting Antivral
gents (DAAs) were the NS3/4A protease and the NS5B polymerase.
hese two proteins can be inhibited with small molecules (De
rancesco and Rice, 2003; Lemon et al., 2010). Similarly to what has
een achieved for HIV, the advanced development of protease and
olymerase inhibitors brings hope for new treatment options in the
ext few years. This is exemplified with Telaprevir, and Boceprevir
two NS3/4A protease inhibitors) and RG7128 (a nucleoside NS5B
olymerase inhibitor) that have reached advanced clinical trials
Beaulieu, 2009; Kwong et al., 2008). NS3/4A protease and NS5B
olymerase are non-structural proteins with well defined enzy-
atic functions. In addition, there has been a concerted effort to

lucidate the specific functions of other non-structural proteins and
o determine whether targeting them could lead to novel antiviral
herapies. Towards this end and currently in Phase I clinical trials,
S5A-binding molecules have proven themselves to be particularly
otent in suppressing HCV replication, both in vitro and in vivo (Gao
t al., 2010; Lemm et al., 2010).

The less well characterized NS4B protein is also emerging as
nother potentially attractive target for antiviral drug discovery.
lthough no anti-NS4B molecule has been shown to be efficacious

n clinical trials yet, there is an increasing body of evidence from in
itro studies that small molecules could suppress HCV replication
y altering one of the recently described functions of NS4B. This
eview provides a comprehensive summary of the biological roles

f NS4B within the HCV life cycle. We also report the current public
nformation, from both research articles and patents, related to the
nhibition of NS4B for the development of novel DAAs. The implica-
ions of using NS4B functional assays to discover and develop novel
CV inhibitors are also discussed.
and (6) release. Inset: amplification of viral (+) strand RNA using the (−) strand inter-
mediate occurs through the formation of a replication complex formed by NS5B, the
RNA polymerase, as well as the other non-structural proteins.

2. Structural and functional characterization of NS4B

2.1. Structural organization and surface topology
The replication cycle of HCV is depicted in Fig. 2. HCV infects
hepatocytes by endocytosis (Dubuisson et al., 2008). After endoso-
mal fusion, the HCV genome made of single stranded RNA (ssRNA)
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Fig. 3. Surface topology of NS4B and mapping of resistance mutations within NS4B.
NS4B is a membrane protein that contains four transmembrane (TM) segments and
three amphipatic helices (AH). The two palmitoylation sites are represented in yel-
low at the C-terminus of the protein. Amino acid changes associated with drug
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of NS4B (Einav et al., 2008b). Also, NS4B has been shown to inter-
act with NS5B, that might modulate the RNA polymerase activity of
esistance are depicted in circles, with color coding for the different compound
lasses.

s translated in the cytoplasm to enable the formation of the struc-
ural and non-structural proteins (for complete review: Dubuisson,
007). The non-structural proteins, including NS4B, are associated
ith the membrane of the ER to form the replication complex that

mplifies viral RNA.
NS4B is a hydrophobic protein of 27 kDa, released from the

olyprotein precursor after cleavage by the serine protease NS3/4A.
uring viral replication, NS4B co-localizes with all the other non-

tructural proteins to the ER in a specific membrane microdomain
ith lipid raft-like properties (Aizaki et al., 2004; Hugle et al.,

001). When expressed individually, NS4B is also found as an inte-
ral part of the ER (Hugle et al., 2001). In the same study it was
hown that the majority of the protein is oriented towards the
ytoplasm (Fig. 3). Based on computational prediction from pri-
ary amino acid structure analysis, NS4B is expected to contain

t least 4 trans-membrane domains, of which only two were con-
rmed experimentally by introducing N-glycosylation sites along
he protein sequence (Lundin et al., 2003). Additional anchorage
oints to the ER membrane are provided by lipid modifications
palmitoylation) on two cysteine residues (cysteines 257 and 261)
t the extreme C-terminal end of the protein (Yu et al., 2006). These
wo residues are believed to facilitate oligomerization of NS4B, as
emonstrated by site directed mutagenesis experiments.

