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Virus infection of host cells is sensed by innate pattern recognition receptors (PRRs) and induces produc-
tion of type I interferons (IFNs) and other inflammatory cytokines. These cytokines orchestrate the elim-
ination of the viruses but are occasionally detrimental to the hosts. The outcomes and pathogenesis of
viral infection are largely determined by the specific interaction between the viruses and their host cells.
Therefore, compounds that either inhibit viral infection or modulate virus-induced cytokine response
should be considered as candidates for managing virus infection. The aim of the study was to identify
compounds in both categories, using a single cell-based assay. Our screening platform is a HEK293
cell-based reporter assay where the expression of a firefly luciferase is under the control of a human
IFN-b promoter. We have demonstrated that infection of the reporter cell line with a panel of RNA viruses
activated the reporter gene expression that correlates quantitatively with the levels of virus replication
and progeny virus production, and could be inhibited in a dose-dependent manner by known antiviral
compound or inhibitors of PRR signal transduction pathways. Using Dengue virus as an example, a pilot
screening of a small molecule library consisting of 26,900 compounds proved the concept that the IFN-b
promoter reporter assay can serve as a convenient high throughput screening platform for simultaneous
discovery of antiviral and innate immune response modulating compounds. A representative antiviral
compound from the pilot screening, 1-(6-ethoxybenzo[d]thiazol-2-yl)-3-(3-methoxyphenyl) urea, was
demonstrated to specifically inhibit several viruses belonging to the family of flaviviridae.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Viral infectious diseases remain to be a major public health
challenge worldwide. While significant progress has been made
during the last two decades in the development and clinical appli-
cation of antiviral drugs against several medically important
viruses, including human immunodeficiency virus (HIV), hepatitis
B virus (HBV) and hepatitis C virus (HCV) (Fung et al., 2011; Jilek
et al., 2012; Yang et al., 2011), antivirals against many RNA viruses
that cause hemorrhagic fevers and respiratory tract diseases are
either limited in efficacy or not yet available (Chang et al.,
2013a). To fulfill this unmet medical need, we intended to develop
convenient assays for high-throughput discovery of compounds
that either inhibit the replication of the viruses or alleviate their
pathogenesis, which are usually resulted from uncontrolled cyto-
kine response to viral infection and sometime life-threaten.

To achieve this goal, we have designed and implemented a cell-
based high throughput assay that can be applied to many types of
viruses and is suitable for simultaneous identification of com-
pounds that either inhibit viral replication or modulate virus-
induced cytokine response. The principle of the assay is based on
the innate immune recognition of virus infection by host innate
pattern recognition receptors (PRRs), including Toll-like receptors
(TLRs), RIG-I-like receptors (RLRs), NOD-like receptors, C-type lec-
tins and many others (Takeuchi and Akira, 2010). Activation of
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PRRs by molecular patterns of viruses, such as viral nucleic acids,
oligomers of envelope proteins and nucleocapsids, induces cellular
responses leading to production of type I interferons (IFN), proin-
flammatory cytokines and chemokines (Takeuchi and Akira,
2008, 2010). Because activation of IFN response is a common fea-
ture of many different viruses, we established a HEK293 cell-based
reporter system where expression of a firefly luciferase gene is
under the control of human IFN-b promoter to quantitatively mon-
itor the virus activated host innate immune response. Specifically,
the stable cell line used in this study, 293TLR3/IFNbLuc, has intrin-
sic RLR pathway and a reconstituted TLR3 pathway, which are pri-
mary PRRs for many RNA viruses (Guo et al., 2011; Loo and Gale,
2011; Negishi et al., 2008), and therefore should be responsive to
the infection of these viruses.

