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A B S T R A C T

Dengue virus (DENV) is a global health problem that affects approximately 3.9 billion people worldwide. Since
safety concerns were raised for the only licensed vaccine, Dengvaxia, and since the present treatment is only
supportive care, the development of more effective therapeutic anti-DENV agents is urgently needed. In this
report, we identified a potential small-molecule inhibitor, BP34610, via cell-based high-throughput screening
(HTS) of 12,000 compounds using DENV-2 reporter viruses. BP34610 reduced the virus yields of type 2 DENV-
infected cells with a 50% effective concentration (EC50) and selectivity index value of 0.48 ± 0.06 μM and 197,
respectively. Without detectable cytotoxicity, the compound inhibited not only all four serotypes of DENV but
also Japanese encephalitis virus (JEV). Time-of-addition experiments suggested that BP34610 may act at an
early stage of DENV virus infection. Sequencing analyses of several individual clones derived from BP34610-
resistant viruses revealed a consensus amino acid substitution (S397P) in the N-terminal stem region of the E
protein. Introduction of S397P into the DENV reporter viruses conferred an over 14.8-fold EC90 shift for
BP34610. Importantly, the combination of BP34610 with a viral replication inhibitor, ribavirin, displayed sy-
nergistic enhancement of anti-DENV-2 activity. Our results identify an effective small-molecule inhibitor,
BP34610, which likely targets the DENV E protein. BP34610 could be developed as an anti-flavivirus agent in the
future.

1. Introduction

Dengue virus (DENV) (serotypes 1–4), a mosquito-borne virus, be-
longs to the family Flaviviridae, a group of enveloped RNA viruses. More
than 70 members of the Flavivirus genus are important human patho-
gens that cause significant morbidity and mortality (Ye et al., 2013).
DENV is a public health threat to an estimated 3.9 billion people living
in dengue epidemic areas and leads to 390 million human infections
annually (Bhatt et al., 2013; Murray et al., 2013). Approximately
500,000 cases of dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS) have been reported among more than 128 countries,
causing over 20,000 dengue-related deaths per year (Organization.,
2012; Shepard et al., 2011; World Health Organization., 2012).

DENV consists of a 10.7-kb single-stranded, positive-polarity RNA

genome associated with multiple copies of capsid proteins. DENV RNA
is translated as a single polyprotein upon entering the host cell and is
cleaved by host proteases and the virus-encoded two-component pro-
tease (NS2B/NS3pro) into three structural proteins (capsid [C], pre-
membrane [prM], and envelope [E]) and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) to initiate viral re-
plication (Chambers et al., 1990; Falgout et al., 1991; Rice et al., 1985).
Three structural proteins and host cell membranes form the viral par-
ticles.

The fusion protein of flaviviruses, known as E protein, is the ex-
ternal protein of the virion. The E protein contains three soluble do-
mains (residues 1–394: central I domain, extended fingerlike domain II,
and immunoglobulin-like domain III) and a membrane-proximal so-
called “stem” region (residues 395–450), which mainly mediates viral
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entry in a pH-dependent manner (Stiasny and Heinz, 2006; Zhang et al.,
2003). The configuration of the stem region changes throughout the
viral entry/fusion/maturation process (Allison et al., 1999; Zhang et al.,
2004). The E protein is highly flexible and undergoes significant con-
formational changes during the maturation and fusogenic stages of the
viral life cycle (Bressanelli et al., 2004; Modis et al., 2004; Zhang et al.,
2004).

In silico docking and compound library screening approaches have
been applied to the drug discovery of entry inhibitors targeting various
regions of the envelope protein. For example, one attractive target of
entry inhibitors is located at the hydrophobic pocket between domains I
and II of the E protein (Clark et al., 2016; De Burghgraeve et al., 2012;
de Wispelaere et al., 2018; Kampmann et al., 2009; Kaptein et al., 2010;
Lian et al., 2018; Modis et al., 2003; Pitts et al., 2019; Poh et al., 2009;
Wang et al., 2009; Yang et al., 2007; Zhou et al., 2008). Since the stem
region of the envelope protein needs to interact with the E trimer
during DENV endosomal membrane fusion, the stem region has been
regarded as a good target to identify molecules able to block the viral
entry/fusion stage (Costin et al., 2010; Hrobowski et al., 2005; Lok
et al., 2012; Nicholson et al., 2011; Schmidt et al., 2010a, b). Several
entry inhibitors have been reported as heparin sulfate mimetics tar-
geting the receptor binding site of the E protein (Alen et al., 2009, 2011;
Hidari et al., 2008; Ichiyama et al., 2013; Pujol et al., 2012; Rees et al.,
2008; Vervaeke et al., 2013). Despite the tremendous efforts to discover
anti-DENV inhibitors, no clinically approved antiviral therapeutic
agents are available for humans, and disease treatment is limited to
supportive care (Lo and Perng, 2016; Noble et al., 2010; Rather et al.,
2017; Simmons et al., 2012; World Health Organization. et al., 2009).

