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ABSTRACT

Aminoquinolines and piperazines, linked or not, have been used successfully to treat malaria, and some molecules of this family
also exhibit antiviral properties. Here we tested several derivatives of 4-aminoquinolines and piperazines for their activity
against hepatitis C virus (HCV). We screened 11 molecules from three different families of compounds, and we identified anti-
HCYV activity in cell culture for six of them. Of these, we selected a compound (B5) that is currently ending clinical phase I evalu-
ation for neurodegenerative diseases. In hepatoma cells, B5 inhibited HCV infection in a pangenotypic and dose-dependent
manner, and its antiviral activity was confirmed in primary hepatocytes. B5 also inhibited infection by pseudoparticles express-
ing HCV envelope glycoproteins E1 and E2, and we demonstrated that it affects a postattachment stage of the entry step. Virus
with resistance to B5 was selected by sequential passage in the presence of the drug, and reverse genetics experiments indicated
that resistance was conferred mainly by a single mutation in the putative fusion peptide of E1 envelope glycoprotein (F291I).
Furthermore, analyses of the effects of other closely related compounds on the B5-resistant mutant suggest that B5 shares a
mode of action with other 4-aminoquinoline-based molecules. Finally, mice with humanized liver that were treated with B5
showed a delay in the kinetics of the viral infection. In conclusion, B5 is a novel interesting anti-HCV molecule that could be
used to decipher the early steps of the HCV life cycle.

IMPORTANCE

In the last 4 years, HCV therapy has been profoundly improved with the approval of direct-acting antivirals in clinical practice.
Nevertheless, the high costs of these drugs limit access to therapy in most countries. The present study reports the identification
and characterization of a compound (B5) that inhibits HCV propagation in cell culture and is currently ending clinical phase I
evaluation for neurodegenerative diseases. This molecule inhibits the HCV life cycle by blocking virus entry. Interestingly, after
selection of drug-resistant virus, a resistance mutation in the putative fusion peptide of E1 envelope glycoprotein was identified,
indicating that B5 could be used to further investigate the fusion mechanism. Furthermore, mice with humanized liver treated

with B5 showed a delay in the kinetics of the viral infection. In conclusion, B5 is a novel interesting anti-HCV molecule that

could be used to decipher the early steps of the HCV life cycle.

H epatitis C virus (HCV) infection remains a global epidemic.
More than 185 million individuals are seropositive for HCV,
and the large majority of them suffer from chronic hepatitis C,
with increased risk of developing severe, and if untreated fatal,
liver disease (1). This virus has a high propensity for establishing a
chronic infection that can lead to liver fibrosis, cirrhosis, and hep-
atocellular carcinoma (2). Until recently, the standard anti-HCV
treatment was based on a combination therapy using pegylated
interferon alpha plus ribavirin (3). However, such treatment had
significant side effects and variable efficacy depending on the viral
genotype. In the last 4 years, HCV therapy has been profoundly
improved with the approval of direct-acting antivirals in clinical
practice. These new treatments lead to a higher sustained virolog-
ical response rate with significant reduction of the treatment pe-
riod and no major adverse effects (4). Nevertheless, several chal-
lenges remain: high costs limit access to therapy, and certain
subgroups of difficult-to-treat patients may need adjunctive ther-
apeutic approaches (5, 6). Furthermore, there is no vaccine avail-
able against this major pathogen.

HCV is a small enveloped virus with a positive-stranded RNA
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genome belonging to the Hepacivirus genus in the Flaviviridae
family (7). The HCV genome encodes a single polyprotein that is
processed by cellular and viral proteases to produce 10 polypep-
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tides, which include three structural proteins, namely, core (cap-
sid protein) and E1 and E2 (envelope glycoproteins), and seven
nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and
NS5B) (8). HCV envelope glycoproteins are incorporated into
viral particles and are the major viral determinants of HCV entry
(9). The precise role of HCV envelope glycoproteins in virus entry
remains poorly understood. However, recent crystallographic
data suggest that E1, alone or in association with E2, is the fusion
protein (10, 11). The major cell type supporting HCV replication
is the hepatocyte, and the virus enters these cells using a multistep
process dependent on four essential cellular factors: tetraspanin
CD81, scavenger receptor class B member I (SR-B1), and tight-
junction proteins claudin 1 and occludin (12). After its interaction
with entry factors at the cell surface, the HCV particle is internal-
ized by clathrin-mediated endocytosis (13), and fusion between
the HCV envelope and a target cell membrane is thought to occur
in early endosomes (14).

Recently, we identified ferroquine (FQ), a ferrocenic analog of
chloroquine (CQ) (15) as a new inhibitor of HCV entry. Further-
more, CQ has also been shown to inhibit several steps of the HCV
life cycle (13, 16, 17). We were therefore interested to test other
derivatives of 4-aminoquinoline-based molecules for their anti-
HCV activity. Here, we tested a series of molecules from three
different families of antimalarial compounds (18-20), and we ob-
served an anti-HCV activity for several of them. Based on its cur-
rent development for another medical condition, we selected one
of them (B5) for further characterization of its anti-HCV activity.
Our data show that B5 inhibits HCV infection at a half-maximal
inhibitory concentration (ICs,) of close to 1 uM. This compound
blocks HCV at a postattachment stage of the entry step. Further-
more, chimeric mice with humanized liver treated with B5 showed
a delay in the kinetics of the viral infection.