In addition to the trans-membrane domains, several N- and
-terminal amphipatic helices have been identified. Elazar et al.
2003) was the first to report membrane association at amino acid
esidues 6–29, although these findings could not be reproduced in
subsequent study (Gouttenoire et al., 2009a). Two other helical

egions have recently been identified: AH2 between positions 42
nd 66, and AH3 between positions 229 and 253 (Gouttenoire et al.,
009a,b) (Fig. 3). In each case, alanine substitution of the conserved

esidues on the hydrophobic helix side abrogated membrane asso-
iation and disrupted the formation of a functional replication
omplex.
arch 90 (2011) 93–101 95

2.2. Biological functions of NS4B in HCV replication

Early on, cytoplasm alterations in hepatic tissues from HCV-
infected chimpanzees were documented (Pfeifer et al., 1980). Such
alterations are caused by the presence of an intracellular mem-
branous web during HCV replication, which can be detected by
electron microscopy (Egger et al., 2002; Gosert et al., 2003). These
membranes consist of aggregates of membrane vesicles that are
believed to be derived in part from the ER. Expression of NS4B
alone is sufficient to induce these morphological changes (Egger et
al., 2002; Lundin et al., 2003), and it is now recognized that one of
the main roles of NS4B is to reorganize intracellular membranes
into distinct membranous structures at the site of viral replica-
tion inside infected cells. Thus, NS4B has been proposed to play
a structural role in RNA replication by serving as the scaffold for
replication complex assembly (for complete review: Gouttenoire
et al., 2010). Membrane alteration is a commonly observed feature
among plus-strand RNA viruses, and there have been speculations
that it provides an expandable membrane source for virion forma-
tion, in addition to preventing the activation of host defense (Aizaki
et al., 2004; Miller and Krijnse-Locker, 2008).

It is well recognized that, in cell culture experiments, adaptive
mutations located in NS4B can increase RNA replication (Elazar
et al., 2004; Lindstrom et al., 2006; Lohmann et al., 2003; Lundin
et al., 2003). Moreover, it has recently been shown that NS4B
can also modulate the production of infectious particles, therefore
pointing towards a role of the protein in virus assembly and release
(Jones et al., 2009).

NS4B also contains an ATP/GTPase function. The first report
of a nucleotide-binding motif appears in a patent issued in 1999
(Delvecchio et al., 1999). The authors report an ATP-binding con-
sensus sequence GxxGxGK (Walker A motif, where x indicates
any amino acid) contained within amino acids 1712–1972 of the
HCV polyprotein, that corresponds to the NS4B region. This motif,
together with another downstream DxxG region, is perfectly con-
served across all genotypes of HCV and cannot be modified without
impairing HCV RNA replication (Einav et al., 2004). The described
conserved regions are responsible for the hydrolysis of ATP to ADP,
as well as GTP to GDP (Delvecchio et al., 1999; Einav et al., 2004).
Overall, the slow intrinsic conversion rates for both substrates
suggest that the NS4B NTPase function might require interaction
with a protein partner to reach full activation (Thompson et al.,
2009). Recently, Einav et al. (2008a) reported that NS4B also specif-
ically recognizes the 3′ terminus of the negative strand of the HCV
RNA genome. The authors employed a microfluidic affinity device
to measure RNA binding. They identified key arginines at the C-
terminal region of NS4B (positions 192–193 and 247–248) that
are required for RNA binding and HCV replication. Double muta-
tions from Arg-Arg to Ala-Ala at any of these two positions reduced
the binding affinity of NS4B to RNA. While novel and exciting, the
precise role of this newly discovered function for NS4B in viral repli-
cation remains to be further elucidated. Notably, the biochemical
functions that were described are reminiscent of the protein 2C
from the picornavirus family, a protein that has been associated
with cellular membrane rearrangements (Samuilova et al., 2004,
2006).

