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a b s t r a c t

The Chikungunya virus (CHIKV), an enveloped RNA virus that has been identified in over 40 countries
and is considered a growing threat to public health worldwide. However, there is no preventive vaccine
or specific therapeutic drug for CHIKV infection. To identify a new inhibitor against CHIKV infection, this
study constructed a subgenomic RNA replicon expressing the secretory Gaussia luciferase (Gluc) based on
the CHIKV SL11131 strain. Transfection of in vitro-transcribed replicon RNA to BHK-21 cells revealed that
Gluc activity in culture supernatants was correlated with the intracellular replication of the replicon
genome. Through a chemical compound library screen using the Gluc reporter CHIKV replicon, we
identified several compounds that suppressed CHIKV infection in Vero cells. Among the hits identified,
CP-154,526, a non-peptide antagonist of the corticotropin-releasing factor receptor type-1 (CRF-R1),
showed the strongest anti-CHIKV activity and inhibited CHIKV infection in Huh-7 cells. Interestingly,
other CRF-R1 antagonists, R121919 and NGD 98-2, also exhibited inhibitory effects on CHIKV infection.
Time-of-drug addition and virus entry assays indicated that CP-154,526 suppressed a post-entry step of
infection, suggesting that CRF-R1 antagonists acted on a target in the intracellular replication process of
CHIKV. Therefore, the Gluc reporter replicon system established in this study would greatly facilitate the
development of antiviral drugs against CHIKV infection.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Chikungunya virus (CHIKV) is an enveloped virus belonging
to the Alphavirus genus in the Togaviridae family, causing Chi-
kungunya fever (CHIKF), which is generally characterized by fever,
myalgia, and arthralgia [1]. Its viral genome is a single-stranded,
positive-sense RNA approximately 12 kb in length, which encodes
four non-structural (nsP1, nsP2, nsP3, and nsP4) and five structural
(C, E3, E2, 6k, and E1) proteins flanked by 50 and 30 non-translated
uki).

r Inc. This is an open access articl
regions (NTRs) and has a 50 cap structure and 30 poly A tail [2]. The
entry of CHIKV into target cells is mediated by receptor-mediated
endocytosis, and after disassembly of the internalizing virion, the
non-structural precursor proteins are synthesized from the viral
RNA genome, yielding nsP1�4, which are involved in intracellular
viral RNA amplification and protein processing [3]. In contrast to
the nonstructural proteins, structural proteins are expressed from
26S subgenomic RNA, which is transcribed under the internal
promoter present in the negative-sense viral RNA [2]. After the full-
length viral RNA and capsid proteins are assembled, the nucleo-
capsid core buds out from the plasma membrane with glycosylated
E proteins [4].

CHIKV is transmitted to humans through the bite of infected
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Aedesmosquitos. Although CHIKF had been considered an endemic
disease in tropical areas of Africa and Asia, a major outbreak, which
started in 2004 in coastal Kenya, spread to the islands in the Indian
Ocean, and reached India and Southeast Asia, has changed its
recognition as a re-emerging disease [5]. Importantly, genetic ad-
aptations of CHIKV to Aedes albopictus, which is found in temperate
regions, have been implicated in the spread of CHIKV to non-
endemic regions, including Europe [6]. Since Aedes albopictus is
more widely distributed than Aedes aegypti, CHIKV is currently
regarded as an increasing threat to public health worldwide. In
addition, there is a risk that the virus will be imported to new areas
by infected travelers [7]. However, no approved vaccine or antiviral
therapeutics exist. Treatment of CHIKV infection is directed pri-
marily at relieving the symptoms, including joint pain using anti-
pyretics, optimal analgesics, and fluids [8]. Therefore, developing
anti-CHIKV drugs is needed to prepare for an outbreak.