Indeed, we have demonstrated that infection of 293TLR3/IFN-
bLuc cell line with RNA viruses from five different families effi-
ciently activated IFN-b promoter driven luciferase production.
Interestingly, because the levels of reporter gene expression upon
the virus infection were quantitatively correlated with the levels
of virus replication and progeny virion production, we have thus
speculated and subsequently demonstrated that the level of lucif-
erase expression in virally infected cells can serve as a simple and
quantitative readout of viral replication activity in a high
throughput manner. As we anticipated, a pilot screening of
26,900 compounds convincingly demonstrated that the IFN-b pro-
moter reporter assay can be used as a broadly applicable platform
for discovery of compounds with antiviral activity against many
different viruses as well as compounds that inhibit virus-induced
cytokine response. A representative antiviral compound from the
pilot screening, 1-(6-ethoxybenzo[d]thiazol-2-yl)-3-(3-methoxy-
phenyl) urea, was characterized in detail and demonstrated to
specifically inhibit several viruses belonging to the family of
flaviviridae.
2. Materials and methods

2.1. Cell culture, viruses and reagents

Huh7.5 cells were maintained in Dulbecco’s modified minimal
essential medium (DMEM, Invitrogen) supplemented with 10%
fetal bovine serum (Blight et al., 2002). TLR3-expressing HEK293
(293TLR3HA, Invivogen)-derived stable reporter cell line that
expresses firefly luciferase under the control of a human IFN-b
promoter (293TLR3/IFNbLuc) was established and cultured as
described previously (Guo et al., 2012). Dengue virus (DENV, sero-
type 2, New Guinea C), yellow fever virus (YFV, strain 17D),
encephalomyocarditis virus (EMCV), Tacaribe virus (TCRV, strain
TRVL-11,573) and HCV (genotype 2a, JC1 strain) were described
previously (Chang et al., 2011, 2009, 2013b; Jiang et al., 2010;
Qu et al., 2011; Zhou et al., 2011). Sendai virus (SenV, strain
52) was purchased from ATCC. HCV subgenomic replicon-
containing Huh7 cell line (GS4.1) was described previously (Guo
et al., 2001).

IHVR17028, an imino sugar compound with known anti-DENV
activity (Chang et al., 2013b; Du et al., 2013), was synthesized in
house with >95% purity. Compound benzothiazolylphenyl urea
(BPU) was purchased from ChemDiv. IFN-a2b was from PBL, Inc.
2.2. Luciferase reporter assay

293TLR3/IFNbLuc cells were seeded in black wall/clear bottom
96-well plate (Corning Inc.). The firefly luciferase activities, under
different experimental conditions, were measured by adding equal
volume of Steady-Glo reagent (Promega), followed by luminome-
try in a TopCounter (Perkin Elmer).
2.3. High throughput screen (HTS)

A library containing 26,900 small molecular compounds from
ChemDiv (Dougherty et al., 2007) was screened. 293TLR3/IFNbLuc
cells were seeded in 96-well plates at 4 � 104/well and cultured
overnight. For each plate, column 1 wells were mock-infected
and served as uninfected controls. The column 12 wells were
infected with DENV at a multiplicity of infection (MOI) of 0.1, with
four of the wells treated with 1% DMSO to serve as mock treated
controls, which had no effect on readout compared to that without
DMSO (data not shown), and the remaining four wells treated with
10 lM of IHVR17028 to serve as positive drug treatment controls.
Each of the remaining 80 wells in columns 2–11 were infected with
DENV at an MOI of 0.1 and treated with a library compound at
10 lM with 1% DMSO. The treatment was initiated immediately
following infection. The luciferase activities were determined at
60 h post infection. Although the assay should be liquid-handling
compatible, due to the use of infectious virus, the HTS was per-
formed manually using multi-channel pipette. Typically, fifty of
96-well plates containing 4000 of library compounds were tested
in a single experiment. In addition, a control plate, with half of
the plate infected with DENV at MOI of 0.1 and half of the plate
uninfected, was included in each experiment. Z0 factor for each
plate was calculated using data from infected control wells and
uninfected control wells, which ranged from 0.15 to 0.7. Z0 factor
for each experiment was calculated based on parameters obtained
from control plate, which ranged from 0.4 to 0.8.