Although less well supported, NS4B has been associated with a
number of additional functions. This includes cell transformation,
a function that has been proposed to provide a mechanism for the
development of hepatocellular carcinoma (Park et al., 2000). This
anti-apoptotic effect has been recently linked to the NTPase activity
the latter protein (Piccininni et al., 2002). Finally, NS4B can adopt
an oligomerization state (Yu et al., 2006). The main oligomeriza-
tion determinants were mapped at the N-terminus of the protein,
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Table 1
Compounds identified as NS4B binding molecules.

Patent # Compound class (Example#, Table# in patent) Structure EC50 (�M) CC75 (�M)

ViroPharma US
2007/0269420

Phenyl benzamide (Example 4, Table 1) 2.8 100

Pyrazolo pyrimidines (Example 3, Table 2) 0.63 > 100

Trifluoromethyl pyrimidine (Example 1, Table 3) 2.2 > 100

Thienopyrazole (Example 1, Table 4) 3.2 50

Aminothiophenes (Example 1, Table 5) 0.7 75

Phenylthiazolylamines (Example 1, Table 6) 1.5 50

Triazinoindoles (Example 1, Table 7) 1.13 20 (CC50)

Tetrahydrobenzothiophenes (Example 1, Table 8) 0.87 n/a

Apath, LLC WO
2010/096115

Tetrahydropyrazolopyrimidine-2-carboxamides: 6
compounds specifically claimed (#AP 80978)

0.45 100 (CC50)
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Table 2
Compounds identified as inhibitors of vesicle formation.

Patent # Compound class (Example# in patent) Structure EC50 (�M) CC50 (�M)

d
)

w
C
C
e

3

3
c

p
N
i
m
i
i
t
c
H
c
w
s
w
i
p
l
i
t
w
c
n
fi
t
b
n

s
f
c
a
a
t
w
c
t
d
r
s
p
p
h
a

Stanford University WO
2010/039195;

Amiloride analogs 38 compounds claime
(Compound 10 specifically claimed as C4

ithin the AH2 helix region (Welker et al., 2010). In addition, the
-terminal palmitoylation also contributes to this function through
ys-261, which might be critical for HCV genome replication (Yu
t al., 2006).

. NS4B as an emerging target for HCV therapy

.1. The pyrazolopyrimidines and other ViroPharma Inc.
ompounds

One of the first reports of an inhibitor of NS4B comes from a
atent issued by ViroPharma Inc. (Chunduru et al., 2007). Using an
S4B-expressing cell line, they identified small molecules inhibit-

ng the anti-apoptotic effect of NS4B. Compound selectivity was
easured by the capacity to induce cell-death only in cells express-

ng NS4B, and binding to the target was confirmed by quenching of
ntrinsic fluorescence from tryptophan residues contained within
he purified NS4B. Using this method, the authors identified eight
hemical families or compound classes that were able to inhibit
CV replication. Representative examples from each compound
lass (Compounds 1–8) are shown in Table 1 These compounds
ere evaluated to bind to NS4B with a Kd in the low micromolar to

ub-micromolar range. Compound 7 from the triazino indole series
as used for further target validation. Huh7 hepatic cells contain-

ng genotype 1b HCV replicon were passaged seven times in the
resence of 5 �M of Compound 7. The resulting cells were ten-fold

ess susceptible to the compound while a control cell line passaged
n parallel in the absence of compound remained fully susceptible
o compound inhibition. Furthermore, the mutations that resulted
ere located in NS4B (K52R, G120 V, A210S), while no amino acid

hanges were observed in the NS5B region. These mutations were
ot reintroduced back into the wild-type replicon backbone to con-
rm the observed phenotype. Among the other chemical families,
he pyrazolopyrimidine and the aminothiophene series appear to
e the most attractive with sub-micromolar binding affinities, sig-
ificant replicon activity and good safety window.

