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ABSTRACT Japanese encephalitis virus (JEV), an arthropod-borne flavivirus, is a ma-
jor cause of acute viral encephalitis in humans. No approved drug is available for
the specific treatment of JEV infections, and the available vaccines are not effective
against all clinical JEV isolates. In the study described here, a high-throughput
screening of an FDA-approved drug library for inhibitors of JEV was performed. Five
hit drugs that inhibited JEV infection with a selective index of �10 were identified.
The antiviral activities of these five hit drugs against other flavivirus, including Zika
virus, were also validated. As three of the five hit drugs were calcium inhibitors, ad-
ditional types of calcium inhibitors that confirmed that calcium is essential for JEV
infection, most likely during viral replication, were utilized. Adaptive mutant analysis
uncovered that replacement of Q130, located in transmembrane domain 3 of the
nonstructural NS4B protein, which is relatively conserved in flaviviruses, with R or K
conferred JEV resistance to manidipine, a voltage-gated Ca2� channel (VGCC) inhibi-
tor, without an apparent loss of the viral growth profile. Furthermore, manidipine
was indicated to protect mice against JEV-induced lethality by decreasing the viral
load in the brain, while it abrogated the histopathological changes associated with
JEV infection. This study provides five antiflavivirus candidates and identifies cyto-
plasmic calcium to be a novel antiviral target for the treatment of JEV infection. The
findings reported here provide therapeutic possibilities for combating infections
caused by flaviviruses.

IMPORTANCE No approved therapy for the treatment of Japanese encephalitis virus
infection is currently available. Repurposing of approved drugs would accelerate the
development of a therapeutic stratagem. In this study, we screened a library of FDA-
approved drugs and identified five hit drugs, especially calcium inhibitors, exerting
antiflavivirus activity that blocked viral replication. The in vivo efficacy and toxicity of
manidipine were investigated with a mouse model of JEV infection, and the viral tar-
get was identified by generating an adaptive mutant.
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Flaviviruses are taxonomically classified in the genus Flavivirus and family Flaviviridae.
These viruses comprise over 70 different pathogens, such as Japanese encephalitis

virus (JEV), Zika virus (ZIKV), dengue virus (DENV), West Nile virus (WNV), and yellow
fever virus (YFV). Most flaviviruses are arthropod borne and cause public health
problems worldwide (1). The development and usage of vaccines against some flavi-
viruses, such as JEV, YFV, and tick-borne encephalitis virus (TBEV), have decreased the
rates of morbidity and mortality from infections caused by these viruses (2); however,
flavivirus-induced diseases are still pandemic, and few therapies beyond intensive
supportive care are currently available.
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Flaviviruses have an approximately 11-kb positive-stranded RNA genome containing
a single open reading frame (ORF) flanked by untranslated regions (UTRs) at both
termini. The ORF encodes three structural proteins, including the capsid (C), membrane
(premembrane [prM] and membrane [M]), and envelope (E), and seven nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (3). These seven nonstructural
proteins participate in viral replication, virion assembly, and virus escape from immune
surveillance.

To date, no specific antivirals with activity against flaviviruses are available. To
address this, we conducted a screen of a library of 1,018 FDA-approved drugs. Since
flaviviruses are similar in structure and pathogenesis, we first utilized JEV as the
prototype to screen the drug library and subsequently validated the antiviral activities
with ZIKV, WNV, and DENV type 2 (DENV-2). The hit drugs identified in this study offer
potential new therapies for the treatment of flavivirus infection and disease.

RESULTS
Screening of an FDA-approved drug library for inhibitors of JEV infection.

Recombinant viral particles (RVPs) with the luciferase-reporting replicon enveloped by
the JEV structural proteins were used to select inhibitors, with a focus on those that
inhibit virus entry and replication, by a high-throughput screening (HTS) assay (4, 5).
The number of genomic RNA copies of RVP was determined to be 8.4 � 106 copies/ml
by using a standard curve generated with plasmids carrying the infectious clone. The
HTS assay conditions, including the seeding cell density and RVP dose, were optimized
to be 10,000 cells per 96-well plate and 20 �l (16 copies/cell) RVP for the infective dose,
respectively. Under the optimized conditions, the signal-to-basal (S/B) ratio, coefficient
of variation (CV), and Z= factor were 38,374, 2.8%, and 0.89, respectively, which
demonstrated that the assay was robust and suitable for the large-scale screening of
compounds.