In this study, we performed a cell-based high-throughput screening
(HTS) using DENV-2 reporter viruses to identify a small-molecule in-
hibitor of DENV, BP34610. In addition to all four serotypes of DENV,
BP34610 significantly inhibited JEV viral yields. Time-of-addition ex-
periments and drug resistance studies of BP34610 suggest that BP34610
may affect the early stage of viral entry and target the DENV E protein.
Furthermore, the combination of BP34610 with ribavirin displayed a
synergistic anti-DENV effect. The data presented here may provide a
new combination therapeutic strategy for the treatment of flavivirus
infection.

2. Materials and methods

2.1. Cell lines

Baby hamster kidney (BHK21) (ATCC CCL-10) and human em-
bryonic kidney 293 (HEK293) cells were cultured in Dulbecco's mod-
ified Eagle's medium (DMEM) supplemented with 4.5 g/L glucose and
5% fetal bovine serum (FBS). Aedes albopictus C6/36 cells (ATCC CRL-
1660) were cultured in RPMI 1640 supplemented with 5% FBS. Virus-
infected cells were grown in their respective media supplemented with
2% FBS. Huh7.5 cells were grown in DMEM supplemented with 4.5 g/L
glucose, 10% FBS, and nonessential amino acids (NEAA, Gibco). All
mammalian cells were cultured at 37 °C in 5% CO2, and C6/36 cells
were maintained at 28 °C in 5% CO2.

2.2. Virus strains

Dengue virus type 1 (DENV-1) (strain Hawaii), dengue virus type 3
(DENV-3) (strain H87), and dengue virus type 4 (DENV-4) (strain
H241) were provided by the Centers for Disease Control, Taiwan.
DENV-2 (strain PL046) and Japanese encephalitis virus (JEV) (strain
RP-9) (Chen et al., 1996) were both provided by C. L. Liao (Institute of
Microbiology and Immunology, National Defense Medical Center,
Taiwan). Infectious cDNA clone of DENV-2 strain 16681 was kindly
provided by Dr. Nopporn Sittisombut (Sriburi et al., 2001; Yang et al.,
2013). DEN viruses and JEV stock virus were prepared in C6/36 cells by
infecting at a multiplicity of infection (MOI) of 0.1 and 0.01 PFU/cell,

respectively. Then, the supernatant was harvested and stored in 20%
FBS at −80 °C. Virus titers were determined by a plaque-forming assay
on BHK21 cells. Normally, titers of DENV-2, JEV, and adenovirus type 5
(Ad5) virus stock are approximately 1×108, 1× 109, and
1×1010 PFU/ml, respectively.

2.3. Construction of DENV-2 reporter infectious cDNA clone

The Dengue virus serotype 2 (DENV-2) infectious cDNA clone,
pTight-DENV2 (Pu et al., 2014), was used as a parental construct for the
reporter virus. We inserted a 2422 b.p. Nano luciferase gene (Promega)
in the 5′ end of the viral genome. Nano luciferase DNA fragment was
inserted at the 261 b.p. of the viral genome to preserve the first 55
amino acids of core protein followed by FMDV2A autoprotease and full-
length core protein (Fig. 1A). To add homologous recombination sites,
primers pTight/F (5′-CGAGGTAGGCGTGTACGG-3′) and 1434/R (
5′-TGGTGTTATTTTGATTTC-3′) were used to amplify the synthesized
fragment. The construct was later cotransformed into yeast cells with
pTight-DENV2 linearized by SacI and SphI to make pDENV-2-NanoLuc.

2.4. High-throughput screening

The high-throughput screening was done at the Division of
Biotechnology and Pharmaceutical Research, National Health Research
Institutes, Taiwan. The compound libraries used in this primary
screening are purchased from Chemical Diversity Lab (San Diego, CA)
and had>95% purity. Compounds from a compound library with di-
verse structures were provided as DMSO stock solutions at 10mM.
Nano-Glo® Luciferase Assay (Promega) was applied to measure the lu-
ciferase activity of DENV-2 reporter infectious clone by incubating with
various compounds from compound libraries at the concentration of
10 μM.