The compounds that reduced luciferase activity by 75% of the
mock treated controls, and/or demonstrated the same or superior
potency in comparison with the positive control drug IHVR17028,
were scored as primary ‘‘hits’’. The primary ‘‘hits’’ were subjected
to further evaluation of dose-dependent effect on luciferase activ-
ity in DENV-infected 293TLR3/IFNbLuc reporter cells as well as
cytotoxicity in uninfected cells by a MTT assay (Promega). The
compounds that dose-dependently reduced DENV-induced lucifer-
ase expression with EC50 values of less than 10 lM, but reduced
cell viability less than 25% at 10 lM were considered as confirmed
‘‘hits’’. All the confirmed ‘‘hits’’ were evaluated with an In-cell wes-
tern assay to identify compounds that inhibit DENV infection in a
human hepatoma cell line, Huh7.5. These compounds with antivi-
ral activity against DENV were further tested for their activities on
EMCV and TCRV induced IFN-b reporter expression in 293TLR3/
IFNbLuc cells to determine their antiviral spectrum. The confirmed
‘‘hits’’ that did not inhibit the virus infection are considered as can-
didates of the innate immune pathway inhibitors.

2.4. In-cell western assay

Antiviral activity against DENV and YFV was evaluated with an
In-cell western assay essentially as described previously (Jiang
et al., 2010; Yu et al., 2012). Briefly, Huh7.5 cells in a 96-well plate
were infected with DENV or YFV at an MOI of 0.1, and mock-treated
(1% DMSO) or treated with a serial dilution of compound for 48 h.
Cells were fixed and incubated with a mouse monoclonal antibody
(4G2, Millipore) against flavivirus envelope (E) proteins, followed
by incubation with anti-mouse IRDye 800CW-labeled secondary
antibody together with two reagents for cell staining (DRAQ5 from
Biostatus and Sapphire700 from Li-COR). The DENV or YFV E pro-
tein was visualized in Li-COR Odyssey in 800 channel as green.
The cell viability was determined in 600 channel as red. The fluores-
cence signal intensity was quantified with Li-COR Odyssey.

2.5. Virus yield reduction assay

To determine DENV yield, 293TLR3/IFNbLuc cells or Huh7.5
cells were infected with DENV at an MOI of 0.1 for 1 h. After
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removal of the inoculums, the cells were treated as indicated and
incubated at 37 �C. Virus titers in the culture media were deter-
mined by using monolayer of Vero cells infected with 10-fold dilu-
tions of the media for 1 h, followed by overlay with media
containing 0.5% methylcellulose and incubation at 37 �C for
3–5 days. Viral foci were detected by immunostaining with 4G2
antibody (Millipore) or counting of the plaques after crystal violet
staining (Chang et al., 2013b).

2.6. Cytotoxicity assay

To determine the cell viability, a MTT assay (Sigma) was per-
formed as described previously (Chang et al., 2009). Cells were
set up and incubated with various concentrations of compounds
under condition that was identical to that used for antiviral and
luciferase assays, except that the cells were not infected.

2.7. Real time RT-PCR assay to detect intracellular HCV RNA

Total cellular RNA was extracted from Huh7.5 cells 4 days post
infection with HCV at MOI of 0.01, using TRIzol (Invitrogen). Quan-
titative RT-PCR (qRT-PCR) reaction was performed on LightCycler
480II (Roche) using probe and primers as described previously
(Qu et al., 2011).

2.8. Immunofluorescent staining

HCV infected Huh7.5 cells were fixed with PBS containing 1%
paraformaldehyde followed by incubation with 0.1% Triton X-100
for 20 min. Cells were then blocked and incubated with a monoclo-
nal antibody against HCV NS5A protein (kindly provided by Dr.
Chen Liu, University of Florida). Bound primary antibody was
visualized by Alexa Fluor 488-conjugated goat anti-mouse IgG
(Invitrogen) (Zhu et al., 2003).

2.9. Western blot assay

For detection of HCV NS5A, cells were lysed with Laemmli buf-
fer. Proteins in the lysates were resolved by electrophoresis in 10%
Tris–glycine gel and transferred onto nitrocellulose membrane
(Invitrogen). The membranes were blocked and probed with anti-
bodies against HCV NS5A (a gift of Dr. Chen Liu, University of Flor-
ida) or b-actin (Sigma) followed by incubation with IRDye
secondary antibodies and imaging with Li-COR Odyssey system
(Li-COR Biotechnology).

