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Therapy for hepatitis C virus (HCV) infection has advanced with the recent approval of direct-acting antivirals in combination
with peginterferon and ribavirin. New antivirals with novel targets are still needed to further improve the treatment of hepatitis
C. Previously reported screening methods for HCV inhibitors either are limited to a virus-specific function or apply a screening
method at a single dose, which usually leads to high false-positive or -negative rates. We developed a quantitative high-through-
put screening (qHTS) assay platform with a cell-based HCV infection system. This highly sensitive assay can be miniaturized to a
1,536-well format for screening of large chemical libraries. All candidates are screened over a 7-concentration dose range to give
EC;,s (compound concentrations at 50% efficacy) and dose-response curves. Using this assay format, we screened a library of
pharmacologically active compounds (LOPAC). Based on the profile of dose-dependent curves of HCV inhibition and cytotoxic-
ity, 22 compounds with adequate curves and EC,s of <10 pM were selected for validation. In two additional independent as-
says, 17 of them demonstrated specific inhibition of HCV infection. Ten potential candidates with efficacies of >70% and CCj,s
(compound concentrations at 50% cytotoxicity) of <30 wM from these validated hits were characterized for their target stages in
the HCV replication cycle. In this screen, we identified both known and novel hits with diverse structural and functional features
targeting various stages of the HCV replication cycle. The pilot screen demonstrates that this assay system is highly robust and

effective in identifying novel HCV inhibitors and that it can be readily applied to large-scale screening of small-molecule

libraries.

Hepatitis C virus (HCV) infection affects approximately 200
million people worldwide (1). The majority of HCV-infected
patients fail to clear the virus, and many progress to chronic liver
diseases, including cirrhosis with a risk of developing hepatocel-
lular carcinoma. Recent development of direct-acting antivirals
(DAAs) against HCV, such as telaprevir and daclatasvir, still re-
quires combination with peginterferon and ribavirin for maximal
efficacy (2). New agents are needed to develop therapy that is not
based on peginterferon because of its various limitations.

Most of the assay development to screen for anti-HCV com-
pounds has focused on enzymatic functions of virus-encoded pro-
teins, such as viral protease and polymerase. Screening based on
various enzymatic assays has led to the discovery of HCV-specific
DAAs (3). However, targeting a specific viral protein can be asso-
ciated with rapid emergence of drug-resistant viral mutations, as
shown by studies of monotherapy with these DAAs (4). Cell-based
screening of anti-HCV molecules has also been conducted with
the HCV replicon system (5, 6), which involves only the RNA
replication step of the viral replication cycle and cannot target
other viral infection steps, including viral entry, processing, as-
sembly, and secretion (7, 8). Phenotypic screening with a cell-
based infectious HCV system would cover potential drug targets
at all stages of the HCV replication cycle. Targeting multiple key
steps in the viral replication cycle not only increases antiviral effi-
cacy, but also reduces the emergence of drug resistance (9).

Previously, we and others developed a highly robust cell cul-
ture system for infectious HCV (HCVcc) (10). Further studies
demonstrated that reporter genes can be genetically engineered
into certain locations of the HCV genome without impairing the
viability of the virus (11). Several groups have reported cell-based
HCV infection systems for the screening of HCV inhibitors in
various assay formats (12—-15). Gastaminza et al. developed a col-

February 2014 Volume 58 Number 2

Antimicrobial Agents and Chemotherapy p. 995-1004

orimetric assay measuring HCV E2 protein produced by HCV-
infected cells in a 96-well plate format (12). Using this method, the
group identified compounds that target multiple aspects of the
HCV replication cycle in the screen of the NIH Clinical Collection
library, composed of 446 clinically approved molecules. Chocka-
lingam et al. developed a method that reports HCV infection via a
cell death phenotype by introducing an HCV NS3-4A protease-
cleavable derivative of the proapoptotic factor Bid, mBid, into the
HCV-permissive cell line Huh7.5 (14). In the system, an HCV
inhibitor could rescue the cells from the HCV-induced cytopathic
effect. Based on the ability of the HCV NS3 protease to cleave
synthetic peptides containing the enzyme’s natural viral cleavage
sites, Yu et al. applied a cell-based hepatitis C virus infection flu-
orescence resonance energy transfer (FRET) assay for antiviral-
compound screening (13). Using a luciferase reporter that is di-
rectly inserted into the HCV genome, Wichroski et al. adapted the
infection system in a 384-well format for the screening of HCV
inhibitors (15).

Because of the limitations of their respective reporter activities,
all the above-mentioned systems have limited throughput for
compound screens. They may be useful for screening small com-
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FIG 1 Cre-Lox HCV reporter platform for cell-based HTS assay. (A) Schematic representation of HCV-Cre and pCAG-LoxPGluc constructs. The junctional
sequences containing two NS3-NS4A cleavage sites (arrows) flanking the Cre gene are shown. (B) Diagram of HCV-Cre infection and Gluc production in

Huh7.5.1.LoxPGLuc cells.

pound collections but are not feasible for high-throughput
screening (HTS) of large compound libraries with millions of
compounds.

In this study, we developed a cell-based HCV infection system
with a highly sensitive Gaussia luciferase (Gluc) reporter for de-
tection of viral infection. This unbiased phenotypic approach cap-
tures the entire HCV replication cycle that is amenable to HTS.
This cell-based HCV infection assay has been miniaturized into
1,536-well plates and validated in a pilot screen of a commercially
available chemical library.