Fig. 1. (A) Schematic of the DNA-launched DENV-2 infectious cDNA clone,
pDENV-2-NanoLuc, containing Nano luciferase reporter gene. The TRE-
CMVmin promoter, Nano-Luc (inserted at the amino acid residue 55 of core
gene), FMDV2A, DENV2 full genome, inverted HDV ribozyme, and SV40 poly-A
signal are indicated. (B) Viral titer of DENV-2-Parental and DENV-2-NanoLuc.
The mean values and S.E.M. from three independent experiments are plotted.
(C) Chemical structure of BP34610.

C.-C. Yang, et al. Antiviral Research 172 (2019) 104636

2



2.5. Cytotoxicity assay

Sensitivity of cell lines to BP34610 were examined using a MTS-
based tetrazolium reduction assay CellTiter 96 AQueous Non-
Radioactive (Promega G5430). Briefly, BHK21 cells were plated at a
density of 1.8× 104 cells per well in 96-well plates containing 120 μl of
culture medium for 6 h. Serial diluted compounds or DMSO (positive
control) were added and incubated for an additional 72 h. MTS reagent
was then added into each well and incubated for 1 h at 37 °C in a hu-
midified 5% CO2 atmosphere before reading at a wavelength of 490 nm
using an ELISA plate reader. All data are presented as means ± S.E.M.
from three independent experiments.

2.6. Plaque-forming assay

BHK21 cells were plated at a density of 2.25×105 cells per well in
6-well plates containing 1ml of culture medium overnight, and then
0.1 ml of serially diluted virus solution was added to ∼70–80% con-
fluent BHK21 cells. After adsorption for 2 h, the virus solutions were
replaced either with 0.75% methyl cellulose (Sigma, M-0512) con-
taining DMEM and 2% FBS for DENV-2-infected cells or 1.2% methyl
cellulose containing DMEM and 2% FBS for JEV-infected cells. On the
sixth day postinfection, the methyl cellulose solution was removed from
the wells, and the cells were fixed and stained with crystal violet so-
lution (1% crystal violet, 0.64% NaCl and 2% formaldehyde) (Lin et al.,
2000). The same protocol was applied for the plaque assay of adeno-
virus except HEK293 cells were used for adenovirus infection and 0.5%
agarose for overlay.

2.7. Viral yield reduction assay in cultured cells

BHK21 cells were plated at a density of 1.5× 105 cells per well in
12-well plates containing 0.5 ml of culture medium and incubated for
4 h at 37 °C. Compounds (500 μl) were added into wells for 16 h before
the addition of DENV-2, JEV, or adenovirus. The plates were incubated
for another 72 h (DENV-2 and JEV) or 24 h (adenovirus) at 37 °C in a
humidified 5% CO2 atmosphere. To quantify the viral yield from in-
fected cells in the presence of BP34610, the supernatant of cells treated
with the compound was harvested and subjected to viral titer de-
termination by a plaque-forming assay in BHK21 (DENV or JEV) or
HEK293 (adenovirus) cells. The mean values and S.E.M. were calcu-
lated from three independent experiments. The detection limit was set
at 10 PFU/ml.

2.8. RNA-launched DENV-2 reporter replicon assay

RNA transcription, transfection and transient replicon assay.
DENV-2 Renilla luciferase replicon plasmid, DV2Rep (Pu et al., 2011),
was linearized with XbaI. DNA was phenol-chloroform extracted, pre-
cipitated, and used as a template for in vitro transcription with an SP6
Message mMachine kit (Ambion). The RNA was quantified with a
spectrophotometer and stored at −80 °C. RNAs were transfected into
BHK21 cells with Lipofectamine 2000 (Invitrogen) according to the
manufacturer's protocol. The transient replicon assay was performed for
quantification of compound-mediated inhibition of viral translation and
reduction of viral RNA synthesis. BHK21 cells were seeded in 24-well
plates (1× 104 cells per well) and incubated overnight. Lipofectamine
2000 (Invitrogen) was mixed with 0.5 μg of wild-type or mutant dengue
virus replicon RNA for one-well transfection, and cells were transfected
according to the manufacturer's instructions. BP34610 at 5 μM control
medium was added to each well and assayed for luciferase activities at
the times indicated. Duplicate wells were lysed for luminometry. To
perform the luciferase assays, 10 μl of lysate was mixed with 50 μl of
Renilla Luciferase Assay Reagent (Promega).