2.10. Northern blot hybridization

Total cellular RNA was extracted from GS4.1 cells with TRIzol
(Invitrogen). Six micrograms of total RNA was loaded on 1% aga-
rose gel containing 2.2 M formaldehyde and transferred onto nylon
membrane. Membrane was hybridized with riboprobe specific for
plus-stranded HCV replicon RNA, as described previously (Chang
et al., 2008).

2.11. HCV pseudotype particle (HCVpp) assay

Plasmid pNL4.3.Luc.R�E�, in which firefly luciferase gene was
inserted into PNL4.3 nef gene with two frameshifts rendering
Env- and Vpr-, was obtained through the NIH AIDS Research and
Reference Reagent Program (Connor et al., 1995; He et al., 1995).
Plasmid expressing HCV (Con-1 strain) envelope proteins E1 and
E2 (pcDNA3/HCV-E1E2) was constructed largely as previously
reported (Tong et al., 2011). pCMV-VSV-G plasmid expressing
vesicular stomatitis virus (VSV) G envelop protein was obtained
from Addgene. HCV envelope E1/E2 protein- and VSV G protein-
pseudotyped lentiviral particles, designated as HCVpp and VSVpp,
respectively, were packaged in 293T cells. Briefly, 2 � 106 293T
cells were seeded on 100 mm plate over night. Cells were co-trans-
fected with 20 lg of pNL4.3.Luc.R-E- together with 10 lg of
pcDNA3/HCV-E1E2 or pCMV-VSV-G using calcium phosphate pre-
cipitation procedure. Twenty-four hours post transfection the cells
were replenished with complete DMEM. Culture media were
harvested at 48 h (HCVpp) or 72 h (VSVpp) post transfection and
filtered through a 0.45 lm pore sized PES filter (Millipore). To
determine the effects of the ‘‘hit’’ compound on HCV entry,
Huh7.5 cells were seeded at 2 � 104 cells/well in a 96-well plate
over night. The cells were infected with the pseudotyped particles
in absence or presence of test compound at 37 �C for 4 h, and the
inoculum and compound were then removed and replaced with
complete medium. Three days post infection, luciferase activity
was determined as described above.
2.12. Data analysis

Z0 factor (Z0) was calculated using the following equation:
Z0 = 1 � ((3dp + 3dn)/|lp � ln|), where lp and ln represent mean
values of uninfected control wells and infected control wells; dp

and dn are the standard deviations (Zhang et al., 1999). Coefficient
of variation (CV) was calculated using the following equation:
CV(%) = d/l ⁄ 100. The correlation of replicate plates was assessed
by pair wise Pearson correlation analysis.
3. Results

3.1. Activation of the IFN-b promoter by several species of RNA viruses
is quantitatively correlated with the size of the viral inoculum

Cytoplasmic RLRs and endosomal TLR3 are the primary PRRs for
several RNA viruses (Loo and Gale, 2011; Negishi et al., 2008). In
order to quantitatively measure the TLR3 and RLR-mediated innate
antiviral immune response, a TLR3-expressing HEK293 cell line
stably expressing a firefly luciferase reporter gene under the con-
trol of a human IFN-b promoter (Li et al., 2005), designated
293TLR3/IFNbLuc, was established (Guo et al., 2012). Because the
cell line has an intact intrinsic RLR pathway and a reconstituted
TLR3 pathway (Guo et al., 2012; Yoneyama et al., 2005), the repor-
ter gene should respond to infection by viruses that are able to
activate one or both of the pathways. Indeed, as shown in Fig. 1,
infection of the cell line with DENV, YFV, TCRV, EMCV or SenV
induced luciferase expression in an inoculum size (MOI)- or hem-
agglutination units (HAU)-dependent manner.
3.2. DENV activation of the IFN-b promoter is quantitatively correlated
with its replication level and is dose-dependently inhibited by known
antiviral compound

