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A major obstacle in the treatment of chronic hepatitis C virus (HCV) infection has been the lack of effective,
well-tolerated therapeutics. Notably, the recent development of the HCV cell culture infection system now
allows not only for the study of the entire viral life cycle, but also for the screening of inhibitors against all
aspects of HCV infection. However, in order to screen libraries of potential antiviral compounds, it is necessary
to develop a highly reproducible, accurate assay for HCV infection adaptable for high-throughput screening
(HTS) automation. Using an internally quenched 5-FAM/QXL 520 fluorescence resonance energy transfer
(FRET) substrate containing the HCV NS3 peptide cleavage sequence, we report the development of a simple,
mix-and-measure, homogenous, cell-based HCV infection assay amendable for HTS. This assay makes use of
synchronized, nondividing human hepatoma-derived Huh7 cells, which support more-reproducible long-term
HCYV infection and can be readily scaled down to a 96-well-plate format. We demonstrate that this stable cell
culture method eliminates common problems associated with standard cell-based HTS, such as cell culture
variability, poor reproducibility, and low signal intensity. Importantly, this HCV FRET assay not only can
identify inhibitors that act throughout the viral life cycle as effectively as more-standard HCV assays, such as
real-time quantitative PCR and Western blot analysis, but also exhibits a high degree of accuracy with limited
signal variation (i.e., Z’' = 0.6), providing the basis for a robust HTS campaign for screening compound

libraries and identifying novel HCV antivirals.

Hepatitis C virus (HCV) is an enveloped positive-strand
RNA virus that infects and replicates in the liver of ~170
million individuals worldwide. Although acute infection is typ-
ically asymptomatic, ~80% of patients fail to clear the virus,
resulting in a chronic infection associated with significant liver
disease, including cirrhosis and hepatocellular carcinoma
(HCC) (2). As such, in the United States, HCV-related HCC
accounts for over 50% of HCC cases and over 30% of the liver
transplants that are performed. With no vaccine available to
protect against HCV infection and only a subset of chronically
infected patients responding to current treatment options (1),
there is an obvious and immediate need for new effective HCV
antivirals.

HCV is classified in the family Flaviviridae based on conser-
vation of the viral RNA-dependent RNA polymerase and ge-
nome organization (32). The ~9.6-kb RNA genome encodes a
single open reading frame flanked by highly structured 5’ and
3’ untranslated regions. The 5’ untranslated region contains an
internal ribosome entry site that is required for translation of
an ~3,010-amino acid viral polyprotein, which is proteolyti-
cally cleaved into structural and nonstructural proteins. The
nonstructural viral proteins assemble on cytoplasmic cellular
membranes to form the viral RNA replication complex in
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which negative-strand RNA synthesis is believed to occur (15).
The negative strand then provides the template for ~10-fold
amplification of positive-strand genomic RNA, which can sub-
sequently be used for additional translation, negative-strand
synthesis, or packaging into progeny virus (32).

Since its discovery in 1989 as the causative agent of non-A
non-B hepatitis (10), the viral life cycle and host-virus interac-
tions that determine infection outcome have been difficult to
study because experimental HCV cell culture infection systems
and small animal models have not been available. Nonetheless,
significant advancements in the study of HCV have been made
over the past 19 years using surrogate systems (4), subgenomic
and full-length HCV replicons (6, 7, 20, 33), and pseudotyped
particles (HCVpp) (3). While the HCV replicon and HCVpp
systems were breakthroughs that overcame key experimental
limitations, these systems afforded the study of only viral rep-
lication and entry, respectively, and did not recapitulate the
entire viral life cycle. It was not until 2005 that the genotype 2a
HCV consensus clone (JFH-1) was shown to replicate in the
Huh7 human hepatoma-derived cell line and produce infec-
tious HCV in cell culture (HCVcc) (31, 50, 56), recapitulating
all aspects of the viral life cycle and providing a promising
multifaceted opportunity for drug discovery and high-through-
put screening (HTS).

Although numerous types of HCV replicon-based HTS have
been developed (8, 11, 16, 19, 24, 29, 30, 34, 38, 43, 58), the
need to screen compounds that target all steps of the HCV life
cycle is warranted. As such, in this report we describe the
development of a cell-based HCVce HTS assay for identifica-
tion of HCV antivirals that target any aspect of the viral life



4312 YU ET AL.

cycle, including steps yet to be defined. Rather than using
exogenous or foreign enzymatic reporters to measure HCV
infection, the assay described herein uses NS3 protease activity
as a virally encoded “enzymatic reporter” of HCV infection.
This strategy is based on (i) the observation that NS3 protease
activity parallels HCV infection kinetics and (ii) the ability of
the viral NS3 protein to cleave internally quenched peptide
substrates (5, 21), allowing for quantitative measurement of
NS3 protease activity by fluorescence resonance energy frans-
fer (FRET), which can be easily adapted to an HTS format.
Moreover, to optimize reproducibility and signal intensity
while reducing nonspecific effects that screened compounds
might have on host cell growth, this assay uniquely incorpo-
rates synchronized, nondividing Huh7 cells. Here we show that
the resulting mix-and-measure, homogenous, cell-based HCV
infection assay can identify inhibitors targeting all aspects of
the viral life cycle and exhibits an average assay window with a
Z' factor of greater than 0.6, making it suitable for compound
library screening.

MATERIALS AND METHODS

Cells and viruses. Huh7 cells (56) (also known as Huh7/scr cells [13, 57],
obtained from Francis Chisari at The Scripps Research Institute, La Jolla, CA)
were cultured in complete Dulbecco’s modified Eagle’s medium (cDMEM)
(HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS) (Hy-
Clone), 100 units/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine
(Gibco Invitrogen, Carlsbad, CA) as previously described (56).