2.9. Isolation and characterization of BP34610-resistant virus

BHK21 cells (6× 104 cells/well) were seeded in 24-well plates for
4 h and then treated with 5 μM BP34610 for 16 h. The cells were in-
fected with parental DENV-2 or viruses from passages 1–8 at an MOI of
0.1. At 72 h postinfection, the supernatants were harvested from
BHK21 cells for the next passage. After eight virus passages, total viral
RNA from a pool of BP34610-resistant DENV-2 was collected, and
virion RNAs were extracted using QIAamp Viral RNA kits (QIAGEN).
Viral RNAs were amplified by RT-PCR using SuperScript III one-step
RT-PCR kits (Invitrogen). The PCR products of Core to NS1 and NS1 to
NS5B were gel-purified and subcloned in pTight-DENV2 (Pu et al.,
2014) to replace the parental sequence through homologous re-
combination in yeast. Finally, BP34610-resistant infectious clones were
purified from yeast cells and reamplified in E. coli strain C41. After
enzyme digestion, only infectious clones harboring the right inserts
were subjected to DNA sequencing analyses.

2.10. Construction of molecular clones containing specific mutations

To create point mutations derived from resistant clones, the amino
acid substitution S397P was introduced into the pDENV-2-NanoLuc
plasmid. The PCR products were gel-purified and joined by overlapping
PCR to form fragments containing a single mutation for homologous
recombination with linearized pDENV-2-NanoLuc plasmids. The mu-
tant DENV-2 reporter infectious cDNA plasmids were purified from
yeast cells and then reamplified and maintained in E. coli strain C41. All
constructs were sequenced to confirm the presence of the desired mu-
tation and ensure there were no additional changes.

2.11. Statistical analysis

The data were analyzed using GraphPad Prism software (San Diego,
CA, USA). The statistical significance of the differences between the
means of the experimental groups was analyzed using Student's t-test
with Welch's correction to measure the two-tailed P values. P values less
than 0.05 were considered statistically significant. Analysis of syner-
gism was performed using the CalsuSyn software program (Biosoft,
Ferguson, MO, USA). A combination index (CI) < 0.9 indicates a sy-
nergistic effect.

3. Results

The availability of a cell-based high-throughput DENV luciferase
virus provides an ideal system to screen new antiviral compounds. In
this study, we utilized an infectious luciferase virus of DENV-2 (strain
16681) propagated in BHK21 cells for high-throughput screening
(HTS). The infectious luciferase viruses cDNA, pDENV-2-NanoLuc, was
constructed by inserting Nano luciferase gene into the core gene within
DENV-2 genome (Fig. 1A). The infectious luciferase viruses for HTS
were harvested at 72 h post-transfection from transiently transfected
HEK293 cells with pDENV-2-NanoLuc plasmids to avoid the possible
instability of DENV-Luc virus for long-term passage. Characterization of
harvested luciferase viruses by RT-PCR revealed the existence of Nano-
luciferase gene. Compared to WT DENV-2, DENV-2-NLuc viruses dis-
played mild defect in the kinetics curve of virus titers derived from
HEK293 cells transfected with infectious cDNA clone (Fig. 1B). HTS was
performed in a 96-well format with a Z’ value of 0.85. We started with a
compound library containing 12,000 diverse compounds, of which 85
hit compounds were discovered to effectively suppress DENV-2 luci-
ferase virus replication activity to less than 10% at 10 μM. Approxi-
mately 6 of the 85 hit compounds were obtained after second screening
of their intrinsic cytotoxicity (a 50% cytotoxic concentration,
CC50 > 15 μM) and false positive compounds. One of the inhibitor,
BP34610 (Fig. 1C), inhibited virus replication with an EC50 of
0.48 ± 0.06 μM and inhibited 99% of DENV-2 virus yield at 5 μM
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(Tables 1 and 2). To verify that the primary observed antiviral activity
was not due to compound-mediated cytotoxicity, we performed a cy-
totoxicity assay based on the cellular metabolism of an MTS-based
tetrazolium salt. No suppression of cell viability was observed when the
cells were incubated with 50 μM BP34610. The CC50 of the compound
was found to be 94.55 ± 1.77 μM, and the selectivity index (CC50/
EC50) value was 197 (Table 1).