MATERIALS AND METHODS

Chemicals. CQ and amodiaquine-derived compounds were synthesized
as previously described (18-22). The level of purity of the compounds was
higher than 98%. CQ, alpha interferon (IFN-a), heparin, brefeldin A, and
quinidine were purchased from Sigma-Aldrich. B5 was prepared as 1 mM
stock solutions in phosphate-buffered saline (PBS). CQ was prepared as 1
mM stock solutions in water. Boceprevir and FQ were kindly provided by
Philippe Halfon (Ho6pital Ambroise Paré, Marseille, France) and Chris-
tophe Biot (Université de Lille), respectively.

Cell culture. Huh-7 cells (23), HEK-293T cells (ATCC CRL-11268),
and RFP-NLS-IPS-Huh7 cells (24) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal
calf serum (FCS). Primary human hepatocytes were cultured as previously
described (25). Drug toxicity on Huh-7 cells and primary hepatocytes was
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay and the Cyto-
Tox 96 nonradioactive cytotoxicity assay, respectively, following the rec-
ommendations of the manufacturer (Promega).

Antibodies. Monoclonal antibodies (MAbs) anti-HCV E1 glycopro-
tein (A4) (26), anti-HCV E2 glycoprotein (3/11; kindly provided by J.
McKeating, University of Birmingham, United Kingdom) (27), anti-
NS5A antibody (Austral Biologicals), anti-CD81 MAb JS-81 (BD Phar-
mingen), and anti-GFP (Roche) were used in this study. Cy3-, Alexa 488-,
and phycoerythrin (PE)-conjugated secondary antibodies were from
Jackson ImmunoResearch, Invitrogen, and BD Pharmingen, respectively.

Viruses. To produce cell-cultured HCV (HCVcc), we used a modified
version of the plasmid carrying the JFH1 genome (genotype 2a; GenBank
accession number AB237837), kindly provided by T. Wakita (National
Institute of Infectious Diseases, Tokyo, Japan) (28). Briefly, HCVcc was
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produced in Huh-7 cells electroporated with in vitro-transcribed RNA of
JFH1 engineered to express the A4 epitope (29) and to bear titer-enhanc-
ing mutations (30). JFH1 stocks were produced by further amplification
in Huh-7 cells. The JFH1-AE1E2-Luc plasmid, containing an in-frame
deletion in the E1E2 region, and the JFH1-GND-Luc replication-defective
mutant have been described previously (29, 31). Both constructs contain
the Renilla luciferase gene fused with the viral open reading frame in a
monocistronic configuration. The inhibitory effect of the drugs was de-
termined by quantifying infectivity by indirect immunofluorescence with
the anti-E1 MADb A4 (26) or by measuring viral titers with the anti-E1
MAb A4 or the anti-NS5A antibody. For quantitative binding experi-
ments, purified virus was obtained by precipitation of supernatants of
HCVcc-infected Huh-7 cells with 8% polyethylene glycol 6000. Pelleted
virus was then loaded onto a continuous 10 to 40% iodixanol gradient.
One-milliliter fractions were collected, and the most infectious fractions
were pooled. The titer of the resulting stock was 5 X 10° focus-forming
units (FFU)/ml. The intergenotypic HCVcc chimeras GT1b(Conl)/JFH1
(kindly provided by R. Bartenschlager, University of Heidelberg, Ger-
many) and GT3a(S52)/JFH1, GT4a(ED43)/JFH1, GT5a(SA13)/JFHI1,
GT6a(HK6a)/JFHI1 (kindly provided by J. Bukh, University of Copenha-
gen, Denmark) (32-35), were also used in some experiments. HCV-pseu-
dotyped retroviral particles (HCVpp) harboring HCV envelope glycopro-
teins of the JFH1 isolate (genotype 2a) and expressing the firefly luciferase
reporter gene were produced in HEK-293T as previously described (36).

Indirect immunofluorescence. Infected cells grown on glass cover-
slips were processed for immunofluorescent detection of viral proteins as
previously described (37). Nuclei were stained with 1 pg/ml 4',6"-di-
amidino-2-phenylindole (DAPI). Coverslips were observed with a Zeiss
Axiophot microscope, and fluorescent signals were collected with a Cool-
snap ES camera (Photometrix, Kew, Australia). For quantification of an-
tigen-positive cells, images of randomly picked areas from each coverslip
were recorded.

Acridine orange staining. Huh-7 cells seeded in Lab-Tek wells were
either left untreated or treated for 90 min with medium containing B5 (10
wM) or monensin (1 pM). Cells were then incubated for 20 min at 37°C
with complete medium supplemented with 5 pg/ml acridine orange, and
stains were analyzed immediately by confocal microscopy.