The plasmid containing the full-length JFH-1 genome (pJFHI) was kindly
provided by T. Wakita (National Institute of Infectious Diseases, Tokyo, Japan)
and has been previously described (22, 23, 50). Protocols for JFH-1 in vitro
transcription and HCV RNA electroporation have been described elsewhere
(49). The JFH-1 HCVcc viral stock was generated by infection of naive Huh7
cells at a multiplicity of infection (MOI) of 0.01 focus-forming units (FFU)/cell,
using medium from Huh7 cells electroporated with in vitro-transcribed JFH-1
RNA as previously described (56).

Reagents. Recombinant human alpha 2a interferon (IFN-a 2a), IFN-B, and
IFN-y (PBL Biomedical Laboratories, New Brunswick, NJ) were resuspended to
a concentration of 50 U/ul in complete DMEM supplemented with 10% FBS,
aliquoted into single-use tubes, and stored at —80°C. Cyclosporine (CsA) (41)
and naringenin (40) were purchased from Sigma (St. Louis, MO) and resus-
pended to concentrations of 10 mM and 50 mM, respectively, in dimethyl
sulfoxide (DMSO) (Sigma). Mycophenolic acid (MA) (17) (Sigma) was resus-
pended to a concentration of 50 mM in 95% ethyl alcohol. N-Butyldeoxynojiri-
mycin (NB-DNJ) (47) (Sigma) was resuspended to a concentration of 25 mM in
distilled H,O. The nucleoside polymerase inhibitor NM107 (36, 37), a gift from
Michael J. Otto at Pharmasset, Inc., Princeton, NJ, was resuspended to a con-
centration of 10 mM in DMSO (Sigma). Reagents were aliquoted into single-use
tubes and stored at —20°C. Anti-HCV E2 glycoprotein monoclonal antibody
(C1), a gift from Dennis Burton at The Scripps Research Institute, La Jolla, CA,
has previously been described (28, 56). The anti-human CD81 monoclonal an-
tibody was purchased from Serotec (Raleigh, NC). Recombinant HCV NS3/4A
protease was purchased from Anaspec (San Jose, CA). When added to cells, all
reagents were diluted to a specific concentration in cDMEM containing a final
DMSO concentration of 1%. Although the inhibitor concentrations chosen were
in part determined based on previously published reports, it is relevant to note
that these past studies were usually conducted using HCV subgenomic replicons
of various genotypes in actively dividing cells, and thus, the reported 50% inhib-
itory concentrations cannot be directly compared.

The 5-FAM/QXL 520 NS3 FRET substrate (Anaspec) is an internally
quenched peptide with a fluorescent donor (5-carboxyfluorescein [5-FAM]) and
acceptor (QXL) on opposing sides of the NS3 protease cleavage site. This
peptide, like others (12, 21, 25, 35, 43), is modeled upon the NS4A/NS4B
site-derived (DEMEECASHL) depsipeptide substrate (5) and has been used to
identify inhibitors of HCV NS3 protease activity (44). Specific for the 5-FAM/
QXL 520 NS3 FRET substrate, the donor (5-FAM) absorbs energy at 490 nm
and emits energy (i.e., fluorescence) at 520 nm. However, when in close contact
on an intact peptide, the acceptor (QXL) absorbs the 520 nm energy emitted by
the donor, preventing fluorescence. Cleavage of the peptide increases the dis-
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tance between the fluorophores, resulting in proportional 5-FAM fluorescence.
This NS3 FRET substrate allows for enzymatic assays to be performed at high
wavelengths, providing increased fluorescence quantum yield, diminished
autofluorescence (commonly detected with other fluorophores, such as
EDANS), and more sensitivity than other NS3 FRET substrates (12, 21, 25, 35,
43), allowing for the detection of as little as 0.1 pmol of HCV NS3 protease.

Non-HTS HCYV infection kinetics assay. Huh7 cells were seeded at 7 X 10*
cells in each well of a 12-well plate (BD Biosciences, San Jose, CA). At 24 h
postseeding, cells were infected with JFH-1 HCVcc at an MOI of 0.01 FFU/cell
in a total volume of 1 ml cDMEM. Throughout the course of the experiment,
infected cells were trypsinized just before reaching confluence and replated at a
dilution of 1:3 to maintain active cell growth. At indicated times postinfection
(p.i.), medium was harvested from wells for infectivity titration analysis, RNA
was isolated from triplicate wells for reverse transcription followed by real-time
quantitative PCR (RTqPCR) analysis, and protein was isolated for Western blot
(WB) analysis.

RNA isolation and RTgPCR analysis. Total cellular RNA was isolated using
a 1X nucleic acid purification lysis solution (Applied Biosystems, Foster City,
CA) and purified using an ABI Prism 6100 nucleic acid PrepStation (Applied
Biosystems), per the manufacturer’s instructions. One microgram of purified
RNA was used for cDNA synthesis using the TagMan reverse transcription
reagents (Applied Biosystems), and a SYBR green RTqPCR was performed
using an Applied Biosystems 7300 real-time thermocycler (Applied Biosystems).
Thermal cycling consisted of an initial 10-min denaturation step at 95°C followed
by 40 cycles of denaturation (15 s at 95°C) and annealing/extension (1 min at
60°C). HCV JFH-1 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
transcript levels were determined relative to a standard curve comprised of serial
dilutions of plasmid containing the JFH-1 HCV ¢cDNA or the human GAPDH
gene, respectively. The PCR primers used to detect GAPDH and HCV were
human GAPDH (NMX002046) (5'-GAAGGTGAAGGTCGGAGTC-3' [sense]
and 5'-GAAGATGGTGATGGGATTTC-3" [antisense]) and JFH-1 HCV
(AB047639) (5'-TCTGCGGAACCGGTGAGTA-3' [sense] and 5'-TCAGGCA
GTACCACAAGGC-3' [antisense]).