To examine the antiviral activity of BP34610, a viral yield reduction
assay (Fig. 2) was performed against DENV-2. The DMSO- and
BP34610-treated BHK21 cells were infected with DENV-2 virus (MOI of
0.1 or 1), and the viral titers in the culture medium were assayed at 72 h
postinfection by plaque forming assay. The compound BP34610 re-
duced viral yields in a dose-dependent manner at MOIs of 0.1 and 1. At
a concentration of 2 μM, BP34610 suppressed the DENV-2 virus by 100-
fold at an MOI of 0.1. When compound concentration was increased to 12 μM, a 1000-fold reduction in the viral titer was observed at both

MOIs of 0.1 and 1. BP34610 displayed better inhibitory effect on DENV-
2 at MOI=0.1 than MOI= 1 when the compound concentration is
between 2 and 6 μM. These results indicate that BP34610 is a potential
inhibitor of DENV-2. Furthermore, we performed a viral yield reduction
assay in parallel with all four serotypes of DENV. As illustrated in
Figs. 3 and 5 μM BP34610 decreased the viral titers of all four DENV
serotypes by 10- to 100-fold at an MOI of 0.01. BP34610 dramatically
decreased the viral loads of DENV serotypes 1 to 3 compared with that
of serotype 4. These results indicate that BP34610 is a potentially
therapeutic compound against all four serotypes of DENV.

To examine the antiviral spectrum of BP34610, a viral yield re-
duction assay was also performed against JEV, and adenovirus. BHK21
cells were infected with JEV or DENV (MOI of 0.1) in the presence or
absence of 5 μM BP34610. HEK293 cells were infected with adenovirus
(MOI of 0.1), respectively, in the presence or absence of 5 μM BP34610.
Comparison of the effects of BP34610 on these four viruses demon-
strated that the viral yields of JEV and DENV were dramatically re-
duced by 99% in the presence of BP34610 (Table 2). In contrast,
BP34610 failed to suppress adenovirus, a DNA virus, replication
(Table 2). These results indicate that BP34610 is a potential inhibitor of
flaviviruses.

To further validate the mechanistic function of BP34610, either WT
or defective NS5A mutant DENV-2 Renilla luciferase replicon plasmid,
DV2Rep, was transcribed in vitro and transfected into BHK21 cells to

Table 1
The efficacy and cytotoxicity of BP34610 in cell-based assays.

BP34610 potency

DENV-2 viral yield reduction
(μM)a

Cytotoxicity MTS assay (μM)b Selective
index
(CC50/
EC50)cEC50 EC90 CC50 CC90

0.48 ± 0.06 5.67 ± 2.17 94.55 ± 1.77 > 100 197

a EC50 and EC90(effective concentration) values were derived from the 50%
and 90% reduction in virus yield.

b CC50 and CC90values were determined as a 50% and 90% drop in MTS
signals. The values represent the means and STDEV from triplicate experiments.

c Selectivity index calculated from CC50 divided by EC50.

Table 2
BP34610 (5 μM) selectively inhibits viral yield of flaviviruses.

Virus titer (% of control)

Absence of compound 100
DENV-2 0.7 ± 0.05
JEV 0.7 ± 0.06
Adenovirus 84.6 ± 6.07

A plaque reduction assay of DENV-2, JEV, and adenovirus were em-
ployed. The numbers represent the percentages of values relative to the
DMSO-treated controls (100%).

Fig. 2. Dose-dependent inhibition of DENV-2 by BP34610. The DENV-2
viral yield was calculated after treating BHK21 cells with increasing con-
centrations of BP34610 and then infecting them with DENV-2 at an MOI of 0.1
(open circles) and 1 (filled circles) as described in the Materials and Methods.
The viral yields in culture medium at 72 h postinfection were determined by
plaque-forming assays. The mean values and S.E.M. from two independent
experiments are plotted. **, P < 0.01, and *, P < 0.05, compared with the o.1
MOI group. Statistical significance was calculated by using an unpaired Student
t-test as described in Materials and Methods.

