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Over 170 million people are chronically infected by the hepatitis C
virus (HCV) and at risk for dying from liver cirrhosis and hepatocellular
carcinoma. Current therapy is expensive, associated with signiﬁcant
side effects, and often ineffective. Discovery of antiviral compounds
against HCV traditionally involves a priori target identiﬁcation
followed by biochemical screening and conﬁrmation in cell-based
replicon assays. Typically, this results in the discovery of compounds
that address a few predetermined targets and are prone to select
for escape variants. To attempt to identify antiviral compounds
with broad target speciﬁcity, we developed an unbiased cell-based
screening system involving multiple rounds of infection in a 96-well
format. Analysis of a publicly available library of 446 clinically approved drugs identiﬁed 33 compounds that targeted both known
and previously unexplored aspects of HCV infection, including entry,
replication, and assembly. Discovery of novel viral and cellular targets
in this manner will broaden the therapeutic armamentarium against
this virus, allowing for the development of drug mixtures that should
reduce the likelihood of mutational escape.
cell-based assay
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epatitis C virus (HCV) (Flaviviridae) is an enveloped, positivestranded RNA virus that causes acute and chronic hepatitis
and hepatocellular carcinoma (1). HCV establishes persistent infection, and more than 170 million people are chronically infected
worldwide (2). Chronic infection is associated with chronic hepatitis, cirrhosis, and hepatocellular carcinoma (3). Although the
mechanisms by which HCV causes liver disease are not entirely
understood, immunologically mediated events play an important
role in HCV clearance and pathogenesis (4).
The HCV plus-stranded RNA genome (9.6 kb) encodes a single
polyprotein that is cleaved into structural (core, E1, E2, and p7) and
nonstructural (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins
(5). Infection is initiated by virus-particle binding to cellular receptors, internalization through receptor-mediated endocytosis,
and delivery of the viral genome to the cytosol after endosomal
acidiﬁcation (6). Delivery and/or translation of incoming viral genomes depends on cellular autophagy-related factors (7), enabling
viral gene expression, replication (8), and production of progeny
virus, which depends on VLDL biosynthesis (9–11).
Currently, there is no vaccine against HCV, and the standard
therapy (pegylated IFN-alfa plus ribavirin) is associated with
signiﬁcant side effects and is only effective in a fraction of the
patients (12). Establishment of HCV replicons (13, 14) greatly
contributed to the discovery of antiviral compounds that target
the viral NS3-4A serine protease and NS5B RNA polymerase
(15). Although they are extremely potent, these agents select for
resistant variants because of the error-prone RNA polymerase
activity of HCV (16).
The development of HCV infection models (17–19) that reproduce the entire life cycle of HCV in vitro created the opportunity to discover novel antiviral compounds that target every step
in the viral life cycle in an unbiased manner. Using this system (19),
we screened the National Institutes of Health Clinical Collection
(NCC) (20), a set of 446 compounds that have been clinically
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tested for a wide variety of indications, for the ability to inhibit
HCV infection in vitro. Thirty-three compounds displayed antiviral activity in the absence of cytotoxicity at low-micromolar and
submicromolar concentrations. Many of the candidates were lysosomotropic compounds that inhibited HCV entry with differential efﬁcacy against genotype 1a (H77) and genotype 2a (JFH-1)
envelope glycoproteins. Two compounds, MK886 and pterostilbene, were potent inhibitors of persistent HCV infection:
MK886 reduced intracellular HCV RNA levels, and pterostilbene
inhibited infectious particle assembly and secretion without altering
HCV RNA levels. Toremifene blocked viral entry but also displayed
antiviral activity in persistently infected cells; it has a small impact on
intracellular infectivity and HCV RNA accumulation but strongly
inhibited progeny virus secretion. Finally, rabeprazole inhibited
HCV infection by targeting a yet uncharacterized aspect of the
HCV life cycle downstream of entry and upstream of replication.
These results illustrate the ability of our screening system to
identify inhibitors that target known and unknown aspects of the
viral life cycle, providing a set of chemical tools to dissect the
HCV life cycle, and identifying interesting candidates for the
development of novel therapeutic strategies against HCV.
Results
Screening for Antiviral Compounds at Low Multiplicity of Infection.