Extracellular infectivity titration assay. Cell supernatants were serially diluted
10-fold in cDMEM, and 100 pl was used to infect, in triplicate, 4 X 10% naive
Huh7 cells per well in 96-well plates (BD Biosciences). The inoculum was
incubated with cells for 24 h at 37°C and then laid over with 150 wl cDMEM
containing 0.4% (wt/vol) methylcellulose (Fluka BioChemika, Switzerland) to
give a final concentration of 0.25% methylcellulose. Seventy-two h p.i., medium
was removed, cells were fixed with 4% paraformaldehyde (Sigma), and immu-
nohistochemical staining for HCV E2 was performed. Briefly, cells were first
incubated with 1X PBS containing 0.3% (vol/vol) hydrogen peroxide (Fisher,
Fairlawn, NJ) to block endogenous peroxidase. After the cells were rinsed three
times with 1X PBS, cells were blocked for 1 h with 1X PBS containing 0.5%
(vol/vol) Triton X-100 (Fisher), 3% (wt/vol) bovine serum albumin (Sigma), and
10% (vol/vol) FBS. The HCV E2 glycoprotein was detected by incubation at
room temperature with 1X PBS containing 0.5% (vol/vol) Triton X-100 and 3%
(wt/vol) bovine serum albumin and a 1:500 dilution of the human monoclonal
anti-HCV E2 antibody C1. Bound C1 was subsequently detected by a 1-h incu-
bation with a 1:1,000 dilution of a horseradish peroxidase-conjugated anti-human
antibody (Pierce, Rockford, IL) followed by a 30-min incubation with an AEC
detection substrate (BD Biosciences). Cells were washed with distilled H,O and
visualized using a Zeiss Axiovert microscope (Carl Zeiss, Germany). Viral in-
fectivity titers are expressed as numbers of FFU per milliliter of supernatant
(FFU/ml), determined by the average number of E2-positive foci detected in
triplicate samples at the highest HCV-positive dilution.

WB analysis. Cells were harvested in 1.25% Triton X-100 lysis buffer (Triton
X-100; 50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 2 mM EDTA) supplemented
with a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN).
Fifty micrograms of protein was resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to Hybond nitrocellulose membranes
(Amersham Pharmacia, Piscataway, NJ). Membranes were sequentially blocked
with 5% nonfat milk, incubated with a 1:1,000 dilution of either a monoclonal
mouse anti-HCV NS3 antibody (clone 9-G2; ViroGen, Watertown, MA) or a
monoclonal mouse anti-HCV core antibody (clone C7-50; Affinity BioReagents,
Rockford, IL), washed three times with PBS-0.05% Tween 20, incubated with
horseradish peroxidase-conjugated goat anti-mouse antibody (Pierce, Rockford,
IL), and washed again. Bound antibody complexes were detected with Super-
Signal chemiluminescent substrate (Pierce).

High-throughput HCVce FRET assay. Huh7 cells were seeded in 96-well
BioCoat culture black plates with clear bottoms (BD Biosciences) at a density of
8 X 10° cells/well in cDMEM. Upon reaching 90% confluence, medium was
replaced with 200 pl cDMEM supplemented with 1% DMSO (Sigma), and cells
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were cultured for an additional 20 days, with the medium replaced every 2 days
as previously described (9, 46). For inhibition experiments, cultures were inoc-
ulated with HCVcc JFH-1 at an MOI of 0.05 FFU/cell. Unless otherwise indi-
cated, uninfected and infected cultures were mock treated or treated with spec-
ified compounds 0, 2, and 4 days p.i. On day 6 p.i., medium was removed from
culture plates and cells were lysed in 50 pl 1.25% Triton X-100 lysis buffer
(Triton X-100; 50 mM Tris-HCI, pH 7.5; 150 mM NaCl; 2 mM EDTA) and
immediately frozen (—80°C). Initially, a panel of lysis buffers and conditions was
rigorously tested to determine the optimal parameters to ensure maximum lysis
with a minimum nonspecific FRET background. Based on these analyses, we
concluded that cultures could be immediately lysed using 1.25% Triton X-100
lysis buffer, without washing them, after removal of phenol-red-containing
cDMEM (see Fig. S1 in the supplemental material).

For FRET analysis, plates were brought to room temperature and then placed
in a Fluostar Optima microplate reader (BMG Labtech, Durham, NC), which
automatically injects into each well 50 wl of the 5-FAM/QXL 520 NS3 FRET
substrate (Anaspec), diluted to a final concentration of 5 uM. Then 5-FAM
dequenching was measured at 490 nm (excitation) and 520 nm (emission) for 20
cycles in kinetic mode. Reported relative fluorescence units (RFU) were deter-
mined by end-point analysis of RFU at approximately cycle 20, at which the
average signal-to-noise ratio was 86.

Cytotoxicity assay. As an important secondary screen for cytotoxicity, the
Toxilight bioassay kit (Lonza, Walkersville, MD), a bioluminescence-based assay
which measures adenylate kinase (AK) released from damaged cells, was used to
assess drug-induced cellular toxicity, per the manufacturer’s instructions. Briefly,
20 pl of supernatant was collected on day 6 p.i. and transferred to white 96-well
plates (BD Biosciences). One hundred pl of AK detection reagent was then
added to each well, and luminescence, expressed as relative light units (RLU),
was measured (Fluostar Optima).