In this study, we aimed to identify small chemical inhibitors
against CHIKV by newly generating a self-replicative subgenomic
RNA (i.e., replicon system) expressing the Gaussia luciferase (Gluc),
a secretory luciferase that enabled rapid and quantitative evalua-
tion of the level of intracellular CHIKV RNA replication. Through
screen of a chemical library consisting of 80 agonists and antago-
nists for cellular signaling pathways using the Gluc replicon, CP-
154,526, a non-peptide corticotropin-releasing factor receptor
type-1 (CRF-R1) antagonist was identified as an inhibitor of the
replication of CHIKV. Interestingly, structurally similar (R121919)
and dissimilar (NGD 98-2) CRF-R1 antagonists also exhibited
antiviral activity against CHIKV, indicating that the CHIKV reporter
replicon harboring a secretory luciferase gene is a useful tool for the
development of anti-CHIKV drugs.

2. Materials and methods

2.1. Cells

All mammalian cell cultures were maintained at 37 �C in the
presence of 5% CO2. BHK-21 (baby hamster kidney) and Vero (green
monkey kidney) cells were maintained in Eagle's minimum
essential medium (MEM) containing Earle's salts and L-glutamine
(Nacalai Tesque, Inc.) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (100 U/ml penicillin and 100 mg/ml strepto-
mycin). Huh-7 (human hepatoma) cells were maintained in Dul-
becco's Modified Eagle Medium (DMEM, Nacalai Tesque, Inc.)
supplemented with 10% FBS and antibiotics.

2.2. Construction of plasmid for expression of the CHIKV reporter
replicon

A cassette containing puromycin resistance (pac), the foot-and-
mouth disease virus 2A cleavage site (FMDV2A), and Gluc genes
was synthesized by overlapping PCR using pLKO.1-puro (Sigma-
Aldrich) and DGL2 [9] plasmid DNAs and inserted into BamHI (in
the nsP1 gene) and HindIII (in 30NTR) sites of a T7 promoter-driven
CHIKV Ross strain infectious clone expression plasmid (pT7-Ross
[10]) using an In-Fusion HD Cloning Kit (Clontech) with appro-
priate PCR primers. After sequence confirmation of the pac-
FMDV2A-Gluc cassette, the vector sequence from the ATG start
codon of puromycin-N-acetyl-transferase (pac) gene to the end of
50NTR was amplified by inverse PCR and joined with a PCR product
cDNA encompassing the nsP1e4 genes and the junction (J) region
of the CHIKV SL11131 strain [10] using an In-Fusion HD Cloning Kit
(designed as pT7/SL-Gluc).

A mutant CHIKV reporter construct, in which the catalytic Gly-
Asp-Asp (GDD) motif in the RNA-dependent RNA polymerase
(RdRp) of nsP4 was changed to Gly-Ala-Ala (GAA) [11], was
182
generated by PCR-based site-directed mutagenesis (designated as
pT7/SL-Gluc-nsP4GAA).

The sequence of plasmid constructs was confirmed by an
automated DNA sequencer. All plasmids were prepared using
Escherichia coli strain DH5a, and PCR was performed using Pri-
meSTAR Max DNA Polymerase (Takara).
2.3. Production and validation of CHIKV reporter replicon RNA

The 50-capped replicon RNA was transcribed in vitro from pT7/
SL-Gluc and pT7/SL-Gluc-nsP4GAA, which had been linearized
with NotI (just downstream of a poly(A) tail [10]) using the
mMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher Sci-
entific) and purified using a FastGene RNA Basic Kit (Nippon Ge-
netics Co., Ltd.).

BHK-21 cells were seeded in a 24-well plate at a density of
5� 104 cells/well one day prior to transfection and transfected with
200 ng of SL-Gluc or SL-Gluc-nsP4GAA RNA using 0.3 ml of Lip-
ofectamine MessengerMAX (Thermo Fisher Scientific). Two days
after transfection, 20 ml of culture supernatant was mixed with
50 ml of a luciferase substrate of the Renilla Luciferase Assay System
(Promega), which was compatible with the detection of Gluc ac-
tivity, and the luciferase activity was measured using a GloMax-
Multiþ Detection System (Promega). In a parallel experiment, BHK-
21 cells were co-transfected with 100 ng of SL-Gluc RNA and
25 pmol of an siRNA duplex targeting CHIKV nsP3 [12] or a negative
control siRNA duplex [13].