We have previously shown that the number of HCV-positive cells
increases as HCV infection spreads in cell culture after inoculation
of Huh-7 cells at low multiplicity (19). Therefore, if viral infection
occurs in the presence of a given antiviral molecule, the number of
positive cells and the accumulation of viral antigen per cell should
be reduced proportionally to the antiviral activity of the compound. Thus, by measuring the amount of viral protein in cells that
have been inoculated at low multiplicity in the presence of an
antiviral compound, one will determine its impact on the ability of
the virus to infect target cells, replicate, produce progeny virus, and
infect new target cells in subsequent rounds of infection.
We have developed a colorimetric assay to quantitate viral
antigen levels in infected cell cultures in a 96-well format. This
assay allows quantiﬁcation of the amount of E2 protein in a given
well, which reﬂects the efﬁciency of HCV infection and spread in a
moderate throughput format. This approach was used to interrogate the NIH Clinical Collection library, composed of 446
clinically approved small molecules (20), for antiviral activity
against HCV infection. Screening was performed at a single dose
of 10 μM in duplicate wells. This analysis revealed 33 nontoxic
molecules displaying >85% reduction in HCV infection, as compared to the vehicle (DMSO) control (Table 1 and Table S1). In
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addition to these strong inhibitors, 11 compounds displayed intermediate activity (75–85% inhibition; Table S2.1) and 30 compounds had slight antiviral activity (50–75% inhibition; Table
S2.2). Thirty-six of the 446 compounds were cytotoxic and could
not be evaluated for antiviral activity (Table S2.3). Most of the
analyzed compounds (336) were inactive (Table S2.4). As expected, some of the active antiviral compounds were already
known to have antiviral activity against HCV [e.g., nelﬁnavir (21),
nitazoxanide (22), and MK886 (23)]; others are known to be active
against other viruses {e.g., haloperidol [EBV (24)] and amiodarone [SARS (25)]}. However, the ability of most of the compounds
to inhibit HCV infection was unexpected.
Once the antiviral activity of the compounds was conﬁrmed, we
determined their potency (EC50) and toxicity (LD50) by determining the antiviral activity of serial dilutions at concentrations
ranging from 50 μM to 0.4 nM. Table 1 shows the EC50 and EC90
values for these compounds, as well as their cytotoxicity (LD50). To
reduce the selected compounds to a manageable number and to
minimize the contribution of cytotoxicity in their characterization,
we arbitrarily selected 12 compounds showing a LD50/EC90 ratio
of >5 for further analysis [Table 1 (selected compounds)].

Several of the 12 compounds are tricyclic with a tertiary amine
in their structure (Fig. 1), characteristic of compounds known to
interfere with endosomal maturation (26, 27). Indeed, chlorpromazine, a phenothiazine that is nearly identical to prochlorperazine
and very similar to triﬂuoperazine and ﬂuphenazine, inhibits clathrin-dependent endocytosis (27) and the entry of several viruses,
including HCV, in cell culture (28). Thus, it is possible that these
phenothiazines inhibit HCV entry, as shown in other viral systems
(24, 29). Other antiviral compounds, like pizotyline, CGS12066B,
cyproheptadine, doxepin, and ketotifen (Fig. 1), also display a tricyclic lipophilic moiety and a tertiary amine (Fig. 1), suggesting that
they might also interfere with this process. Rabeprazole (Fig. 1), an
acid-activated proton pump H+/K+-ATPase inhibitor (PPI) (30),
may also inhibit viral entry because PPIs have been shown to impair
endosomal acidiﬁcation (31), which is required for HCV entry (6).
In addition, we identiﬁed three compounds (Fig. 1) that target
cellular proteins known to be required for efﬁcient HCV RNA
replication. From these, pterostilbene and MK886 are ligands
[agonist (32) and antagonist (33)] of the peroxisome proliferatoractivated receptor α (PPAR-α), which is known to be required
for HCV RNA replication (23, 34). The third compound is
toremifene, which modulates primarily the estrogen receptor

