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ABSTRACT

Dengue viruses (DENYV) are endemic pathogens of tropical and subtropical regions that cause significant morbidity and mortal-
ity worldwide. To date, no vaccines or antiviral therapeutics have been approved for combating DENV-associated disease. In this
paper, we describe a class of tricyclic small-molecule compounds— dihydrodibenzothiepines (DHBTSs), identified through high-
throughput screening—with potent inhibitory activity against DENV serotype 2. SKI-417616, a highly active representative of
this class, displayed activity against all four serotypes of DENV, as well as against a related flavivirus, West Nile virus (WNV),
and an alphavirus, Sindbis virus (SINV). This compound was characterized to determine its mechanism of antiviral activity. In-
vestigation of the stage of the viral life cycle affected revealed that an early event in the life cycle is inhibited. Due to the structural
similarity of the DHBT's to known antagonists of the dopamine and serotonin receptors, we explored the roles of two of these
receptors, serotonin receptor 2A (SHTR2A) and the D4 dopamine receptor (DRD4), in DENV infection. Antagonism of DRD4
and subsequent downstream phosphorylation of epidermal growth factor receptor (EGFR)-related kinase (ERK) were found to
impact DENV infection negatively, and blockade of signaling through this network was confirmed as the mechanism of anti-

DENYV activity for this class of compounds.

IMPORTANCE

The dengue viruses are mosquito-borne, reemerging human pathogens that are the etiological agents of a spectrum of febrile
diseases. Currently, there are no approved therapeutic treatments for dengue-associated disease, nor is there a vaccine. This
study identifies a small molecule, SKI-417616, with potent anti-dengue virus activity. Further analysis revealed that SKI-417616
acts through antagonism of the host cell dopamine D4 receptor and subsequent repression of the ERK phosphorylation pathway.
These results suggest that SKI-417616, or other compounds targeting the same cellular pathways, may have therapeutic potential

for the treatment of dengue virus infections.

he dengue viruses (DENV) are mosquito-borne viruses of the

family Flaviviridae that comprise four antigenically distinct
serotypes (DENV1 to -4). DENV is an emerging pathogen that is
endemic in tropical and subtropical regions. Estimates of the an-
nual number of DENV infections range from 50 million to more
than 230 million, resulting in approximately 500,000 to 2 million
cases of dengue hemorrhagic fever (DHF) per year (1-3; http:
/Iwww.cdc.gov/dengue/). Increased frequency of travel, environ-
mental changes, and expansion of human populations into re-
gions where the primary DENV vector, Aedes aegypti, is prevalent
have contributed to the emerging nature of this pathogen (4).
Primary infection by a single serotype can result in a range of
disease severities, which can include asymptomatic infection; den-
gue fever, a flu-like illness characterized by prolonged fever and
severe joint pain; and severe dengue, or DHF/dengue shock syn-
drome (DSS), which often presents with hemorrhagic symptoms
and thrombocytopenia and can be fatal. It is generally believed
that while one is protected from secondary infection with a strain
of the same serotype, secondary infection with a heterologous
strain predisposes one to the more severe forms of dengue disease
(5). Currently, no approved vaccine is available, and treatment for
DENV infection consists primarily of supportive therapy.

Transmission of DENV to a human host is initiated through
the bite of an infected mosquito. Uptake by skin-resident Langer-
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hans cells promotes transport to draining lymph nodes, where the
virus then infects dendritic cells, monocytes, and macrophages,
allowing amplification of the virus and dissemination throughout
the body via the lymphatic and circulatory systems (6). In situ
hybridization and immunocytochemistry analyses of samples
from naturally infected humans have demonstrated that infection
occurs in a range of organs in vivo, including the liver, spleen, and
kidneys (7). Although robust replication is believed to occur pri-
marily in cells of myeloid origin, the characteristic hemorrhagic
symptoms of severe dengue infection suggest a role for endothelial
cells in contributing to pathogenesis (5, 6).