For an immunofluorescent analysis (IFA) of CHIKV replicon,
BHK-21 cells (5 � 104) were cultured on poly-L-lysine-treated glass
coverslips in a 12-well plate one day before transfection and
transfected with 1 mg of SL-Gluc RNA. Two days after transfection,
cells on the coverslips were subjected to IFA in the procedure
described previously [10] and observed under a BZ-X700 fluores-
cent microscope (Keyence). The first antibodies used were anti-
double-stranded (ds)RNA mouse monoclonal (clone J2, English &
Scientific Consulting Bt.) and in-house-generated anti-nsP2 rabbit
polyclonal antibodies. The nsP2 antibody was produced through
immunization of a rabbit with a synthetic peptide from CHIKV Ross
nsP2 (amino acid position 121e139 [14]) and affinity-purified using
a bacterially expressed maltose-binding protein-nsP2 helicase
domain fusion protein and a HiTrap NHS-activated HP column
(Cytiva). The secondary antibodies were Alexa Fluor
555econjugated anti-mouse and Alexa Fluor 488econjugated an-
tibodies (Thermo Fisher Scientific). The slide was mounted using
ProLong Glass Antifade Mountant containing NucBlue (Thermo
Fisher Scientific).
2.4. Chemical library screening

BHK-21 cells were seeded in a 96-well plate at a density of
1� 104 cells/well one day prior to transfection and transfected with
100 ng of SL-Gluc RNA using 0.15 ml of Lipofectamine Messenger-
MAX. On the next day, the culture medium was exchanged with a
fresh one containing 2% FBS and 10 mM compounds (Sigma-Aldrich,
Cat. No. S990043-SIG1) or 0.1% DMSO control; two days after
treatment, the Gluc activity of the culture supernatant was
measured. The replicon RNAetransfected cell culture was further
subjected to a cell viability assay using a CellTiter-Glo Luminescent
Cell Viability Assay (Promega). Note that Gluc expression does not
interfere with the CellTiter-Glo Luminescent Cell Viability Assay
using a firefly luciferase (Fluc) because of the difference in substrate
specificity between Gluc and Fluc [15].
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2.5. Antiviral activity assays

Production and titration of infectious CHIKV were performed as
described previously [10]. For the validation of candidate com-
pounds obtained through chemical library screening, Vero cells
were seeded in a 96-well plate at a density of 1� 104 cells/well one
day prior to infection and incubated with pyrilamine maleate salt
(Sigma-Aldrich), CP-154526 hydrochloride (Sigma-Aldrich), verat-
ridine (Calbiochem), tolcapone (Sigma-Aldrich), protriptyline hy-
drochloride (MedChemExpress), R121919 hydrochloride (Sigma-
Aldrich), NGD 98-2 hydrochloride (Sigma-Aldrich), or 0.1% DMSO
for 1 h, followed by exposure to CHIKV at a multiplicity of infection
(MOI) of 1 for an additional 1 h. After infection, cells were cultured
with 100 ml of MEM containing 10% FBS and respective compounds,
and culture supernatants collected 24 h after infection were sub-
jected to the plaque assay to measure the virus titer as described
previously [10]. As for the assessment of CP-154,526 in human cells,
Huh-7 cells were seeded in a 24-well plate at a density of
1 � 105 cells/well one day prior to infection and infected with
CHIKV at an MOI of 0.1. After infection, cells were cultured with
DMEM containing 2% FBS in the presence of CP-154,526 (or 0.1
DMSO), and culture supernatants collected 48 h after infection
were subjected to the plaque assay.

In a time-of-addition assay, Vero cells were exposed to CHIKV
(MOI of 1) in the presence (for the simultaneous treatment con-
dition) or absence (for the post-treatment condition) of CP-154,526,
and after 1 h, cells were cultured with CP-154,526. The virus titer in
culture supernatants 24 h after infection was measured by the
plaque assay.

