6050 Biochemistry2007,46, 6050-6059

Biochemical Mechanism of Hepatitis C Virus Inhibition by the Broad-Spectrum
Antiviral Arbidol?

Eve-Isabelle Peheur,** Dimitri Lavillette,® Fanny Alcarag;' Jennifer Molle*!' Yury S. Boriskin?
Michael Robert€ Franmis-Loic Cossef, and Stephen J. Polyak

IFR128 Biosciences Lyon Gerland, Institut de Biologie et Chimie des iResteUMR 5086 CNRS-Urersite Claude Bernard
Lyon |, 7 passage du Vercors, 69367 Lyon Cedex 07, France;etsife de Lyon (UCBL 1), IFR128 Biosciences Lyon Gerland,
INSERM, U758, Lyon, and Ecole Normale Sigere de Lyon, F-69007 Lyon, France, Institute of Virology, Medical Academy
of Sciences, Moscow, Russia, Global Phasing Ltd., Sheraton House, Castle Park, Cambridge CB3 0AX, U.K., and Virology
Division, Department of Laboratory Medicine, School of Medicine,Jersity of Washington, 325 9thuanue,
Seattle, Washington 98104-2499

Receied January 29, 2007; Resed Manuscript Receéd March 22, 2007

ABSTRACT: Hepatitis C affects~3% of the world population, yet its current treatment options are limited

to interferor-ribavirin drug regimens which achieve a-500% cure rate depending on the hepatitis C
virus (HCV) genotype. Besides extensive screening for HCV-specific compounds, some well-established
medicinal drugs have recently demonstrated an anti-HCV effect in HCV replicon cells. One of these
drugs is arbidol (ARB), a Russian-made broad-spectrum antiviral agent, which we have previously shown
to inhibit acute and chronic HCV infection. Here we show that ARB inhibits the cell entry of HCV
pseudoparticles of genotypes la, 1b, and 2a in a dose-dependent fashion. ARB also displayed a dose-
dependent inhibition of HCV membrane fusion, as assayed by using HCV pseudopatrticles (HCVpp) and
fluorescent liposomes. ARB inhibition of HCVpp fusion was found to be more effective on genotype 1a
than on genotypes 1b and 2a. In vitro biochemical studies revealed association of ARB with membranelike
environments such as detergents and with lipid membranes. This association was particularly prominent
at acidic pH which is optimal for HCV-mediated fusion. Our results suggest that the affinity of ARB for
lipid membranes could account for its anti-HCV actions, together with a differential level of interaction
with key motifs in HCV glycoproteins of different genotypes.

The hepatitis C virus (HC\infects an estimated 3% or  l-infected patients. This is clearly a problem in North
170 million of the world’s population, and hepatitis C is now America, Europe, and Japan, where genotype 1 is the most
the most frequent indication for liver transplantation. Current prevalent genotype. HCV therefore appears to be resistant
treatment options are limited to pegylated recombinant to IFN antiviral therapy, and this is likely to be due to some
interferono. (IFN-c) in combination with ribavirin. However,  factors of viral origin ().

viremia eradication is variably achieved depending on the Historically, the development of new anti-HCV drugs has
genotype, with only 50% of virus eradication in genotype peen hampered due to the lack of cell culture and small
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A genes, and the MLV-GFP plasmid, encoding a MLV-based
P N transfer vector containing a CMV-GFP internal transcrip-
Ho, tional unit, were described previousl{3). The phCMV-

h HA (14) and NA expression vectors encode the hemagglu-
o " tinin and neuraminidase of fowl plague virus, respectively.
5 “ phCMV-E1E2-HCV (3) encodes both HCV E1 and E2
glycoproteins of genotype 1a, strain H77 (AF009606), of
genotype 1b (AY734975 clone UKN1b12.6 and AF333324),
3 or of genotype 2a, isolate JFH-1 (AB047639). The phCMV-
RD expression vector encodes the feline endogenous on-
coretrovirus RD114 glycoproteirl).

D b ® Pseudoparticles bearing either the E1 and E2 envelope
@' L o glycoproteins of HCV (HCVpp), the hemagglutinin of the

VAR S influenza virus (HApp), or the RD114 envelope protein
X \ (RD114) were then generated and purified as previously

FIGURE 1: Structures of arbidol (A), indole (B), and tryptophan described :(3, 16) Infection of Huh7 cells with concentrated
(C). (D) Scheme of the protonation of substituted indole and its pseudoparticles was performed in the absence or presence
effect on the 3-position (from ret2). of increasing concentrations of ARB (between 0.1 apd6
mL), added to the cell culture medium as the ethanol/water
use as prophylaxis and treatment for influenza A and B stock solution. ARB was added to cells at increasing
infections. It allegedly exerts its effect by activation of ¢oncentrations but under similar volumes, either before or
macrophage phagocytic activity and may also stimulate after pseudoparticle binding. After that step, cell culture
aspects of cellular and humoral immunity. ARB inhibits medium was removed and replaced with fresh medium, and
influenza virus-induced membrane fusion and may have thejnfection was assessed 72 h later by FACS analysis. Values
capacity to induce serum interferor) (More recent studies  gptained with HCVpp on untreated cells were taken to be
extended its inhibitory activity to other human viruses such 1009,
as the respiratory syncytial virus, parainfluenza virus 3,  Flyorescence AssayBC/chol (70:30 molar ratio) or PS
rhinovirus 14 8), and hepatitis B virus9). Bird viruses such large unilamellar vesicles (100 nm) were prepared as
as the avian coronavirus and the H5/N1 influenza A virus gescribed previouslyl6). Rigslabeled PS liposomes were
were shown to be sensitive to ARB as well0( 11). We added to unlabeled PS vesicles in PBS, in a 4:1 unlabeled:
recently demonstrated that ARB inhibits both acute and |gpeled ratio. Afte a 2 min equilibration at 37C, CaC}
chronic HCV infection in vitro and HCV replication using  \as added to a final G4 concentration of 2 mM to initiate