Completion of the DENV life cycle is heavily dependent on
host cell factors. The identities of initial attachment and entry
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receptors for DENV remain unclear, although the heparan sul-
fates and DC-SIGN (dendritic-cell-specific intercellular adhesion
molecule 3-grabbing nonintegrin) have been demonstrated to
contribute to the internalization of DENV particles into human
cell types (8, 9). Receptor-mediated endocytosis proceeds through
clathrin-coated vesicles, followed by low-pH-induced fusion of
the viral particle with the late-endosomal membrane, resulting in
the release of the capsid-bound positive-sense RNA genome (10,
11). Initial translation from the incoming genome occurs to pro-
duce viral factors required for subsequent replication. Genome
amplification occurs in membranous pockets formed within the
endoplasmic reticulum (ER) membrane, and translation of the
viral polypeptide and subsequent cleavage to the 10 individual
viral proteins occur in tight association with the ER membrane as
well (12). Following the assembly of the viral nucleocapsid, parti-
clesbud through the ER and are transported through the secretory
pathway before release at the cell surface. Throughout these pro-
cesses, multiple classes of cellular factors play critical roles in both
supporting and restricting the completion of the viral life cycle,
including, but not limited to, endocytic proteins, cellular pro-
teases, the ubiquitin proteasome system, factors of the autopha-
gosome, and ER/Golgi factors regulating the secretory pathway
(reviewed in reference 13). Although the development of antivi-
rals that directly target viral proteins, such as proteases or poly-
merases, has proved to be successful for the treatment of infec-
tions with other viruses, the strategy of examining host cell factors
as targets for limiting flavivirus infection has recently gained trac-
tion. Targeting host proteins, in contrast to relying on direct bind-
ing to viral factors, can help avoid some of the pitfalls commonly
encountered during antiviral development, such as the promotion
of viral escape mutants (reviewed in reference 14). Furthermore,
compounds that affect host proteins required for viral replication
may include previously characterized drugs with defined side ef-
fects, in vivo toxicity, and pharmacology, providing the potential
for rapid development of antiviral applications.

In this study, we report on the discovery of a group of small-
molecule compounds sharing a common dihydrodibenzothi-
epine (DHBT) scaffold with potent anti-DENV2 activity. This
antiviral activity was found to extend to all representative
strains of the four DENV serotypes, as well as to West Nile virus
(WNYV) and Sindbis virus (SINV), but to have no effect against
two DNA viruses, herpes simplex virus 1 (HSV-1) and vaccinia
virus (VACV). We demonstrate that the antiviral effects of a
highly active representative compound, 7-fluoro-11-(4-meth-
ylpiperazin-1-yl)-10,11-dihydrodibenzo[b,f]thiepin-2-ol (re-
ferred to here as SKI-417616), take place early during the viral
life cycle, at the step of virus internalization. Based on the
structural similarity of the DHBTSs to known inhibitors of se-
rotonin and dopamine receptors, we investigate the roles of
these receptors in the action of DHBTSs against DENV infec-
tion. Here we demonstrate that signaling through dopamine
receptor 4 (DRD4), and subsequent activation of epidermal
growth factor receptor (EGFR)-responsive kinase (ERK), is the
mechanism of the observed antiviral activity of DHBTSs.

MATERIALS AND METHODS

Cell culture and reagents. HEK293 and HeLa cells were grown in modi-
fied Eagle medium (MEM; Gibco) supplemented with 10% fetal bovine
serum (FBS; HyClone), 2 mM L-glutamine (Invitrogen), 100 U/ml peni-
cillin G sodium, 100 pg/ml streptomycin sulfate (Invitrogen), and 1X
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nonessential amino acids (Gibco). THP1 cells were grown in RPMI me-
dium (Gibco) supplemented with 10% FBS (HyClone), 2 mM L-glu-
tamine (Invitrogen), 100 U/ml penicillin G sodium, 100 pg/ml strepto-
mycin sulfate (Invitrogen), and 1X nonessential amino acids (Gibco).
Differentiation of THP1 cells was carried out by treatment with 50 ng/ml
phorbol myristate acetate (PMA; Sigma), followed by infection at 24 h
posttreatment.

Virus strains. DENV1 (strain TH-Sman), DENV2 (New Guinea C
[NGC]), DENV3 (H87), DENV4 (H241), and Sindbis virus (strain
AR339) were obtained from the ATCC. West Nile virus (strain 385-99)
has been described previously (15). DENV and WNV strains were pas-
saged twice on C6/36 cells and were purified by centrifugation as de-
scribed previously (16). Virus titers were determined by a focus-forming
assay as described previously (17). Herpes simplex virus 1 (strain F1) was
akind gift from A. Hill (Oregon Health and Sciences University). Vaccinia
virus (strain Western Reserve) was a kind gift from M. Slifka (Oregon
Health and Sciences University).

Luciferase-based secondary screening. The DENV2 (strain 16681)-
based luciferase reporter virus (DENV2-Luc) was a kind gift from A.
Gamarnik (18). HEK293 cells were seeded in 96-well plates and were
infected at 24 h postseeding with 10 wl per plate (~0.1 wl/well) of
DENV2-Luc plus 312.5 nM to 20 puM compound in triplicate. At 72 h
postinfection (p.i.), luciferase activity was measured by using the Renilla-
Glo luciferase assay system (Promega) according to the manufacturer’s
instructions. Values were normalized to those for dimethyl sulfoxide
(DMSO)-treated controls and were fit to a sigmoidal dose-response curve,
and 50% and 80% inhibitory concentrations (IC5, and ICg, respectively)
were calculated using GraphPad Prism software.