The concentration of compounds used in each experiment is
indicated in the corresponding figures.

2.6. Virus entry assay

Vero cells, seeded in a 24-well plate at a density of 2 � 105/well
one day before assay, were inoculated with CHIKV at an MOI of 5 in
the presence of 1 mM CP-154,526 or 0.1% DMSO at 37 �C for 1 h.
Uninternalized virus particles were removed by washing the cells
twice with cold PBS, followed by 0.25% trypsin-EDTA treatment at
37 �C for 5min. After washing with cold PBS three more times, total
RNA was extracted, and cell-associated CHIKV RNA was analyzed
via RT-qPCR analysis using a CellAmp Direct Probe RT-qPCR Kit
(Takara Bio) with CHIKV-specific primers and a fluorescent probe
[16].

2.7. Statistical analysis

The average values were obtained using a representative set of
at least three independent experiments and are shown with error
bars indicating the standard deviation (SD) in the figures. Where
indicated in the figures, statistical significance was determined
using JMP Pro software (SAS Institute), and P values below 0.05
were considered significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

3. Results

3.1. Establishment of a Gluc reporter CHIKV replicon system

To perform a screening assay for a search of chemicals that
potentially inhibited CHIKV replication, we developed a sub-
genomic CHIKV replicon-expressing secretory Gluc reporter whose
activity can be directly measured using culture supernatants [9]. In
this study, the reporter replicon plasmid (pT7/SL-Gluc) generated
based on a previously reported infectious clone of the CHIKV
SL11131 strain [10] contained the 50 half (50NTR, nsP1e4, and J
183
region) and 30 terminus (30NTR and a poly(A) tail) of the CHIKV
genome [2], which were separated by a pac-FMDV2A-Gluc gene
cassette (Fig. 1A). The CHIKV reporter replicon RNA genome was
transcribed in vitro under the control of a T7 RNA promoter (Fig. 1A)
and used for transfection experiments. Although we initially
attempted to establish a cell line in which the CHIKV replicon RNA
was persistently replicated using a pac gene (i.e., under the selec-
tion with puromycin), a stable cell line could not be created with
any of the vertebrate cells (derived from humans and rodents)
tested, presumably due to the cytopathic effects of CHIKV nsPs
[17,18].

When the RNA transcripts were transiently transfected to BHK-
21 cells, a time-dependent increase in Gluc activity was detected in
the culture supernatants of wild-type (i.e., SL-Gluc)-transfected
cells, whereas no increase in Gluc activity was observed with a
mutant replicon, in which the GDD motif in the active site of the
nsP4 RdRp had been changed to GAA (SL-Gluc-nsP4GAA, Fig. 1A)
[11], indicating that the increased Gluc activity was accompanied
by the self-replication of SL-Gluc RNA (Fig. 1B). Co-transfection of
SL-Gluc transcripts with an siRNA targeting the CHIKV nsP3 gene
[12] revealed that the Gluc activity was decreased by the nsP3
siRNA, confirming that the inhibition of intracellular replicon RNA
amplification was reflected by the level of Gluc expression in cul-
ture supernatants (Fig. 1C). Supporting this, a dose-dependent
reduction in Gluc activity was observed in the transfected BHK-
21 cells that were treatedwith ribavirin (Supplemental Fig. S1) [19].
In addition, positive signals of RNA amplification and nsP expres-
sions were detected in the SL-Gluc RNA-transfected BHK-21 cells
via IFA using anti-dsRNA and in-house-generated anti-nsP2 anti-
bodies (Supplemental Fig. S2, Fig. 1D). These results demonstrate
that the subgenomic CHIKV reporter replicon is suitable for the
evaluation of intracellular replication of CHIKV.
3.2. Identification of anti-CHIKV compounds using a reporter
replicon system