Calculations. All RFU and RLU values were background subtracted (1.25%
Triton X-100 lysis buffer alone and medium alone, respectively). RFU values
from nontreated HCV-infected wells and RLU values from Triton X-100-treated
wells were considered 100% maximum activity. Signals from other wells are
expressed as a percentage of the appropriate maximum. The Z’ was calculated
using the equation 1 — [(30.4 + 30._)/(kes — Me—)], Where 3o, is the standard
deviation of the signal (nontreated), 3o, is the standard deviation of the back-
ground (treated), ., is the average RFU of the signal (nontreated), and . _ is
the average RFU of the background (treated).

RESULTS

HCV NS3 protein levels parallel HCVcc infection kinetics.
NS3 protease activity has previously been shown to be an
accurate readout for HCV replication in replicon-based cell
culture systems, providing the same calculation of the 50%
effective concentration for IFN-@ inhibition as that obtained by
RTqPCR analysis of replicon RNA (43). To determine if viral
protein levels can also be used to monitor HCVcc infection,
the kinetics of HCV protein accumulation in Huh7 cells in-
fected with HCVcc at an MOI of 0.01 FFU/cell was assessed by
WB analysis and compared to HCV RNA expansion and de
novo production of infectious HCVcc. Fig. 1A illustrates that
HCV RNA levels and infectious virus production correlate
well with HCV protein levels (Fig. 1B), in particular those of
NS3, suggesting that it is possible to use NS3 protease activity
as a virally encoded “enzymatic reporter” of HCVcc infection,
rather than using a genetically engineered HCVcc encoding an
exogenous reporter, such as luciferase (26, 48, 55).

NS3 FRET signal increases linearly with intracellular NS3
protein levels. To verify the feasibility of using FRET to quan-
titatively measure HCV NS3 protein levels, we first confirmed
that NS3-dependent cleavage of an internally quenched pep-
tide substrate would produce a FRET signal linear with the
amount of NS3 present. Purified recombinant NS3/4A pro-
tease was serially diluted and incubated with the 5-FAM/QXL
520 NS3 FRET peptide substrate, and NS3 FRET activity was
measured. As shown in Fig. 2A, the FRET signal increased

CELL-BASED HCV INFECTION FRET ASSAY 4313

< 108 108 3
2Z 1071 1107 &
5F 1007 T10° £
T § 105 + t10° =
8 o 1041 104 =
ERC TSR 1103 8
B2 1021 1102 T
c 2 4914 Ligt &
g3 10 10" €
£2 1004 100 3

—— ————— S}
e -- Core

e R
Days p.i.

FIG. 1. HCV NS3 protein accumulation parallels infection kinetics.
(A) Huh7 cells were infected with JFH-1 HCVcc at an MOI of 0.01
FFU/cell. Culture supernatant, intracellular RNA, and cellular protein
were collected at the indicated times p.i. Intracellular HCV RNA was
analyzed by RTqPCR and is displayed as HCV RNA copies/ug total
cellular RNA (means = standard errors of the means; n = 3). Infec-
tivity titers, expressed as FFU/ml, were determined by immunohisto-
chemical analysis of 10-fold serially diluted culture supernatants on
naive Huh7 cells. The lower limit of detection of the assay was 10
FFU/ml. (B) HCV NS3, core, and cellular actin protein levels were
determined by WB analysis.

with increasing amounts of purified NS3, revealing a linear
correlation (Fig. 2A, inset; R* = 0.999) between NS3 protein
levels and FRET activity. To determine if such a linear corre-
lation could be achieved with intracellular NS3 protein, NS3
FRET activity was determined using lysates from serially di-
luted sgJFH-1 replicon cells or Huh7 cells infected with
HCVcc JFH-1 at increasing MOIs (0.05, 0.10, 0.50, and 1.0
FFU/cell). Similar to the results obtained using purified
NS3/4A protease, the FRET assay exhibited a linear signal
(Fig. 2B and C; R* = 0.996 and 0.999, respectively) relative to
intracellular NS3 protease concentrations.

Cell-based HCYV infection assay. Having identified a suitable
assay readout, we next sought to define the optimal cell culture
conditions necessary for a cell-based HCV infection HTS as-
say. Since cell culture variability and nonspecific effects of
compounds on cell growth can be a problem for cell-based
HTS, particularly for HCV-based assays where confluence and
changes in the state of the host cell can have a negative effect
on viral replication (42, 45, 46, 51), we chose to utilize nondi-
viding Huh7 cells for our cell-based HCV infection assay. As
previously described (46), treatment of Huh7 cells with 1%
DMSO for 20 days induces cell growth arrest, allowing nondi-
viding, HCV-permissive Huh7 cells to be maintained at a sta-
ble cell number for extended periods of time (>100 days) (Fig.
3). Importantly, we show here that when replicate 96-well
cultures of nondividing, G,-synchronized Huh7 cells were in-
fected with HCVcc at an MOI of 0.05 FFU/cell, high repro-
ducibility between wells was observed with HCV NS3 protein
(FRET) and RNA (RTqPCR) at day 6 p.i. (Fig. 4A) and de
novo infectious virus titers at days 3, 5, 7, and 25 p.i. (Fig. 4B),
thus minimizing the well-to-well variability commonly associ-
ated with cell-based HTS assays, which typically utilize rapidly
dividing unsynchronized cell cultures.