Toxicity assays. HEK293 cells were incubated in cell media containing
increasing concentrations of compounds in constant 1% DMSO (vol/
vol). After 48 h, CellTiter-Glo reagent (Promega) was added and lumines-
cence measured according to the manufacturer’s instructions. Fifty per-
cent cytotoxic concentrations (CCs,) were calculated using GraphPad
Prism software.

Fold reduction. HEK293 cells were infected with DENV2 (NGC) at a
multiplicity of infection (MOI) of 0.1 focus-forming unit (FFU)/cell in
MEM-2% FBS plus 2 mM L-glutamine (Invitrogen), 100 U/ml penicillin
G sodium, and 100 pg/ml streptomycin sulfate (PSG) (Invitrogen) in the
presence of 10 uM compound or DMSO. At 72 h postinfection, superna-
tants were collected, and the number of focus forming units was deter-
mined as described previously (17). Fold reduction (log,,) was calculated
as log,,(FFU/ml in the presence of DMSO) — log, o(FFU/ml in the pres-
ence of the compound).

Multistep growth curves. Low-multiplicity infections were per-
formed in triplicate in HEK293 cells. The virus was diluted in 2% FBS—
MEM plus PSG at an MOI of 0.1 PFU/cell in the presence of DMSO or
SKI-417616 (1 pM or 10 M) and was incubated with rocking in a low
volume for 1 h at 37°C. Unattached virus was removed, and cells were
refed with normal growth medium plus DMSO or the compound. At the
times postinfection indicated on Fig. 1D and E and 2A through E, super-
natants were collected, and the virus was quantitated by focus-forming
assays.

Time-of-addition assay. HEK293 cells were infected with DENV?2 at
an MOI of 3 FFU/cell in a low volume with rocking. At the times postin-
fection indicated on Fig. 1 and 2, the medium was removed and was
replaced with 5 wM SKI-417616 or DMSO diluted in medium. Superna-
tants were collected at 48 h postinfection, and the virus was quantitated by
a focus-forming assay.

Infectious-center assay. HEK293 cells were prechilled to 4°C for 10
min. The cells were then fed with a medium containing 4 pg/ml carra-
geenan, 20 M chlorpromazine, or 10 uM SKI-417616, followed by in-
fection with DENV2 (NGC) at 20 FFU/cell. The cells were incubated at
4°C for 1 h, followed by incubation at 37°C for 1 h. The culture medium
was removed, and unattached/uninternalized virus was then inactivated
by incubation with citrate acid buffer (40 mM Na citrate, 135 mM NaCl,
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FIG 1 DHBTSs are potent inhibitors of DENV2 infection. (A) Structure of shared DHBT scaffold of DENV?2 inhibitors. R groups R, and R, may be located anywhere on
their respective rings. (B) Structure of SKI-417616. (C) Dose-response curve for SKI-417616 and DENV-Luc in HEK293 cells. (D) HEK293 cells were infected with
DENV2 atan MOI of 0.1 FFU/cell in the presence of 1 wM or 10 uM SKI-417616 or DMSO (control). Supernatants were collected at the indicated times p.i., and titers
were determined on Vero cells. Significant (P, <0.05 by a two-tailed t test) inhibition by 1 pM and 10 uM SKI-417616 (compared to virus levels with the DMSO control)
was detected at days 2 and 3. (E) Differentiated THP1 cells were infected with DENV2 at an MOI of 10 FFU/cell in the presence of 10 M SKI-417616. Supernatants were
collected at the indicated times p.i., and titers were determined on Vero cells. *, P < 0.05; **, P < 0.01.

10 mM KCI [pH 3.2]) for 1 min, followed by 2 washes with phosphate-
buffered saline (PBS). The cells were treated with 0.05% trypsin-EDTA for
3 min and were then counted, and serial dilutions ranging from 100 to
10,000 cells were added to a monolayer of Vero cells. Twenty-four hours
later, the cultures were overlaid with a medium containing 0.5% carboxy-
methyl cellulose. At 72 h postplating, the cells were fixed and were stained
for foci as described above, and infectious centers were quantified.

Transferrin microscopy. HEK293 cells seeded onto glass coverslips
were pretreated for 1 h at 37°C with either DMSO, 20 pM chlorproma-
zine, or 10 uM SKI-417616 and were then incubated with Alexa Fluor
594-conjugated transferrin (T13343; Molecular Probes) in the presence of
the drug for 1 hat 37°C. The cells were fixed in 4% paraformaldehyde, and
the nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). Im-
ages were obtained on a Leica SP5 acousto-optical beam splitter (AOBS)
confocal microscope.