Employing the CHIKV reporter replicon system, we performed a
primary screening assay using a chemical library consisting of 80
agonists and antagonists of cellular signaling pathways (purchased
from Sigma-Aldrich, Japan). In this screening assay, 100 ng of SL-
Gluc RNA was transfected to BHK-21 cells seeded in a 96-well
plate, 10 mM compounds were added to the cultures, and Gluc ac-
tivity was measured two days after chemical treatment. As a par-
allel experiment, cell viability of the CHIKV-infected and
compound-treated cultures was evaluated using CellTiter-Glo.
The results showed that a total of six compounds (pyrilamine ma-
leate salt, CP-154,526 hydrochloride, veratridine, tolcapone, pro-
triptyline hydrochloride, and imipramine hydrochloride) exhibited
an approximately 50% or more reduction in Gluc activity with more
than 90% cell viability when compared to the 0.1% DMSO-treated
control culture (Fig. 2A).

Of the hit compounds, imipramine has been reported to inhibit
CHIKV [20]. Hence, the anti-CHIKV activity of the other five
candidate compounds was further validated using infectious
CHIKV. Vero cells were infected with a CHIKV SL11131 infectious
clone [10] at an MOI of 1 and cultured in the presence of 10 mM
compounds. Measurements of the virus titer in culture superna-
tants via plaque assay and of the cell viability using CellTiter-Glo
24 h after infection showed that the five candidate compounds
significantly inhibited the replication of CHIKV in Vero cells
(Fig. 2B) without a loss of cell viability (Fig. 2C). However, among
these candidate compounds, we focused on CP-154,526 in the
following experiments, as this compound exhibited the strongest
antiviral activity against CHIKV (Fig. 2B).



Fig. 1. Development of CHIKV reporter replicon system. (A) Schematic representations of CHIKV Gluc replicons. The viral sequence covering the nsP1 to the J region of the CHIKV
SL11131 genome and a cassette sequence containing puromycin resistance (pac), the FMDV2A cleavage site, and Gluc genes were generated via PCR and inserted between the 50NTR
and 30NTR in a pGEM-5Zf(þ) vector. As a replication-defective mutant replicon, the catalytic GDD motif in nsP4 was changed to GAA in the pT7/SL-Gluc-nsP4GAA construct. (B)
Activity of the CHIKV reporter replicon. Replicon RNAwas transcribed in vitro from NotI-digested pT7/SL-Gluc (wild-type [WT], white bars) or pT7/SL-Gluc-nsP4GAA (GAA, gray bars)
and transfected to BHK-21 cells. The culture supernatant of the transfected cells was collected every 24 h and subjected to a Gluc activity assay. The average values of the Gluc
(relative luciferase) activity from three transfections are shown with the SD. (C) Reduction of replicon activity by CHIKV-targeting siRNA. WT replicon (SL-Gluc) RNA was co-
transfected with an siRNA duplex against CHIKV nsP3 (sinsP3) or nonspecific siRNA (siCtrl), and two days after transfection, Gluc activity in the culture supernatant was
measured. The average values of the Gluc activity from three experiments are shown with the SD. Statistical significance was determined using Student's t-test. (D) IFA to detect
dsRNA and nsP2 expressions in CHIKV replicon RNA-transfected cells. SL-Gluc RNA-transfected (left panel) and untransfected (right panel) BHK-21 cells were subjected to IFA using
anti-dsRNA (magenta) and CHIKV nsP2 (green) antibodies two days after transfection. Cell nuclei were stained with NucBlue (Blue).
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3.3. Inhibition of CHIKV replication by CP-154,526