Fig. 3. Inhibition of all four serotypes of DENV by BP34610 but not at the
stage of viral translation and replication. (A) BHK21 cells were incubated
with 5 μM BP34610, and then infected with four serotypes of DENV at a MOI of
0.01. The viral yield in culture medium was determined by plaque-forming
assays at 72 h postinfection. The mean values and S.E.M. from three in-
dependent experiments are plotted. **, P < 0.001. (B) Kinetics of transient
expression of wild-type and replication-defective NS5A mutant dengue re-
plicons in BHK21 cells. The luciferase activity in cytoplasmic extracts prepared
from BHK21 cells transfected with either wild-type or NS5A mutant replicon
RNAs was measured at different time points (4, 8, 24, 48, and 72 h).
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determine if BP34610 affects the viral translation or viral RNA synth-
esis. Because the luciferase activity peaked both within the first 8 h
post-transfection and after 24 h post-transfection (representing viral
translation and RNA replication, respectively), we measured luciferase
activity at 4, 8, 24, 48, and 72 h post-transfection. Luciferase activity
was monitored at 4, 8, 24, 48, and 72 h post-transfection (Fig. 3B). The
luciferase activity of WT replicon reached a peak level at approximately
48 h post-transfection and was maintained at that level until 72 h post-
transfection in the absence or presence of BP34610. In contrast, NS5A
mutant replicon luciferase activity gradually decreased from 8 to 72 h
post-transfection. BP34610 had a minimal effect on the Rluc signal
detected from 4 to 72 h post-transfection of WT or NS5A mutant re-
plicon in the presence or absence of BP34610 (Fig. 3B). The results
indicated BP34610 does not apparently affect either viral translation or
viral RNA replication.

To define the effect of BP34610 on viral entry, a time-of addition
experiment was performed. DENV2 was incubated with cells in the
presence of 5 μM BP34610 or DMSO (control). The cells were pre-in-
cubated 24 h (−24 h), 18 h (−18 h), or 0 h (0 h) with BP34610, then
infected with DENV-2 (MOI = 0.1) simply by adding viruses onto cells
without changing medium. The medium was harvested for titers from
infected cells at 72 h postinfection. For cells treated with BP34610 after
virus infection, cells were infected with first DENV-2 (MOI = 0.1),
treated with BP34610 at 2 h (+2 h) or 6 h (+6 h) postinfection by
adding BP34610 on infected cells without changing medium. Similarly,
the medium was harvested for titers from infected cells at 72 h post-
infection. Viral titers were monitored at −24, −18, 0, +2, and +6 h
postinfection. The viral titer was significantly reduced by 94% and 95%
at −24 and −18 h incubation with BP34610, respectively (Fig. 4). Less
reduction in viral titers was found when cells were first infected with
DENV-2 and treated with BP34610 at 2 h or 6 h postinfection. The re-
sults implied BP34610 may inhibit DENV-2 at the early stage of virus
infection.

Virus variants that are resistant to the inhibitory effects of a com-
pound provide evidence that the compound is acting on a virus-specific
target and not on a cellular target. To identify the antiviral mechanism
and the molecular target of BP34610, we generated BP34610-resistant
DENV-2 by eight serial passages of DENV-2 in BHK21 cells in the pre-
sence of 5 μM BP34610. Genomic RNA from viruses capable of growing
in the presence of BP34610 was isolated and amplified by reverse
transcription PCR to generate cDNA. The obtained sequencing data
(Core to NS5) revealed that three of the four clones had accumulated a

serine (S)-to-proline (P) substitution at amino acid position 397 of the
Envelope gene (Table 3). The other mutations were found to be
sporadic mutations within the Core to NS5 region. The DNA sequencing
results implied that the consensus S397P substitution may be related to
drug resistance to BP34610.

To determine if the S397P mutation affects DENV-2 replication, the
S397P substitution was introduced into the envelope domain of the
parental full-length DENV-2 infectious cDNA clone, pDENV-2-NanoLuc.
Virus spreading assay was performed to compare the virus titers of
transfected BHK21 cells with either WT or S397P pDENV-2-NanoLuc
infectious cDNA plasmid (Fig. 5A). Apparently, the virus titers derived
from BHK21 cells transfected with S397P infectious cDNA plasmid were
slightly lower than those transfected with WT infectious cDNA plasmid
three to seven days post-transfection. The results suggested the suc-
cessful isolation of S397P-resistant mutation is not due to the ad-
vantageous growth curve of S397P virus.

To confirm that the S397P mutation was correlated with reduced
drug susceptibility, the S397P substitution was introduced into the
envelope domain of the parental full-length DENV-2 infectious cDNA
clone with a Nano-Luc reporter, pDENV-2-NanoLuc. The grow kinetics
curve of S397P reporter viruses displayed slower spreading activity
compared to parental DENV-2 reporter viruses (Fig. 5A). The S397P-

Fig. 4. Inhibition of DENV-2 at the early stage of infection by BP34610.
BHK21 cells were treated with either 5 μM BP34610 or control DMSO at various
time points of pre- or postinfection with DENV-2 at MOI = 0.1. Viral yield was
measured at 72 h postinfection. The numbers above the BP34610-treated times
represent the percentages of the viral titers relative to the DMSO-treated con-
trols (100%). The error bars represent the S.E.M. from three independent ex-
periments. *, P < 0.05; **, P < 0.005.