RNA replication assay. HEK293 cells were infected with DENV2 at an
MOI of 3 FFU/cell, and 5 uM SKI-417616 or DMSO (control) was added.
At 24 h postinfection, total RNA was isolated and was analyzed by reverse
transcription-quantitative PCR (RT-qPCR) using a universal primer/
probe set designed to amplify regions of the viral genome within the 3’
untranslated region (3" UTR) (19) or the envelope protein (E) coding
sequence (20).

Luciferase replicon. BHK-21 cells stably expressing a DENV2 lucifer-
ase replicon (a kind gift from M. Diamond, Washington University [21])
were treated with increasing concentrations of SKI1-417616 (612.5 nM to
10 pM) or ribavirin (3.75 wM to 60 wM) in triplicate. At 48 h posttreat-
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ment, cells were lysed and were analyzed for luciferase activity by using the
Luciferase Assay System (Promega) according to the manufacturer’s in-
structions.

siRNA transfections. HeLa cells were transfected with 50 nM small
interfering RNA (siRNA) (s4290 for DRD4; s7041 for SHTR2A; Applied
Biosystems) by using Lipofectamine RNAIMAX (Invitrogen) according
to the manufacturer’s instructions. At 48 h posttransfection, the cells were
infected with DENV2 at an MOI of 5 FFU/cell. The cells were fixed at 72 h
postinfection and were analyzed by immunofluorescence for envelope
protein expression.

ERK phosphorylation. HEK293 cells were serum starved for 24 h
before treatment with 5 wM dopamine plus DMSO or 5 wM dopamine
plus 5 wM SKI-417616 diluted in serum-free MEM. Total protein was
isolated at 10 min posttreatment and was subjected to SDS-PAGE and
Western blot analysis with an anti-phosphorylated ERK (anti-phos-
pho-ERK) antibody (4370S; Cell Signaling Technologies) and an anti-
ERK antibody (sc-93; Santa Cruz Biotechnology).

Cyclic AMP (cAMP) signaling. HEK293 cells were serum starved for
24 h before treatment with 5 uM dopamine plus DMSO or 5 pM dopa-
mine plus 5 WM SKI-417616 diluted in serum-free MEM. Total RNA was
isolated at 2 h posttreatment. RT-qPCR using the TagMan One-Step
RT-PCR kit (catalog no. 4313803; Life Technologies) was performed
according to the manufacturer’s instructions to quantitate c-Fos (Life
Technologies assay identification [ID] Hs04194186_s1) and [-actin
(Hs99999903_m1). Normalization was carried out, and the fold change
was calculated using the comparative threshold cycle (AAC;) method.
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FIG 2 SKI-417616 inhibits multiple positive-sense RNA viruses. HEK293 cells were infected at an MOI of 0.1 FFU/cell in the presence of 1 uM or 10 M
SKI-417616 or DMSO. Supernatants were collected at the indicated times p.i., and infectious virus was measured by a focus-forming assay (A to D) or a
plaque-forming assay (E to G) on Vero cells. (A) DENV1; (B) DENV3; (C) DENV4; (D) WNV; (E) SINV; (F) VACV; (G) HSV-1.

RESULTS

Identification of DHBTSs as potent anti-DENV compounds. Pre-
vious screening efforts through a collaboration with the HTS Core
Facility at the Memorial Sloan-Kettering Cancer Center, New
York, NY, developed a robust high-content assay for screening
small-molecule libraries (obtained from CRL, BioFocus, and
SPECS) to identify inhibitors of DENV2 infection (17). During
this study and subsequent studies, several compounds with a com-
mon scaffold, DHBT (Fig. 1A), were identified as potent inhibi-
tors of DENV2 infection. DHBTs with DENV2-inhibitory activity
were further characterized using a luciferase reporter virus (18)
(Fig. 1C) and were assessed for cytotoxicity using a CellTiter-Glo
assay and for activity against wild-type DENV2 replication by
measurement of released infectious particles (see Table S1 in the
supplemental material). In order to determine if antiviral activity
is due to the activation of canonical cellular antiviral pathways, all
compounds were also assayed for their abilities to activate NF-kB
or JAK/STAT signaling by using HEK293 cells expressing luciferase
reporter constructs under the control of an NF-«kB or interferon-
stimulated response element (ISRE)-responsive promoter. None of
the compounds tested displayed significant activation of either of
these pathways (data not shown). 7-Fluoro-11-(4-methylpiperazin-
1-y1)-10,11-dihydrodibenzo[b,f]thiepin-2-ol, referred to here as
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SKI-417616 (Fig. 1B), displayed the strongest inhibition of viral prog-
eny production combined with low toxicity (ICs, 1.2 uM; CCs, 43.2
M) and thus was used as an active representative for compounds of
this class in further studies. Multistep growth curves in both HEK293
cells (Fig. 1D) and differentiated monocytic THP1 cells (Fig. 1E)
demonstrated that SKI-417616 displays anti-DENV?2 activity in a
range of cell types.