CP-154,526 (IUPAC name: N-butyl-N-ethyl-2,5-dimethyl-7-
(2,4,6-trimethylphenyl)pyrrolo [2,3-d]pyrimidin-4-amine, Fig. 3A)
is a non-peptide corticotropin-releasing factor receptor type-1
(CRF-R1) antagonist, which has been developed for the treatment
of depression [21,22]. However, the antiviral activity of CP-154,526
has not been reported. When CHIKV-infected Vero cells were
treated with different concentrations (10e0.1 mM) of CP-154,526,
dose-dependent inhibition of CHIKV replication was observed
24 h after infection, while cell viability remained over 90% with
these concentrations when compared to the control (i.e., 0.1%
DMSO)-treated Vero cells (Fig. 3B). The inhibitory concentration of
184
50% (IC50) of CP-154,526 in the inhibition of CHIKV was determined
to be 0.39 ± 0.20 mM. Furthermore, the anti-CHIKV activity of CP-
154,526 was also confirmed in a human Huh-7 cell line (Fig. 3C).
3.4. Anti-CHIKV activity of CRF-R1 antagonists

The CRF pathway is proposed as a future therapeutic target for
the treatment of patients with anxiety and depressive disorders,
and several CRF-R1 antagonists other than CP-154,526 have been
developed [23]. Hence, we evaluated the anti-CHIKV activities of
other CRF-R1 antagonists. When CHIKV-infected Vero cells were
treated with R121919 [24], a compound structurally similar to CP-
154,526, a significant reduction in viral titer was observed



Fig. 2. Identification of anti-CHIKV compounds. (A) Primary screen using reporter replicon. BHK-21 cells were transfected with SL-Gluc RNA in a 96-well plate, and on the next day,
80 chemical compounds were added to each well at a final concentration of 10 mM in the presence of 0.1% DMSO. Two days after treatment, the Gluc activity in culture supernatants
was measured, followed by a cell viability assay of the compound-treated cells using a CellTiter-Glo Luminescent Cell Viability Assay Kit. The Gluc activity (black bars) and cell
viability (gray circles) of each compound-treated cell are expressed as relative percentages over that of the DMSO-treated control condition (rightmost bar and circle). (B and C)
Validation of candidate compounds in the inhibition of CHIKV replication. Vero cells were pretreated with the five compounds (10 mM) identified in the reporter repliconebased
screening (A) and exposed to infectious CHIKV (SL11131 strain) at an MOI of 1, followed by cultivation with the respective compounds. The virus titer in culture supernatants at 24 h
after infection was measured via plaque assay. The average values of the infectious titer (PFU/ml) from eight independent infections are shown with the SD. Statistical significance
was determined by one-way ANOVA with Dunnett's multiple comparison test (B). Also at 24 h after infection, the viability of the CHIKV-infected and compound-treated cells was
analyzed (C). Cell viability was expressed as relative mean percentages with SD over that of DMSO-treated control cells.
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without cell toxicity (Fig. 4A). Interestingly, another CRF-R1
antagonist, NGD 98-2 [25], which was structurally different from
CP-154,526, from compounds, also exhibited a significant sup-
pressive effect against CHIKV in a dose-dependent manner
(Fig. 4B), suggesting that CRF-R1 antagonists had a common
mechanism of action for the inhibition of CHIKV infection.

To investigate whether the anti-CHIKV activity of CP-154,526
was the result of inhibition against viral entry or the post-entry
step, a time-of-addition assay was conducted by treating Vero
cells with CP-154,526 at the time of virus infection (simultaneous
treatment condition [S]) or after virus infection (post-treatment
condition [P]). The results showed that CP-154,526 still significantly
inhibited CHIKV replication in Vero cells even at the treatment after
185
1 h of infection, and no significant difference was observed in the
inhibition efficiency between simultaneous treatment and post-
treatment of CP-154,526 (Fig. 4C). To confirm the observation that
the post-entry process of CHIKV replication was inhibited by CP-
154,526, an RT-PCR-based virus entry assay was performed. Vero
cells were exposed to CHIKV with an MOI of 5 at 37 �C for 1 h in the
presence of 1 mM CP-154,526, which allowed binding and inter-
nalization of the virions. Then cells were treated with trypsin to
remove uninternalized viruses and washed with cold PBS. RT-qPCR
analysis to measure the level of viral RNA associated with cells
showed that the binding and entry steps of CHIKV infection were
not influenced by treatment with CP-154,526 (Fig. 4D). These re-
sults indicated that CP-154,526 suppressed CHIKV at a post-entry