the HCV replicon systeml@). In the study presented here, mempbrane fusion. A similar experiment was performed in
we further characterize ARB’s mechanism of action. We the presence of arbidol.

present a detailed biochemical characterization of interactions  The spectral properties of ARB were investigated by

of ARB with membranes and examine how ARB can inhibit spectrophotometry and spectrofluorimetry, in phosphate-
HCV entry by using HCV pseudoparticles (HCVpp). We  pyffered saline (PBS) at pH 7.4, in the absence or presence
found that ARB inhibited the infection of cells with HCVpp  of detergent micelles or liposomes. Spectral properties of
of different genotypes, through the inhibition of HCVpp- indole derivatives such as tryptophan or ARB (see Figure
mediated membrane fusion. This inhibition was particularly 1) gepend on their microenvironment, which in turn influ-
prominent at acidic pH that is optimal for association of ARB  ences the maximum positioi) and quantum yield of
with membranes. their fluorescence. Fluorescence was recorded on an SLM
Aminco 8000 fluorimeter, with excitation slits set to 8 nm

EXPERIMENTAL PROCEDURES and emission slits to 4 nm. The excitation polarizer was

ChemicalsSodium dodecyl sulfate (SDS);,dodecyls-p- oriented at 90 relative to the vertical, and°Cor emission,
maltoside (DM),L-a-palmitoyllysophosphatidylcholinenf to improve the spectral resolution of the fluorescence and
lysoPC), phosphatidylcholine from egg yolk (PC, 99% pure), minimize scattering effectslf). Spectra were measured
cholesterol (chol, 99% pure), and Triton X-100 were using a 10 mmx 2 mm quartz cuvette. Emission spectra
purchased from Sigma. Phosphatidylserine (PS) from porcinewere collected in the 368450 nm region with an increment
brain was from Avanti Polar Lipids (Alabaster, AL). Octa- of 1 nm and corrected for vesicle light scatteririg,(18).
decyl rhodamine B chloride (8 was from Molecular ~ The increase in quantum yield is given ByFo, whereF
Probes. Arbido{ ARB, 1H-indole-3-carboxylic acid, 6-bromo-  andF, denote the fluorescence at 340 nm after and before
4-[(dimethylamino)methyl]-5-hydroxy-1-methyl-2-[(phenylth-  addition of detergent or liposomes, respectively. The measure
io)methyl]-, ethyl ester, monohydrochloride (Figure 1Ajas of fusion between pseudoparticles and liposomes was based
a kind gift from A. M. Schuster and I. A. Leneva. ARB was upon a lipid mixing assay, as described in detail elsewhere
first dissolved in absolute ethanol and then taken to the final (16). ARB was preincubated for 2 min with either pseudopar-
concentration (100 mM) in sterile twice-distilled water. The ticles or liposomes, before lipid mixing was initiated by
final concentration of ethanol in contact with membranes decreasing the pH to 5.0.
varied between 0.011 and 1.1%o.

Vector Constructs, Preparation of Pseudoparticles, and RESULTS
Infection AssayThe CMV-Gag-Pol murine leukemia virus Arbidol Blocks Cell Infection by HCVppWe sought to
(MLV) packaging construct, encoding the MLdagandpol determine whether ARB had any effect on HCV entry,
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observed when cells were preincubated overnight with ARB,
with no toxicity observed (data not shown).

Conversely, cell infection by RD114pp was unaffected by
the presence of ARB, whatever drug concentration was tested
and whatever infection conditions were designed. This
suggests that ARB might achieve a certain level of specificity
toward some viral glycoproteins, in particular, HCV and
influenza glycoproteins in our study.

Interestingly, when cells were preincubated with ARB for
3 h, but the drug was removed from cells immediately before
HCVpp infection, no significant effect on HCVpp infectivity
was observed (Figure 2D), although we noted an up to 20%
reduction in infectivity of HCVpp-2a and HApp at the
highest concentrations of ARB (&g/mL).