MATERIALS AND METHODS

Cells and chemicals. The HCV-permissive human hepatoma cell line
Huh7.5.1 and other Huh7-derived cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Invitrogen) with 10% fetal bovine serum
(FBS) and antibiotics in 5% CO, at 37°C. Cyclosporine, 2'-C-methylcyt-
idine, ribavirin, and the library of pharmacologically active compounds
(LOPAC) containing 1,280 compounds were purchased from Sigma-Al-
drich. All chemicals were dissolved in dimethyl sulfoxide (DMSO) at 10
mM as a stock solution.

Generation of a Cre-Lox-based reporter system for the detection of
HCV infection. A Cre-Lox-based reporter platform was established to
detect HCV infection in cell culture. The platform is composed of two
parts: the HCV-Cre virus and the LoxPGluc cell line (Fig. 1). HCV-Cre
was constructed by inserting the Cre DNA recombinase gene into the
HCV genome (J6/JFH1 clone) between the NS5A and NS5B genes. The
HCV NS3 serine protease cleavage signal sequence (TTVCCSMSY) was
engineered to flank both ends of the Cre gene. First, a two-step PCR was
employed to introduce an Mlul and a BglII restriction site with two flank-
ing HCV NS3 cleavage signal sequences, one on the 5" side of Mlul and the
other on the 3" side of BgIII, into the juncture between NS5A and NS5B. In
the first step, two pairs of primers, NS5A-7358-F (5'-ATATCAGAAGCC
CTCCAGCA-3")/NS5A-BglII-Mlul-5AB-R  (5'-CGTCTCAGATCTGGA
CGCGTCATAAGACATGGAGCAGCACACGGT-3") and NS5B-Mlul-Bg-
III-5AB-F (5'-TCTTATGACGCGTCCAGATCTGAGACGACCGTGTG
CTGCTCCATG-3')/NS5B-8569-R  (5'-CGCTAGGGCTTTCACATAGC-
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3"), were used to produce two fragments. Then, a second overlap PCR was
performed using the two amplified fragments as templates and NS5A-
7358-F and NS5B-8569-R as primers. The final PCR product was digested
with RsrIl and SnaBI and cloned back into the original pJ6/JFH1 plasmid.
A Cre fragment (1,032 bp) with Mlul and BglII restriction sites attached
on both ends was then inserted into the newly created pJ6/JFH1 to obtain
pJ6/JFH1-NS5A/B-Cre (pHCV-Cre), in which a Cre recombinase gene
was flanked on both ends by authentic NS3 cleavage signal sequences,
DTTVCCSMSY at the 5" end and ETTVCCSMSY at the 3’ end (Fig. 1A).
The LoxPGluc cell line was produced by transfecting a Gluc expression
vector (pCAG-LoxPGluc) into HCV-permissive Huh7.5.1 cells and se-
lected by G418 resistance. The Gluc expression vector was constructed by
cloning the Gluc reporter gene into a Cre/LoxP-controlled conditional
expression cassette, pPCALNL5 (16). pCALNLS5 contains a CAG promoter,
a synthetic promoter consisting of the cytomegalovirus (CMV) early en-
hancer and a chicken B-actin promoter (17), and an intervening sequence
flanked by two LoxP sites after the promoter. The intervening sequence
contains signals for transcriptional termination and has been used for the
regulation of gene expression of both mammalian cell lines and transgenic
mice (18, 19). The Gluc gene was obtained from pCMV-Gluc (New Eng-
land Biolabs) by Sacl and Notl digestion and cloned into the Sacl and
Smal sites of pCALNLS to generate pCAG-LoxPGluc, in which Gluc ex-
pression is driven by the CAG promoter and regulated by LoxP (Fig. 1A).
After transfection of pCAG-LoxPGluc into the cells, individual clones
were selected with G418 (100 pg/ml) and characterized by HCV core
immunofluorescent staining and luciferase reporter activity upon HCV-
Cre infection. The clone supporting the highest level of HCV infection
(determined by HCV core positivity) and luciferase activity was amplified
and stocked for HTS assay.

After infection of the Huh7.5.1.LoxPGLuc cells with HCV-Cre, Cre
recombinase specifically recognizes the LoxP sequence and efficiently re-
moves the intervening stop sequence (18). Gluc is then produced and
secreted under the control of the CAG promoter (Fig. 1B). Thus, the
luciferase activity of the HCV-Cre-infected cell reflects the level of HCV
infection and replication.

Production of HCV and pseudoviral particles. Plasmid cDNA en-
coding a wild-type (WT) HCV J6/JFH1 clone (HCV-WT), HCV with the
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Renilla luciferase gene at the 3’ end of p7 (HCV-Luc), or HCV-Cre was
linearized with Xbal and in vitro transcribed with T7 RNA polymerase.
The production of HCV-WT, HCV-Luc, and HCV-Cre was conducted by
transfecting 20 pg of in vitro-transcribed mRNA encompassing the whole
HCV genome into 2 X 10° Huh7.5.1 cells in 10-cm dishes using the
transfection reagent DMRIE-C (Invitrogen). The cells were passaged ev-
ery other day from day 3 after transfection. The culture media containing
virus were collected daily, filtered through 0.22-pm low-protein-binding
filters, and aliquoted; had their titers determined; and were stored at
—80°C until use. An envelope-deficient retroviral HIV vector carrying a
luciferase reporter gene (pNL4-3.Luc.R-E-) and the plasmid pHEF-VSVG
encoding envelope proteins of vesicular stomatitis virus (VSV)-G were
obtained from the NIH AIDS Reagent Program (Division of AIDS,
NIAID, NIH). pNL4-3.Luc.R-E- was originally from Nathaniel Landau
(20). pHEF-VSVG was from Lung-Ji Chang (21). Plasmids encoding
HCV genotype la envelope proteins were kindly provided by Stuart Ray
(Johns Hopkins University). Pseudotyped viruses (VSV-Gpp and
HCVpp-1a) were produced by cotransfection of DNA vectors encoding
the respective envelope glycoproteins with pNL4-3.Luc.R-E- at a 1:1 ratio
into 293T cells, as described previously (22, 23).