4314 YU ET AL. ANTIMICROB. AGENTS CHEMOTHER.
60,000 60,000 60,000
50,000 1 = [F=025, 50,000 - s 0967 50,000
30000 /
> 40,000 40,000 1 200 // 40,000
|0l‘.02 /
& 30,000 30,0001  ocvo seecs 16v05 zEsod 30,000
20,000 20,000 20,000
10,000 10,000 10,000
04 04 0
\p) N N Q N o Q S Q
Q; 3 S Q Q S N 3 R
N v o) S S : ) ;
& =S RS r:r’), Q(;_) \"'JQ Q Q Q

NS3 (Units) HCVcc JFH-1 (MOI)

FIG. 2. FRET signal increases linearly with NS3 protein levels. (A) Recombinant NS3 standard curve showing NS3-dependent cleavage of
quenched peptide substrate produces FRET signal proportional to NS3 levels. One unit of NS3 equals 3.036 ng of recombinant NS3/4A. (B) Serial
dilutions of sgJFH replicon cell lysate (equal to 8 X 10° to 1.5 X 10° cells) exhibit FRET signals linear to cell numbers. (C) Huh7 cells infected
with increasing MOIs (0.05, 0.1, 0.5, and 1.0 FFU/cell) of HCVcc JFH-1 and lysed at day 6 p.i. exhibit FRET signals proportional to the infection
MOI. Shown are the relative fluorescent units (RFU) minus the HCV-negative background detected at cycle 20. Insets represent linear
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representation of data and R? values.

To determine assay conditions under which HCV NS3 pro-
tease activity can be used to quantitatively assess HCVcc in-
fection progression, the kinetics of NS3 protease activity in
DMSO-treated Huh7 cells was assessed after infection with

1. Seed cells at 80% Confluency

2. Supplement media with 1% DMSO

3. Culture cells for 20 days

Steady State Cell Number

increasing MOIs of HCVcc. Specifically, nondividing cultures
of Huh7 cells were infected with HCVcc at an MOI of 0.01,
0.05, or 0.1 FFU/cell, and HCV RNA levels and NS3 protease
activity were measured daily for 10 days by RTqPCR and
FRET, respectively (Fig. 5A). As expected, HCV RNA levels
increased exponentially from day 1 to day 8 p.i. in an MOI-
dependent manner, reaching steady-state levels of ~1 X 107
copies/ug RNA by days 6 to 8 p.i. Likewise, HCV NS3 protease
activity, as determined by 5-FAM dequenching, also demon-
strated a steady increase through day 10 p.i. (Fig. 5A) and then,
like HCV RNA levels, remained at a constant plateau level at
later time points that were examined (data not shown). Nota-
bly, similar to that of HCV RNA expansion, a linear increase
in HCV NS3 protease activity up to day 8 p.i. at MOlIs of 0.01
and 0.05 (R* = 0.999 and 0.989, respectively) was observed.
When plotted as a function of one another (Fig. 5B), a linear
correlation between HCV RNA expansion and NS3 protease
activity was observed (R* value = 0.983), confirming that HCV
NS3 protease activity directly parallels HCV RNA expansion
over an extended period in which quantitative end-point HTS

50 analyses of HCV infection can be performed.
:’g Low-MOI HCVcc HTS FRET assay can quantitatively iden-
x40 HHHF=T11 tify inhibitors that target any aspect of the HCV life cycle.
g Based on the ability to reproducibly perform low-MOI HCV
530 HHHHHF infection over several days in nondividing Huh7 cells, we
£ designed a novel HCV infection HTS assay whereby com-
=220 mlninlninim pounds are added during the exponential phase of HCV
§ spread throughout the culture, with NS3 protease activity be-
= 10 ‘H’ mininininlm ing assessed at day 6 p.i. after multiple rounds of infection and
CEll reinfection (Fig. 6A). The rationale is that, unlike studies

0 l':
202 4 6 810141820100
Days Post DMSO Treatment

FIG. 3. Diagram of the nondividing Huh7 cell culture system. To
establish nondividing cultures, Huh7 cells are seeded at 80% conflu-
ence on collagen-coated plasticware. Upon reaching 90% confluence,
media are replaced with complete DMEM supplemented with 1%
DMSO, and cultures are incubated for an additional 20 days. Six days
after the initiation of DMSO treatment, cultures reach steady-state cell
numbers.

which use a high-MOI approach and are limited to a single
cycle of virus replication, inhibitors that target any aspect of
the viral life cycle (e.g., entry, replication, assembly, egress, and
spread) should be detectable using a low-MOI approach. To
validate this HTS experimental design (Fig. 6A), we compared
the ability of the cell-based FRET assay to identify inhibitors
of HCV to those of standard RTqPCR and WB analyses and
also confirmed that the low-MOI 6-day experimental strategy
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FIG. 4. Reproducibility of HCV infection in nondividing Huh7 cell cultures. Huh7 cells were plated in a 96-well format, DMSO-treated for 20
days, and then infected with HCVce JFH-1 at an MOI of 0.05 FFU/cell. (A) HCV RNA and NS3 protease activity were measured 6 days p.i. in
42 replicates. Intracellular HCV RNA was analyzed by RTqPCR and displayed as HCV RNA copies/pg total cellular RNA. NS3 protease activity,
expressed as RFU, was determined by FRET analysis. (B) HCVcc infectivity titers on days 3, 5, 7, and 25 p.i., expressed as FFU/ml, were
determined by immunohistochemical analysis of 10-fold serially diluted culture supernatant replicates on naive Huh7 cells.

could effectively detect inhibitors that target any aspect of the
viral life cycle.