Taken together, these data indicate that ARB exerts its
inhibitory effect on infection when it is in physical contact
21 with either the pseudoparticles, cell membranes, or both, and
: g prominently at acidic pH. The absence of infection inhibition
. . - observed after withdrawal of ARB from the incubation
EgeUngdzétEge%?ng dpoéro &gﬁg%ﬂﬁgﬁ%’;ggl:ﬂgdcae)lllsb‘ggﬁa medium before infection suggests that its transient accumula-
infection (day—1). At day 0, HCVpp (as a 100 concentrated tion at the cell surface and/or in intracellular compartments
fraction; see Experimental Procedures) were added to cells andis not enough to exert sustained HCV inhibitory action. The

incubated fo 3 h at 37°C, in the absence or presence of arbidol effect of ARB on HCVpp-mediated fusion and the role of

(see Experimental Procedures for other details). (A) ARB was added ; ; v i i
at indicated concentrations during the course of infection. (B) ARB E)ll-é)were next directly tested in our in vitro lipid mixing assay

was first preincubated at indicated concentrations with concentrated
pseudoparticles for 3 h, and infection was then performed in the  Arbidol Inhibits HCVpp-Mediated Lipid Mixinghe effect

preincubated at indicated concentrations with Huh-7 cells for 3 h . = . :
before infection, and HCVpp infection was performed in the in Figure 3. After the pH was decreased t0 5.0, a rapid and

presence (C) or absence (D) of ARB. HCV pseudoparticles that Significant dequenching was observed as a measure of lipid
were tested were harboring the E1 and E2 glycoproteins of mixing between HCVpp and flabeled liposomes, for
genotypes 1a (AF009606), 1b (AY734975 for 1b-1 and AF333324 genotypes la (Figure 3A; see also té), 1b (Figure 3B),
e A acaping oo, tapEmaly mlschnt o opescgd a1 22 (Figure 3C). In th presence of ARB, HCVpp fusion
gs the percentagge of control, i’.e., p?seudogérticle infg:tion cE)f Huh-7 ability was inhibited._ This inhibition was _dir_ectly proportional
cells not treated with ARB, taken to be 100%. Results are the meant0 ARB concentration, with some variations among HCV
+ standard deviation of four separate experiments. genotypes, though. Indeed, the most prominent inhibition of
fusion by ARB was observed for genotype 1a, where fusion
was completely abolished at Ag/mL ARB (1.88 uM).
namely, whether ARB could affect the infection of cultured Conversely, a similar block in fusion was achieved at only
cells by HCVpp. The results of these experiments are 6 ug/mL ARB (11.3uM) for genotype 1b. For genotype 2a,
presented in Figure 2, where HApp and RD114pp were useda measurable fusion was still observed at this concentration.
as controls. When ARB was present during the course of This observation was reproducible € 4), but the reason
HCVpp infection (Figure 2A), a decrease in infectivity was for that difference in fusion behavior between genotypes is
observed for all HCV genotypes tested, and the inhibition at present unclear. ARB concentrations higher thargb
effect was proportional to ARB concentration. The maximal mL were not tested to avoid toxicity to the cellk2. Note
reduction (50% inhibition) in infectivity was observed at 6 also that immunoblot analyses of the glycoproteins revealed
ug/mL ARB (11.3uM). When HCVpp were preincubated that they were present in each viral preparation (data not
with ARB before infection, with subsequent continuous ARB shown and refl6). We also controlled the global input of
present during infection, a dose-dependent inhibition of the different pseudoparticles by estimating the amount of
infection was again observed for all genotypes that were MLV core protein in each viral preparation on immunoblots.
tested (Figure 2B), with a maximum of 50% inhibition at 6 This amount of core was similar for all pseudoparticle
ug/mL ARB. The most pronounced inhibition was seen when preparations assayed in fusion (data not shown anti@ef
Huh-7 cells were preincubated with ARBrf8 h and then We suggest that ARB might differentially interact with HCV
left in the presence of ARB onward. Under these conditions glycoproteins of different genotypes (see Discussion). Note
(Figure 2C), the 50% inhibition was achieved atd/mL that the fusion mediated by RD114pp could not be investi-
ARB (1.88uM). Infectivity was further reduced atg/mL gated in our assay, since the RD114 glycoprotein is activated
ARB, with up to 70% inhibition for genotypes 1a and 1b for fusion in a pH-independent but receptor-dependent
and even 80% for genotype 2a. The HApp behaved in a verymanner (data not shown).
similar way, showing a dose-dependent decrease in their The inhibition of fusion by ARB was comparable when
infectivity (Figure 2A—C), with a maximal ARB effectat 6  ARB was preincubated with HCVpp or with liposomes (data
ug/mL (from 40 to 90% inhibition). Note that a drastic not shown). ARB-induced inhibition is also not dependent
reduction in infectivity (90% inhibition) could also be upon the lipid composition of liposomes, since similar HCV
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Ficure 3: Arbidol inhibits HCVpp-mediated lipid mixing. Lipid
mixing curves of HCVpp genotypes l1a (A), 1b (B), and 2a (C), in
the absence or presence of ARB, withgfabeled liposomes

(representative of four separate experiments). Pseudoparticles (4

uL) were added to R-labeled PC/chol liposomes (final lipid
concentration of 1xM), in PBS (pH 7.4) at 37C, with or without
indicated concentrations of ARB. Afta 2 min equilibration, lipid

mixing was initiated by decreasing the pH to 5.0 (time 0), and the

spectrum was recorded as;gRfluorescence dequenching as a
function of time. (D) Influence of ARB on Ca-induced fusion of
PS vesicles. Liposomes consisting of PS angl(86:4) were mixed

with nonlabeled PS vesicles (1:4 molar ratio) in 5 mM Hepes and

100 mM NacCl (pH 7.4) at 37C, at a final lipid concentration of
100 uM. Fusion was induced by rapid injection of €anto the
medium (final concentration of 2 mM), and the kinetics of lipid