The pyrazolopyrimidine (Compound 2, Table 1) was further
tudied by Genelabs (now part of GSK) in collaboration with Stan-
ord University (Bryson et al., 2010). Using an NS4B-GFP fusion
onstruct expressed in Huh7.5 cells, Compound 2 was shown to
lter the sub-cellular distribution of NS4B. It was reported to have
replicon EC50 of 0.3 and 0.6 �M in genotype 1b and 1a, respec-

ively. More importantly, its role as an inhibitor of NS4B function
as supported through resistance studies. Genotype 1b replicon

ells were grown in the presence of Compound 2 at concentra-
ions up to 5 �M, and the most common mutation selected under
rug pressure was H94R within NS4B. The H94R mutation, when
eintroduced by mutagenesis into the wild-type NS4B replicon con-

truct, conferred a 37-fold potency loss to Compound 2. In another
ublication by the Stanford group, the mechanism of action of Com-
ound 2 was further defined to disrupt the interaction between
elix AH2 and the membrane surface (Cho et al., 2010). In this
rticle, a series of mutations conferring resistance against Com-
3 > 5

pound 2 were selected by passaging cells containing HCV replicon
in the presence of the drug. Another resistance-associated muta-
tion at position 48 (A48Q) which mapped to the second amphipatic
alpha helix (AH2) is reported (Fig. 3). Interestingly, Compound
2 was not as potent against genotype 2a (EC50 >50 �M) as it
was against 1b (EC50 = 0.3 �M), suggesting it interacts with non-
conserved residues in NS4B.

Recently, new compounds related to the pyrazolopyrimidines
series (Compound 9, Table 1) were discovered by Apath LLC as anti-
HCV NS4B inhibitors (Slomczynska et al., 2010). The Apath patent
claims analogs of the tetrahydropyrazolo[1,5-a]pyrimidine scaffold
which results from a partial saturation of ViroPharma’s pyrazolopy-
rimidine core. The patent exemplifies 6 compounds; Compound 9
(AP 80978) was the most potent with 1b replicon EC50 of 0.45 �M;
it had an EC50 <2 �M against the genotype 1a replicon. Resistance
selection experiments identified a change at position 98 (F98L/V)
and 238 (S238Y) that were associated with a loss of sensitivity to
Compound 9. However, only the phenotype of the mutation F98L/V
was confirmed by site directed mutagenesis. Although Compound
9 was not active against genotype 2a, chimeric replicons containing
the genotype 1b con-1 sequence inserted into a 2a background at
positions 53–218 regained sensitivity to the drug.

3.2. Inhibition of vesicle formation by an amiloride analog

One of the functions of NS4B is to cause membrane aggrega-
tion to form the so-called membranous web. Helix AH2 expressed
alone also induces lipid vesicle aggregation that can be moni-
tored by fluorescence microscopy. Furthermore, mutations within
AH2 (A51E and W55D, 1b replicon) abrogate HCV replication, thus
suggesting that anti-HCV small molecules might be able to inter-
fere with the AH2 function. An assay was therefore developed
by Dr. Glenn’s group at Stanford University to screen for com-
pounds inhibiting AH2-mediated vesicle formation (Cho et al.,
2010). The authors identified a class of pyrazine compounds as
inhibitors of vesicle formation, whose activity was confirmed by
dynamic light scattering measurements. This class of compounds
was further claimed in a patent application (Glenn et al., 2010),
in which 38 compounds are claimed and exemplified with a spe-
cific claim to Compound 10 (C4), shown in Table 2 Compound
10 is an amiloride analog (3-amino-N-carbamimidoyl-6-chloro-
5-(isobutyl(methyl)amino)pyrazine-2-carboxylate) that is active
against both genotype 1b and 2a, with an EC50 of ∼3 �M (Cho et al.,
2010).

3.3. The discovery of clemizole hydrochloride (Table 3, Compound
11)
If the interaction between NS4B and the HCV RNA is essential
for virus replication, preventing this interaction would consti-
tute a novel and potentially attractive avenue for drug discovery.
With this objective in mind, the microfluidic RNA binding assay
described earlier was used to screen a restricted library of pharma-
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Table 3
Compounds identified as RNA binding inhibitors.