A schematic of the HTS assay is depicted in Fig. 1B. After three rounds of screening,
five hits with a selective index (SI; which is equal to the 50% cytotoxic concentration
[CC50[/50% inhibitory concentration [IC50]) of �10 were selected. The CC50 values of the
hit drugs exhibited in Fig. 1B were similar to those previously published for diverse cell
systems but determined using different toxicity assays (6–13). Three of the hit drugs,
manidipine, cilnidipine, and benidipine hydrochloride, were dihydropyridine (DHP)
voltage-gated Ca2� channel (VGCC) antagonists, while pimecrolimus is an inhibitor of
inflammatory cytokine secretion and nelfinavir mesylate is an HIV-1 protease blocker.
All five drugs exhibited a dose-dependent inhibition of JEV RVP infection (Fig. 1C). To
validate the antiviral effect, hit drugs were purchased from other commercial sources
and tested. In the reconfirmation screen, all hit drugs showed antiviral and cytotoxic
effects similar to those found in the primary screen.

Validation of hit drugs. To verify the results obtained by the luciferase reporter
assays, we also investigated the antiviral effect of the five hit drugs on wild-type JEV
strain AT31. As expected from the HTS assay, all five drugs robustly inhibited virus
production, with a reduction of approximately 4 to 5 log units at the highest concen-
tration and an approximately 1-log-unit decrease with 2.5 �M the drugs (Fig. 2B). A
sharp decrease in JEV RNA levels was also detected (Fig. 2C). The attenuated RNA levels
in the high-dose, middle-dose, and low-dose groups were all above 40%. In particular,
in the manidipine-treated group, the inhibitory effect was at least 80% compared to
that for the control, which showed a strong inhibition of viral replication. Consistent
with the inhibition of virus replication and production, expression of the viral structural
protein prM was hardly detectable following treatment with the drugs at the high
concentration (Fig. 2D). Overall, the results in Fig. 2 confirmed that the five hit drugs
inhibited JEV infection in a dose-dependent manner in vitro.

Drugs inhibit JEV infection during viral RNA synthesis. Because RVPs, which have
a natural virus-like envelope on the outside and a replicon on the inside, permitted the
quantification of JEV productive entry and replication, a time-of-addition experiment
was performed to investigate whether the hit drugs blocked the entry step or the
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replication step. As shown in Fig. 3B, no suppression of luciferase activity by any of the
hit drugs was observed when they were used as treatments before infection or during
infection or as a virucide, suggesting that these drugs do not inhibit JEV infection either
by inactivating the virus directly or by blocking JEV entry. However, these drugs exerted
fully inhibitory effects when they were added at 1 h postinfection, suggesting that viral
replication was the stage at which these drugs showed inhibitory activity.

To confirm this suggestion, we investigated the inhibitory effects of these drugs on
the JEV replicon. The highest concentration of manidipine and nelfinavir mesylate
tested in baby hamster kidney (BHK-21) cells was adjusted to 5 �M and 10 �M,
respectively. It was shown that all five drugs inhibited JEV RNA synthesis in a dose-
dependent manner, while neither drug inhibited the initial translation of replicon RNA
(5, 14) (Fig. 3C), confirming that these drugs inhibited JEV infection at the stage of
replication.