Biochemistry, Vol. 46, No. 20, 2006053

sensitive to ARB. These observations suggest that ARB
might differentially interact with key motifs in HCV fusion
protein(s), sequences that might differ among HCV geno-
types. Moreover, ARB acts predominantly at low pH. In our
in vitro fusion assays, two hypotheses might explain such a
behavior: ARB could block fusion either by counteracting
the acidification process like chloroquirilf and/or through

its protonated form at low pH [see Figure 1D for the
protonated form of a substituted indo2}]. Since the Ca-
induced PS liposome fusion system is not pH-dependent but
is markedly inhibited by ARB at low pH, the first hypothesis
of ARB blocking endosomal acidification as an explanation
for ARB-induced fusion inhibition was deemed unlikely.
Nonetheless, since ARB is a weak base (Figure 1), we tested
this hypothesis directly. To this end, increasing concentra-
tions of ARB (1, 10, and 5Q:g/mL) were added to the
suspension of HCVpp and liposomes in PBS (pH 7.4). After
a 2 min equilibration, an exactly measured volume of diluted
HCI required to decrease the pH to 5.0 was added in each
tube, and the pH was recorded with the pH meter. Within
the tested range of ARB concentrations from 1 to &}

mL, we could detect only slight pH variations of no more
than 0.1 pH unit (data not shown). Such a narrow pH range
alteration could be critical for influenza virus-induced fusion
(HApp) but is unlikely to affect the broad-spectrum (pH-5.0

$-3) fusogenic properties of HC\1§, 23, 24). Therefore,

our results essentially ruled out the direct buffering role of
ARB as an explanation for its fusion inhibition. The behavior
of ARB at low pH will be examined in detail in the next
paragraphs.

Spectral Properties of Arbidol in SolutiodRB is an
indole derivative and shares this structure with tryptophan
(Trp) (Figure 1). The preference of indole derivatives for
membrane interfaces (and specifically of Trp in membrane
proteins) is now well-documente@%, 26). This interfacial

dilution was continuously monitored. ARB was incubated with preference is related to the flat rigid structure of these

labeled and nonlabeled PS vesicles for 1 min in buffer at pH 7.4

or 5.0 (by adding diluted HCI), and then €awvas added at a final
concentration of 2 mM to initiate fusion.

fusion inhibition was observed with plain PC (not shown)
or with PC/chol liposomes (Figure 3).
We next asked whether ARB could inhibit fusion in other

molecules and to their aromaticity which allows them to
establish catiorrr interactions with lipid headgroups, i.e.,
interactions between the indole ring throughstelectron
cloud and the nitrogen of the lipid headgrob,(27). We
therefore reasoned that ARB might behave in a similar way,
i.e., that it might enter into similar interactions between its

membrane systems as well. We therefore investigated theindole group (Figure 1B) and the N(G" group of
effect of ARB on the Ca-induced fusion of PS liposomes Phosphatidylcholine. To investigate behavior of ARB toward

(19). Kinetics of PS vesicle lipid mixing by Ca were

membranes, we first analyzed its spectral properties in

comparable at neutral and acidic pH (Figure 3D), as solution. Its light absorption properties were studied by

previously reported20). In the presence of 6g/mL ARB,
inhibition of lipid mixing was observed at both pH’s, but

spectrophotometry over a 24000 nm wavelength range.
The ARB absorbance peaked at 255 mnd and 315 nm,

with a more pronounced effect at acidic than neutral pH both at pH 7.4 (Figure 4, dotted line) and at pH 5.0 (data
(Figure 3D). The spectral properties of ARB were not Nnotshown). The formetex. Was then used as the excitation

affected by C& (data not shown), which rules out the direct
interaction between ARB and &athat would artifactually
lead to fusion inhibition.

wavelength to study ARB fluorescence properties, since we
reasoned that a shorter excitation wavelength would improve
spectral separation of emission and scattering (see also ref

Altogether, these results suggest that ARB is a membranel?). To achieve an adequate signal-to-noise ratio, we have

fusion inhibitor, exerting its effect on viral (protein-induced)

analyzed the average of five emission spectra (Figure 4, solid

fusion and on a protein-free membrane fusion systems. Thuslines). In PBS at pH 7.4, ARB displays /a.ax at 360 nm
ARB might associate with membranes to exert its inhibitory (thin solid line); thisAmaxis slightly blue shifted to 357 nm

effect. However, this is probably not its only mode of action,
since (i) HCVpp of different genotypes have differential
sensitivity to the antiviral effects of ARB and (ii) in contrast
to HA and HCV E1/E2, RD114 envelope protein is not

at pH 5.0 (thick solid line). For our further investigations of
ARB behavior toward membranes or membranelike environ-
ments, alexc Of 255 Nm and adem, of 350 Nnm were then used,
unless otherwise indicated.
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44 Table 1: Fluorescence Characteristics of Arbidol in Buffer, in the
O Presence of Detergent Micelles, or in the Presence of PC/chol
| 5 Liposomes

medium Amax (NM) F/Fo (340 nm¥

PBS atpH 7.4 360 —
PBS at pH 5.0 357 -
pH 7.4
100 mM SDS 351 11.88
100uM a-lysoPC 352 14.14
i 100 mM DM 354 16.99
12.54M PClchol 351 0.99
0, : : 25.0uM PC/chol 344 1.18
250 300 350 400 62.5uM PC/chol 342 1.36
100M PClchol 338 1.54