Western blotting. Cells were lysed in 1X PBS lysis buffer (1% Triton
X-100, 2 mM EDTA). Cell lysates were then precleared by centrifugation
at 14,000 X g for 15 min at 4°C. Protein samples were heated for 5 min at
70°C in Laemmli sample buffer. Following separation with SDS-PAGE,
proteins were transferred onto nitrocellulose membranes (Hybond-ECL;
Amersham) using a Transblot apparatus and revealed with specific anti-
bodies. Following incubation with primary antibodies, membranes were
incubated with the corresponding peroxidase-conjugated anti-species an-
tibody. Proteins were then revealed by enhanced chemiluminescence
(ECL) (Thermo Fisher) as recommended by the manufacturer.

Quantitative binding and virus internalization assays. Virions
bound to Huh-7 cells were determined by quantitative real-time reverse
transcription-PCR (RT-PCR) assay as described previously (38). Inter-
nalization was measured as described previously (39).

Selection of a B5-resistant virus and identification of resistance mu-
tations. Supernatants of HCV-infected cells were serially passaged with
increasing concentrations of B5. The genomic sequence of HCV from core
to NS2 was amplified by RT-PCR and sequenced. Amino acid changes
that arose during inhibitor selection were identified by analysis of the
DNA sequence compared to the initial and control passages in the absence
of drug. The identified mutations were reintroduced into the JFH1 plas-
mid by PCR mutagenesis, and the plasmids were sequenced.

Chimeric mice. Fah /~ Rag2’/ “IL2ry /" (FRG) mice with human-
ized liver (chimeric mice) were produced essentially as described before
but with some modifications (40, 41). Briefly, at 24 h before transplanta-
tion, FRG mice were pretreated with 1.25 X 10 PEU of an adenoviral
vector expressing urokinase plasminogen activator (uPA) (CuRx uPA
Liver Tx Enhancer; Yecuris Corporation, Tualatin, OR, USA). At that
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FIG 1 Chemical structures of compounds. Compounds from three different
families were derived from 4-aminoquinoline or bis-aminoalkylpiperazine.

moment, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione
(NTBC)-containing drinking water (8 mg/ml) was replaced by regular
drinking water. Mice were anesthetized with isoflurane and transplanted
intrasplenically with approximately one million cryopreserved primary
human hepatocytes (BD Biosciences, Erembodegem, Belgium). After
transplantation, FRG mice were kept off NTBC for 7 days, followed by a
5-day NTBC treatment at 8 mg/ml. This regimen was repeated once and
was followed by another 2 cycles consisting of 7 days of withdrawal and a
shorter NTBC treatment of 4 days. This was followed by another 7 days of
withdrawal and 3 days of NTBC treatment. The mice were then kept on a
long-cycle NTBC protocol consisting of a withdrawal period of 21 days
followed by 5 days of NTBC treatment. The long-cycle NTBC protocol
was maintained until the mouse livers were sufficiently humanized. To
evaluate successful engraftment and repopulation of the mouse liver, the
amount of human albumin in mouse plasma was quantified by enzyme-
linked immunosorbent assay (ELISA) (Bethyl Laboratories, Montgom-
ery, TX, USA). All animals used in this study had human albumin plasma
levels of between 2.5 and 11.5 mg/ml. B5 was administered in drinking
water at a concentration of 0.25 mg/ml. The B5 treatment was started 4
days before the mice were challenged with 5 X 10* TU of virus and was
continued until the end of the experiment. The animals were bled at
different time points, and HCV RNA was quantified using the COBAS
AmpliPrep/COBAS TagMan HCV test (Roche Diagnostics, Vilvoorde,
Belgium). Due to dilution of the plasma, this assay has a limit of detection
(LOD) of 750 IU/ml. All animal experiments were approved by the Ani-
mal Ethics Committee of the Ghent University.

Graphs and statistics. Prism v5.0c (GraphPad Software Inc., La Jolla,
CA) software was used to prepare graphs, to calculate IC,s, and to deter-
mine statistical significance of differences between data sets.

RESULTS

B5 inhibits HCV infection. We first tested 11 compounds among
4-aminoquinoline-based derivatives. As shown in Fig. 1, these de-
rivatives belong to three different families: family A designed from
CQ and linked with a bis-aminoalkyl piperazine moiety in order
to improve its ability to accumulate into acidic cell compartments,
family B from the best antimalarial compounds of family A bear-
ing other aromatic cycles, and family C designed from amodi-
aquine, another prescribed aminoquinoline antimalarial. The
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compounds used in this work are presented in Fig. 2A. Com-
pounds Al, B2, B3, B5, C1, and C3 showed efficient antimalarial
activities against CQ-resistant strains (18-22) and were selected
according to their chemical diversity. The others were chosen as
structural analogs to allow structure-activity relationship studies.
Compounds Bl and B4 are analogs of B2 and B3, A2 is an analog
of A1, B6 is an analog of B5, and C2 is an analog of C1. All com-
pounds showed only low toxicity in the MTS assay (Fig. 2B). To
test the effects of these derivatives on the HCV life cycle, the com-
pounds were added to Huh-7 target cells before as well as during
infection with HCVcc. We identified six different molecules able
to inhibit HCV infection (Fig. 2C) at 5 wM, a dose that did not
show any cytotoxic effect for all compounds (Fig. 2B). Results
obtained with families A and B showed that the 4-aminoquinoline
nucleus can be substituted with a bis-aminopropylpiperazine
chain and replaced by a tetrahydroacridine ring (A2), a benzimid-
azole ring (B5), or a benzylamino function (B2 and B3). In all
cases, R1 and R2 substituents should be acyclic and apolar. Results
obtained with family C showed the importance of one basic amino
side chain as a substituent. Compound C1 was previously noted
for its high efficiency upon CQ-resistant strain K1 and in vivo
activity on Plasmodium berghei in a murine model (18). Neverthe-
less, inhibition activities of compounds A2, B1, B2, B3, and Cl1
were accompanied by noticeable morphological alteration on in-
fected Huh-7 cells. We did not further investigate whether the
antiviral activities of these compounds are linked to the observed
morphological alterations. We rather focused on B5, which did
not show any effect on cell morphology. Importantly, this com-
pound succeeded all absorption, distribution, metabolism, and
excretion (ADME) (42), toxicity, and pharmacodynamic mea-
surements and is currently ending clinical phase I evaluation for
neurodegenerative diseases (unpublished data).