Fig. 5. S397P substitution within the DENV envelope domain in the DENV-2
luciferase virus conferred drug resistance to BP34610. (A) The growth kinetic
curves of wild-type and S397P mutant DENV-2 luciferase viruses. Either WT or
S397P pDENV-2-NanoLuc infectious cDNA plasmid was transfected into
BHK21 cells, and the virus titers of each clone were monitored at the indicated
time points postinfection. The mean values and S.E.M. from three independent
experiments are plotted. *, P < 0.05, compared with the S397P group. (B)
Drug resistance analyses of recombinant parental and S397P substitution
DENV. Parental and S397P substituted DENV-2 luciferase virus were pre-
incubated with BP34610 at the indicated concentrations for 1 h. BHK21 cells
were infected with the compound-treated DENV-2 luciferase virus at an MOI of
0.05. The EC50s were determined by calculating the luciferase activity at 24 h
postinfection. The mean values and S.E.M. from two independent experiments
are plotted. **, P < 0.01, and *, P < 0.05, compared with the parental group.
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substituted DENV-2 reporter virus showed reduced susceptibility to
BP34610 (EC50 of 0.72 ± 0.13 μM), with an EC50 value 4-fold higher
than that of the wild-type DENV-2 reporter virus (0.18 ± 0.02 μM).
Interestingly, the EC90s for the parental and substitution reporter
viruses were calculated as 0.54 ± 0.04 μM and>8 μM, respectively
(Fig. 5B). The S397P-substituted reporter virus exhibited dramatically
higher resistance than the parental DENV-2 reporter virus. These
findings indicate that the S397P substitution is sufficient to reduce
BP34610 susceptibility.

Standard care or single-agent therapies for viral infections often
lead to the production of quasispecies, which increases the possibility of
clinical drug resistance. Therefore, more effective and better-tolerated
combination therapies to decrease the emergence of viral resistance are
greatly needed. To evaluate the effect of BP34610 when used in com-
bination with other DENV inhibitors, the inhibitory activity of pairwise
combinations of ribavirin with BP34610 was analyzed in cells infected
with DENV-2 luciferase virus. BP34610 was mixed with ribavirin, and
serial dilutions of each mixture were generated thereafter. The results
revealed that the combination of BP34610 with ribavirin produced
synergistic effects on anti-DENV activity at the 50%, 75%, and 90%
effective doses (Table 4). No cytotoxicity was observed for BP34610 or
ribavirin at the concentrations used in these experiments.

4. Discussion

In this study, we used DENV-2 reporter viruses to identify BP34610
as a DENV-2 inhibitor that shows broad inhibitory activity against
DENV-1, 2, 3, 4, and JEV in vitro. Sequencing analyses of isolated
BP34610-resistant DENV-2 viruses revealed that an S397P mutation
was responsible for the drug resistance to BP34610. Time addition
experiments and BP34610-resistance studies suggested that BP34610
may affect the early stage of viral entry and target the DENV E protein.
Moreover, the result of the combination study using BP34610 with ri-
bavirin supports the continued exploration of BP34610 as a component
of a new combination therapeutic strategy for the treatment of flavi-
virus infection.

BP34610 dramatically inhibited all four serotypes of DENV and JEV
and significantly reduced viral yields. However, BP34610 failed to in-
hibit adenovirus, a DNA virus (Table 2). This result indicated that
BP34610 is an effective, broad-spectrum flavivirus inhibitor that may
target the flavivirus E protein. Since the inhibitory effect of BP34610 on

DENV-2 and JEV is greater than that on adenovirus, it is anticipated
that the different susceptibilities of DENV-2, JEV, and adenovirus to
BP34610 may result from different amino acid sequences of the E
protein. E protein sequences from DENV-2 and JEV were aligned and
compared to correlate with the highly similar susceptibilities of DENV-2
and JEV to BP34610. The degree of conservation of the envelope amino
acid sequence of DENV-2 compared to those of JEV was shown to
correspond to 47.6% identity (74.8% similarity) (data not shown). The
high similarity in the amino acid sequence identity between virus E
proteins may explain the susceptibilities of DENV-2 and JEV to
BP34610. Interestingly, our observation showed that DENV-2 after in-
cubation with BP34610 and gel filtration still maintained infectivity
(unpublished results), suggesting BP34610 may not bind non-specifi-
cally to the viral lipid bilayer and irreversibly inactivates/denatures the
virus. However, BP34610 lost the inhibitory effect to DENV-2 after the
incubation of BP34610 with DENV-2 and removal of unbonded
BP34610 by gel filtration. The phenomenon may be explained by either
the interaction between BP34610 and E protein may not be strong or
the gel filtration matrix may non-specifically bind BP34610 and re-
duced the amount of BP34610 associated with E protein. Further bio-
chemical studies are needed to show the interaction between BP34610
and E protein.