Wavelength (nm) pH 5.0

. . 100 mM SDS 348 6.42
Ficure 4: Fluorescence properties of arbidol. All measurements 1004M a-lysoPC 350 9.38

were recorded at 37C, with excitation (exc) and emission (em) 100 mM DM 377 20.58
slits set to 8 and 4 nm, respectively. Relative orientations of exc 12.5uM PClchol 353 1.28
and em polarizers were 8@nd O, respectively. ARB absorbance 25.0uM PClchol 345 141
(dotted line) was recorded at pH 7.4, and fluorescence emission 62.5uM PC/chol 338 1.81
spectra were recorded at pH 7.4 (thin solid line) or pH 5.0 (thick

solid line). Fluorescence was monitored using a M8 (60 ug/ Al measurements were performed at 3C afte a 5 min pre-
mL) ARB solution, with aley of 255 nm. equilibration.? Variation in the fluorescence quantum yield is expressed

asF/Fo, whereF andF, denote the fluorescence intensity at 340 nm
after and before addition of detergent or PC/chol liposomes, respectively.

1.5

Optical density (AU)
(nv) @2usosaion|4

124 A DM

effect was even more pronounced at pH 5.0, where the
9+ lysoPC increase in quantum yield was concomitant to a moderate
sDs blue shift of the maximum emission wavelength for SDS
anda-lysoPC (Figure 5B and Table 1). These two phenom-
ena are indicative of an association of ARB with micelles,
accompanied by a partial, and most likely, superficial burial
of the ARB molecule into the micelles. This interaction is
more pronounced at acidic pH, where the ARB molecule is
more protonated than at neutral pH. This suggests that the
protonated form of ARB is probably more effective at
inhibiting membrane fusion than the actual ARB molecule.
We then monitored the binding of ARB at pH 5.0 to

increasing concentrations of SD$-lysoPC, and DM
micelles from the resulting fluorescence changes at 350 nm
(Figure 5). Results are shown in Figure 6. The shapes of the
three binding curves are similar, showing that binding was
similar in all cases. For all detergents that were studied, a
steep increase in fluorescence was observed till the cmc value
of the detergent was reacheéB). From detergent concentra-
01, . : tions above the cmc, fluorescence plateaued, which indicates
300 350 400 that virtually all ARB molecules are bound to micelles at
high detergent concentrations. Under these conditions, almost

i . . . all of the observed ARB fluorescence was therefore due to
Ficure 5: Interaction of arbidol with detergent micelles. Fluores-

cence conditions were similar to those in Figure 4. ARB (188 ARB mcorpprated.lnto or mt.er.acnng Wlth. the detergent
10 ug/mL) was added to PBS buffer containing either 100 mM Micelles. This confirms the affinity and tropism of ARB for
SDS, 100uM a-lysoPC, 100 mM DM, or no detergent (A) at pH membranelike environments, particularly at acidic pH.
7.4 or (B) pH 5.0. The influence of pH on binding of ARB to detergent
micelles was then studied using DM solely, since this
Arbidol Interacts with Detergent MicelleShree detergents  detergent gave rise to the largest increase in fluorescence
were chosen as membranelike environments to study thequantum yield (Figure 5 and Table 1) and is neutral. When
interaction of ARB with micelles: sodium dodecyl sulfate ARB was addedd a 5 mMsolution of DM in a buffer, it
(SDS, negatively charged), dodecyl maltoside (DM, neutral appeared clearly that ARB fluorescence increased while pH
and of a glucidic nature), ang-palmitoyllysophosphatidyl-  was decreasing (Figure 7A). The increase in ARB fluores-
choline (zwitterionic and of a lipidic nature). At detergent cence between pH 7.4 and 4.5 at 350 nm is 60%, as shown
concentrations well above the critical micellar concentration in Figure 7B. Since we know from the previous experiment
[cmc 28)], and at pH 7.4, the addition of ARB to micelles that for the ARB:DM ratio used here (1:266), virtually all
led to a dramatic increase in the quantum yield of fluores- ARB molecules are bound to micelles, the observed fluo-
cence for each detergent that was tested (Figure 5A and Tableescence increase with a pH decrease may arise from a
1), in the following order: DM> o-lysoPC> SDS. This difference in ARB ionization state at neutral or acidic pH.
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Ficure 6: Binding of arbidol to SDS (A)e-lysoPC (B), and DM
(C) at pH 5.0. Fluorescence conditions were similar to those in
Figure 4. Increasing concentrations of detergent were added to
cuvette containing ARB (18.8M) in PBS buffer acidified at pH
5.0 and equilibrated at 3. Emission spectra for each concentra-
tion were recorded aftea 5 min equilibration. The fluorescence
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Ficure 7: Effect of pH on binding of arbidol to DM micelles.
DM (final concentration of 5 mM) was added to a 1&B! (10
ug/mL) ARB solution in PBS (pH 7.4). Fluorescence conditions
were similar to those in Figure 4. The pH was decreased by addition
of diluted HCI to the cuvette, and (A) emission spectra were
recorded at pH 7.4 (a), 6.5 (b), 5.5 (c), or 4.5 (d), mtie5 min
equilibration at 37C. (B) Plot of the fluorescence obtained at 350
nm from panel A as a function of pH, expressed as a percentage of
the initial value at pH 7.4.