To characterize the anti-HCV activity of B5, we compared the
effect of this compound in two different assays of HCV infection.
The first assay measures the effect of the molecule on HCV infec-
tion by directly counting the number of cells expressing HCV
proteins in the presence of the drug (Fig. 2D). The second assay
measures the effect of the molecule on the whole HCV life cycle by
titrating the virus released from infected Huh-7 cells treated with
the compound (Fig. 2E). As shown in Fig. 2D, B5 exhibited a
dose-dependent inhibition of the expression of HCV proteins,
indicating that it specifically affects the HCV life cycle during virus
entry and/or genome replication. The inhibitory effect was slightly
more potent in the second assay, suggesting a slight additional
effect of the compound on virus assembly and/or release. Indeed,
the estimated IC5, was 1.36 (+0.69) M in the first assay, whereas
itwas 0.91 (+0.64) wM in the second assay. Furthermore, the ICy,
was 2.57 (£1.07) wM in the first assay and 2.27 (£0.46) uM in the
second assay. The inhibitory effect was not due to cytotoxicity,
since parallel experiments did not show any toxic effect of the drug
at the concentrations tested (data not shown). B5 showed a 50%
cytotoxic concentration (CCs,) of 16.32 wM and a therapeutic
index of 18. As shown in Fig. 2F and G, CQ was less effective
against HCV. Indeed, the IC,, and IC,, values for CQ were 2.82
(£1.57) uM and 3.91 (* 1.04) wM, respectively. Furthermore,
CQ had a CCs, of 18.75 M and a therapeutic index of 6.65. To
determine whether other members of the Flaviviridae family are
also affected by B5, we tested this compound on yellow fever virus,
another member of this viral family. However, B5 did not show
any inhibitory effect on this virus (data not shown). Altogether,
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FIG 2 B5 inhibits HCV infection. (A) Chemical structures of the compounds. (B) B5 toxicity was tested on Huh-7 cells. Cells were cultured in the presence of
5 WM B5, and their viability was monitored using an MTS-based viability assay at 48 h. (C) Anti-HCV activity of the compounds tested at 5 wM, a noncytotoxic
concentration. (D to G) Anti-HCV activities of BS (D and E) and CQ (F and G). Huh-7 cells were pretreated for 1 h with B5 (D and E) or CQ (F and G) before
infection with JEH1 (multiplicity of infection [MOI] of 1), and infected cells were in contact with the drugs until the end of the experiment. At 48 h postinfection,
infected cells were quantified by indirect immunofluorescence (C, D, and F), and virus released in the supernatant was titrated (E and G). For the infected cells,
results are expressed as percentage of infection compared to the control infection in the presence of the solvent. Error bars indicate standard errors of the means
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was controlled in parallel experiments (data not shown).

these results indicate that B5 has a specific antiviral activity
against HCV.

Effect of B5 on the HCV life cycle. To determine at which step
B5 inhibits HCV, the compound was added or removed at differ-
ent time points before, during, or after inoculation of Huh-7 cells
with HCVcc (Fig. 3A). As shown in Fig. 3B and C, the greatest
decrease in HCV infection was observed when B5 was present
from the beginning of infection. However, some antiviral effect
was still detected when B5 was added postinfection. As shown in
Fig. 3D and E, similar results were obtained with CQ. Parallel
control experiments performed with well-characterized HCV in-
hibitors affecting virus entry (anti-CD81 antibody JS-81) (43),
replication (boceprevir) (44), or assembly (quinidine) (45) are
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shown in Fig. 4. These results suggest that B5 might potentially
inhibit several steps of the HCV life cycle.