Compound library preparation and quantitative HTS (qQHTS) assay.
A LOPAC consisting of 1,280 known compounds was serially diluted in
DMSO at a 1:5 ratio to give seven stock concentrations ranging from 0.64
M to 10 mM in 384-well plates. Then, these compounds were reformat-
ted at 7 pl/well into 1,536-well plates as compound source plates.

The cell-based HCV infection assay was miniaturized in the 1,536-well
plate format for HTS. A qHTS using the cell-based HCV infection assay
was performed as described previously using a fully automated robotic
screening system (Kalypsys, San Diego, CA) (24). Briefly, LoxPGluc cells
were plated in white cell plates at a density of 750 cells/well in 3 pul of
medium and cultured for 16 h. The LOPAC compounds were added to the
cell plates at 23 nl/well using a Pintool station (Waco, San Diego, CA),
followed by addition of 2.5 wl/well HCV-Cre-containing medium (at a
multiplicity of infection [MOI] of ~0.05). The final compound concen-
trations incubated with cells ranged from 2.68 nM to 42 wM. A serial
dilution of the known HCV inhibitor cyclosporine was included in each
plate as a positive control. Two days after compound treatment and viral
infection, cells were harvested for detection of HCV infection by luciferase
assay, and 4.5 pl of premixed assay buffer with substrate (Renilla luciferase
assay kit; Promega) was added directly to the cell culture medium of each
well. After 10 min of incubation at room temperature, the luciferase signal
was detected in a luminescence plate reader (PerkinElmer). The signal-to-
basal (S/B) ratio and Z' factor (a measure to evaluate the suitability of an
assay for HTS) were calculated from means and standard deviations of the
positive and negative controls (SD, and SD,, respectively) as follows: Z" =
1 — 3 X (mean, + mean,)/ISD, — SD,|.

Secondary confirmation assays of primary hits. Primary hits of
LOPAC screening were selected and confirmed by HCV-Luc and 2-part
HCV-WT infection assays. Huh7.5.1 cells were seeded in 96-well plates
(10* cells/well) and cultured overnight, followed by infection with HCV-
Luc, together with 10 pM each compound. Inhibition of HCV was ana-
lyzed with the luciferase assay kit 48 h after HCV-Luc infection. The 2-part
HCYV infection assay was performed as described previously (25). Briefly,
Huh7.5.1 cells were plated in 384-well plates (3,000 cells/well) and in-
fected with HCV-WT (part 1). After 48 h, the medium was replica plated
onto a new plate with Huh7.5.1 cells for infection as the part 2 experiment.
The cells from part 1 were then fixed with 4% paraformaldehyde and
stained with anti-HCV core 6G7 monoclonal antibody, followed by an
anti-mouse Alexa Fluor 488 secondary antibody (Invitrogen). The cell
nuclei were counterstained with Hoechst dye (Invitrogen). The cells were
imaged with a fluorescent cell imager and analyzed with Metamorph Cell
Scoring software (Molecular Devices Inc.). Forty-eight hours after the
transfer of the part 1 supernatant, the cells of part 2 plates were stained for
HCYV core expression and imaged as in part 1.
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HCV entry and replication assays. The HCV entry assay was per-
formed with HCVpp-1aand VSV-Gpp infection. Huh7.5.1 cells seeded in
96-well plates (10* cells/well) were cultured overnight. Then, the cells
were pretreated with 10 wM the compounds or DMSO (negative control)
in 5 replicates for 10 min, followed by infection of HCVpp-1a and VSV-
Gpp for 4 h. The cells were then washed and cultured in medium for 48 h,
followed by a luciferase assay to detect HCV entry into cells.

HCV replicon genotype 2a with a Renilla luciferase reporter was tested
for HCV replication against the selected compounds. Huh7.5.1 cells were
plated into a 96-well plate (10* cells/well) and incubated overnight. Then,
the cells were transiently transfected with the replicon mRNA with
DMRIE-C for 4 h. After removing the transfection reagent, the cells were
incubated with DMEM containing 10 wM each compound or DMSO
control in 5 replicates. The cells were harvested for luciferase assay after
48-h compound treatment.

HCYV single-cycle infection assay. A single-round infectious defective
HCV particle (HCVsc) generated by a replicon trans-packaging system
was used for the HCV single-cycle infection assay (26). HCVsc can infect
and replicate but does not assemble new virions. Thus, the system allows
the distinction of viral entry/replication from assembly/secretion. The
infectious HCVsc was generated by cotransfecting pHH/SGR-Luc, a bi-
cistronic subgenomic reporter replicon with a Pol I promoter/terminator,
and a HCV-core-NS2 expression plasmid (both plasmids were provided
by Tetsuro Suzuki). The assay was performed in 96-well plates with cul-
tured Huh7.5.1 cells. The cells were inoculated with the infectious HCVsc,
together with the tested compounds. The luciferase activity of the cells was
measured 48 h after the compound treatment.