AmaxiS progressively shifted to lower wavelengths (blue shift),
with a concomitant increase in quantum yield (Table 1).
These changes most likely result from a significant increase
in the hydrophobicity of the ARB microenvironment upon
binding to liposomes. Moreover, fluorescence emission
depends upon phospholipid concentration (compare curves
a to c or d for each panel, Figure 8), which indicates that
the ARB microenvironment becomes more hydrophobic in

%the presence of liposomes and therefore points toward the

interaction of ARB with lipid membranes. This trend is even
more pronounced at acidic pH (Figure 8B and Table 1).

intensities obtained after each detergent addition, corrected usingindeed, larger blue shifts (up 820 nm) were associated

blank values (detergent alone in buffer), were plotted as a percentag

of the initial value, as a function of final detergent concentration.

Depending on pH, ARB may therefore exist as a deproto-

Qvith greater increases in quantum vyield at pH 5.0 as

compared to pH 7.4, which may reflect enhanced incorpora-
tion of the ARB molecule into the hydrophobic core of lipid

nated, neutral form, or as a protonated, cationic form [see bilayers at low pH. This extends our previous observations

Figure 1D @2)]. ARB’s position within or on detergent

that ARB inhibits fusion more prominently at acidic pH than

micelles and its intrinsic fluorescence properties may then at neutral pH in the pH-independent Ca-induced PS vesicle

depend on its ionization state.

fusion model. In addition, for similar pH's and an ARB

Taken together, the data indicate that arbidol has tropism concentration of 1Qug/mL, much larger blue shifts are
for membranelike environments and that this propensity to observed with liposomes than with any detergent micelles

interact with hydrophobic environments is more pronounced

(Table 1). This indicates that the environment of ARB is

at acidic than at neutral pH, possibly due to the ionization significantly more hydrophobic in lipid bilayers than in

state of ARB.
Arbidol Has Tropism for Lipid Membrane§he interaction

micelles, i.e., that ARB reaches the hydrophobic core of the
lipid bilayer whereas it is most likely associated shallowly

of ARB with liposomes was then studied at neutral and acidic with the surface of detergent micelles. This is consistent with
pH. Results are presented in Figure 8 and Table 1. In thethe view that the fluorescent indole moiety of ARB is
presence of increasing concentrations of PC/chol liposomes partially buried in the liposome membranes.
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Viral infectivity studies with HCVpp showed that ARB
exerted its inhibitory effect only when it was present
throughout the course of infection and that an almost
complete inhibition was achieved when the cells were
preincubated with ARB (Figure 2). Similarly, ARB inhibition
of primary infection of Huh7.5.1 cells with JFH-1 virus was
complete only when cells were preincubated with ARB 24
or 48 h before infection12). This points to an action of
ARB on cell membranes and suggests that a certain level of
membrane impregnation and/or saturation with ARB must
be achieved to efficiently block HCV infection. HCVpp-la-
mediated in vitro fusion was completely blocked at a low
ARB concentration (lug/mL; Figure 3). Fusion was
inhibited similarly when viral envelope membranes or target
(liposome) membranes were preincubated with ARB, indi-
cating again an effect on membranes, although a specific
effect of ARB on HCV glycoproteins themselves cannot be
excluded. From a physicochemical point of view, ARB
displays tropism for membranes or membranelike environ-
ments such as detergent micelles, particularly prominent at
low pH (Figures 1 and 58 and Table 1). This may be due
to ARB’s indole-derived structure (Figure 1). Moreover,
ARB may interact with lipids via other hydrophobic and

Wavelength (nm) aromatic moieties on the molecule.
ElGUtREIS:H 'Bfgeﬂcf( %f) gBOSOTeS t(')n) i{\RB ﬂUOfeSCGnCz-d (ﬁ\) t With regard to detergents, ARB bound similarly at acidic
eutral pH. FLichol (/U:50 molar ratio) liposomes were added al pH to the micelles of all three detergents that were tested,
123,25 0) ©23(0) 01001 0 102 1M H0UGM) " binding being otlat 10M a-ySOPC (Ge oramost ot
recorded after incubation for 5 min and corrected for blank (buffery at 1 mM SDS and at 2 mM DM. Under these conditions,
and liposome scattering effects. (B) Acidic pH. An ARB solution most of the detergent is in a micellar form, since the cmc
(10/¢g/m'L) in PBS buffer (pH 7.4) was acidified thh HClto the  values for Ggo a-lysoPC, SDS, and DM are6 uM (34),
PH 5.0 final reading (dotted line), and PC/chol liposomes were 1 5 1\ and 0.18 mMZ8), respectively. The enhancement
subsequently added [final lipid concentrations of 12.5 (a), 25 (b) . - .
or 62.54M (C)]. of ARB fluor_esc_:ence is greater upon bl_ndlng to DM mlcglles
than upon binding to other detergent micelles or lipid vesicles