DHBTs inhibit infection by flaviviruses and alphaviruses.
Given the potent inhibitory activities of SKI-417616 and similar
compounds against DENV2, we sought to determine the effect of
this compound against other DENV types. Multistep growth
curves were performed in the presence of 1 pM and 10 uM SKI-
417616 or DMSO (control). Inhibition of the replication of rep-
resentative strains of DENV1 (Fig. 2A), DENV3 (Fig. 2B), and
DENV4 (Fig. 2C) by SKI-417616 was observed. Furthermore,
SKI-417616 displayed inhibitory activity against a related flavivi-
rus, West Nile virus (WNV) (Fig. 2D). To determine whether the
antiviral activity of SKI-417616 is restricted to flaviviruses or ex-
tends to other types of viruses, we examined the effects of this
compound on the replication of Sindbis virus (SINV). SINV is a
member of the genus Alphavirus. Like the flaviviruses, alphavi-
ruses are enveloped and possess a positive-sense RNA genome.
Similar to the effects observed against flaviviruses, SINV infection
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was dramatically reduced by treatment with SKI1-417616 (Fig. 2E).
Finally, the effects of SKI-417616 on infection by two enveloped
viruses with DNA genomes, vaccinia virus (VACV) (Fig. 2F) and
herpes simplex virus 1 (HSV-1) (Fig. 2G), were examined. In nei-
ther case did SKI-417616 display significant inhibition of virus
growth.

We also attempted to select for DENV2 mutants resistant to
the effects of SKI-417616 via multiple passages in the presence of
the drug. Notably, we were unable to elicit such mutants through
4 passages in the presence of 5 uM drug (data not shown). This
inability to elicit resistance suggests the targeting of a host cell
factor by SKI-417616, rather than direct interaction with a viral
protein, as its mechanism of inhibition.

DHBTs inhibit DENV infection at an early stage in the life
cycle. To define the effect of SKI-417616 on viral entry, a time-of-
addition experiment was performed. DENV2 was incubated with
cells in the presence of SKI-417616 or DMSO (control). The cells
were then washed at a low pH to remove/inactivate all uninternal-
ized virus and were refed with a normal growth medium. At the
times postinfection indicated in Fig. 3A, supernatants were re-
moved and were replaced with a medium containing SKI-417616
or DMSO. The addition of SKI-417616 as early as 2 h p.i. resulted
in decreased inhibitory activity compared with that when SKI-
417616 was added concurrently with infection, while addition at 6
h p.i. displayed negligible effects on infection (Fig. 3A), suggesting
that SKI-417616 acts at an early stage of the virus replication cycle.

In order to examine the replication of viral RNA in the pres-
ence of SKI-417616, HEK293 cells were infected with DENV?2 in
the presence of SKI-417616, and total RNA was isolated from
infected cells at 24 h p.i. This time point and MOI were used to
ensure the measurement of a single round of infection and ge-
nome replication. Viral genomes were detected using qRT-PCR
with primer/probe sets that that amplify a region within the
DENV 3’ UTR or envelope protein (E) coding sequence. A 2-log
reduction in viral genome production was detected in SKI-
417616-treated cells with either probe set (Fig. 3B).

Additionally, we tested the ability of SKI-417616 to inhibit the
generation of infectious centers. Cells cultured in the presence of
the drugs indicated in Fig. 3C were infected at 4°C for 1 h to allow
virus attachment and were then shifted to 37°C for 1 h to allow
internalization. Virus remaining outside the cells was inactivated
by a low-pH wash, followed by trypsin treatment to obtain a sin-
gle-cell suspension. Infectious centers were quantified by plating
defined numbers of cells onto uninfected Vero cell monolayers
and immunostaining the resultant foci. As shown, both carra-
geenan, an inhibitor of viral attachment and internalization, and
chlorpromazine, an inhibitor of clathrin-dependent endocytosis,
significantly inhibited infectious-center formation (Fig. 3C). This
effect was also observed in cells treated with SKI-417616. Taken
together, the results in Fig. 3 are consistent with SKI-417616 in-
hibiting an early stage of the viral life cycle, which may include
attachment, internalization, translation of the genomic RNA, or
establishment of the RNA replication complex.