First, using known HCV inhibitors (17, 36, 41, 56), we simply
tested whether the HCV NS3 FRET assay was able to identify
HCYV inhibitors analogous to those of non-HTS assays, such as
RTqPCR (Fig. 6B) and WB (Fig. 6C). For this, we used IFN-q,
-B, and -y and three HCV replication inhibitors: the immuno-
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FIG. 5. NS3 FRET analysis of HCVcc infection in nondividing
Huh7 cells. (A) Huh7 cells were plated in a 96-well format, DMSO
treated for 20 days, and then infected with HCVcc at MOIs of 0.01
(diamonds, white bars), 0.05 (squares, black bars), and 0.1 (circles, gray
bars) FFU/cell. On indicated days p.i., triplicate wells were harvested.
Intracellular HCV RNA was determined by RTqPCR (lines), and NS3
protease activity was monitored by FRET analysis (bars). Results are
graphed as mean = standard error of the mean. (B) Linear represen-
tation of HCV copies/pug RNA versus RFU generated from data points
corresponding to cultures infected with HCVcc at an MOI of 0.05
FFU/cell. R? value was determined from data points corresponding to
days 1 to 8 p.i.
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suppressive drugs CsA (41) and MA (17) and the HCV-specific
nucleoside polymerase inhibitor NM107 (36, 37). Impressively,
in the case of IFN-a and -B and CsA, both the NS3 FRET
assay and RTqPCR indicated over 98% inhibition. Likewise,
both assays measured a comparable inhibition range of 74 to
93% for IFN-y, MA, and NM107. While less quantitative in
nature, WB analysis of NS3 proteins levels also nicely paral-
leled the NS3 FRET protease activity detected, demonstrating
equivalency between the HCV NS3 FRET assay and standard
analyses in accurately identifying HCV inhibitors at the level of
percentage of inhibition.

To confirm that our low-MOI (e.g., 0.05-FFU/cell) 6-day
infection strategy would effectively identify inhibitors that tar-
get any aspect of the viral life cycle (e.g., entry, replication,
assembly, egress, and spread), we further measured HCV NS3
activity following treatment of cells with a panel of HCV an-
tivirals shown to target different aspects of the viral life cycle
(17, 36, 40, 41, 47, 56). As illustrated in Fig. 6A, DMSO-Huh7
cells were infected with HCVcc at 0.05 FFU/cell; compounds
were added either at the time of infection (co-) or 2 days p.i.
and replenished every 2 days over the 6-day assay; and HCV
RNA and NS3 protein levels were measured by RTqPCR and
by FRET, respectively, 6 days p.i. Notably, when added either
at the time of infection (Fig. 6D) or 2 days p.i. (see Fig. S2 in
the supplemental material), all tested inhibitors efficiently re-
duced both HCV RNA replication and NS3 protease activity to
equivalent levels; however, as expected, the effect of inhibitors
that targeted HCV entry (i.e., a-CD81 and «-E2) was less
pronounced when added p.i. (see Fig. S2 in the supplemental
material).

In addition, since secondary toxicity screens are a necessary
component of any HTS campaign, we incorporated a lumines-
cence-based cellular toxicity assay (ToxiLight; Lonza) to assess
compound-mediated cytotoxicity. Notably, since this assay
quantitatively measures AK release into the culture medium
from damaged cells, cellular toxicity and FRET can be mea-
sured from the same well by simply removing 20 wl of the
culture medium prior to cell lysis (Fig. 6A). Using this assay,
we confirmed that none of the compounds tested exhibited any
nonspecific cytotoxic effect, compared to a positive control
culture treated with 10% Triton X-100 (see Fig. S2 in the
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FIG. 6. Quantitative identification of inhibitors that act throughout
the HCV life cycle. (A) HTS experimental design. (B) DMSO-Huh7
cells were infected with HCVcce at 0.05 FFU/cell and treated with 2.5
uM CsA, 100 U/ml IFN-a, 100 U/ml IFN-B, 100 U/ml IFN-y, 10 puM
MA, or 18.5 uM NM107. Compounds were added at 2 days p.i. and
were replenished in fresh medium at day 4 p.i. At day 6 p.i., triplicate
cultures were assayed for HCV RNA levels by RTqPCR and for NS3
protein levels by FRET. Data are presented as a percentage of mock-
treated cells. (C) HCV NS3 and cellular actin protein levels in parallel
cultures were determined by WB analysis. (D) DMSO-Huh7 cells were
infected with HCVcc at 0.05 FFU/cell and treated with HCV inhibitors
that act at different stages of HCV infection: 50 pg/ml «-CD81, 100
pg/ml a-E2, 2.5 uM CsA, 250 U/ml IFN-B, 18.5 uM NM107, 200 .M
naringenin, and 500 wM NB-DNJ. Compounds were added at the time
of infection and were replenished every 2 days over the 6-day assay. At
day 6 p.i., triplicate cultures were assayed for HCV RNA levels by
RTqPCR and for NS3 protein levels by FRET. Data are presented as
a percentage of mock-treated cells.

supplemental material). Thus, these data together demon-
strate the utility of this cell-based HCVcc HTS assay for iden-
tifying inhibitors that target all aspects of the viral life cycle and
the compatibility of the assay design for assessing compound-
mediated cytotoxicity.
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FIG. 7. HCV FRET assay Z' analysis. (A) The Z’ equation used to
measure the distance between the standard deviations for the positive
(signal) and negative (noise) controls of the assay (o, standard devia-
tion; p, average; C*, positive controls; C~, negative controls). (B to D)
Graphical representation of FRET signal (RFU) from three represen-
tative plates (n = 46 separate samples) used to calculate the Z’ per
plate. HCV-infected 96-well plates containing untreated and treated
samples were analyzed. IFN-B (250 U/ml) was used as a positive
inhibitor of HCV replication, as it consistently and reproducibly re-
duced NS3 protease activity. The standard deviations and the number
distribution between the end-point signals obtained for the controls
(untreated) versus the background (IFN treated) were measured, and
the Z' statistic was calculated.