Cytotoxicity assay. Since general cytotoxicity of compounds can in-
terfere with cell-based assays, we carried out a parallel ATP content assay
(ATPlite assay kit; PerkinElmer) under the same conditions as the lucif-
erase assay to monitor the cytotoxicity of the compounds. Briefly, after the
cells were incubated with the compounds, an equal volume of ATP con-
tent assay mixture containing cell lysis buffer, firefly luciferase, and lucif-
erase substrate (5 pl/well for 1,536-well plates and 100 pl/well for 96-well
plates) was added to each well. After 15 min of incubation at room tem-
perature, the plates were read in a luminescence plate reader.

Data analysis. Primary screen data and curve fitting were analyzed
with customized software developed internally (27). The maximal re-
sponse (100% activity) was set as the response to 10 uM cyclosporine and
the basal response (0% activity) as the response to the DMSO control. The
efficacy of a compound refers to the highest response standardized to the
maximal response to cyclosporine (as defined above) and is derived from
the concentration-response curve where the inhibition reaches the pla-
teau of maximal response. The EC;, (compound concentration at 50%
efficacy) and CCs, (compound concentration at 50% cytotoxicity) values
of compounds in the confirmation assays were calculated from the dose-
response curves by nonlinear regression analysis using Prism software
(GraphPad Software, San Diego, CA).

RESULTS

HCV-Cre induces robust Gluc production in reporter cells suit-
able for the HTS format. To generate a reporter system that is
simple and highly sensitive with minimal assay steps, we chose the
secretive Gaussia luciferase (Gluc) as a reporter, because it pro-
duces a higher luminescence signal than Renilla luciferase. This
Gluc reporter is a secreted form of luciferase that can be detected
easily without cell lysis. Initially, a number of recombinant HCV's
with genetically engineered insertion of the Gluc gene in various
locations of the viral genome (the 5" end, between p7 and NS2, or
between NS5A and NS5B) were generated. However, none of
them produced sufficient luminescence signals for HTS assay in
1,536-well plates (data not shown). We then developed a binary
system for highly sensitive detection of HCV infection using the
Cre-Lox system (18). A Gluc-containing Huh7.5.1 cell line was
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FIG 2 HCV-Cre and HCV-WT replicate and infect similarly in Huh7.5.1 cells. (A) HCV RNA levels from culture media collected at various times following
transfection of in vitro-transcribed HCV-Cre or HCV-WT RNA were quantified by real-time PCR analysis. The amount of HCV in the media is expressed as copy
numbers of HCV RNA/ml. (B) Naive Huh7.5.1 cells plated in 12-well plate were infected with 100 pl of HCV-Cre and HCV-WT media collected at various times
following transfection. Total RNAs were isolated from both the media and cells at 48 h after infection. The HCV RNA was quantified by real-time PCR analysis.
(C) Naive Huh7.5.1 cells plated on 96-well plates were inoculated with serial dilutions of culture supernatant collected at various times following HCV RNA
transfection, as indicated. After 3 days, the cells were processed for HCV core immunofluorescent staining (examples are shown below). HCV core-positive foci
were counted, and the number of FFU of each virus was calculated as FFU/ml. (D) Induction of Gluc activity in LoxPGluc cells following HCV-Cre infection.
Huh?7.5.1.LoxPGLuc cells plated on 96-well plates were inoculated with HCV-Cre-containing medium (10 pl/well) harvested at various times following
HCV-Cre mRNA transfection. The Gluc activity, defined as relative luciferase units (RLU), of the cultured medium was measured at 48 h after HCV-Cre
infection. The data at each time point are means and standard errors of the mean (SEM) from 5 replicates. (E) Correlation between the multiplicity of infection
(MOI) of HCV-Cre and Gluc activities. Huh7.5.1.LoxPGLuc cells plated on 96-well plates were inoculated with various titers (MOI) of HCV-Cre as indicated.
Forty-eight hours after HCV-Cre infection, 10 .l of culture medium was transferred to an assay plate, and the Gluc activity was measured. The data are means

+ SEM from 5 replicates.

generated in which Gluc expression was silenced, due to the inter-
vening sequence flanked by the LoxP sites (Fig. 1). Upon infection
by the recombinant HCV-Cre, the intervening sequence was re-
moved by the Cre recombinase, and Gluc was expressed and de-
tected in the medium.

Based on our previous experience, we inserted the Cre gene
between NS5A and NS5B in the HCV genome. To demonstrate
that insertion of the Cre gene in this location does not have a
major deleterious effect on HCV replication and infectivity, viral
replication and production of infectious virus were compared be-
tween HCV-Cre and HCV-WT (Fig. 2A to C). Following transfec-
tion of the HCV RNAs, the levels of HCV secreted into the medium
were similar in HCV-Cre and HCV-WT (Fig. 2A). Reinfection of
naive Huh7.5.1 cells with the same medium also demonstrated that
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HCV-Cre produced amounts of intracellular and extracellular HCV
RNASs similar to those of HCV-WT (Fig. 2B).

Following reinfection of naive Huh7.5.1 cells with the virus-
containing medium, viral infectivity was analyzed by HCV core
immunofluorescent staining. HCV-Cre and HCV-WT had simi-
lar levels of infectious viral particles, as reflected by the number of
focus-forming units (FFU)/ml (Fig. 2C). These results suggest that
HCV-Cre replicated and produced infectious virus similarly to
HCV-WT. Therefore, HCV appears to tolerate insertion of a for-
eign gene between NS5A and NS5B, which is consistent with pre-
vious publications (28).