Table 1. Primary screening hits

Compound name

NCC
compound
number

HCV
infection,
% of
control

Toxicity,
biomass

EC50,
μM

Error

EC90,
μM

Error

LD50,
μM

Error

LD50/
EC50

LD50/
EC90

Cyproheptadine
Toremifene
Fluphenazine
Triﬂuoperazine
Pizotyline
Pterostilbene
CGS 12066B
Prochlorperazine
Rabeprazole
Doxepin
Ketotifen
MK886
Amiodarone
Imatinib
Lacidipine
SB 205607
Lofepramine
Rimcazole
Mifepristone
Clobenpropit
Salmeterol
Azelastine
Desloratadine
AM-251
Rifabutin
Indatraline
Nelﬁnavir
Haloperidol
Benproperine
M-paroxetine
Carvedilol
Calcipotriol
Nitazoxanide

CPD000058431
CPD000469213
CPD000058411
CPD000059133
CPD000466272
CPD000440694
CPD000468733
CPD000466275
CPD000469174
CPD000449270
CPD000058462
CPD000466278
CPD000058296
CPD000469175
CPD000466342
CPD000466296
CPD000469292
CPD000466293
CPD000058481
CPD000469632
CPD000466295
CPD000469183
CPD000149358
CPD000466284
CPD000466322
CPD000449273
CPD000469186
CPD000449283
CPD000469294
CPD000469181
CPD000449280
CPD000466353
CPD000466367

0.3
0.6
0.0
0.3
0.0
0.0
0.3
0.0
4.0
14.7
11.1
5.4
1.3
0.1
0.0
13.3
7.8
0.0
1.8
10.2
1.4
0.5
1.4
12.9
12.7
0.7
0.8
2.4
3.4
7.8
0.7
14.1
6.3

72.2
86.2
76.5
86.9
69.8
68.6
106.9
72.8
113.6
99.2
105.9
110.3
95.7
76.8
72.4
109.3
104.3
81.0
91.5
89.0
88.5
82.1
88.4
94.2
87.0
68.1
95.3
89.8
98.0
99.0
76.0
93.3
69.5

0.7
0.5
0.5
0.6
0.7
1.7
1.0
1.3
1.6
4.0
4.9
2.1
0.9
2.8
1.8
4.5
2.3
1.5
2.3
3.8
3.5
2.9
2.3
3.2
6.0
1.1
3.7
3.3
4.0
3.0
4.5
5.5
2.3

0.2
0.0
0.2
0.3
0.1
0.1
0.0
0.7
0.4
2.0
3.1
0.1
0.3
0.2
0.3
1.5
1.3
0.0
0.3
0.8
0.5
1.1
0.2
1.4
3.0
0.1
0.3
1.3
2.0
1.0
0.5
0.5
0.5

3.0
1.8
1.4
1.7
3.0
3.0
3.5
3.3
7.5
9.5
12.3
6.5
4.4
5.5
4.3
12.5
9.5
5.0
7.0
9.0
8.5
6.3
6.5
8.3
13.0
3.0
8.5
10.5
8.5
10.5
8.0
14.0
10.0

0.0
0.2
0.6
0.5
0.0
0.0
0.5
0.8
2.5
5.5
0.3
0.5
0.6
0.5
0.3
2.5
5.5
0.0
3.0
3.0
2.5
2.8
1.0
1.8
7.0
0.0
0.5
4.5
2.5
4.5
2.0
2.0
0.0

33.5
19.7
14.5
16.5
28.0
28.0
32.5
29.3
66.5
65.0
72.3
37.5
21.8
25.5
17.5
49.5
37.5
19.7
27.5
35.0
33.0
24.1
24.0
30.0
42.5
9.2
23.9
28.0
22.5
24.6
16.5
26.6
14.7