B5 inhibits HCV infection in primary hepatocytes. Although
human hepatocellular carcinoma-derived cell lines allow the
study of the complete HCV replication cycle, these cells are phe-
notypically and functionally very different from hepatocytes in
vivo. Since primary human hepatocytes more closely resemble the
hepatocytes that are the main reservoir for HCV within the in-
fected host, we assessed the effects of B5 in a previously described
model of productive infection in these cells (25). As shown in
Fig. 5A, B5 efficiently inhibited HCV infection of primary hepa-
tocytes, with an ICs, of 4.04 (+1.85) wM. Moreover, no cytotox-
icity was observed in primary human hepatocytes at the concen-
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FIG 4 HCYV inhibition with characterized HCV inhibitors added during infection or at different time postinfection. Huh-7 cells were infected with JFH1 and
treated with MAb JS-81, boceprevir (BCP), or quinidine added during infection or at different times postinfection as indicated in Fig. 3A. At 48 h postinfection,
infected cells were quantified by indirect immunofluorescence. Results are expressed as percentage of infection compared to the control infection in the absence

of drug.

trations used in our experiments (Fig. 5B). These data indicate
that B5 is able to block HCV infection of its natural host cells.
Effect of B5 on HCV entry. To investigate the effect of B5 on
HCV entry, we used the HCVpp system, based on retroviral cores
carrying HCV glycoproteins in their envelope. In this context,
only the early steps of the viral life cycle, i.e., virus interaction with
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receptors, uptake, and fusion are specific to HCV, whereas all later
steps are dependent on the retroviral nucleocapsid elements. In-
terestingly, B5 inhibited HCVpp entry in a dose-dependent man-
ner with an IC,, of 1.80 (+0.78) wM (Fig. 6A). Furthermore, this
effect was specific to HCV envelope glycoproteins, since B5 did
not affect the entry of control pseudoparticles containing the en-

jviasm.org 8427


http://jvi.asm.org

Vausselin et al.

>

100 ¢

Relative virus titer ( %)
[9)]
o

0 T t
0 5 10
Concentration of B5 (uM)
B
150 -
°
<
8
o 100
=
©
e
=
3 507
@®
S
I
(6]
0 T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10
Concentration of BS (uM)

FIG 5 B5 inhibits HCV infection in primary human hepatocytes. (A) Dose-
dependent decrease of infectious virus titers released from freshly isolated
primary human hepatocytes infected with JEH1 (MOI of 2.5) and treated with
increasing amounts of B5 or solvent for 3 days. Shown are infectivity titers (in
FFU/ml) expressed as percentage of the solvent control value. Mean values *
SD (error bars) from two different experiments are presented. (B) Toxicity of
B5 on primary human hepatocytes. Cells were cultured in the presence of
different concentrations of B5, and their viability was monitored after 3 days
using CytoTox 96 nonradioactive cytotoxicity assay-based measurement of
lactate dehydrogenase leakage by determining optical density at 490 nm. Re-
sults are means = SD (error bars) from at least two experiments.

velope glycoprotein of the feline endogenous retrovirus RD114.
These data indicate that B5 is an inhibitor of HCV entry. We then
further investigated the entry step affected by this compound. To
determine whether B5 directly impairs the binding of particles to
the cell surface, we analyzed virus binding in the presence of B5.
Cells were inoculated with purified HCVcc virions at 4°C in the
presence or absence of B5, and the amount of bound virions was
determined by quantifying HCV genomic RNA. Heparin was used
as a control of inhibition of HCV binding. As expected, heparin
strongly reduced HCV attachment to the cell surface (Fig. 6B). In
contrast, in the presence of B5, no effect on virus binding was
observed (Fig. 6B), indicating that B5 does not inhibit HCV entry
by impairing virus binding to the cell surface. Thus, we also ana-
lyzed the effect of this molecule on the internalization of the viral
particle. As shown in Fig. 6B, HCV internalization was not af-
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fected by B5 treatment, indicating that this molecule blocks a
postinternalization step. To further analyze the mechanism by
which B5 inhibits HCV entry, we finally assessed the surface ex-
pression of some known essential HCV entry factors (CD81, SR-
B1, and claudin 1) in the presence of B5. However, we did not
detect any effect of the compound on these receptors (data not
shown).

One possibility for the effect of B5 on HCV entry is that this
compound could block acidification of endosomes. To test this
hypothesis, we analyzed the effect of B5 on organelle acidification
in Huh-7 cells. Acridine orange was used to test for acidic organ-
elles. This compound is a weakly basic fluorescent probe that
emits green fluorescence at low concentrations and gives a red
fluorescence at high concentrations. It accumulates in acidic com-
partments, where it oligomerizes and fluoresces. In contrast, alka-
lization of the endocytic structure is accompanied by a change in
acridine orange fluorescence (46). As shown in Fig. 6C, acridine
orange produced a highly punctate red staining in untreated
Huh-7 cells. As observed previously (47), the addition of monen-
sin led to a drastic decrease of red acridine orange fluorescence
(Fig. 6C). In contrast, no change in acridine orange color was
observed after B5 treatment, strongly suggesting that the antiviral
activity of B5 is not related to its effect on organelle acidification.

Together, these data indicate that B5 inhibits HCV entry by
targeting a postbinding step without affecting the pH of intracel-
lular organelles.