Statistical validation of HCV FRET assay performance. The
quality of an HTS assay can be determined according to its
primary goal, which is to distinguish hits from nonhits. The Z'
statistic is a measure of the distance between the standard
deviations for the positive (signal) and negative (noise) con-
trols of the assay. This value not only reflects the size of the
window between the positive and negative controls but also
assesses the noise/error associated with the control assays. To
determine the Z' value of our cell-based HCVcc FRET assay,
full plates containing untreated and treated samples were an-
alyzed. IFN-B was used as a positive control inhibitor of HCV
replication, and the Z' value was calculated using the equation
shown in Fig. 7A. The data for three representative plates are
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graphically plotted (Fig. 7B to D), showing the respective Z’
values of 0.604, 0.643, and 0.654 obtained for each plate and an
average signal-to-background ratio of 7. Notably, similar Z’
values (i.e., =0.6) were obtained when CsA was used as an
alternate inhibitor (data not shown). Taken together, these
data indicate an acceptable signal-to-noise window and there-
fore satisfy the criteria for an HTS assay.

DISCUSSION

In this study we report the development of a FRET-based
low-MOI HCVcc infection assay suitable for HTS of compound
libraries. By combining the recently developed infectious HCV
cell culture system (31, 50, 56) and novel nondividing Huh7 cell
culture system (9, 46) with a sensitive FRET-based readout for an
endogenous, virally encoded enzyme, we have established an HTS
platform that offers several distinct advantages over previously
reported HCV drug discovery strategies, as discussed in detail
below.

Cell-based HCV enzymatic reporter assay. A fundamental
consideration for screening libraries of potential HCV antiviral
compounds is the development of an assay that is sensitive,
cost effective, and easily adapted to automation. Although
analysis of HCV RNA levels by RTqPCR and infectious par-
ticle secretion by limited dilution assays are accurate determi-
nants of HCVcc infection, these assays are not readily amena-
ble to HTS. As such, HCV replicon and HCVcce constructs with
exogenous foreign reporters, such as luciferase, secreted alka-
line phosphatase, chloramphenicol transferase, beta-lacta-
mase, or beta-galactosidase, have been developed widely as
alternative ways of measuring HCV replicon replication (14,
18, 27, 39, 52, 53) and HCVcc infection (55) for HTS. Al-
though many of these enzymatic reporter-based assays have
been adapted for HCV replicon-based HTS campaigns, inher-
ent issues such as specificity (i.e., effect of compound on re-
porter expression/function) and the effects that foreign se-
quences might have on HCV infection (e.g., decreases in HCV
infection efficiency) can be even more problematic when de-
veloping an HCV-based enzymatic-reporter HTS assay. There-
fore, alternatives to foreign enzymatic reporters would be pref-
erable for the advancement of cell-based HCVcc HTS.

To address this issue, we adapted an NS3-based FRET assay
originally reported by O’Boyle et al. in 2005 in which they used
HCV NS3 protease activity as a “virally encoded reporter” in
an HCV replicon-based system (43). However, rather than
using NS3 protease activity as a means to quantify reduction in
HCV steady-state levels analogous to the O’Boyle replicon
system, we determined that NS3 protease activity parallels
HCYV infection kinetics (Fig. 1 and 5) and designed a low-MOI
infection assay approach in which all aspects of the viral life
cycle could be monitored by NS3 protease activity. To achieve
the signal necessary for a 96-well or smaller format, we incor-
porated a more sensitive 5-FAM/QXL 520 NS3 FRET sub-
strate, which offers increased fluorescence quantum yield, with
reduced cell background autofluorescence. Using this sub-
strate, we confirmed that the FRET signal that was produced
was linear with the amount of NS3 present and that NS3
protease activity could be measured quantitatively throughout
infection (Fig. 2 and 5), allowing us to conclude that NS3
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protease activity is an acceptable endogenous reporter for as-
saying HCVcc infection in vitro.

Ability to detect compounds that inhibit any aspect of HCV
infection. Unlike HCV replicon systems that specifically assay
viral RNA replication, the infectious HCV cell culture system
recapitulates all aspects of the viral life cycle, such as binding,
entry, uncoating, translation, replication, assembly, matura-
tion, and egress. This is a considerable advantage, as it pro-
vides the opportunity to identify compounds that inhibit any
step in the viral life cycle (Fig. 6). Notably, however, while in
vitro virus screening assays are often performed at a high MOI
(e.g., 10 to 20 FFU/cell) over a short period of time, resulting
in a synchronized single-cycle round of viral replication, which
maximizes signal and minimizes cell culture variability over
time, this approach is biased, in that inhibitors of entry and
replication are more readily identified than compounds that
inhibit later viral infection processes, such as maturation,
egress, and any subsequent cell-to-cell spread. To avoid this
predisposition and capitalize on the opportunity that the in-
fectious HCV cell culture system presents, our HTS campaign
(Fig. 6A) is uniquely based on a low-MOI (e.g., 0.05 FFU/cell)
6-day infection assay during which multiple rounds of the com-
plete viral life cycle are required for spread of HCV through-
out the culture, corresponding with a proportional linear in-
crease in NS3 protein accumulation (Fig. 5A and B).
Importantly, HCVcc does not grow to extremely high titers in
vitro; therefore, this approach also represents a very practical
solution, in that less viral inoculum is needed to achieve a
sufficiently high signal for detection.