1.5
0.3
5.5
1.5
2.0
2.0
2.5
12.3
13.5
15.0
27.8
12.5
6.8
4.5
7.5
0.5
2.5
10.7
7.5
0.0
17.0
5.9
6.0
0.0
7.5
0.8
1.9
4.0
2.5
4.6
1.5
6.4
4.7

51.5
40.7
29.0
30.0
39.1
16.5
32.5
22.3
40.6
16.3
14.8
17.9
23.3
9.2
10.0
11.1
16.7
13.0
12.2
9.3
9.4
8.3
10.4
9.5
7.1
8.1
6.4
8.6
5.6
8.3
3.7
4.8
6.3

11.2
11.1
10.4
10.0
9.3
9.3
9.3
9.0
8.9
6.8
5.9
5.8
4.9
4.6
4.1
4.0
3.9
3.9
3.9
3.9
3.9
3.9
3.7
3.6
3.3
3.1
2.8
2.7
2.6
2.3
2.1
1.9
1.5

Reported
antiviral activity

EBV entry (24)

HCV infection (23)
SARS-CV entry (25)

HCV replication (21)
EBV entry (24)

HCV replication(22)

Displayed are NCC library compounds showing antiviral activity (>15% HCV infection) at 10 μM with no associated toxicity (>70% cell biomass). NCC
compound number permits access to extensive compound information through PubChem (http://pubchem.ncbi.nlm.nih.gov). Data are shown as average and
mean error of a minimum of two independent experiments performed in duplicate, except for original screening values, which represent average values
of duplicate wells.
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(35), which in turn modulates HCV replication (36). Therefore,
these compounds could inhibit HCV RNA replication if they
exert their antiviral activity through their known cellular targets.
To study the mode of action of the selected molecules, we
examined their ability to inhibit viral entry by studying their
impact on HCV-pseudotype (HCVpp) infection (37), and their
ability to interfere with downstream steps by studying their effect
on persistent HCV infections.
Analysis of Viral Entry by Using HCV Pseudotypes. We used HCVpp
infection to recapitulate HCV particle adsorption, internalization,
and viral envelope-mediated fusion to evaluate the impact of these
compounds on viral entry. The selected compounds were mixed
with retroviral particles pseudotyped with glycoproteins from
HCV genotypes 2a (JFH-1pp) and 1a (H77pp), or VSV glycoprotein (VSVpp) as a control, and added to target Huh-7 cells at a
ﬁnal concentration two times the EC90 (2× EC90). All of the selected compounds except MK886, pterostilbene, and rabeprazole
inhibited JFH-1pp entry (Fig. 2A), suggesting that they inhibit
HCV entry. In contrast, none of the compounds inhibited VSVpp
entry, indicating that VSVg-mediated entry and retrovirus-driven
GFP expression were not altered by any of these inhibitors at the
assayed concentrations (Fig. 2A). Strikingly, all of the active
compounds displayed reduced activity (prochlorperazine, triﬂuoperazine, ﬂuphenazine, and CGS12066B) or almost no activity
(pizotyline, cyproheptadine, doxepin, and ketotifen) against genotype 1a (H77) pseudotyped particle entry at the assayed concentrations. This preferential JFH-1 inhibition was also evident for
toremifene that displayed unexpected antiviral activity against
HCVpp (Fig. 2A). To rule out the possibility that differential entry
kinetics might be responsible for the apparent selectivity of these
drugs, we pretreated the cells with the inhibitors for 2 h before
inoculation with the HCVpp with results identical to those shown
in Fig. 2A. H77pp entry was selectively inhibited at higher concentrations (4× EC90) of cyproheptadine, pizotyline, CGS12066b,
and toremifene without affecting VSVpp entry (Fig. S1), suggesting that, despite its reduced susceptibility to this class of inhibitors, H77pp entry is more sensitive than VSVpp to this class
of compounds.
This differential inhibition could be reproduced by using bona
ﬁde virus comparing the apparent infectivity titers of the parental
JFH-1 and a chimeric virus bearing the structural region from
genotype 1a strain H77 [H77C3JFH-1 (38)] in the absence or
presence of the inhibitors (2× EC90; Fig. 1B). These results
Gastaminza et al.