B5 resistance maps to E1 glycoprotein. To further investigate
the mechanism of action of B5, we selected a partially resistant
mutant by propagation for several passages in the presence of
increasing concentrations of the drug. After 14 passages, we ob-
tained a resistant virus (data not shown). After sequencing, three
mutations were identified in E1 (F2911, Y297H, and M356V), one
in p7 (V787A), and one in NS2 (A880V). Since B5 inhibits HCV
entry, we focused on the mutations present in E1, and, using re-
verse genetics, we reintroduced them into the JFH1 background,
either alone or in combination. A mutant containing the three E1
mutations (FYM mutant) exhibited the same phenotype as the
resistant virus, indicating that a mutation(s) conferring resistance
is indeed located in E1 (Fig. 7 and data not shown). A double
mutant (carrying F2911 and Y297H) also showed a similar resis-
tance phenotype (Fig. 7, FY mutant). The single Y297H mutation
caused only a slight increase in resistance to B5 (Y mutant),
whereas F2911 alone caused a strong resistance to B5 (Fig. 7, F
mutant). It is worth noting that phenylalanine 291 is located at the
C terminus of a segment predicted to be a putative fusion peptide
(48), suggesting that B5 could inhibit HCV entry by affecting
membrane fusion.

B5 shares a mode of action with other 4-aminoquinoline-
based molecules. Since FQ and CQ, two other 4-aminoquinoline-
based molecules, have been shown to inhibit HCV entry (13, 15),
we wondered whether B5 might share a mechanism of action with
these 2 compounds. For this purpose, we first analyzed the effect
of CQ on the B5-resistant mutant. As shown on Fig. 8A, the B5-
resistant mutant is approximately 3 times less sensitive to CQ
treatment, suggesting that CQ and B5 may partially share some
mechanism of action against HCV. We also analyzed the effect of
FQ on the B5-resistant mutant. The B5-resistant mutant was also
resistant to FQ treatment (Fig. 8B). To further compare B5 and
FQ, we also analyzed the effect of B5 on an FQ-resistant mutant
that has been previously reported (15). This mutant has a serine
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FIG 6 B5 inhibits a late step of HCV entry. (A) B5 inhibits HCVpp entry.
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lope glycoprotein of the feline endogenous retrovirus RD114 (RD114pp).
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of the experiment. At 48 h postinfection, cells were lysed to quantify the lucif-
erase activity. A control experiment with anti-CD81 MAb JS-81 was per-
formed in parallel. HCVpp infectivity varied between 10° and 10° relative light
units (RLUs). Results are expressed as percentage of infection compared to the
control infection in the presence of solvent. Error bars indicate standard errors
of the means from at least two independent experiments. (B) Effect of B5 on
HCV binding and internalization. Huh-7 cells were inoculated for 1 h at 4°C
with purified HCVcc at an MOI of 10 in the presence of solvent (PBS), B5, or
500 pg/ml of heparin. Cells were washed thrice with ice-cold PBS, and total
RNA was extracted. For internalization, the binding step was followed by a
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FIG 7 Mutation F2911 in E1 confers resistance to B5 treatment. Huh-7 cells
were pretreated for 1 h with B5 before infection with JFH1 or mutant viruses
(MOI of 1), and infected cells were in contact with the drug until the end of the
experiment. At 30 h postinfection, infected cells were quantified. Results are
expressed as percentage of infection in the presence of the solvent. Error bars
indicate standard errors of the means from at least three independent experi-
ments. Mutant FYM contains E1 mutations F2911, Y297H, and M356V. Mu-
tant FY contains E1 mutations F291I and Y297H. Mutants F and Y contain
mutations F2911 and Y297H, respectively.

replaced by an alanine at position 327, which is located in a region
of El different from that for the B5-resistant mutant. Interest-
ingly, the FQ-resistant mutant was also resistant to B5 treatment
(Fig. 8C), indicating that resistance to FQ treatment also primes
HCV envelope glycoproteins to resist to B5 treatment. Together,
these data suggest that B5 shares a mode of action with other
4-aminoquinoline-based molecules.

Effect of B5 on other steps of the HCV life cycle. The above
data show that B5 has an effect on HCV entry. However, one
cannot exclude some effect on other steps of the HCV life cycle. To
analyze the effect of B5 on HCV genome replication, Huh-7 cells
were electroporated with in vitro-transcribed JFH1 RNA to bypass
the entry step and avoid any interference with late steps of the
HCV life cycle. Boceprevir was used in parallel as a control of
inhibition of viral replication (Fig. 9B). However, as shown in Fig.
9A, B5 did not inhibit HCV genome replication. We also analyzed
the potential effect of B5 on late steps of the HCV life cycle. As
shown in Fig. 9C and D, treatment of infected cells with B5 late
during infection led to a decrease in core secretion, suggesting that
B5 can also affect HCV egress and/or assembly. However, this
effect was less drastic than what was observed with control inhib-
itors which inhibit HCV release (brefeldin A) or assembly (quin-
idine) (45, 49).