Fig. 3. Antiviral activity of CP-154,526 against CHIKV. (A) Chemical structure of CP-154,526. (B) Dose-dependent inhibition of CHIKV infection by CP-154,526. Vero cells were
infected with CHIKV at an MOI of 1 and cultured in the presence of serial dilutions of CP-154,526 or 0.1% DMSO. Twenty-four hours after infection, culture supernatants were
harvested, and the virus titer was measured via plaque assay (gray bars). As a parallel experiment, the cell viability in respective cultures was analyzed (black circles). The average
values from three independent infections are shown with the SD. (C) Anti-CHIKV activity of CP-154,526 on human cells. Huh-7 cells were infected with CHIKV at an MOI of 1 and
cultured in the presence of CP-154,526 (10 and 2 mM) or 0.1% DMSO. The virus titer in the culture supernatant 48 h after infection was measured via plaque assay. The average values
of the infectious titer from three independent infections are shown with the SD. Statistical significance was determined by one-way ANOVA with Dunnett's multiple comparison
test.
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step of infection, which was in accordance with the data that
identified CP-154,526 as an inhibitor against the activity of a sub-
genomic replicon lacking structural genes (Fig. 2).

4. Discussion

Subgenomic replicon systems, which are engineered by
replacing structural genes with reporter genes, have been widely
used for drug discovery studies formany RNAviruses [26]. Since the
replicon RNA does not produce infectious virions, it is particularly
useful when manipulating of the infectious virus that requires
higher biosafety levels for containment, such as for the BSL-3
pathogen CHIKV. As such, a reporter replicon has also been used
to evaluate antiviral agents against CHIKV [17,20,27e29]. In this
study, we generated a CHIKV subgenomic replicon harboring a Gluc
gene (Fig. 1) and performed an inhibitor screening with the Gluc
reporter secreted into the supernatant of replicon RNA-transfected
BHK-21 cells as an assay readout (Fig. 2A). The result showed that
six chemical compounds (pyrilamine maleate salt, CP-154,526 hy-
drochloride, veratridine, tolcapone, protriptyline hydrochloride,
and imipramine hydrochloride) reduced the Gluc activity (Fig. 2A).
Importantly, the anti-CHIKV activity of imipramine has been re-
ported using an infectious virus and a reporter replicon system
[20]. In addition, the remaining five compounds were shown to
suppress the replication of infectious CHIKV (Fig. 2B). These data
demonstrated that our Gluc-expressing replicon was appropriate
for the identification of antiviral agents inhibiting CHIKV infection.

Among the other candidate compounds inhibiting CHIKV,
186
tolcapone, an FDA (U.S. Food and Drug Administration)-approved
drug for the treatment of Parkinson's disease, was reported to
inhibit the protease activity of dengue virus (DENV) and West Nile
virus (WNV) [30] and also block the entry of the Ebola virus (EBOV)
[31]. Another FDA-approved drug, pyrilamine, which is a selective
histamine H1 receptor antagonist, was shown to have a suppressive
effect on the endothelial lesions of the cornea produced by New-
castle Disease Virus (NDV) on rabbit eyes, though the suppression
might not be a consequence of direct inhibition of NDV replication
[32]. Although the antiviral activity of veratridine, protriptyline,
and CP-154,526 has not been reported, this study focused on CP-
154,526 since this compound exhibited the strongest antiviral ac-
tivity among the hit compounds (Fig. 2A) and revealed that CP-
154,526 efficiently inhibited the replication of CHIKV (Fig. 3). CP-
154,526 blocks the binding of CRF (also known as the
corticotropin-releasing hormone [CRH]) to its G-protein coupled
receptors, CRF-R1 and CRF-R2. In the central nervous system (CNS),
the CRF-CRF-R interaction induces the release of the adrenocorti-
cotropin hormone (ACTH) from the anterior pituitary, which
stimulates the adrenal glands to produce corticosteroids [33]. Since
the over-production of CRF was shown to induce physiological and
behavioral phenotypes of anxiety and depressive disorders in ro-
dents, the CRF-CRF-R signaling system was suggested to be related
to stress-related disorders [22].