Fig. 2. Analysis of viral entry using HCVpp. (A) Huh-7 cells were inoculated
with JFH-1, H77, and VSV pseudotypes in the presence of 2× EC90 concentrations of the selected compounds. Infection efﬁciency was estimated by
the number of GFP-positive cells and expressed as percentage of the DMSO
control. (B) Impact of the selected compounds on JFH-1 and H77C3JFH1 virus
infection. Data are shown as average and mean error values of a minimum
of two independent experiments in duplicate.

conﬁrm that JFH-1 and H77 glycoprotein-mediated entry differ
in their susceptibility to these lysosomotropic compounds.
Neither rabeprazole nor MK886 nor pterostilbene displayed
signiﬁcant activity against the HCV-pseudotypes (Fig. S2), suggesting that they target an aspect of the infection downstream of
viral entry.
Analysis of the Effect of Inhibitors on Persistent Infection. HCV
efﬁciently establishes persistent infection in cell culture, where
constant viral RNA translation, replication, particle assembly, and
secretion occur (39). Thus, using that system, the effect of a
compound on intracellular and extracellular infectivity and HCV
RNA levels can be measured. All 12 compounds [Table 1 (selected
compounds)] were added (2× EC90) to persistently infected cells
for 48 h to monitor their impact on the intracellular content of
infectious virus. Of all of the selected compounds, only MK886,
pterostilbene, and toremifene caused reduction of intracellular
infectivity levels after treatment (Fig. 3), indicating that these
compounds interfere with persistent infection. Because active
HCV RNA replication is required for maintenance of normal
intracellular infectivity levels, as shown by the strong reduction in
intracellular infectivity levels in cells treated with the polymerase
inhibitor 2′-C-methyladenosine (Fig. 3), we also measured intracellular and extracellular HCV RNA and extracellular infectivity
levels to differentiate between inhibitors that reduce intracellular
infectivity levels by reducing HCV RNA levels and inhibitors that
target steps downstream.
Treatment with MK886 reduced proportionally both intra- and
extracellular infectivity and HCV RNA levels in persistently JFH-1
infected cells (Fig. 4A), suggesting that MK886 interferes with HCV
infection by reducing intracellular HCV RNA levels, and, consequently, production of progeny virus. This intracellular HCV
RNA reduction was also observed (albeit less efﬁciently) in cells
PNAS | January 5, 2010 | vol. 107 | no. 1 | 293
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Fig. 1. Chemical structure of primary hits selected for further analysis:
Compounds displaying therapeutic indexes above ﬁve (TI90; LD50/EC90 > 5)
that were selected for further analysis.

Fig. 3. Impact of the selected compounds on persistent JFH-1 infections.
Persistently infected Huh-7 cells were treated for 48 h with the indicated
inhibitors (2× EC90). Data are shown as average and mean error intracellular
infectivity 48 h posttreatment and expressed as percentage of control of a
minimum of two experiments performed in triplicate.

persistently infected with the genotype 1a infectious clone H77S
and treated with the same dose of MK886 (Fig. S3). These results
suggest that MK886 HCV inhibits HCV infection by interfering
with HCV RNA replication, a notion that is supported by its comparable antiviral activity on a full-length HCV replicon (Fig. S4).
When added to persistently infected cells, pterostilbene reduced intracellular as well as extracellular infectivity and HCV
RNA levels (Fig. 4B; infectivity) without altering intracellular