B5 inhibits infection with HCVcc chimeras from other geno-
types. To further characterize the inhibition of HCV infection by
B5, we tested its effect on other genotypes in the context of the

RNA by quantitative RT-PCR. Mean values = SD (error bars) from three
different experiments are presented. Turkey’s multiple-comparison test was
used for statistical analysis. To verify the efficacy of trypsin treatment, virus
was bound to cells at 4°C and then removed by trypsinization (data not
shown). No significant difference (ns) was observed between treated and un-
treated cells. (C) B5 does not induce alkalization of intracellular organelles.
Huh-7 cells were treated for 90 min with B5 (10 wM) or monensin (1 wM) or
were left untreated (control). After incubation with acridine orange, cells were
observed by confocal microscopy.
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FIG 8 Antiviral activities of other 4-aminoquinoline-based molecules against
aB5-resistant mutant. Huh-7 cells were pretreated for 1 h with CQ (A), FQ (B),
or B5 (C) before infection with JFHI or mutant viruses (MOI of 1), and
infected cells were in contact with the drug until the end of the experiment. At
30 h postinfection, infected cells were quantified. Results are expressed as
percentage of infection in the presence of the solvent. Error bars indicate stan-
dard errors of the means from at least three independent experiments. Mutant
FY contains E1 mutations F2911 and Y297H selected in the presence of B5.
Mutant SA contains mutation S327A selected in the presence of FQ (15).
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HCVcc system, using JFH1-derived chimeras. As shown in Table
1, a similar antiviral activity was observed on the other HCV ge-
notypes tested, indicating that B5 anti-HCV activity is not geno-
type specific.

B5 partially protects chimeric mice from HCV infection. To
study the efficacy of B5 in preventing in vivo HCV infections, we
used the chimeric FRG mouse model (41). The livers of these
chimeric mice are largely engrafted with functional primary hu-
man hepatocytes and can be infected with hepatotropic pathogens
such as HCV (50-52). Three humanized chimeric FRG mice re-
ceived B5 in drinking water at a concentration of 0.25 mg/ml. In
addition, two untreated control animals were used. The B5 treat-
ment was initiated 4 days before the animals were challenged with
serum-derived HCV and was continued for up to 31 days after
injection of the virus. A similar pretreatment approach is usually
used to characterize the antiviral activity of entry inhibitors in vivo
(53-57). As shown in Fig. 10, at 3 to 6 days after infection, HCV
RNA could easily be detected in the two control animals, while
HCV RNA was detected in only one out of three B5-treated ani-
mals. In the remaining two treated mice, the viral load was below
the limit of detection (750 IU/ml). At day 10, viral RNA was de-
tected in two out of three treated animals, albeit at much lower
concentrations than in the control animals, which experienced
full-blown viremia, indicating a delay in the kinetics of the infec-
tion in B5-treated mice. The third treated chimeric mouse re-
mained completely HCV negative (plasma HCV RNA level of
<750 IU/ml) throughout the 31-day observation period. The ab-
sence of viremia in this mouse was not due to a failure of engraft-
ment, since this mouse had the highest human albumin level, a
proof of successful engraftment. The E1E2 genes from the two
partially protected mice and the control mouse were sequenced.
However, we did not find the presence of resistance mutations in
treated mice (data not shown). Together, these data indicate that
B5 delays the kinetics of the viral infection in vivo. However, op-
timization of the experimental conditions will be needed to eval-
uate the full potential antiviral activity of B5.

DISCUSSION

HCV entry is a complex multistep process that remains poorly
understood. Pharmacological inhibitors are useful tools to poten-
tially decipher the early steps of the HCV life cycle. Here, we de-
scribe the characterization of B5, a new 2-aminobenzimidazole
derivative with a potent anti-HCV activity. Our data show that B5
inhibits HCV infection at an IC,, close to 1 uM by blocking HCV
entry. At higher concentrations it can also inhibit virus replica-
tion. Furthermore, we showed that this compound is active on
different HCV genotypes and that it delays the kinetics of the viral
infection in vivo.

B5 was first designed as an antimalarial compound derived
from CQ, but the presence of the piperazine core provided a dif-
ferent mechanism of action against this parasite (58). Here we
show that B5 is more potent than CQ. CQ is an aminoquinoline
known since 1934 that has been developed as an antimalarial drug.
Apart from its well-known antimalarial effects, the drug has also
interesting antiviral effects (59). CQ can indeed inhibit the pH-
dependent steps of the replication of several viruses, including
HCV (13, 16). CQ is also an inhibitor of autophagy (60), and this
effect can also contribute to its anti-HCV activity (17). Moreover,
CQ has immunomodulatory effects, leading to its potential use
against some infectious diseases. Indeed, in HIV-infected individ-
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FIG 9 Effect of B5 on other steps of the HCV life cycle. (A and B) Effect of B5 on HCV replication. JFH1 RNA was electroporated into Huh-7 cells, and at 4 h
postelectroporation, cells were treated or not with B5 (A) or boceprevir (BCP) (B). HCV replication was measured at 30 h postelectroporation by counting the
number of cells expressing E1 by immunofluorescence. (C and D) Effect of B5 on HCV virion production. Huh-7 cells were infected with JFH1 (MOI of 1) for
2 h at 37°C. At 40 h postinfection, the cells were treated with either B5 (5 uM), brefeldin A (1 wM), quinidine (100 wM), or their solvent for 8 h. Supernatants

were harvested, and cells were lysed for core protein quantification.