Taken together, the data provide direct evidence that ARB (T@ble 1). The maltose headgroup of DM is rigid, giving a
is incorporated into artificial lipid bilayers (liposomes), as high level of cohesion to the headgroup region of the micelles
well as biological membranes such as cellular and viral (39). These maltose rings might therefore exert a stacking
membranes, indicating that ARB inhibits entry of HCV into  &ffect with the indole rings of ARB, leading to the observed
cells and HCV-mediated fusion by acting directly at the dramatic increase in ARB fluorescence. However, we

1.54 A

Fluorescence (AU)

300 350 400 450

membrane level. consistently observed a lack of shift toward lower wave-
lengths (blue shift) in ARB fluorescence with DM micelles.
DISCUSSION At low pH, this could come from a shielding effect on the

protonation of ARB, played by the numerous hydroxyl

This study aimed to assess the anti-HCV properties of groups of DM.
arbidol, a broad-spectrum Russian-made oral antiviral drug.  With regard to lipid vesicles, ARB membrane association
Using HCV pseudoparticles, we analyzed the effects of ARB was accompanied by a blue shift and an increase in quantum
on HCV entry at the fusion step and demonstrated that ARB vyield of fluorescence for all ARB:lipid ratios that were tested,
is able to inhibit this process in a dose-dependent manner.particularly prominent at low pH (Figure 8 and Table 1).