Having demonstrated that the IFN-b promoter reporter signals
were proportional to the sizes of the viral inoculums (Fig. 1), we
next determined the relationship between the levels of viral repli-
cation and reporter gene expression, using DENV as an example.
293TLR3/IFNbLuc cells were infected with DENV at an MOI of
0.1. Luciferase activity and virus titer were determined at 24, 36,
48 and 60 h post infection. As shown in Figs. 2A and B, while UV
inactivated-DENV did not induce detectable IFN-b promoter acti-
vation, the levels of luciferase expression in live DENV infected
cells were quantitatively correlated with virus yields. These results
indicated that the virus induction of IFN-b gene expression not
only relies on active viral replication, but also reports the levels
of viral replication with sufficient dynamic range and therefore,
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could potentially be used as a convenient antiviral assay to mea-
sure antiviral activity of compounds.

To confirm this notion, 293TLR3/IFNbLuc cells were infected
with DENV and treated with a serial dilution of imino sugar com-
pound IHVR17028, which inhibits virion particle assembly and
secretion of DENV through inhibition of glycosylation and matura-
tion of viral envelop protein (E protein) (Chang et al., 2013a,b). As a
control, Huh7.5 cells infected with DENV was similarly treated, and
DENV E protein was determined by In-cell western assay at 48 h
post infection. As shown in Figs. 3A and B, IHVR17028 inhibited
both luciferase expression in 293TLR3/IFNbLuc cells and viral E
protein in Huh7.5 cells in a dose dependent manner, which
resulted in EC50 values of 3.2 and 4.1 lM, respectively. These
results have thus validated that the IFN-b reporter assay could be
used as a convenient antiviral assay for DENV and potentially other
viruses that are able to activate IFN response in this cell line.

3.3. Assay optimization and quality control for HTS

The results presented above indicate that the IFN-b promoter
reporter assay can quantitatively report viral infection. Hence, it
could potentially be developed into a cell-based high throughput
screening assay for identification of antiviral compounds or com-
pounds that inhibit virus-induced cytokine response. To optimize
the performance of the assay in a high throughput format, we ini-
tially set out to determine the key parameters that might affect the
performance of the assay. A low MOI of infection was preferred
because that will allow for multiple rounds of viral infection during
the experimental period and thus permit the identification of anti-
viral compounds interfering with any step of viral replication cycle.
As shown in Table 1, under the condition of DENV infection at an
MOI of 0.1 and cell density at 4 � 104 cells/well, the highest sig-
nal-to-background ratio (S/B), a Z0 value of 0.75 and CV(%) of 7.9
were achieved. Because infection at an MOI of 0.1 resulted in a
steady increase of luciferase S/B ratios before the development of
cytopathic effect (Fig. 2A and data not shown), our HTS experi-
ments were chosen to carry out under those conditions for 60 h.

To evaluate the performance of the HTS assay, six hypothetical
replicate plates seeded with 293TLR3/IFNbLuc were processed as
follow: in each plate, 1/3 of the wells were left uninfected, 1/3 of
the wells were infected with DENV and mock treated, the rest of
the wells were infected with DENV and treated with indicated con-
centration of positive control compound IHVR17028 for 60 h. As
shown in Table 2 and Fig. 4A, Z0 factors ranging from 0.47 to 0.74
and S/B ratios ranging from 79 to 92 were obtained from these
testing plates. IHVR17028 dose-dependently inhibited luciferase
activity with EC50 values ranging from 2.3 to 4.3 lM. These results
thus suggested that the assay under the selected experimental con-
dition has a high signal-to-background ratio and low variation.
Furthermore, the Pearson’s coefficient was determined ranging
from 0.96 to 1.0 among the replicate plates (Fig. 4B), suggesting
a high reproducibility of the HTS assay.

3.4. HTS of a 26,900 compound library

Screening a library of 26,900 compounds was carried out under
the established HTS experimental condition described above. Raw
luciferase values were normalized as percentage of infected/mock
treated controls within each assay plate. As illustrated in Fig. 5 and
185 compounds that reduced DENV activated luciferase expression
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Table 1
Assay optimization in 96-well plate.