Use of nondividing, synchronized cell cultures for HTS. A
critical key to the successful development and execution of our
low-MOI, 6-day infection assay was the incorporation of non-
dividing Huh7 cells (Fig. 3). Not only does the growth-arrested
steady-state nature of these cells virtually eliminate the com-
plications inherent in cell-based HTS assays, such as cell cul-
ture-related variability from well to well (Fig. 4), it additionally
allows for high reproducibility and robust HCV infection over
an extended period of time rather than only a few days (Fig. 4B
and 6), making it feasible to adapt longer-term HCV infection
strategies for HTS, a feature not previously afforded by other
HCV-based HTS assays (16, 19, 24, 55).

The use of these well-characterized (9, 46), nondividing
Huh7 cell cultures also imparts several other potential advan-
tages. Aside from the ease with which these ready-for-use
cultures can be maintained and their inherent tolerability of
the common compound library diluent DMSO, a more tangi-
ble benefit is that these cell cultures are resistant to many
of the nonspecific effects some compounds can have on the
growth and viability of actively dividing cell cultures, which
routinely result in false-positive hits. While this certainly does
not eliminate the need to screen for compound cytotoxicity,
the fact that the cultures are maintained in a quiescent non-
proliferating state does make additional secondary screens to
monitor compound-mediated effects on cell growth unneces-
sary. Lastly, culturing Huh7 cells under these nondividing con-
ditions also results in enhanced Huh7 cell differentiation, with
the upregulation of liver-specific gene expression (9, 46) and
hepatocyte-specific phase I and phase II drug metabolism func-
tions (9). The use of metabolically active cells would prove
highly beneficial when screening prodrug compounds, which
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need to be metabolized to an active form in order to exert their
potential antiviral effect. Hence, while all the benefits that
these more physiologically relevant nondividing Huh7 cell cul-
tures may contribute to our HTS HCV drug discovery efforts
are still unknown, it is clear that the advantages are numerous
and significant.

Cell-based HCVcc FRET assay performance. Because a cen-
tral feature of our HTS assay relates to the identification of
inhibitors that target all steps in the viral life cycle, we not only
compared the performance of the assay to those of standard
RTqPCR and WB analyses to determine the equivalency be-
tween the assay methods, but also validated the assay by testing
compounds that target HCV entry, replication, or egress. Im-
portantly, inhibitors targeting all aspects of the HCV viral life
cycle scored positively using the HCVcec FRET assay, and the
level of inhibition achieved was comparable to that obtained by
RTqPCR and/or WB analysis (Fig. 6B to D). As might be
expected, we observed that the ability to detect inhibitors of
HCV entry was more dependent on whether compounds were
added coinfection or p.i. (i.e., 0, 2, and 4 versus 2 and 4 days
p.i.) compared to that of inhibitors targeting postentry steps
(replication and egress). Notably, however, the fact that inhi-
bition was still observed when treatment with entry inhibitors
was initiated 2 days p.i. further attests to the effectiveness of
the low-MOI HTS approach we have adopted (see Fig. S2 in
the supplemental material).

While the iminosugar NB-DNJ has been shown to inhibit
HCVcc Jel spread by ~80% in Huh7.5-infected cells presum-
ably by affecting viral glycoprotein glycosylation, here we ob-
served a more modest effect by RTqPCR and FRET analysis.
This difference in potency may be due to differences in the
basal activity levels of and/or intracellular competition for the
related cellular processes in nondividing versus dividing Huh7
cell cultures or differences in the HCV clones utilized. If in-
deed, nondividing hepatocytes are less sensitive to perturba-
tions in the protein glycosylation pathway, this might represent
an example of how the use of nondividing Huh7 cells might be
advantageous for identifying compounds more likely to be
effective in vivo. Alternatively, because the Jcl is an intrage-
notypic JFH-1 chimera that expresses envelope glycoproteins
from the HCV J6 clone, it may be that strain-specific variability
within the viral glycoproteins results in differential susceptibil-
ity to the inhibitory effects of NB-DNJ. The latter possibility
highlights a fundamental issue inherent in any HCV HTS cam-
paign and demonstrates why incorporation of secondary
screens utilizing HCVcc chimeras expressing genotypically di-
verse glycoproteins into any HCVcc-based HTS assay would be
prudent to ensure identification of inhibitors of all genotypes.

Lastly, we determined the accuracy of our HTS assay by
measuring the Z' factor. The Z' factor is a value that measures
the quality of an HTS assay by assessing the dynamic range
of the assay as well as the variation within the assay by mea-
suring the distance between the standard deviations for the
positive (signal) and negative (noise) controls. This value also
assesses the noise/error associated with the assay. For an HTS
to be considered accurate, a Z' value of greater than 0.5 is
necessary. In our study, the Z' values achieved using the
HCVcc FRET assay were consistently greater than 0.6 (Fig. 7),
which is particularly important for fluorescence-based assays
which typically have lower signal-to-background ratios (54).
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Taken together, these data indicate that the HCVcc FRET
HTS assay is an accurate and reproducible system with low
variability and highly suitable for HTS.

In summary, our study describes the first cell-based HCVcc
FRET assay, which incorporates nondividing Huh7 cells and
allows for the identification of inhibitors that target all aspects
of the viral life cycle. Since it is also highly compatible for
measuring compound-mediated toxicity, this unique cell-based
HCVcc FRET HTS assay should therefore facilitate the rapid
identification and development of new and novel HCV thera-
peutics. Notably, with the design of alternative peptide sub-
strates, this HTS strategy could also be readily applicable for
the screening of antiviral compounds against other viruses
which encode an endogenous protease (e.g., human immuno-
deficiency virus, dengue, enteroviruses, Norwalk virus, rhino-
virus, severe acute respiratory syndrome coronavirus, rubella,
and others).
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