Hit drugs exhibit broad-spectrum antiflavivirus activity. In order to determine
whether the antiviral activity of the five hit drugs extended to other flaviviruses, we
explored their antiviral effect against ZIKV. Similar to the findings for JEV, the ZIKV titer
was decreased by multiple log units when ZIKV was treated with a high concentration
of each of the drugs (Fig. 4A). Moreover, ZIKV exhibited a higher sensitivity to the two
calcium channels inhibitors manidipine and cilnidipine than JEV, with no plaque
formation being observed at 10 �M. Consistent with this result, sharp decreases in the
level of replication of ZIKV RNA and the level of expression of viral protein were also
detected (Fig. 4A). Notably, treatment with 5 �M manidipine produced a 95% inhibition

FIG 1 HTS for inhibitors of JEV infection from an FDA-approved drug library. (A) HTS assay timeline. Vero cells were seeded at a density of 1 � 104 cells per
well in 96-well plates. After overnight incubation, cells were treated in duplicate with 10 �M compounds. One hour later, 20 �l RVPs was added. The supernatant
was removed 1 h later and the compounds were readded to the cells for an additional 23 h. (B) (Left) HTS assay flowchart. The criterion required for the
compounds to pass the primary screen was inhibition of �90%, and 28 primary candidates were selected. In the reconfirmation screen, 9 compounds with
dose-dependent inhibition and cell viability of �80% were selected. (Middle) HTS of a library of 1,018 FDA-approved drugs for primary candidates inhibiting
JEV infection. Each dot represents the percent inhibition achieved with each compound at a concentration of 10 �M. The dots located in the blue box represent
inhibition of �90%. (Right) IC50s, CC50s, and SIs of nine compounds selected from the reconfirmation screen. The top five compounds depicted in the blue box
showed SIs of greater than 10 and were designated hit drugs. (C) Dose-response curves of the five hit drugs for inhibition of JEV RVP infection. (Insets) The
structure of each drug.
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of viral replication, translation, and viral yields. Taken together, these results indicate
that the hit drugs could effectively inhibit ZIKV infection.

Since these drugs exhibited their anti-JEV effects at the stage of viral replication, we
further tested the effects against WNV and DENV-2 by using WNV and DENV-2 repli-
cons. Similar to the results for JEV, a dose-dependent reduction in the level of WNV
replication was observed with the drug treatments. The same phenotype was observed

FIG 2 Validation of the antiviral effects of the hit drugs. (A) Antiviral assay timeline. Vero cells were incubated with the hit drugs from 1 h preinfection and then
infected with JEV at a multiplicity of infection of 0.2 for 1 h. (B to D) Twenty-four hours later, the cell culture supernatants were subjected to the viral titer assay
(B), while cell lysates were assessed for quantification of the amount of viral RNA (C), and duplicate cells were analyzed for protein expression by IFA (D). IFA
images showing the viral prM protein (green) and nuclei (blue) are displayed for Vero, Huh-7, and SH-SY5Y cells. Data are represented as the means � SDs from
3 independent experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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for DENV-2 for all drugs except nelfinavir mesylate, which showed no effect at the
concentrations tested (Fig. 4B and C). Together, these results indicate that the five hit
drugs are excellent candidates for broad-spectrum antiflavivirus treatment.

Antiviral effect of calcium inhibitors. Since three hit drugs, manidipine, cilnidip-
ine, and benidipine hydrochloride, were DHP VGCC inhibitors, we asked whether other
calcium antagonists could block JEV infection. To address this question, we employed
four different classes of inhibitors. Verapamil, a prototype phenylalkylamine (PAA)
VGCC inhibitor (15), exhibited a dose-dependent inhibition of JEV on both African
Green monkey kidney (Vero) and human hepatocellular carcinoma (Huh-7) cells (Fig. 5),
which was consistent with the inhibitory effects of the DHP inhibitors, suggesting
that calcium channels play an important role in JEV infection. Cyclosporine and
2-aminobiphenyl borate (2-APB), which inhibit the efflux of Ca2� from the mitochon-
drial and endoplasmic reticulum (ER) pool, respectively (16–19), were also found to
block JEV infection effectively. Similarly, treatment with the cell-permeant Ca2� chela-
tor 1,2-bis-(o-aminophenoxy)-ethane-N,N,N=,N=-tetraacetic acid, tetraacetoxymethyl es-
ter (BAPTA-AM), could also suppress JEV infection. Taken together, we concluded that
intracellular Ca2� is essential for JEV infection and cytoplasmic calcium is a potent
target for antiflavivirus treatment.