Cell Number/well MOI of infection S/B CV (%) Z0

1 � 104 0.5 59 10.7 0.66
0.2 42 14.2 0.55
0.1 25 19.4 0.37

2 � 104 0.5 128 7.9 0.76
0.2 88 12.3 0.62
0.1 60 11.1 0.66

3 � 104 0.5 144 7.8 0.76
0.2 127 8.3 0.74
0.1 80 8.9 0.72

4 � 104 0.5 168 13.7 0.58
0.2 139 10.8 0.67
0.1 108 7.9 0.75

293TLR3/IFNbLuc cells were seeded in 96-well plate at indicated density, with half
of the plate infected with DENV, and another half of the plate uninfected. The firefly
luciferase activities were measured 60 h post infection.
S/B, signal to background, refers to ratio of luciferase activity in infected wells to
uninfected wells.
CV (%) is percentage of coefficient of variation of infected wells.
Z0 , Z0 factor for statistical analysis using parameters obtained from infected and
uninfected wells.
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by greater than 75% at 10 lM concentration and/or that demon-
strated more potent inhibitory effect than control compound were
nominated as primary ‘‘hits’’. All the primary ‘‘hit’’ compounds
Table 2
Assay performance in pilot experiment.

Plate # S/B Z0 IHVR17028 EC50 (lM)

1 79 0.73 3.5
2 81 0.47 3.9
3 85 0.74 2.3
4 91 0.61 3.2
5 84 0.71 4.3
6 92 0.58 2.7

293TLR3/IFNbLuc cells were seeded in 96-well plate at density of 4 � 104. 4 col-
umns of the wells were uninfected. 8 columns of the wells infected with DENV at
MOI of 0.1, with 4 columns of the wells each column treated with 3, 10, 30 or
100 lM of IHVR17028 (positive control), and another 4 columns of the plate mock
treated. The firefly luciferase activities were measured 60 h post infection.
S/B, signal to background, refers to ratio of luciferase activity in infected control
wells to uninfected wells.
EC50 values were calculated based on wells infected and treated with doses of
IHVR17028.
Z0 , Z0 factor for statistical analysis using parameters obtained from infected control
wells and uninfected wells.
were subsequently tested in a serial dilution ranging from 10 to
1 lM to evaluate their effect on DENV-induced luciferase activity
as well as cytotoxicity in 293TLR3/IFNbLuc reporter cells. As
illustrated in Fig. 5, a total of 46 compounds were confirmed to
selectively inhibit DENV induced luciferase expression in a dose-
dependent manner. These 46 confirmed ‘‘hits’’ were next evaluated
by testing their antiviral activities against DENV with an In-cell
western assay (Qu et al., 2011; Yu et al., 2012) in Huh7.5 cells. This
experiment categorized the confirmed ‘‘hits’’ into two groups. A
group of 14 compounds selectively inhibit the production of DENV
E protein by greater than 50% at 10 lM and thus are antivirals. The
remaining 32 compounds that do not apparently affect DENV E
protein production in Huh7.5 cells, but dose-dependently reduce
the virus activated IFN-b promoter activities in the reporter cells,
suggesting they are most likely inhibitors of virus-elicited innate
immune response pathways.

While the characterization of the innate immune pathway
inhibitors will be reported elsewhere, the antiviral compounds
were further tested for their effects on IFN-b promoter activities
induced by representative positive stranded RNA virus (EMCV)
and negative stranded RNA virus (TCRV) to determine their antivi-
ral spectrum. Among the 14 antiviral compounds, 11 of the com-
pounds were also active in inhibition of EMCV and TCRV induced
IFN-b promoter activity and are thus potentially broad-spectrum
antivirals.
3.5. Characterization of antiviral compound BPU