To determine if the luminescence signals of the HCV-Cre—
LoxPGluc system are suitable for HTS, HCV-Cre harvested at var-
ious days posttransfection was tested for the ability to induce Gluc
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FIG 3 The HCV-Cre-LoxPGluc system is suitable for gHTS. (A) Huh7.5.1.LoxPGLuc cells were seeded in a 1,536-well plate at a density of 750 cells/well and
infected with 2.5 pl of HCV-Cre (MOI, 0.05). Gluc activity was measured 2 days after viral infection. The horizontal lines and error bars represent means = SEM.
Columns 1 to 21 are HCV-infected cells only (treated with DMSO control). In columns 22 to 24, HCV-infected cells were treated with 3 known HCV inhibitors,
ribavirin (100 pg/ml), 2'-C-methylcytidine (10 wM), and cyclosporine (10 wM). The dotted lines indicate the approximate range of Gluc signals within the
standard errors of all the columns. (B) Dose-dependent response of HCV inhibition by 2’-C-methylcytidine and cyclosporine in 1,536-well plates. The cells were
treated with 1:2 serial dilutions of the compounds starting at 20 M. The results shown are representative of 3 independent experiments.

production in the LoxPGluc cells. The Gluc activity in the medium
of LoxPGluc cells at 48 h after HCV-Cre infection in 96-well plates
was measured (Fig. 2D). HCV-Cre harvested at 2 days posttrans-
fection started to show Gluc induction activity in the LoxPGluc
cells. HCV-Cre harvested between day 4 and day 7 produced the
highest levels of Gluc induction. The Gluc activity started to de-
cline later and remained at a measurable level for HCV-Cre har-
vested up to day 10 posttransfection. The results indicate that
HCV-Cre harvested between days 4 and 10 is optimal to infect
LoxPGluc cells for robust Gluc reporter activity. Furthermore, we
demonstrated that the Gluc signals correlate well with the infec-
tious titers of HCV-Cre (Fig. 2E).

Assay development and miniaturization. As shown above,
HCV-Cre efficiently infects Huh7.5.1.LoxPGLuc cells and pro-
duces a high level of Gluc reporter activity in 96-well plates. The
assay system was then miniaturized into the 1,536-well plate for-
mat for HTS. To optimize the assay conditions in 1,536-well
plates, various cell densities (500, 750, 1,000, and 1,250 cells/well)
and incubation times (0 h, 4 h, 8 h, and 16 h after plating the cells)
prior to viral infection were examined. We found that cells seeded
at a density of 750 cells/well and cultured overnight before viral
infection yielded the most consistent and highest Gluc signal (data
not shown).

To determine the robustness of this assay in the 1,536-well
format, the S/B ratio and Z' factor were examined. In multiple
repeated experiments, the S/B ratios were typically above 40 and
the Z' factors were above 0.6 (Fig. 3A). The reproducible dose-
response curves of two known HCV inhibitors, cyclosporine (29,
30) and 2'-C-methylcytidine (31), were generated in the 1,536-
well plate format (Fig. 3B). Together, the results indicate that this
assay is robust in the 1,536-well plate format and thus suitable
for HTS.

Pilot qHTS of LOPAC. To further validate the HTS assay sys-
tem, we performed a quantitative HTS on the LOPAC. All the
compounds were assayed in 7 concentrations (2.68 nM to 42 uM)
at a 1:5 serial dilution, and each assay plate contained a dose-
response curve of the control inhibitor cyclosporine. The S/B ratio
and Z' value were consistent and robust in all plates, with minimal
plate-to-plate variation. The primary screen data were analyzed to
generate concentration-response curves with four curve classes
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(24). Class 1 curves are well fitted (+* = 0.9) and have both upper
and lower asymptotes with either complete response (efficacy,
>80%) or partial response (30 to 80%). Class 2 curves are incom-
plete, with only one asymptote. Class 3 curves display activity only
at the highest tested concentration and have an efficacy of >30%.
Class 4 curves have low (efficacy, <30%) or no response and were
deemed inactive (24).

Based on the curve classes, 123 compounds with concentra-
tion-dependent curves of class 1 or 2 in the luciferase assay (active
in HCV inhibition) and class 3 or 4 in the ATPlite assay (low or no
toxicity) were selected as the primary hits (see Table S1 in the
supplemental material). The primary hits were used as an initial
pool for further selection of potential candidates for lead com-
pounds according to compound potency and the maximal inhib-
itory response obtained from the concentration-response curves.
Among them, the 22 most active compounds with EC5,s under 10
M were selected for the secondary confirmation and validation
screens (Table 1 and Fig. 4).

Confirmation of the primary hits. The 22 most active com-
pounds selected from the primary screen were examined in two sec-
ondary assays, including the HCV-Luc infection assay with 10 wM
compounds in a 96-well plate format (Table 1) and a parallel cyto-
toxicity assay. Three of these compounds produced significant cyto-
toxicity and were excluded from further follow-up assays. The other
19 compounds were confirmed to inhibit R-Luc activities in the
HCV-Luc assay without significant cytotoxicity (Table 1).