Certain cationic amphiphilic drugs, such as chlorpromazine,
have been shown to inhibit viral entry through interference with
the formation of clathrin-coated pits and subsequent clathrin-
mediated endocytosis (22). We examined the effect of SKI-417616
on this process by monitoring its effect on the internalization of
the transferrin receptor. As shown in Fig. 3D, fluorescently labeled
transferrin was efficiently internalized when added to control
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cells, and internalization was blocked in the presence of 20 pM
chlorpromazine, so that transferrin remained largely associated
with the peripheries of the cells. In contrast, cells treated with
SKI-417616 continued to internalize transferrin comparably to
control cells. These results demonstrate that SKI-417616 does not
act as a general inhibitor of endocytosis.

We next sought to separate the effects of SKI-417616 on viral RNA
replication from its effect on entry. A cell line containing a constitu-
tively replicating DENV2 subgenomic replicon bearing a Renilla lu-
ciferase reporter was treated with increasing concentrations of the
compound (612.5 nM to 10 wM). The cells were also treated with
ribavirin, a known inhibitor of DENV replication (23), as a posi-
tive control. As expected, dose-dependent inhibition of luciferase
activity was observed following treatment with ribavirin. Interest-
ingly, no effect on luciferase expression was observed in SKI-
417616-treated cells (Fig. 3E), even at concentrations previously
demonstrated to reduce viral infection dramatically. This result,
together with the results shown in Fig. 3A and B, demonstrate that
SKI-417616 does not inhibit DENV?2 translation or RNA replica-
tion but rather acts to inhibit events prior to these steps.

DHBTSs antagonize dopamine receptor D4 to inhibit DENV
infection. Small-molecule compounds with scaffolds and struc-
tures similar to those of DHBTs have been researched extensively
for their effects on activation and signaling through serotonin and
dopamine receptors (24-28). To investigate the possibility that
SKI-417616 is acting through antagonism of serotonin or dopa-
mine receptors, we first consulted a microarray data set to deter-
mine the identities of any serotonin or dopamine receptors ex-
pressed in HEK293 cells. Significant expression of mRNAs
encoding only two receptors was found: serotonin receptor 2A
(5HTR2A) and the D4 dopamine receptor (DRD4) (data not
shown). Therefore, two approaches were used to determine
whether antagonism of either of these receptors had inhibitory
effects on DENV2 infection. First, selective antagonists of each
receptor that are structurally unrelated to DHBT's were analyzed
for their effects on DENV2 infection. Treatment with L741,742
dihydrochloride, a potent and selective antagonist of DRD4 (29),
dramatically reduced the production of DENV2 infectious prog-
eny. In contrast, antagonism of SHTR2A with 4-(4-fluoroben-
zoyl)-1-(4-phenylbutyl)piperidine (4F-4PP) oxalate (30) had no
effect on DENV2 infection (Fig. 4A). Further, the addition of ex-
ogenous dopamine rescued viral replication in cultures treated
with L741,742 or SKI-417616. Depletion of each receptor using
siRNA knockdown (Fig. 4B) was used to further investigate the
requirement for each receptor during DENV2 infection. In agree-
ment with the biochemical antagonist studies, only siRNA knock-
down of DRD4 inhibited DENV infection, while siRNA to
5HTR2A had no effect (Fig. 4C and D). Collectively, these results
demonstrate an important role for DRD4 in DENV infection.

DHBTSs antagonize signaling through DRD4 to affect viral
entry. The identity of the flavivirus entry receptor(s) still remains
unclear, and given the wide range of cell types, both mammalian
and invertebrate, into which flaviviruses enter and in which they
replicate, it is likely that multiple attachment and entry factors are
utilized. However, based on the relatively specific expression pro-
file and activity of dopamine receptors (31), we hypothesized that
DRD4 does not represent an entry receptor but more likely affects
a signaling event important for viral internalization. Several sig-
naling events downstream of DRD4 activation have been de-
scribed, including phosphorylation and subsequent activation of
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FIG 3 DHBTSs inhibit DENV2 infection at an early stage in the life cycle. (A) HEK293 cells were incubated with DENV2 at an MOI of 3 FFU/cell for 1 h.
Uninternalized virus was removed by an acid wash, and cells were refed with a normal growth medium. At the indicated times postattachment, the medium was
removed and replaced with a medium containing DMSO or 5 uM SKI-417616. Supernatants were collected at 48 h p.i., and titers were determined on Vero cells.
(B) HEK293 cells were infected with DENV2 at an MOI of 3 FFU/cell in the presence of DMSO or 5 uM SKI-417616. Total RNA was collected at 24 h
postinfection, and genome equivalents were detected by RT-qPCR using primer and probe sets specific for the 3" UTR (dark shaded bars) or E (light shaded bars)
region of the viral genome. (C) Cells were treated with carrageenan (4 pg/ml), chlorpromazine (20 wM), or SKI-417616 (10 wM) and were then infected for 1
h with DENV2 (MOI, 20 FFU/cell). External virus was removed and infectious centers quantified as described in Materials and Methods. ***, P < 0.001. (D) Cells
were treated with 20 wM chlorpromazine, 10 wM SKI-417616, or DMSO (control), followed by incubation with fluorescently labeled transferrin. After 1 h, cells
were fixed, and transferrin internalization was analyzed by confocal microscopy. (E) BHK21-DVrep cells were treated with 2-fold-increasing concentrations of
ribavirin (3.75 uM to 60 uM) or SKI-417616 (612.5 nM to 10 uM). Cells were lysed at 48 h posttreatment, and firefly luciferase activity was measured by