Time-of-addition experiments implied that BP34610 interferes with
an early event in the dengue virus life cycle (Fig. 4). BP34610 did not
apparently affect either at the stage of viral translation or viral RNA
replication in the transient DENV-2 reporter replicon assays (Fig. 3B).
The S397P substitution in the envelope region moderately reduced
virus spreading activity (Fig. 5A), implying the resistance to BP34610
conferred by S397P (Fig. 5B) is not resulting from the advantageous
replication characteristics of the recombinant S397P virus. It suggested
that BP34610 inhibits DENV by targeting the E protein. Since the S397
residue is located within the hydrophobic stem region of the DENV E
protein, BP34610 likely reduces virus yields by targeting the DENV
stem region and affecting viral entry, fusion, or maturation stage.
Previous studies showed that the stem region has been used as a target
to identify molecules able to block the viral entry/fusion stage
(Hrobowski et al., 2005; Schmidt et al., 2012; Schmidt et al., 2010a, b).
Several stem-specific inhibitors have been discovered that show anti-
DENV activity, although no drug resistance studies have been reported.
Interestingly, S397P is in proximity to the junction region between the
soluble domain (residues 1–394) and the hydrophobic domain
(395–450) of the E protein. Therefore, the possibility of the soluble
domain being targeted by BP34610 cannot be excluded. Taken to-
gether, our data strongly suggest that BP34610 might target the E
protein by affecting the translocation and rearrangement of domains or
interfering with the membrane-fusion process, thereby blocking the
virus entry process. The precise mode of action remains to be char-
acterized.

The combination study using cells infected with DENV-2 luciferase
virus demonstrated the synergistic antiviral actions of BP34610 and
ribavirin (Table 4). More importantly, none of these combinations en-
hanced host cell toxicity, and no antagonistic antiviral effects were

Table 3
Sequence analysis of the mutant gene from clones derived from BP34610-resistant DENV-2.

Gene Encoded amino acid at position:

Envelope NS2B NS3 NS4A

a.a. position 129 139 284 332 397 459 60 114 47 147 300 327 402 17

Parental V I K P S I K I H V I Q W M
Clone
1 P T R
2 L P I
3 A L P M A R I
4 R T Y

Table 4
Anti-DENV activity of BP34610 in combination with ribavirin. BP34610 in
combination with ribavirin yielded synergistic effects at the 50%, 75%, and
90% effective doses.

BP34610/ribavirin ratio CI value for: Influence

ED50 ED75 ED90

1:5 0.82 0.60 0.45 Synergy
1:5 0.80 0.68 0.65 Synergy
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observed. Resistance to clinical antiviral chemotherapy has become a
major issue in the management of patients with chronic viral infections.
To achieve sustained viral responses, it is necessary to develop effective
combination therapies, especially those targeting distinct DENV viral
targets. For instance, ribavirin, which has known in vitro antiviral ac-
tivities, is currently being used synergistically in combination therapy
for DENV infections (Chang et al., 2011; Rattanaburee et al., 2015;
Takhampunya et al., 2006). Given that BP34610 can yield a high level
of synergy with “clinical standard care” inhibitors and targets the DENV
envelope, BP34610 may potentially be developed for use in future anti-
DENV cocktails. Such combinational therapy can provide major ad-
vantages over single-drug therapy and represents an attractive para-
digm for improving current virologic response rates.

In conclusion, the data presented in this study demonstrate the anti-
flavivirus activity of BP34610. The in vitro combination of BP34610
with ribavirin, a viral replication inhibitor, led to a synergistic anti-
DENV response in cell culture. Importantly, the S397P substitution in
the DENV E protein conferred a high level of resistance to BP34610.
BP34610 may target the E protein to block the early stage of viral in-
fection. Further work is required to determine the detailed molecular
mechanism by which BP34610 inhibits DENV entry and/or fusion.
Molecular understanding of small-molecule inhibitors targeting the
intermediates in the fusion-inducing arrangements of E proteins will
facilitate anti-flavivirus drug discovery.
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