A second compound confirmation assay was then performed
using the two-part HCV infection with HCV core immunofluo-
rescent staining (25). Because the wild-type HCV was used to
infect cells instead of the recombinant HCV, the assay helped to
eliminate the false-positive compounds that might inhibit the lu-
ciferase reporter nonspecifically. The two-part HCV infection as-
say can also help determine whether the inhibitor is targeting the
early or late stage of the HCV replication cycle (25), as an early-
stage inhibitor exhibits dose-dependent inhibition in both parts of
the assay and a late-stage inhibitor typically shows more potent
inhibition in the part 2 assay. Two hits were eliminated because of
minor inhibitions in both parts of the infection assay. Overall, 17
compounds out of the 22 primary hits were confirmed in the
above-mentioned secondary assays, with a confirmation rate of
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TABLE 1 Summary of hits from primary screen and secondary validation assays

Primary screen

Secondary validation screen

2-Part HCV infection core-

Gluc assay ATPlite assay staining assay

Curve  ECsq Efficacy  Curve CCs, Part 1 Part 2
Primary hit class (M) (%) class (M) HCV-Luc assay®  ATPlite assay” (ECso [WM])  (ECsq [kM])
Amperozide hydrochloride 2 7.31 922 4 >42.0 11.9 £5.38 92.3 £3.09 1.70 2.49
Anthraquinone 1 3.66 83.0 3 25.9 0.310 = 0.0900 74.5 £ 13.8 >30.0 >30.0
Benztropine mesylate 2 3.66 55.7 4 >42.0  12.6 = 2.63 82.0 £ 6.16 2.55 2.65
BIO 1 2.06 70.1 4 >42.0 1.29 = 0.610 88.1 £ 15.5 >30.0 6.48
cis-(Z)-flupenthixol dihydrochloride 2 2.06 73.9 3 20.6 4.77 * 1.49 97.8 = 10.9 1.23 0.319
Cyclosporine 1 1.16 85.6 4 >42.0  0.512 * 0.0600 95.6 * 13.6 0.321 0.301
Diacylglycerol kinase inhibitor I 2 5.80 84.7 4 >42.0 354=*163 102 *+ 8.87 12.6 0.541
Dilazep hydrochloride 2 8.20 116 4 >42.0 549 =297 80.3 * 9.86 4.56 4.38
Ellipticine” 1 3.26 90.3 4 >42.0  0.440 = 0.140 0.250 = 0.0600  NA? NA
Emetine dihydrochloride hydrate” 1 0.210  85.6 3 25.9 0.360 = 0.0150 35.6 = 2.12 NA NA
Fiduxosin hydrochloride 2 9.20 103 3 25.9 1.18 = 0.850 100 = 2.70 2.87 1.15
Flunarizine dihydrochloride 1 1.64 73.5 3 41.1 27.6 = 9.41 82.0 = 8.59 0.613 0.270
GR 127935 hydrochloride hydrate 1 2.59 86.7 3 16.4 0.780 * 0.690 78.8 £ 10.8 0.444 0.463
GW2974 2 9.20 94.8 4 >42.0 7.68 = 3.76 91.3 £ 6.99 17.0 19.5
Perphenazine 2 7.31 113 3 16.4 0.810 * 0.400 73.6 * 6.65 4.56 431
Quinacrine dihydrochloride 2 5.80 94.9 3 20.6 0.510 = 0.230 78.5 = 1.20 2.93 2.81
Ritanserin 1 1.84 93.3 4 >42.0  1.46 = 1.09 91.5 * 14.1 4.84 2.95
Roscovitine 2 8.20 90.5 4 >42.0 275=*11.8 97.2 £ 10.3 24.6 19.0
SB 242084 dihydrochloride hydrate 2 9.20 93.5 3 32.6 32.0 232 84.8 * 15.0 10.8 4.25
Thioridazine hydrochloride 2 6.51 83.2 3 20.6 29.1 = 8.39 98.4 = 9.97 2.16 1.96
Trifluoperazine dihydrochloride® 2 4.11 85.2 3 16.4 291 = 2.02 99.2 + 3.62 29.7 19.1
U-73343° 1 1.46 74.8 3 >42.0 0940 = 1.22 0.860 * 0.960 NA NA

“ Significant cytotoxicity in the ATPlite assay of the validation screen at a concentration of 10 uM.

¥ Discrepant results between the Luc-based assay and HCV core-staining assay.

¢ Compounds were tested at 10-uM concentration. The numbers (means = SD) are percentages of the DMSO control from 5 replicates.

4 NA, not applicable.

78% (Table 1). Two compounds, BIO [(2'Z,3"E)-6-bromoindiru-
bin-3"-oxime] and diacylglycerol (DAG) kinase inhibitor I,
showed significantly greater inhibitory effects in part 2 and mini-
mal effect in part 1 (Fig. 5), suggesting that they target the late
stage of the HCV replication cycle. A few other compounds, like

ritanserin, also showed a modestly more potent effect in part 2
than in part 1 and are discussed below.

Characterization of validated hits by HCV replication cycle
assays. In order to select potential lead compounds for further
consideration, the following criteria were applied: an EC, of <10
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FIG 4 Dose-dependent curves of primary-hit compounds with ECys of <10 wM, efficacies of >70%, and CCsys of >30 uM from qHTS of the LOPAC. HCV
inhibition (symbols and lines in black) was determined by Gluc activity and cytotoxicity (symbols and lines in gray) by ATPlite assay. The figures were plotted based on
the results of nine 1,536-well plates of cultured LoxPGLuc cells infected with HCV-Cre and 7 serial dilutions (from 2.56 to 40 uM) of LOPAC compounds as described
in Materials and Methods. Two sets of identically treated plates were used in the analyses, one for Gluc activity and the other for cytotoxicity by ATPlite assay.
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FIG 5 A two-part HCV infection assay shows distinct patterns between HCV
early-stage and late-stage inhibitors. Huh7.5.1 cells cultured in 96-well plates
were infected with HCV-WT (MO], 0.05), together with compounds in 1:3
serial dilutions starting at 30 wM (part 1). Culture media were transferred to a
replica plate with fresh cells after 48 h of culture (part 2). Cells from both parts
were processed for HCV core immunofluorescent staining. Cell nuclei were
counterstained with Hoechst dye, and percentages of HCV core-positive cells
were calculated and normalized against the DMSO control and plotted as
dose-dependent curves. Representatives of 2 early-stage inhibitors (flunarizine
and cyclosporine) and late-stage HCV inhibitors (BIO and DAG kinase inhib-
itor I) are shown. The data are means = SEM from 8 replicates.