HCV entry and membrane fusion are early steps in the When comparing these data to those obtained with detergent
life cycle of the virus 29, 30). HCV first interacts through ~ micelles, we can infer that ARB probably embeds itself more
its envelope glycoproteins with a set of coreceptors at the deeply into lipid bilayers than in micelles and is probably in
plasma membrane level (reviewed in 84) and eventually a more hydrophobic microenvironment in bilayers than in
becomes endocytose82 33). Due to a combined action  micelles. This difference in fluorescence behavior between
of acidification in the endosome and patrticular lipids like lipid bilayers and detergent micelles most likely comes from
cholesterol 16), viral fusion occurs over a broad spectrum the very low cmc of lipids in aqueous buffers, where all lipids
of pH’s ranging from 6.3 to 5.016, 24). This suggests that  are in the condensed membrane phase. Compared to DM
fusion could occur in early as well as in late endosomes, or micelles more specifically, the flexible choline headgroups
at least that a cascade of reorganizations could occur in theof PC might allow a better accessibility to the hydrophobic
fusion protein(s) during the progression of the virus in the core of the particle (vesicle or micelle) than the rigid sugar
endocytic pathway. In this respect, the inhibitory action of headgroup of DM, as already described for the indole
ARB on HCVpp entry and fusion could be envisaged at derivative tryptophan octyl esteBg).
various levels, including the viral glycoprotein, membrane,  Indole derivatives have been shown to exhibit a preference
or the endosomal lumen. for membrane interfaces?%, 26), due to the flat rigid
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structure of these molecules and to their aromaticity which concentrations, we could not detect any significant variation
allows them to establish catiefir interactions with the in pH. A behavior of ARB as an ionophore or as a blocker
positively charged quaternary ammonium lipid headgroups of proton pumps inside the endosome cannot be excluded
(25, 27). The Sphenyl groups of ARB could also interact in vivo. However, if this effect were operative, it would
with the hydrophobic fatty acid chains of phospholipids unlikely be the predominant mechanism of action of the
inside the bilayer. The amino groups could bond the molecule, since ARB inhibits pH-dependent and pH-
phosphate moieties of phospholipids and establish a saltindependent viruses with a similar efficacg),(and we
bridge between two adjacent phospholipid molecules as anshowed in this study that ARB could block fusion in the
ion pair complex. At low pH, these interactions would be pH-independent Ca-induced PS vesicle fusion system. The
favored due to the protonation of the amino groups. In second hypothesis of ARB hydrolysis in vivo followed by
particular, protonation of the 3-position could displace the intracellular accumulation of the cleaved compound finds
ester group out of the indole plane and place it in a better support from our results that ARB displayed optimal activity
position to bond with neighboring molecules (see Figure 1D). when administered 2448 h before primary HCV infection
This could in turn lead to a better membrane association. (12), or preincubate 3 h with cells before HCVpp infection
Considering these chemically plausible interactions, ARB (this study).
might have the propensity to intercalate into lipids in the  We also reproducibly noticed that ARB inhibition of cell
membrane while adopting a consistent orientation by filling entry and/or fusion concerned HCVpp and HApp, but not
the gaps between lipid molecules. The molar ratio betweenRD114pp (Figures 2 and 3). This suggests that ARB might
ARB and lipids in our in vitro fusion assays is ca. 1:10, so display specificity for the recognition of key motifs inside
a plausible mode of action could be the formation of a stable the fusion protein, leading to inhibition of the properties of
and dose-dependent “ARB cage” at the surface of mem- this protein. Furthermore, HCVpp fusion was more pro-
branes, and therefore to excessive stabilization of thesenounced on genotype la-derived than on genotype 1b and
membranes, which become resistant to fusion. This modeZ2a-derived pseudoparticles (Figure 3). Since different HCV
of action would be quite reminiscent to that observed for genotypes possess sequence variability, it is conceivable that
the tripeptide inhibiting fusion, carbobenzoryphenylala- ARB might differently affect fusion induced by genetically
nyl-L-phenylalanylglycine Z-fFG. Z-fFG was shown to different glycoproteins. In our fusion assay, liposomes are
inhibit viral fusion by stabilizing bilayers in their lamellar devoid of HCV receptors; therefore, subtle changes in
phase, thereby inhibiting nonbilayer phase formation most envelope protein conformation between genotypes might
likely from the surface of the bilayer, i.e., not by forming a affect fusion more than infectivity, since receptors could help
tight complex with phospholipids37—39). The carboben-  in conformational rearrangements at the plasma membrane
zoxy group is important for the effectiveness of fusion of cells. Since ARB is most likely able to enter into a number
inhibition (38); it is interesting to note that ARB contains a of chemical interactions with lipid molecules, these interac-
phenyl-thio-methyl group in position 2 of the indole ring, tions might exist for ARB/HCV glycoprotein(s) as well.
which could play a role comparable to that of the carboben- Hydrophobic interactions, formation of salt bridges, and
zoxy of Z-fFG in the fusion inhibition. Z-fFG inhibition of  cation—zx interactions govern the binding of several ligands
the formation of highly curved surfaces, occurring during to proteins (e.g., re7). This hypothesis cannot be tested
membrane fusion, was found to be more effective at low experimentally at present in the absence of any three-
pH where the protonated form of the tripeptide is predomi- dimensional structure of HCV E1 and E2. However, further
nant 39). This correlates well with ARB behavior as ob- studies using the recently described genotype4Dh &nd
served in our study, where the protonated form might as well chimeric @1) infectious culture systems may provide further
penetrate deeper into the membrane than the charged forminsight into the mechanisms accounting for the possible
This hypothesis of membrane stabilization as a mode of genotype-specific effects of ARB.
action of ARB in the viral fusion system finds support from Arbidol also exerted a clear inhibitory effect on HCV
the PS/Ca model system, since ARB also blocks fusion in replication, with loss of protein expression and a decline in
this membrane system, and again more efficiently at low the RNA level (2). This effect was visible after cells
than at neutral pH (Figure 3). The PS/Ca model also providescontaining an HCV-1b replicon had been treated for 2 weeks,
the information that ARB can inhibit fusion at neutral pH, and no rebound effect was observed after removal of the
which could be an explanation for the ARB inhibition of drug @2). Since this replicon did not produce infectious
fusion of pH-independent viruses such as some paramyx-particles, the antiviral effects of ARB in this system cannot
oviruses and coronavirused) ( involve inhibition of virus fusion and infectivity. The HCV
At the virus level, ARB might block the uncoating of the replication complex associates with endoplasmic reticulum
membrane during the fusion process. From our infection and (ER) membranes to form membranous we#i®).(The web
fusion data, we cannot exclude a direct action of ARB on is formed via the association of HCV nonstructural proteins
endosomal pH and/or on HCV glycoproteins. On the basis with ER membranes4@, 44). One can therefore speculate
of its chemical structure, ARB is a weak base that could that ARB-induced inhibition of interactions of HCV non-
undergo hydrolysis of its ester function in vivo. For these structural protein with organelle membranes that are required
reasons, ARB could exert its effect on HCVpp infection and for HCV replication might also contribute to ARB’s anti-
fusion through inhibition of the acidification in the endo- HCV actions.
somes, and/or through accumulation of hydrolyzed ARB  Current interferon-based anti-HCV therapies have shown
molecules. The first hypothesis was tested directly by their limits, since~40-50% of patients do not achieve
measuring the pH of a liposome/HCVpp suspension under sustained viral eradication with IFN treatme#b). A number
the conditions of our fusion assay. Even at very high ARB of antiviral strategies against HCV are presently being
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developed, some of which are directed against viral enzymes
or viral genome or aimed at modulating the host immune
response46). Recently, two groups described the anti-HCV
replication activity of small molecules that perturb the
intracellular lipid metabolism. Sakamoto and co-workéf3 (
described the activity of NA255, which prevents the de novo
synthesis of sphingolipids and thus disrupts the association
of HCV nonstructural proteins on the lipid rafts. Pezacki's
group studied the anti-HCV effect of an antagonist of the
peroxisome proliferator-activated receptor (PPARB)(
Inhibition of PPAR led to HCV inhibition of replication
through dysregulation of lipid metabolism, phospholipid
secretion, cholesterol catabolism, and triglyceride clearance.

Thus, lipids and membranes are clearly central to the HCV
life cycle, where each step is directly related to membrane
activity. Arbidol, by its tropism for membranes and its
inhibitory effect on HCV entry, fusion, and replication, opens
promising perspectives in the search for new and efficient
anti-HCV therapies.
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