Since we are particularly interested in discovering virus-specific
antivirals, one of the three antiviral compounds that only inhibited
DENV, but not EMCV and TCRV, 1-(6-ethoxybenzo[d]thiazol-2-yl)-
3-(3-methoxyphenyl) urea, a benzothiazolylphenyl urea com-
pound (BPU) (Fig. 6A), was chosen to highlight the ‘‘hit’’ evaluation
studies. The EC50 values of BPU against DENV determined by IFN-b
reporter assay and In-cell western assay were 2.0 lM and 3.8 lM,
respectively (Fig. 6B-D). Moreover, we further demonstrated that
BPU not only inhibited the infection of DENV (Fig. 7A), as judged
by reduction of virus yield, and another flavivirus YFV (Fig. 7B),
as judged by reduction of virus E protein, it also efficiently inhibit
HCV infection of Huh7.5 cells, as demonstrated by significant sup-
pression of HCV RNA replication by a quantitative RT-PCR assay
(Fig. 7C). On the contrary, consistent with the results obtained with
the IFN-b reporter assays (Fig. 6B), BPU did not apparently inhibit
the replication of TCRV and EMCV, as determined by virus yield
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reduction assays (data not shown). Hence, BPU appears to be a spe-
cific inhibitor of viruses in the family of Flaviviridae.

3.6. BPU inhibits HCV entry into host cells

In order to elucidate the antiviral mechanism, we took advan-
tage of available tools in HCV research in our laboratory to map
the viral replication step targeted by BPU. As shown in Fig. 8, while
BPU potently inhibited HCV replication when the treatment was
started immediately after infection at a low MOI (0.01) (Fig. 8A
and C), the compound did not apparently affect HCV replication
when the treatment was initiated after the virus had spread to
infect all the cells in cultures (4 days post infection) (Fig. 8B and
D). However, as expected, IFN-a efficiently inhibited HCV
replication under both conditions. Furthermore, BPU did not inhi-
bit the replication of HCV subgenomic replicon in Huh7 cells
(Fig. 8E). These results thus implied that BPU most likely inhibited
an early or late event of HCV replication, such as entry and uncoat-
ing or virion particle assembly and secretion, but not viral protein
biosynthesis/processing and RNA replication. To distinguish these
two possibilities, we further demonstrated that BPU selectively
inhibited the infection of HCV envelope proteins E1 and
E2-pseudotyped lentiviral particles (HCVpp), but not VSV G pro-
tein-pseudotyped lentiviral particles (VSVpp). Hence, our results
indicated that BPU most likely inhibited HCV entry into host cells.
4. Discussion

Although IFN-b reporter assay has been widely used for study-
ing virus induction of innate immune responses, we report herein
that this simple assay can also be used for screening and identifi-
cation of compounds with antiviral or innate immune response-
modulating activities in a high throughput manner. Our results
demonstrated that this high-throughput screening platform has
the following unique features:

First, the reporter assay is sensitive and robust. It allows the
screening to be performed with a low MOI (0.1) of infection
(Fig. 4 and Table 2), which supports multiple rounds of viral infec-
tion and thus allows for the identification of compounds that inhi-
bit any step of viral replication cycle. On the contrary, many other
commonly used cell-based antiviral assays, such as those based on
virus induced cytopathic effect (CPE), frequently require high MOI
of infection, which may preclude the identification of compounds
targeting late events of viral replication cycle. In addition, although
in the current study the screen was performed in 96-well plate, the
assay can be easily miniaturized into 384-well format and adapted
to using of liquid handling.