viral RNA content (Fig. 4B; HCV RNA), suggesting that it
targets a process downstream of RNA replication that leads to
infectious particle assembly.
Toremifene slightly reduced intracellular infectivity and HCV
RNA content in persistently infected cells and caused a disproportionate reduction in extracellular infectivity and HCV RNA
levels (Fig. 4C), suggesting that, in addition to its effect on JFH-1
entry (Fig. 2), it may also interfere with late steps in the viral life
cycle, especially the secretion of progeny viral particles (Fig. 4C).
Intriguingly, rabeprazole did not display any antiviral activity in
persistently infected cells (Fig. 3) nor did it inhibit HCVpp infection (Fig. S2), suggesting that it targets a step of the viral life
cycle downstream of viral envelope fusion and upstream of viral
RNA replication. To test this hypothesis, we evaluated its impact
(2× EC90) on the accumulation of HCV RNA and intracellular
infectivity in single cycle (m.o.i. of 10) infection experiments. This
analysis revealed that rabeprazole reduced the accumulation of
both intracellular infectivity and HCV RNA (Fig. 5A), suggesting
that it targets an early step of the infection preceding HCV RNA
replication, because the same dose of rabeprazole had no effect on
persistent HCV infections (Fig. 3). Therefore, we asked whether
rabeprazole blocks primary translation and establishment of replication complexes by examining the impact of antiviral doses of
rabeprazole on the establishment of viral replication after electroporation (7) of a subgenomic HCV replicon. Huh-7 cells were
transfected with a subgenomic HCV RNA bearing a GFP reporter
gene and treated with a vehicle control, 2′-C-methyladenosine
(1μM), or rabeprazole (20 μM). Analysis of GFP expression levels
by ﬂow cytometry revealed that rabeprazole did not interfere with
the initiation of HCV RNA replication or GFP expression (Fig.
5B), suggesting that rabeprazole blocks the infection upstream of
initial HCV RNA translation and replication. The lack of activity
of rabeprazole on HCVpp indicates that it either targets a step
downstream of glycoprotein-mediated fusion or that it targets an
aspect of viral entry that is not recapitulated in the HCVpp system
—e.g., capsid disassembly or trafﬁcking of the viral RNA.
Discussion
Using an unbiased, miniaturized cell-based screening system, we
discovered the anti-HCV properties of 33 clinically approved
compounds. Although some of these compounds [e.g., nelﬁnavir
(21), nitazoxanide (22), and MK886 (23)] were known to have antiviral activity, most were unexpected because their clinical indications are unrelated to treatment of viral infection. All of the
antiviral compounds displayed activity at nontoxic concentrations
and therefore may have therapeutic potential, especially because