M, an efficacy of =70%, and a CCs,, of >30 M. A subset of 10
compounds, including cyclosporine (0.78% of the LOPAC), were
selected for further characterization (Table 2). Their structures are
shown in Fig. 6. The HCV pseudoviral particle (HCVpp) resem-
bles HCV, has the same envelope proteins as HCV, and presum-
ably enters the cell via a similar mechanism (32). Using HCVpp,
we studied these 10 compounds for their effects on HCV entry.

TABLE 2 Characterization of lead hits in the HCV replication cycle

High-Throughput Screening of Anti-Hepatitis C Virus Compounds

Dilazep hydrochloride and roscovitine inhibited HCVpp infec-
tion (<<50% of the DMSO control) at 10 wM concentration (Table
2) and were classified as HCV entry inhibitors. Using the HCV
subgenomic replicon assay, we tested the effects of these 10 com-
pounds on HCV replication. We found that SB242084 and cyclo-
sporine significantly inhibited HCV replicon activities (Table 2).

In the HCV single-cycle infection assay, the virus lacks the
ability to assemble into new infectious virions after going through
entry and replication steps (26). As expected, the two late-stage
inhibitors (BIO and DAG kinase inhibitor I) identified from the
two-part HCV infection assay showed minimal effects in this assay
and also had no significant effect on either HCVpp infection or
replicon activity (Table 2). Due to structure similarity (Fig. 6),
ritanserin and DAG kinase inhibitor I probably target the same
step of the viral replication cycle, i.e., assembly/secretion. Our data
are consistent with ritanserin acting on a late stage of the HCV
replication cycle (Tables 1 and 2), but it probably also has some
effect on the early stage of the HCV replication cycle. Amperozide
hydrochloride and flunarizine dihydrochloride could not be spe-
cifically assigned to a single stage of the HCV replication cycle
because they appeared to inhibit multiple stages of the HCV rep-
lication cycle.

DISCUSSION

In this study, we report the development of a novel quantitative
HTS assay platform using a cell-based HCV infection system for
identification of novel HCV inhibitors. A pilot screen of LOPAC
using this assay platform not only yielded active compounds tar-
geting cellular pathways involved in the HCV replication cycle,
but also identified novel inhibitors whose mechanism of action
has yet to be elucidated. Through systematic characterization of
these compounds, we have demonstrated that some of the con-
firmed inhibitors target various stages of the HCV replication cy-
cle. Therefore, this novel assay platform provides a phenotypic
approach for HTS to identify antivirals against HCV.

Recently, several groups have reported cell-based HCV infec-
tion systems for the screening of HCV inhibitors in various assay
formats (12-15). Traditionally, HTS was performed at a single
fixed concentration of each candidate compound, which is prone
to false positives and false negatives and requires extensive fol-
low-up studies. It becomes particularly cumbersome for screening
libraries exceeding 100,000 compounds, where thousands of pri-

b

Entry Replication” Single cycle”
Primary hit” HCVpp VSV-Gpp (replicon) (HCVsc) Target stage®
Amperozide hydrochloride 107 = 29.9 105 * 33.6 94.3 * 40.9 11.0 * 8.05 Undetermined
BIO 104 * 31.9 115+ 17.2 88.3 £ 34.8 55.3 = 0.360 Assembly/secretion
Cyclosporine 47.5 £ 21.5 87.0 * 14.0 0.750 * 2.06 0.750 = 0.310 Replication
Diacylglycerol kinase inhibitor I 80.2 = 19.1 73.8 £ 19.7 110 * 26.4 50.1 * 8.87 Assembly/secretion
Dilazep hydrochloride 385+ 155 87.9 = 9.60 61.0 = 6.12 2.87 + 2.67 Entry
Flunarizine dihydrochloride 124 + 304 88.3 + 13.1 94.4 * 14.6 14.9 £ 7.60 Undetermined
GW2974 65.7 £ 32.5 94.0 = 20.2 123 =543 36.5 £ 2.48 Entry?
Ritanserin 87.9 =233 76.4 = 29.7 68.9 + 24.0 56.4 = 2.91 Assembly/secretion
Roscovitine 455 * 233 82.9 = 21.0 109 * 33.7 27.0 = 19.0 Entry
SB 242084 dihydrochloride hydrate 119 = 32.5 79.4 229 30.7 = 21.3 124 £1.22 Replication

@ All the compounds were tested at 10 uM concentration.
¥ The numbers (means = SD) are percentages of the DMSO control from 5 replicates.