Patent # Compound class (Example# in
patent)

Structure EC50 (�M) CC50 (�M)

Stanford University US
2010/0028299

Clemizole >20 (GT 2a) >20

Clemizole analog Compound
60 (R H) Compound 62
(R OH)

<5 (GT 2a) >5

Clemizole analog Compound
145

Clemizole analog Compound
106

Stanford University WO
2010/107739

Clemizole analog Compound
EBP468

8 >25

Clemizole analog Compound
EBP871

2.7 na

Clemizole analog Compound
EBP550

9.3 >25

Stanford University US
2010/0015093

Indazole series Compound 193
(n = 1) Compound 199 (n = 2)

<5 (GT 2a) >5
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Table 3 (Continued)

Patent # Compound class (Example# in
patent)

Structure EC50 (�M) CC50 (�M)

Stanford University WO Indazole series Compound 3.3 >25
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ologically active compounds against a purified NS4B-GFP fusion
rotein (Einav et al., 2008a). One of these small molecules, clemi-
ole hydrochloride (Compound 11, Table 3), was able to inhibit RNA
inding with an IC50 of 24 nM, that translated to an EC50 of 8 �M
gainst the infectious virus of genotype 2a (JFH1). Interestingly,
lemizole hydrochloride might not be active against genotype-1
iruses (EC50 >20 �M) (Choong et al., 2010a; Einav et al., 2010c).
rolonged passaging of cells harboring the HCV replicon in the
resence of clemizole hydrochloride resulted in the selection of
esistant clones containing mutations located either at the 3′ UTR
r within the NS4B gene. When introduced to the replicon sys-
em, mutations W55R and R214Q conferred a 2.2- and 5-fold
esistance to clemizole hydrochloride, respectively (Fig. 3). Sur-
risingly, these mutations increased binding affinity between NS4B
nd the 3′-terminal RNA sequence. Clemizole hydrochloride is
well-characterized H1 histamine receptor antagonist that was

ntroduced to the US market in the late 1950s as Reactrol/Allercur.
he molecule has a wide safety margin, and was therefore taken for-
ard in 2009 into Phase 1B clinical trials in HCV-infected patients.

he first ongoing open-label study consists of four weeks of oral
reatment with 100 mg BID of clemizole hydrochloride adminis-
ered immediately prior to the initiation of treatment with standard
f care therapy (PEG-IFN + ribavirin) in treatment-naïve subjects
hronically infected with HCV genotype 1 or 2.

Clemizole analogs with improved anti-NS4B activity have also
een claimed and exemplified in a patent (Einav et al., 2010b). In
his patent, several clemizole analogs inhibit HCV replication with
C50 (genotype 2a) below 5 �M. It was noted that the pyrrolidi-
omethyl substitution at the 2-position of the benzimidazole ring
which is apparently required for the H1 antagonism property of
lemizole) is not important for its anti-NS4B activity (Table 3, Com-
ounds 12–14). Furthermore, the 4-chlorobenzyl substituent is the
ost exemplified at the 1-position of the benzimidazole. Analogs of

lemizole were further claimed in a recent patent by the Stanford
roup (Choong et al., 2010a). In this patent, selected compounds
re reported with genotype 1b replicon potency of 1.8–12 �M, a
lear improvement over clemizole. Furthermore, the hERG activ-
ty of some of these compounds was tracked since clemizole-like
ompounds contain an aromatic core and a pendant tertiary amine
hat can block hERG K+ channel (Cavalli et al., 2002). Selected
ompounds from this patent are shown in Table 3; Compound
5 with a 1b replicon EC50 of 8 �M is clean in the hERG assay
IC50 >10 �M). Compounds 16 and 17 incorporate a piperidine ring
hose basicity is masked either sterically or through derivatization

s a sulfonamide–strategies commonly used to improve the hERG
rofile of leads.