Selection and characterization of manidipine-resistant JEV. To identify the viral
target of the calcium channel inhibitor, we selected a manidipine-resistant virus by
serially passaging JEV in the presence of manidipine. Viruses from passage 20 (P20)
showed robust resistance compared with the wild type (WT) (Fig. 6A). When JEV from
P20 was treated with 5 �M or 10 �M manidipine, the viral titer was about 10- and
100-fold higher than that of the WT, respectively.

FIG 3 Time-of-addition analysis of the antiviral activity of the hit drugs. (A) Schematic illustration of time-of-addition experiment. (B) Vero cells were infected
with JEV RVP for 1 h (0 to 1 h). Manidipine (10 �M), cilnidipine (10 �M), benidipine hydrochloride (10 �M), pimecrolimus (10 �M), or nelfinavir mesylate (8 �M)
was introduced at different time points of RVP infection, designated virucidal, pretreatment (pre), during treatment (during), or posttreatment (post). The
inhibitory effect of the drugs in each group was determined by a luciferase activity assay. (C) BHK-21 cells transfected with the JEV replicon were treated with
drugs at the indicated concentrations, and luciferase activities were determined at 24 h (left) and 2 h (right).
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Individual virus clones were isolated, and two isolates were randomly selected and
amplified. An amino acid substitution was observed in two isolated clones, resulting in
a glutamine (Q)-to-arginine (R) switch at amino acid position 130 in transmembrane
domain 3 (TMD3) of NS4B, i.e., position 2401 of the translated polyprotein in the JEV
infectious cDNA clone (Fig. 6B). Sequence alignment of NS4B indicated that Q130 was
conserved in all flaviviruses except YFV, which possessed a lysine at that position (Fig.
6B). The conserved Q130 of NS4B may account for the sensitivity of JEV, ZIKV, WNV, and
DENV-2 to manidipine, as described above (Fig. 4), while YFV showed resistance to the
drug (data not shown).

To confirm that the Q130R mutation did confer manidipine resistance and to
investigate the role of Q130 in NS4B function, we produced JEV clones with the Q130R,
Q130K, Q130E, or Q130A mutation by introducing the desired mutations into the

FIG 4 Broad-spectrum antiviral activity of the hit drugs against flaviviruses. (A) Vero cells were infected with ZIKV at a multiplicity of infection of 0.2 for 1 h.
The hit drugs were added to the cells at 1 h preinfection and were present throughout the experiment. At 48 h postinfection, the cell culture supernatants were
subjected to a viral titer assay (top left), while cell lysates were assessed for viral RNA quantification (top right), and duplicate cells were analyzed by IFA for
E protein (green) expression (bottom). Nuclei (blue) were stained with DAPI (4=,6-diamidino-2-phenylindole). (B and C) BHK-21 cells transfected with the WNV
or DENV-2 replicon were treated with the hit drugs at the indicated concentrations, and luciferase activities were determined 48 h or 72 h later.

Wang et al. Journal of Virology

November 2017 Volume 91 Issue 21 e01055-17 jvi.asm.org 6

http://jvi.asm.org


infectious cDNA clone and rescuing the mutant viruses. To investigate the biological
properties of the mutant viruses, we first examined the growth kinetics of the rescued
viruses. As shown in Fig. 6C, all mutant viruses had an accumulation of infectious virions
and reached the highest titer at 60 h postinfection. Infection of the Q130R and Q130K
mutant viruses resulted in growth curves similar to the growth curve for the WT (Fig.
6C), while the Q130E and Q130A mutants produced smaller amounts of viruses
between 24 and 60 h. Analysis of the plaque morphology revealed that the plaques of
the Q130R, Q130K, and Q130E mutants were similar to the plaques of the WT, whereas
the plaques of the Q130A mutant were smaller than those of the WT.