Of particular interest was that other CRF-R1 antagonists,
regardless of whether theywere structurally similar to (R121919) or
different from (NGD 98-2) CP-154,526, also exhibited significant
inhibitory activity against CHIKV (Fig. 4A and B). Hence, one might



Fig. 4. Effect of CRF-R1 antagonists on CHIKV replication. (A and B) Inhibitory activities of CRF-R1 antagonists against CHIKV. Vero cells were infected with CHIKV and cultured in
the presence of 0.1 and 0.3 mM R121919 (A), NGD 98-2 (B), or 0.1% DMSO. The virus titer in culture supernatants (gray bars) and cell viability (black circles) 24 h after infection are
shown. Chemical structures of R121919 and NGD 98-2 are also indicated. (C) Time-of-addition assay of CP-154,526. Vero cells were exposed to CHIKV in the presence (simultaneous
treatment [S]) or absence (post-treatment [P]) of CP-154,526 (1 and 0.1 mM) for 1 h, and after removing the virus, cells were cultured with CP-154,526. The virus titer in culture
supernatants 24 h after infection was measured via plaque assay. (D) Entry assay of CHIKV. Vero cells were exposed to CHIKV at an MOI of 5 in the presence of 1 mM CP-154,526 or
0.1% DMSO at 37 �C for 1 h. After washing with ice-cold PBS and trypsin-EDTA, total RNA was extracted from the cells and subjected to RT-qPCR analysis using CHIKV-specific
primers and a fluorescent probe. All data are shown as the average values from three independent experiments with SD. Statistical significance was determined by one-way
ANOVA with Dunnett's multiple comparison test (A, B, and C) and Student's t-test (D). ns, no significance.
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assume that CRF-R1 was involved in the entry process of CHIKV,
and CRF-R1 antagonists including CP-154,526 interfered with the
binding of the CHIKV virion to target cells. However, the result of
the time-of-addition experiment showed no difference in the
inhibitory effect of CP-154,526 between the treatment at the time
of CHIKV infection and that post-infection (Fig. 4C). In addition, the
RT-qPCR-based virus entry assay revealed that CP-154,526 treat-
ment did not influence the CHIKV binding/entry process (Fig. 4D).
Supporting this, the replication efficiency of CHIKV in Huh-7 cells
was not changed by the transfection of CRF-R1-specific siRNA
(Supplemental Fig. S3). These data demonstrated that CP-154,526
inhibited a post-entry step of CHIKV infection, and CRF-R1 was
not likely to be involved in the inhibitory mechanism. Therefore, a
plausible explanation for the anti-CHIKV activity of CRF-R1 antag-
onists would be that these compounds (CP-154,526, R121919, and
NGD 98-2) may intracellularly recognize and interferewith another
(cellular or viral) molecule, which plays an important role in CHIKV
187
replication, thereby blocking a step during viral RNA and functional
protein events. Future studies will be needed to clarify the common
mechanism by which CRF-R1 antagonists inhibit the post-entry
process of CHIKV infection.

In conclusion, this study presented the generation of a novel
reporter CHIKV replicon system and its successful use for the
evaluation of anti-CHIKV agents. Importantly, compound screening
using the replicon system enabled us to identify several new anti-
viral compounds whose inhibitory activity against CHIKV replica-
tion has not been previously reported. Further analysis of the
identified candidate inhibitors revealed that CRF-R1 antagonists
potentially suppressed CHIKV infection. In addition, our Gluc-based
replicon reflected the aspects of intracellular replication of CHIKV,
which will have broad applications for investigating in the viro-
logical features of CHIKV and the understanding of host-virus in-
teractions during CHIKV infection.
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