Second, in addition to identify compounds with antiviral activ-
ity, the IFN-b reporter assay can also be used for simultaneously
identification of compounds that inhibit virus-elicited proinflam-
matory cytokine response. This is because the activation of IFN-b
gene expression relies on coordinative activation of IRF3/IRF7,
NFjB and MAPK pathways, and the later two pathways are also
required to induce other inflammatory cytokines, therefore, moni-
toring the IFN-b gene activation by viral infections should cover the
most, if not all, important innate immune signaling pathways.
Although it was not a focus of the current study, we have demon-
strated that the virus activated IFN-b promoter activity can be
dose-dependently inhibited by multiple known inhibitors of these
pathways ((Guo et al., 2012) and data not shown). In fact, our pilot
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screening has indeed identified multiple compounds with such
properties (Fig. 5). The compounds that inhibit viral induction of
cytokine response could be candidates for the development of
drugs that alleviate viral pathogenesis related to ‘‘cytokine storm’’,
such as encephalomeningitis in West Nile virus infection (Wang
et al., 2004), hemorrhagic fevers in the infection of DENV, Ebola
virus and many other viruses (Paessler and Walker, 2013; Pang
et al., 2007; Wauquier et al., 2010) as well as severe pneumonia
in influenza A virus or SARS-coronavirus infection (Cheng et al.,
2011; Oslund and Baumgarth, 2011; Theron et al., 2005). Alterna-
tively, these compounds could also serve as chemical genetic
probes for studying virus–host interaction. Unlike siRNA-mediated
knockdown and other genome-wide gene discovery technologies,
this chemical genetic approach is likely to identify host functions
that are potentially ‘‘drugable’’ (de Chassey et al., 2012; Panda
and Cherry, 2012).
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We are aware of the possibility that certain compounds identi-
fied with antiviral activity might indirectly inhibit viral replication
by either enhancing virus-elicited IFN response or attenuate the
viral suppression of IFN response. However, because Huh7.5 cells
used for our antiviral assay in the secondary screen are deficient
in both TLR3 and RIG-I pathways, it is unlikely that the antiviral
compounds we identified in this study inhibit viral replication
via such a mechanism.

Third, it is well known that many species of viruses, such as
influenza A virus and Rift Valley fever virus, have evolved ability
to inhibit the PRR-mediated cytokine response, which is essential
for the establishment of viral infection in vivo and critical for viral
pathogenesis (Habjan et al., 2008; Mibayashi et al., 2007;
Rajsbaum et al., 2012; Siu et al., 2009). Thus the IFN-b promoter
reporter assay might also be used to screen for compounds that
can restore the innate immune response induced by these viruses.
For example, a novel small molecule inhibitor of influenza A
viruses has been discovered in screening of compounds that
restore IFN response to influenza virus infection in a MDCK cell-
based IFN-b promoter reporter assay (Ortigoza et al., 2012).

Forth, the assay is resource efficient. Because activation of the
IFN response is a common property of many different viruses,
the assay can serve as a broadly applicable HTS platform for any
virus that can infect the cells. Along this line, the robustness of
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the reporter assay also makes it feasible for parallel screening with
multiple viruses. In fact, such a multiplex viral screening should
reveal virus-specific and broad-spectrum antiviral compounds as
well as compounds disrupting virus-specific or common innate
immune response pathways. The information obtained from the
multiplex viral screening will help prioritize the active compounds
for further development as therapeutics and/or molecular probes.
For instance, the compounds that hit the common ‘‘choke’’ points
of host functions required for replication of many different viruses
can potentially serve as candidates for development of broad-spec-
trum antiviral drugs, or experimental probes to reveal the com-
monly required host functions for viral replication or induction
of host antiviral response (Ma-Lauer et al., 2012).

Finally, characterization of representative antiviral ‘‘hits’’ from
our pilot HTS clearly demonstrated the feasibility of the reporter
assay for discovery of antiviral compounds. BPU is an antiviral
compound that inhibits the infection of viruses from at least two
genera of the flaviviridae family, but not EMCV and TCRV, the rep-
resentative positive and negative-stranded RNA viruses, respec-
tively. Mechanistic analysis further demonstrated that the
compound inhibited the entry of HCV, and possibly other flavivi-
ruses, by targeting common entry factor(s) shared by these viruses.
Chemically, BPU has an N-benzothiazolyl N0-phenyl urea core
structure with two alkoxy substitutions (Fig. 6A). Several analogs
with this core structure have been found to have antiviral activity
against HIV (D’Cruz et al., 2002; Paget et al., 1969), inhibit Type III
secretion systems in pathogenic bacteria (PCT Int. Appl. 2009,
WO2009145829A1), as well as inhibit the ubiquitin ligase (PCT
Int. Appl. 2005, WO 2005037845A1). However, the biological activ-
ity of compounds with the unique alkoxy substitutions in BPU has
not been reported. Although BPU is not a highly potent antiviral
compound, its structure is tractable for chemical modification
and structure–activity relationship studies for future development
into potential antiviral therapeutic.
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