We next investigated the sensitivity of the four mutant viruses to manidipine. As
shown in Fig. 6D, the Q130R and Q130K mutant viruses were resistant to manidipine.
At a 10 �M concentration, manidipine efficiently inhibited WT JEV infection and
reduced the viral yields by approximately 4 log units, while the Q130R and Q130K
mutant viruses were resistant to manidipine and the viral titer decreased less than 2 log
units. The Q130A mutant virus demonstrated moderate resistance and a slightly higher

FIG 5 The inhibitory effects of four kinds of calcium inhibitors, verapamil, 2-APB, cyclosporine, and BAPTA-AM, on JEV infection on Vero (A) and Huh-7 (B) cells.
(Top) The ratio of the total number of cells stained with fluorescein isothiocyanate (FITC; green; JEV prM) to the number stained with DAPI (blue; nuclei) was
calculated by comparison to that for the DMSO-treated control group. (Bottom) The IFA was monitored by use of an Operetta high-content imaging system
(PerkinElmer). The experiment was performed as described in the legend to Fig. 2A. Data are represented as the means � SDs from 4 independent experiments.
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FIG 6 Selection and characterization of manidipine-resistant JEV. (A) The effects of manidipine on WT and P20 resistant viruses were determined in a viral titer
assay. Data are represented as the means � SDs from 3 independent assays. (B) (Top) Sequencing analysis of the mutations presented in the two resistant
isolates and DMSO-treated viruses. (Middle) Membrane topology of JEV NS4B (48), with the location of Q130 highlighted with a red dot. (Bottom) Amino acid
sequence alignment of the flavivirus NS4B. Q130 in NS4B is highlighted with a red box. The sequences of JEV, WNV, ZIKV, DENV-1, DENV-2, DENV-3, DENV-4,
KUNJIN, and YFV 17D were derived from sequences with GenBank accession numbers BAD81042.1, AF404756, AMR39836.1, ALI16952.1, AHB63928.1,
YP_001531175.2, NP_740324.1, AAP78942.1, and NP_776008.1, respectively. (C) (Top) Growth kinetics of recombinant viruses with different Q130 mutations.
Vero cells were infected at a multiplicity of infection of 0.1 for 1 h. The supernatants were collected at the indicated time points postinfection and assayed for
the viral titer. Data are represented as the means � SDs for 2 independent wells. (Bottom) Sequencing chromatogram of the WT and recombinant viruses.
(Insets) Plaque morphology of each virus. (D) Resistance of the recombinant viruses to manidipine. The experiment was performed as described in the legend
to Fig. 2A. Data are represented as the means � SDs from 2 independent experiments.
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than 2-log-unit decrease in titer, while the Q130E mutant virus showed no resistance to
manidipine.

Taken together, it could be concluded that Q130 not only is critical for conferring
manidipine sensitivity but also is important for JEV replication. The replacement of
glutamine with basic amino acids conferred resistance to manidipine without an
apparent loss of growth.

In vivo efficacy of manidipine. As manidipine exhibited the strongest inhibitory
activities on JEV replication as well as ZIKV infection when its activities were compared
with those of the five hit drugs (Fig. 2 and 4A), we further examined the protective
effect of manidipine against JEV-induced lethality in a mouse model. As anticipated,
mice in the JEV-infected vehicle-treated group started to show symptoms, including
limb paralysis, restriction of movement, piloerection, body stiffening, and whole-body
tremor, from day 5 postinfection. Within 21 days postinfection, most mice in the
JEV-infected group succumbed to the infection, with the mortality rate being 73% (4
out of 15 animals survived). Manidipine treatment following JEV infection reduced the
mortality rate to 20% (12 out of 15 animals survived) (Fig. 7A). Mice treated with
manidipine alone or treated with manidipine and infected with JEV showed little
abnormal behavior, similar to the findings for the mice in the vehicle-treated group.
These results suggest that manidipine provided effective protection against JEV-
induced mortality.