Fig. 4. Inhibitors of persistent infection display different mechanisms of
action. Intracellular and extracellular infectivity and HCV RNA levels after a
48-h treatment of persistently infected Huh-7 cells with 2′-C-methyladenosine (1 μM) or MK886 (14 μM) (A), pterostilbene (6 μM) (B), or toremifene (4 μM) (C). Data are presented as average and mean error of two
experiments performed in triplicate (n = 6) and are expressed as percentage
of the values obtained in the vehicle-treated (DMSO) cells.
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Fig. 5. Rabeprazole interferes with early steps of viral infection. (A) Huh-7
cells were infected (m.o.i. of 10) with D183 JFH-1 virus in the presence of rabeprazole (20 μM). Intracellular and extracellular infectivity as well as HCV RNA
levels are shown as average and mean error of a representative experiment
performed in triplicate and are expressed as percentage of DMSO-treated
cells. (B) GFP expression reﬂecting subgenomic HCV replicon replication after
transfection into Huh-7 cells in the presence of DMSO or 2′-C-methyladenosine
(1 μM) or rabeprazole (20 μM). Data are expressed as average and mean error
of at least two independent experiments performed in duplicate.
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emifene accumulates in compartments such as lysosomes and transGolgi vesicles, and interferes with virus endocytosis and secretion.
Intriguingly, we could not identify the step of the viral life cycle
targeted by rabeprazole. However, our data suggest that rabeprazole interferes with an early step in the infection, most likely
downstream of entry and upstream of translation of the incoming
HCV RNA—e.g., capsid disassembly or trafﬁcking of the incoming genomes from the mature endosome to the replication
site. Because trafﬁcking of intracellular vesicles depends highly
on ATPases (47), we speculate that viral infection may be aborted
by inhibition of cellular ATPase(s) responsible for the sorting of
incoming viral particles in a postendosomal compartment. If this
is the case, rabeprazole would constitute the ﬁrst example of inhibition of HCV infection at this level and reveal a new step in the
infection that is not identiﬁable in the HCVpp and replicon systems but is potentially amenable to therapeutic intervention.
In summary, the results presented in this study describe a powerful unbiased screening system than can identify inhibitors of every
aspect of HCV infection in cell culture. The main difference with
other screening systems is that the enhanced replication capacity of
the D183 virus (19) and the hypersusceptibility of Huh-7.5.1 c2 cells
(48) enables several rounds of infection to occur within 72 h in
culture, where expression of the viral antigen (E2) after infection at
low multiplicity (m.o.i. of 0.01) not only depends on the ability of the
virus to enter, replicate, and express viral genes, but also in its ability
to spread to other cells, via either cell-to-cell spread (49) or secretion of progeny virus that initiate subsequent rounds of infection.
Thus, our system extends the number of potential targets by interrogating libraries for compounds that inhibit events downstream of
virus-dependent gene expression and that result in inhibition of viral
spread. This is the case for pterostilbene, a compound that would
not have been identiﬁed in systems where progeny virus production
is not considered—i.e., single-cycle screening systems. Despite
these great advantages, the strongest limitation of this assay is that it
is restricted to the JFH1-related genotype 2a infection system, underscoring the need to develop efﬁcient cell culture infection systems for the remaining HCV genotypes.
Finally, the unbiased nature of this cell-based system extends the
potential targets to all of the host cell factors that contribute to
efﬁcient HCV infection and spread, enabling discovery of compounds that interfere with HCV infection by modulating these
factors and are less likely to result in rapid selection of escape
mutants. The discovery of compounds that, like rabeprazole, target currently unapproachable aspects of HCV infection provides
the opportunity and the pharmacological tools to study events in
the viral life cycle that might otherwise remain elusive.
Methods
Library Screening. Compound stock solutions (10 mM in DMSO) were diluted to
a ﬁnal concentration of 20 μM in 100 μl of growth medium (DMEM-10% FCS)
and mixed (1:1) with 100 μl of a virus dilution (2 × 103 infectious focus forming
units (ffu) per mL) in medium. One hundred microliters of this mixture was
used to inoculate 104 Huh-7.5.1-c2 cells per well [multiplicity of infection (m.o.
i.) of 0.01] in a 96-well format (Falcon ﬂat-bottom, 96-well cell culture microplate; BD Biosciences) in duplicate. The cells were incubated at 37°C for 3 days,
after which they were ﬁxed with 4% paraformaldehyde (PFA) for 20 min at
room temperature (RT). PFA-ﬁxed test wells were washed twice with 200 μl of
PBS and incubated with 50 μl of blocking buffer [0.3% Triton X-100/3% BSA/
10% FCS/5% hydrogen peroxide (H2O2) in PBS] for 1 h at RT. The cells were
then washed twice with 200 μl of PBS, and 1 μg/mL anti-E2 antibody [AR3A
(50)] was added in incubation buffer (0.3% Triton X-100/3% BSA in PBS) for 1 h
at RT. The cells were washed four times with 200 μl of PBS and incubated with a