luminescence. Values were normalized to those for DMSO-treated controls.

ERK, as well as repression of cAMP signaling (reviewed in refer-
ence 31). To determine whether DHBT treatment affects either of
these signaling events, HEK293 cells were treated with dopamine
to activate DRD4 in the presence of SKI-417616 or DMSO (con-
trol). Phosphorylation of ERK was measured by Western blot
analysis, and both SKI-417616 and L741,742 were observed to
inhibit dopamine-induced activation of ERK efficiently (Fig. 5A).
In contrast, neither SKI-417616 nor L741,742 had any effect on
dopamine-dependent repression of expression from a cAMP-re-
sponsive gene, c-fos (Fig. 5B). Because SKI-417616 blocks the
phosphorylation of ERK, we hypothesized that this activity may
contribute to the inhibition of DENV replication.
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To further determine whether ERK signaling downstream of
DRD4 activation affects DENV infection, direct antagonism of
ERK signaling was examined using the well-characterized phar-
macological inhibitor of ERK phosphorylation U0126. Inhibition
of ERK phosphorylation resulted in dose-dependent inhibition of
DENV?2 (Fig. 5C), suggesting that DHBTs affect DENV replica-
tion through antagonism of DRD4 signaling and subsequent in-
hibition of downstream ERK signaling.

DISCUSSION

Dengue viruses are important pathogens; approximately 2.5 bil-
lion people live in countries where DENV is endemic and are at
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FIG 4 Inhibition of DRD4 activity inhibits DENV2 infection. (A) HEK293 cells were infected with DENV2 at an MOI of 0.1 FFU/cell in the presence of either
DMSO, 10 uM 4F-4PP oxalate (a 5SHTR2A antagonist), L741,742 dihydrochloride (a DRD4 antagonist), or SKI-417616. Additionally, samples were treated with
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cells were transfected with siRNAs targeting SHTR2A or DRD4. At 48 h posttransfection, total RNA was isolated and was analyzed by RT-qPCR for SHTR2A (left)
or DRD4 (right) expression; results were normalized to 3-actin levels. (C) siRNA-transfected HeLa cells were infected with DENV2 at an MOI of 5 FFU/cell and
were fixed at 72 h p.i. Envelope protein was detected by immunofluorescence. (D) Integrated density was quantitated for three independent experiments using

Image]J software.

risk of being infected (3). Alarmingly, both the range and the
severity of dengue-related disease appear to be expanding (4).
Currently, no effective vaccines or antivirals are in use, making the
development of DENV control strategies a critical worldwide
health priority. We have previously reported the development of a
high-content immunofluorescent assay to monitor small-mole-
cule libraries for compounds with anti-DENV activity (17), and in
this report, we expand this research to describe a group of related
compounds with a common scaffold, DHBT, that exhibit potent
antiviral properties. Characterization of a representative com-
pound from this group, SKI-417616, demonstrated inhibition of
infection not only with DENV2 but also with other serotypes of
DENV, as well as another flavivirus, WNV, and the alphavirus
SINV. Interestingly, no inhibitory effects against HSV-1 or VACV
were observed. This relative specificity suggests restricted target-
ing, making the DHBTSs attractive compounds for antiviral devel-
opment.