To further relate these protective effects to the viral load and histopathological
changes in the mouse brains, the viral titer was determined and mouse brain sections
were collected and assayed at day 5 and day 21 postinfection, since mice started to
show symptoms of JEV infection from day 5 postinfection and most of the surviving
mice had recovered at day 21. The results indicated that, during the progression of the
disease, manidipine treatment significantly reduced the viral load in infected mice
compared to that in infected mice not receiving treatment, while no plaques formed in
either the manidipine- or vehicle-treated group, and viral loads were undetectable in
each group on day 21 postinfection (Fig. 7B). As JEV was rapidly cleared from the blood
after inoculation and was present in the lymphatic system during the preclinical phase,
the effects of manidipine on infection of serum and the spleen were evaluated at earlier
time points to detect whether the drug reduced the peripheral viral loads (20, 21). As
shown in Fig. 7C, manidipine had little effect on peripheral JEV infection, which
indicated that manidipine protected the mice against JEV-induced lethality by decreas-
ing the viral load in the brain. Similarly, apparent damage in the brain, including
meningitis, perivascular cuffing, vacuolar degeneration, and glial nodules, was ob-
served in the JEV-infected and vehicle-treated group on day 5 postinfection, while
manidipine treatment remarkably alleviated these phenomena (Fig. 7D). These results
indicate that the alleviation of histopathological changes was accompanied by a
reduction in the viral load as well as a reduction in the rate of mortality, further
confirming the curative effects of manidipine on viral encephalitis.

DISCUSSION

Among the five hit drugs, manidipine, cilnidipine, and benidipine hydrochloride
were VGCC inhibitors. It has been well documented in the literature that Ca2� inhibitors
serve to inhibit virus infection at the stage of either entry (15, 22) or replication (18) and
even at the stage of budding (23). To this end, we first reviewed all 21 calcium inhibitors
included in the current library of FDA-approved drugs and found that, in addition to the
four DHP VGCC inhibitors listed in Fig. 1B, two other calcium inhibitors, i.e., flunarizine
dihydrochloride and lomerizine hydrochloride, were also identified to be primary
candidates with levels of inhibition of �90%. Similarly, three calcium channel antago-
nists, nisoldipine, felodipine, and nicardipine hydrochloride, showed levels of inhibition
of 75%, 72%, and 66%, respectively, in the primary screen. Together, 9 of the 21 calcium
inhibitors in the library, accounting for nearly half of the calcium inhibitors, exhibited
levels of flavivirus inhibition of greater than 50%, suggesting that calcium, especially
the calcium channel, is a potential antiviral target. To address this, another type of
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FIG 7 Manidipine protected mice from JEV infection. (A) Survival of mice in each group monitored for 21 days after
inoculation of JEV by intraperitoneal injection. Data are shown as Kaplan-Meier survival curves (n � 15 for each group). (B)
The viral loads in mouse brains were measured by plaque assay on days 5 and 21, respectively. (C) The viral loads in serum
and spleen were measured by qRT-PCR on days 1 and 3, respectively. (D) Manidipine treatment alleviated the histopatho-
logical changes in mice caused by JEV infection. Arrows, histopathological changes, such as meningitis, perivascular cuffing,
and glial nodules; dashed lines, limit of detection; d, day. **, P � 0.01.
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VGCC inhibitor, verapamil, an FDA-approved drug not yet included in the drug library
used in this study, was investigated. Likewise, a Ca2� chelator, BAPTA-AM, as well as the
Ca2� inhibitors 2-APB and cyclosporine, targeting ER and the mitochondrial Ca2�

channel, respectively, were employed to investigate the response of JEV infection to the
decrease in intracellular Ca2� levels. In line with the activities of the three hit DHP VGCC
inhibitor drugs, the additional Ca2� inhibitors exerted anti-JEV activity, which indicated
that Ca2� is indispensable for JEV infection. Thus, Ca2� inhibitors might be utilized as
effective treatments for flavivirus infection.