.4. The clemizole-related indazole series
Additional clemizole-related molecules with improved in vitro
otency have recently emerged. A first patent describes an inda-
ole core replacing the benzimidazole of the clemizole family of
ompounds (Einav et al., 2010a). Compounds 18–19 (Table 3) are
selected compounds from this patent that are claimed and exem-
plified. A second follow-up patent covering additional indazole
compounds reports low micromolar activity in the genotype 1b
replicon assay with a good safety window as assessed by cell via-
bility (Choong et al., 2010b). The hERG IC50 for selected compounds
is reported; these compounds lack a window between antiviral
potency and hERG activity. An example (Compound 20) shown in
Table 3 has 1b replicon EC50 of 3.3 �M and a hERG IC50 of 2.8 �M.

3.5. Other efforts in finding anti-HCV compounds targeting NS4B

In 2008, scientists from Genelabs presented their NS4B pro-
gram at Cambridge Health Institute Conference (Roberts, 2008).
Lead compounds identified through a replicon screen were inac-
tive when tested against NS5B polymerase and NS3/4A protease.
Resistance screening with selected compounds identified mutated
amino acid changes that occur in a well-defined region of NS4B
that were subsequently confirmed to decrease compound potency
in a transient HCV replicon assay. Optimization of this series of
compounds by the Genelabs group has led to compounds that are
potent – EC50 <50 nM in replicon assays using genotype 1b and 1a
– and have antiviral activity in combination with agents currently
approved or under clinical development. While specific structures
were not revealed, the pharmacokinetic profile and biological char-
acterization of this class of compounds offered hopes for clinical
development.

Similarly, Bristol Myers Squibb (BMS) recently reported the
result of a HCV replicon screening campaign that led to the discov-
ery of new molecules with EC50 values against HCV genotype 1a
and 1b replicons of around or below 1 �M, respectively (Sheaffer
et al., 2008). Mutations selected by drug pressure mapped to the N-
terminal region of NS4B (H3R and Q26R), and provide evidence for
target identification (Fig. 3). Interestingly, the BMS group observed
cellular rearrangements of lipid droplets in cells incubated with
their compounds, implying that cellular determinants are also
involved in the mechanism of action of these inhibitors.

4. Conclusion: current and future developments

In recent years, there has been tremendous progress made in
understanding the complex role of NS4B in the replication cycle
of HCV. As we described, the identification of unique functions
such as vesicle aggregation, cell transformation, NTPase activ-
ity, and RNA binding has helped in developing new assays to
screen for potential inhibitors. In the absence of clinical proof
of concept, it is still difficult at this point to assess the most
“druggable” functions of NS4B. For example, although the NTPase
activity of NS4B has been described now for over 10 years, it is

still not clear whether a small molecule could specifically inhibit
this catalytic activity, and how such inhibition would translate
at the level of virus replication. On the other hand, the mem-
branous web formation seems like a tractable function to target
for the discovery of new NS4B inhibitors, at least based on the
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onvergence of assays and methods reported so far that would
e amenable to drug discovery. Using the assays we described,
number of publications and patents report on the inhibition

f NS4B with small molecules, the majority of which constitute
arly pre-clinical studies. Therefore, the presented molecules can
e considered as early leads and do not contain to this point
ll of the drug-like properties required for successful clinical
evelopment.

The furthest advanced anti-NS4B molecule is clemizole
ydrochloride, an old drug that has previously been clinically
pproved as an antihistamine. It will be interesting to monitor
he clinical progression of clemizole hydrochloride in the currently
ngoing Phase Ib study. Preliminary data show that HCV infected
atients might positively respond to clemizole hydrochloride when
dded to the current standard of care (Choong et al., 2010a). In vitro
tudies also predict that clemizole hydrochloride could be synergis-
ic with protease inhibitors, and additive with interferon, ribavirin,
ucleoside and non-nucleoside NS5B polymerase inhibitors (Einav
t al., 2010c). If clemizole hydrochloride or any other anti-NS4B
ompound further demonstrates efficacy in human clinical trials,
valuating their combination with other clinical candidates will
onsiderably broaden the potential treatment options for HCV-
nfected patients.
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