1:15,000 dilution of a goat anti-human IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch) for 1 h at RT. The cells were washed again
four times with 200 μl of PBS and developed by using TMB (Pierce). The reaction was stopped by addition of 50 μl of 0.5 M H2SO4 solution. Absorbance at
450 nm (OD450) was measured directly from the test plate. Every test plate
included control wells with uninfected cells that were used to subtract background values. Colorimetric values were transformed into infection efﬁciency
values by using a standard curve generated by serial 2-fold virus dilutions
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nitazoxanide, the compound displaying the lowest therapeutic index, is currently under clinical evaluation and has been reported to
improve the outcome of standard IFN treatment (22). Therefore,
the compounds described in Table 1 may be worthy of further development. Interestingly, a literature search revealed that toremifene, rabeprazole, and MK886 display antiviral activity in vitro
at concentrations that can be safely achieved in plasma of patients
treated with therapeutic doses of these drugs for other indications
(Table S3). It is important to note, however, that much more information than just dose comparisons is necessary before concluding that these compounds can be used to treat HCV infection in vivo.
For practical reasons, we limited our analysis to a group of 12
compounds with the highest therapeutic indices. Studies performed with HCVpp demonstrated that most of the tested
compounds inhibited viral entry. These compounds display
common structural features and are generically designated as
lipophilic amines or cationic amphiphilic drugs (CAD) (26). Such
compounds are known to be lysosomotropic and to interfere with
multiple cellular processes, including clathrin-dependent endocytosis (40) and, for certain viruses, viral entry (41). Accumulation of these drugs in acidic compartments is thought to occur
by protonation of their tertiary amine at low pH, which impedes
the diffusion of the charged molecule through lipid membranes
(40, 42). Therefore, these compounds act as mild bases and have
the potential to neutralize endosomal pH and to alter the biophysical properties of the membranes in which they are inserted,
resulting in the inhibition of multiple processes occurring in the
targeted compartment (43, 44).
Interestingly, these inhibitors display selective anti-HCV activity relative to VSV-pseudotypes at the assayed concentrations,
suggesting that HCV is particularly susceptible to inhibition by this
class of compounds, some of which inhibit other virus infections,
including VSV, usually at higher concentrations (41). Furthermore, JFH-1 and H77 pseudoparticles displayed differential
susceptibility to these compounds, with H77 requiring higher
compound concentrations for comparable inhibition. Thus, these
compounds revealed intergenotypic differences at the level of
glycoprotein-mediated entry and they constitute chemical tools to
study physicochemical aspects of the entry process. Additional
structure–activity relationship analysis of these compounds must
be carried out to elucidate the basis for their differential potency
against JFH-1 and H77 pseudoparticle entry to reveal potential
differential intergenotypic entry requirements.
MK886 reduced intracellular HCV RNA levels and, consequently, production of progeny virus in persistently infected cells.
Our results indicate that it interfered with HCV RNA replication,
consistent with its previously reported antiviral activity in a different
cell culture infection system (23) and with a report that suggests that
PPAR-α antagonism inhibits HCV RNA replication (34).
Although pterostilbene also reduced infectious virus production in persistently infected cells, it did so without altering
intracellular HCV RNA levels, indicating that it targets a different aspect of the infection, downstream of viral replication,
probably at the level of particle assembly. Studies that address
the precise mode of action of pterostilbene could provide new
insights into the molecular mechanisms underlying infectious
viral particle assembly, an aspect of HCV infection that has not
yet been approached therapeutically.
Toremifene citrate, an estrogen receptor modulator similar to
tamoxifen (45), inhibited multiple steps in the HCV life cycle: most
notably entry and particle secretion with a minor impact on intracellular infectivity and HCV RNA content at the assayed concentrations. Its antiviral activity appears to recapitulate the estrogen
receptor-independent effects of tamoxifen, which disrupts cellular
endocytic and secretory pathways by accumulating in acidic subcellular compartments (46). Because of the structural similarity of
toremifene and tamoxifen, we speculate that, in cell culture, tor-
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starting at 200 ffu per well. Data were considered only if the standard curves
displayed correlation coefﬁcients (r2) above 0.97.
Compound toxicity was determined by evaluating remaining cell biomass
at 72 h after inoculation by crystal violet staining and colorimetry at 570 nm as
described in ref. 51. Compounds resulting in a reduction of the biomass
below ≈70% of that of the controls were considered toxic and discarded for
further analysis.
Additional methods are provided in the SI Methods.
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