As the hit drugs exerted full inhibitory activity when they were added posttreat-
ment, we believe that Ca2� is important for flavivirus genome replication. Furthermore,
selection and genetic analysis of drug-resistant viruses revealed that NS4B is the viral
target of manidipine. NS4B is part of the viral replication complex and is supposed to
anchor the viral replicase to the ER membrane (24). Meanwhile, the N-terminal 125-
amino-acid domain of DENV NS4B was indicated to be responsible for inhibition of the
immune response (25). Notably, several structurally distinct compounds have been
identified to inhibit flavivirus replication by intensively targeting the TMD of NS4B
(26–32). It is thus conceivable that inhibitors targeting TMD of NS4B would perturb its
function, leading to the suppression of viral RNA replication. In this study, the replace-
ment of Q130 of NS4B with a basic amino acid conferred the resistance effect without
suppressing JEV replication, suggesting that position 130 could tolerate a basic amino
acid and that the basic amino acid might be involved in the interplay of NS4B with host
proteins rather than viral proteins.

Moreover, the efficacy and toxicity of manidipine were monitored in vivo, with
manidipine demonstrating effective antiviral activity with favorable biocompatibility.
However, the dose used in this study was higher than the dose typically used clinically,
representing one of the scenarios most commonly encountered in drug repurposing
(33, 34). As manidipine was approved for use for the long-term treatment of hyper-
tension (35, 36), pulse-dose treatment with manidipine over the shorter period of time
required for the treatment of virus infection might be relatively safe. Moreover, use of
a combination of manidipine with other Ca2� inhibitors might improve its therapeutic
efficacy, reduce its toxicity, and reduce the risk of resistance development (37–39).

Besides the three VGCC inhibitors, two hit drugs, pimecrolimus and nelfinavir
mesylate, showed equivalent inhibitory activities on the replication of JEV, ZIKV, WNV,
and DENV-2. Although there has been no report on the use of pimecrolimus for the
treatment of infectious diseases, we showed that it had a robust effect against JEV with
an SI of �32. The maximum plasma concentration (Cmax) of nelfinavir mesylate
achieved with an adult dose was 3 to 4 �g/ml (40), which was comparable to the IC50

reported here. Notably, nelfinavir mesylate was confirmed to inhibit herpes simplex
virus 1 (HSV-1) and the replication of several other herpesviruses by interfering directly
or indirectly with the later steps of virus formation, such as glycoprotein maturation or
virion release, other than functioning in herpesviruses protease (41, 42). Whether
nelfinavir mesylate inhibits flavivirus by interference with the virus protease or by other
off-target effects is unknown. Understanding of the mechanism of the antiflavivirus
effects of these drugs might uncover novel targets of the drugs, providing further
insight into the pathogenesis of flaviviruses.

Above all, the findings reported here provide novel insights into the molecular
mechanisms underlying flavivirus infection and offer new and promising therapeutic
possibilities for combating infections caused by flaviviruses.

MATERIALS AND METHODS
Cells and viruses. BHK-21, SH-SY5Y (human neuroblastoma), Vero, and Huh-7 cells were cultured in

Dulbecco modified Eagle medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum
(Gibco, Grand Island, NY, USA). JEV strain AT31, the WNV replicon, and the DENV-2 replicon expressing
Renilla luciferase (Rluc) were kindly provided by Bo Zhang, Wuhan Institute of Virology, Chinese Academy
of Sciences (CAS), China. JEV replicon recombinant viral particles (RVPs) were generated as previously
described (4, 5). ZIKV strain H/PF/2013, kindly provided by the European Virus Archive Goes Global, was
propagated and titrated in Vero cells.
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Optimization of HTS assay conditions. The cell density and RVP dose were optimized for the HTS
assay. Vero cells at different densities (2,500 to 12,500 cells per well) were infected with from 1.25 to 20
�l RVPs (1 to 16 copies per well). The appropriate cell density as well as the RVP dose was selected by
comparing the S/B ratio, CV, and Z= values under different conditions as previously described (43).
Methyl-�-cyclodextrin and dimethyl sulfoxide (DMSO) were used as positive and negative controls,
respectively.