¢ Determination of the specific target stage of the HCV replication cycle is based on various virologic assays (<50% of the control was considered significant).
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FIG 6 Chemical structures of lead compounds selected for characterization of their targeting stages in the HCV replication cycle.

mary hits may need to be selected for confirmation after primary
screens. The gHTS approach, with a dose-response curve for each
compound in the primary screen, produces potency and maxi-
mal-response data for the primary hits that allow structural
grouping and early structure-activity analysis of the active com-
pounds (24). The hit selection for the confirmation experiments is
based on more logical criteria and a small set of selected hits,
which can accelerate the hit-to-lead discovery process. Our new
HCV assay can be performed in a 1,536-well plate format that is
suitable for qHTS of large compound collections.

To generate a highly sensitive HCV reporter system that meets
the requirement for qHTS, we utilized the Cre-LoxP system to
further amplify the reporter signal, where Cre was inserted into
the HCV genome and the LoxPGluc reporter gene was perma-
nently introduced into the HCV-permissive Huh7.5.1 cells (Fig.
1). Conceivably, a few HCV-Cre enzymes can result in the gener-
ation of large numbers of Gluc molecules, thus amplifying the
reporter signal. As expected, the system greatly increased the sen-
sitivity of detection and allowed us to perform the experiment in
1,536-well plates.

In the system, it is crucial that HCV-Cre is robust in both
infection and replication. It is worth noting that insertion of Cre
between NS5A and NS5B in the HCV genome does not signifi-
cantly alter the infectivity and replication of HCV in Huh7.5.1
cells (Fig. 2A), consistent with previous publications (28). The
small size of the Cre gene (~1 kbp) is also an advantage.

Because of the high sensitivity of the reporter activity, the
HCV-Cre-LoxPGluc system has a high S/B ratio that is routinely
over 40 in the 1,536-well plate format. The wide dynamic range
more than overcomes the usually high variation associated with
cell-based assays. This feature also contributes to the high Z’ fac-
tor of the assay (consistently above 0.6). By using known HCV
inhibitors, cyclosporine and 2’-C-methylcytidine, we demon-
strated that the platform is very robust and sensitive for the HTS of
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HCV inhibitors. In addition, a typical dose-response curve can be
generated in the system, and therefore, it is suitable for the gHTS
format.

Our pilot screen with the Sigma LOPAC containing 1,280
compounds with known pharmacological activities further dem-
onstrated the feasibility and validity of our system for gHT'S assay.
In compounds exhibiting profiles of robust HCV inhibition and
low cytotoxicity based on the dose-dependent curves, we selected
22 primary hits with EC5ys of <10 uM for confirmation. Except
for 3 compounds showing substantial toxicity and 2 possibly non-
specific inhibitors of the Luc reporter, 17 of them were validated
with two independent assay systems. Additionally, 10 of the com-
pounds also met the criteria of an efficacy of >70% and a CCs, of
<30 wM, more stringent criteria for the selection of lead com-
pound candidates. These results with the pilot screen suggest that
the HCV-Cre-LoxPGluc system is not only quantitatively effi-
cient, but also highly specific.

One of the validated hits was cyclosporine, a known inhibitor
of HCV replication, and its derivative is currently under clinical
development (33). Several compounds, such as DAG kinase in-
hibitor I and GW 2974, target cellular pathways that have been
implicated in the HCV replication cycle. DAG kinase is an impor-
tant factor involved in lipid droplet biogenesis (34, 35). Lipid for-
mation plays a crucial role in HCV replication and assembly (36,
37). GW 2974 is an inhibitor of epidermal growth factor receptor
(EGFR). EGFR has been implicated in the HCV entry pathway
(38). Ritanserin and SB 242084 are 5-HT2 receptor antagonists
that are used for the treatment of neurological disorders (39-41).
Flunarizine is a nonselective calcium entry blocker with histamine
H1 receptor-blocking activity (42), and amperozide is an atypical
antipsychotic with high affinity for 5-HT2 receptors (43). These
compounds have not been shown to target any steps of the HCV
replication cycle and therefore may be explored as new HCV ther-
apeutic agents with potentially novel mechanisms.
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Several other compounds possess highly inhibitory activities
against HCV (EC;,, <10 pM) but have unacceptable toxicity (a
CCs, of <30 uM or a CCs/ECs, selectivity of <30). One of them
is fluoxetine hydrochloride, which is a serotonin reuptake inhib-
itor used clinically as an antidepressant (44). Prochlorperazine
dimaleate, used clinically as an antiemetic, is an inhibitor of actin
polymerization and has been shown to block HCV infection (12).
Rottlerin, an inhibitor of Na™/H™ exchange and macropinocyto-
sis, has been shown to be important in the entry processes of
several viruses but so far not for HCV (45). Chloroquine, a lyso-
somotropic agent known to inhibit HCV entry by interfering with
clathrin-mediated endocytosis (46) and HCV replication by tar-
geting virus-associated autophagy (47), was not included in our
validation list due to its relatively low efficacy (ECs, = 23.11 pM)
in our primary screen. This pilot screen demonstrated that this
HCV infection assay system can be applied to identify novel HCV
inhibitors and is suitable for qHTS.

This cell-based HCV infection assay encompasses the entire
HCYV replication cycle and therefore is suitable for identification
of compounds targeting either host factors or the virus at multiple
stages of the HCV replication cycle. With various tertiary assays to
characterize the potential lead compound hits from the LOPAC,
we showed that the targets of these anti-HCV compounds include
all stages of the HCV replication cycle. Therefore, the screening
platform developed here provides an unbiased screen of com-
pounds that cover the entire viral replication cycle and should
greatly enhance the likelihood of identifying novel HCV inhibi-
tors from large-scale screens of small-molecule libraries.
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