uals, CQ was repeatedly reported to be effective in counteracting
the deleterious immune activation associated with the disease
(61). However, in clinical trials against influenza virus and chi-
kungunya virus, CQ was rather disappointing (62, 63). This could
be due to high viral loads in vivo, poor penetration in specific
tissues, and narrow therapeutic indexes. The antiviral activity of
B5 shows strong improvements compared to that of CQ. B5 has a
much higher therapeutic index of 18 instead of 6.65 and is approx-
imately 3 times more potent than CQ in our experimental condi-
tions. Furthermore, the demonstration that B5 can also inhibit
HCV infection in primary human hepatocytes indicates that this

TABLE 1 B5 inhibits infection with different HCV genotypes”

Genotype ICs0, M (mean * SD)”
gtlb 0.77 + 0.25
gt2a 0.91 £ 0.64
gt3a 293+ 1.24
gtda 1.81 *= 0.48
gt5a 1.15 £ 0.53
gtba 1.87 = 0.99

“ The antiviral effect of B5 was tested on JFH1 (gt2a) or chimeric viruses expressing the
structural proteins of different genotypes: GT1b(Con1)/JFH1 (gt1b), GT3a(S52)/JFH1
(gt3a), GT4a(ED43)/JFHI (gt4a), GT5a(SA13)/JFH1 (gt5a), or GT6a(HK6a)/JFH1
(gtoa).

b 1Cs,, were determined based on the titration of infectious virus released in the
supernatant of treated cells.
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compound remains effective under more physiological condi-
tions.

B5 is as potent as FQ. Recently, we reported that FQ, a ferro-
cenic analog of CQ, is a promising inhibitor of HCV (15). This
bio-organometallic compound is currently one of the most prom-
ising new candidate drugs in the antimalarial pipeline, and it is
also in phase II clinical trials as a treatment for uncomplicated
malaria (62). With IC5,s 0f 0.91 wM (this work) and 0.80 uM (15)
for B5 and FQ, respectively, these two compounds indeed show
similar potency. However, FQ has a therapeutic index of 6.7, the
same as that of CQ, whereas B5 has a therapeutic index of 18,
indicating that B5 has a wider therapeutic window for the poten-
tial treatment of HCV infection. Furthermore, mice with human-
ized liver treated with B5 showed a delay in the kinetics of the viral
infection, suggesting some potential therapeutic applications for
this compound in HCV-infected patients. However, further opti-
mization of experimental conditions will be needed to determine
the full antiviral potential of this molecule. Interestingly, B5 has
curative properties against neurodegenerative diseases as shown
in animal models of Alzheimer’s disease (unpublished data), and
it recently succeeded in a phase I clinical trial as a promising mol-
ecule against neurodegenerative diseases (unpublished data).

B5 inhibits a late step in HCV entry. Our data indicate that BS
inhibits a postattachment stage of the entry step. Furthermore, we
identified a mutation in E1 that confers resistance to HCV. In-
deed, the F2911 mutation is able by itself to confer resistance to B5.
Although the precise role of HCV envelope glycoproteins in virus
entry remains poorly understood, recent crystallographic data
suggest that E1, alone or in association with E2, is the fusion pro-
tein (10, 11). Furthermore, phenylalanine 291 is located at the C
terminus of a segment predicted to be a putative fusion peptide
(48), strongly suggesting that B5 affects the fusion step in HCV
entry. It is worth noting that resistance mutations to other mole-
cules affecting HCV fusion have been shown to map in E1 glyco-
protein (15, 64), with one of them also being located in the puta-
tive fusion peptide (64).

B5 shares a mode of action with other 4-aminoquinoline-based
molecules. Among 4-aminoquinolines, CQ is also an inhibitor of
HCV entry (13, 16), and its mechanism of action involves im-
paired endosomally mediated virus entry, most likely through the
prevention of endocytosis and/or endosomal acidification. The
two compounds present structural similarities (presence of an ar-
omatic core decorated with an amino side chain). The effect of B5
on a postinternalization step of HCV entry is indeed in favor of a
mechanism involving impaired endosomally mediated virus en-
try. Due to the presence of the amino piperazine side chain in the
structure of B5, the ability of this compound to accumulate into
acidic compartments is improved compared to that of CQ. How-
ever, as shown in our experiments with acridine orange, the lack of
effect of B5 on endosome acidification suggests a different mode
of action. This hypothesis is reinforced by the observation that
yellow fever virus is sensitive to CQ treatment (65) but not to B5
(data not shown). However, the decreased sensitivity of a B5-
resistant mutant to CQ treatment suggests that CQ and B5 may
partially share some mode of action against HCV. FQ, another
4-aminoquinoline, also affects a postinternalization step of HCV
entry (15). The mode of action of this molecule has been suggested
to be linked to its capacity to generate reactive oxygen species and
induce lipid peroxidation (66, 67). The observations that a B5-
resistant mutant is resistant to FQ treatment and that an FQ-
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resistant mutant is resistant to B5 treatment suggest that B5 and
FQ might have a shared mode of action against HCV.

In conclusion, B5 is an interesting compound currently in de-
velopment against Alzheimer’s disease, which could be used as a
major tool to further dissect the late steps of HCV entry into host
cells, a viral life cycle step that is still not fully understood.
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