HTS assay of an FDA-approved compound library. A library of 1,018 FDA-approved drugs was
purchased from Selleck Chemicals (Houston, TX, USA). The compounds were stored as 10 mM stock
solutions in DMSO at 4°C until use. The first round of the HTS assay was carried out as shown in Fig. 1A.
The criteria used to identify the primary candidates were no apparent cytotoxicity and an average level
of inhibition of �90% in duplicate wells. The criteria of dose-dependent inhibition and cell viability
of �80% were applied for the reconfirmation screen. Furthermore, the CC50 of each compound was
calculated, and those compounds displaying SIs over 10 were considered hits in this study.

Identification of antiviral effects of five hit drugs. The antiviral effects of the drugs were evaluated
by quantitative reverse transcription-PCR (qRT-PCR), immunofluorescence assay (IFA), and plaque assay
as previously reported (44–47). The experimental timeline is depicted in Fig. 2A.

To ensure the effectiveness of the hit drugs in flavivirus replication, BHK-21 cells transfected with the
JEV, WNV, or DENV-2 replicon were incubated with each drug at the concentrations indicated above, and
the luciferase activities were determined 24 h, 48 h, or 72 h later, respectively.

Time-of-addition experiment. To evaluate which stage of the JEV life cycle was inhibited by each
hit, a time-of-addition experiment was performed as previously described (43). Vero cells were infected
with 20 �l RVPs for 1 h (0 to 1 h). The test compounds were incubated with the cells for 1 h before
infection (�1 to 0 h), during infection (0 to 1 h), and for 23 h postinfection (1 to 24 h) (Fig. 3A). To exclude
a possible direct inactivating effect of the drugs, RVPs were incubated with each drug at 37°C for 1 h, and
the mixtures were diluted 25-fold to infect Vero cells. Twenty-four hours later, the luciferase activities
were determined as described above (Fig. 3A).

Manidipine-resistant virus. Manidipine-resistant virus was generated by passaging of JEV on Vero
cells in the presence of manidipine. Passages 1 to 10 used 5 �M manidipine, and passages 11 to 20 used
10 �M manidipine. As a control, WT virus was passaged in the presence of 2% DMSO in parallel.
Passaging was terminated at passage 20, when no further improvement in resistance was detected. Two
manidipine-resistant virus isolates were plaque purified and amplified in the presence of manidipine.
Viral RNA was extracted, amplified, and purified for sequencing. An infectious cDNA clone of JEV, strain
AT31 (pMWJEAT), kindly provided by T. Wakita, Tokyo Metropolitan Institute for Neuroscience, was used
to recover WT and mutant viruses as described previously (4). Virus titers and manidipine sensitivities
were determined by plaque assay in Vero cells.

Manidipine administration to JEV-infected mice. Adult female BALB/c mice (age, 4 weeks) were
kept in the Laboratory Animal Center of Wuhan Institute of Virology, CAS (Wuhan, China). The mice were
randomly divided into four groups (30 mice per group): a JEV-infected and vehicle (2% Tween 80 plus
5% DMSO in phosphate-buffered saline [PBS])-treated group, a manidipine-treated group, a JEV-infected
and manidipine-treated group, and a vehicle-treated group. For infection, mice were infected intraperi-
toneally with 5 � 106 PFU of JEV strain AT31. For the manidipine and vehicle treatments, mice were
injected intraperitoneally with 25 mg/kg of body weight manidipine or PBS with 2% Tween 80 and 5%
DMSO, respectively. Treatments were administered twice a day for the first 2 days and then consecutively
administered once a day for up to 21 days. Five mice from each group were sacrificed on days 1, 3, and
5 postinfection. Serum, spleen tissue, and brain tissue samples were collected for viral titer determination
and histopathology investigation. Fifteen mice were monitored daily for morbidity and mortality. The
mice that showed neurological signs of disease were euthanized according to the Regulations for the
Administration of Affairs Concerning Experimental Animals in China. The protocols were reviewed and
approved by the Laboratory Animal Care and Use Committee at the Wuhan Institute of Virology, CAS
(Wuhan, China).
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