Similarity in structure to well-characterized tricyclic antipsy-
chotic compounds, which exert their effects through antagonism
of serotonin and dopamine receptors, led us to investigate the
involvement of these receptors in the inhibitory activity of SKI-
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417616. siRNA-mediated knockdown of dopamine receptor D4,
but not of the SHTR2A serotonin receptor, resulted in reduced
DENV replication. Furthermore, addition of exogenous dopa-
mine was able to rescue DENV replication in the presence of SKI-
417616. Notably, SKI-417616 inhibits the phosphorylation of
ERK in response to dopamine but does not affect the repression of
cAMP signaling, a second arm of DRD4 downstream signaling.
The expression and activity of dopamine receptors are typically
considered to be specific to neurons; however, several recent re-
ports have demonstrated expression of dopamine receptors on
rodent and human macrophages (32, 33), a primary target cell of
DENV infection. Although the exact mechanism has not yet been
elucidated, dopamine receptors expressed on macrophages ap-
pear to play an important role in regulating cytokine production
and modulating immune function (32). Whether this function of
macrophage-expressed dopamine receptors is related to the effect
of DRD4 inhibition by DHBTs on DENV infection is unclear and
warrants further investigation. Nevertheless, our findings indicate
a requirement for ERK phosphorylation for the completion of
early events in the DENV life cycle. ERK signaling has been dem-
onstrated to occur early during flavivirus infection (34-37), and
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FIG 5 DHBTs inhibit DENV2 infection through antagonism of ERK signaling
via DRDA4. (A and B) Serum-starved HEK293 cells were treated with the indi-
cated compound at 5 wM. Total protein (A) or total RNA (B) was isolated at 10
min (A) or 2 h (B) posttreatment. (A) SDS-PAGE and Western blot analysis
were performed to detect phospho-ERK (top) and total ERK (bottom). (B)
c-fos and B-actin levels were determined by RT-qPCR. The fold change in the
c-fos level was calculated by AAC; analysis. (C) HEK293 cells were infected
with DENV2 at an MOI of 0.1 FFU/cell with increasing concentrations of
U0126 (1 to 10 wM). Supernatants were collected at 48 h p.i., and titers were
determined on Vero cells.

this signaling pathway has been implicated in the life cycles of a
range of DNA and RNA viruses (reviewed in references 38 and
39). The role of the ERK cascade during viral infection appears to
differ depending on the virus studied and includes effects on viral
ribonucleoprotein trafficking (influenza viruses), viral protein
synthesis and the production of infectious progeny (coxsackievi-
rus B3), the production of cytokines, and pathogenesis. The
downstream consequences of this signaling event during DENV
infection are the subject of current investigation. Furthermore,
because inhibition of ERK signaling alone does not recapitulate
the full inhibitory effect of SKI-417616, we are currently investi-
gating other signaling events that are antagonized by treatment
with the DHBTSs and contribute to their inhibition of DENV2
infection. Agonists and antagonists of dopamine receptors have
multiple clinical applications (40, 41). Antagonists (largely to the
D2 dopamine receptors) have been used to treat schizophrenia,
bipolar disorder, and depression, while antagonists of DRD4 are
promising candidates for the treatment of drug addiction. Use in
the clinic suggests the intriguing possibility of repurposing such
compounds for use as anti-DENV therapeutics, provided their
pharmacological properties allow in vivo distribution to areas of
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DENV replication at sufficiently high concentrations to be effec-
tive.

The role of host signaling pathways in supporting viral inter-
nalization and replication has been demonstrated extensively. The
most commonly described role of host signaling networks in virus
internalization involves reorganization of the actin cytoskeleton.
These rearrangements, which occur downstream of both phos-
phatidylinositol 3-kinase (PI3K) and mitogen-activated protein
kinase (MAPK) activation, can support virus internalization
through several mechanisms, including breakdown of the cortical
actin skeleton to allow the intracellular passage of endocytic vesi-
cles (42-46) and promotion of the transport of extracellular viri-
ons to areas of high endocytic activity (47, 48). Signaling can con-
tribute to the formation of clathrin-coated vesicles under
extracellular bound virions (49, 50), as well as to the transport of
virions to lipid rafts, cholesterol-rich regions of the plasma mem-
brane high in signaling molecules, where caveola-mediated inter-
nalization is initiated (44, 51, 52). Endocytosis itself, whether
through clathrin-coated vesicles or via caveolae, often requires
signaling through protein kinase C or tyrosine kinases (44, 53).
Additionally, the entry of a range of viruses through macropinocy-
tosis, which is highly dependent on signaling as well, has been
demonstrated recently (54-58). Once the virus is internalized, sig-
naling events can also contribute to directing the trafficking of
virions to appropriate intracellular locales to support the progres-
sion of the viral life cycle (reviewed in reference 59). Thus, cellular
signaling during viral entry represents a critical host process sup-
porting virus infection and an attractive target for the develop-
ment of therapeutic interventions.

In summary, we have identified a class of compounds with
potent inhibitory activity against a range of flaviviruses. Further
investigation of these compounds using structure-activity rela-
tionship analysis and exploration of their activity in vivo represent
a promising strategy for the development of antivirals against the
important human pathogen DENV.
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