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Abstract

Dengue virus (DENV), a member of the genus Flavivirus, family Flaviviridae, is the most widespread viral pathogen trans-
mitted to humans by mosquitoes. Despite the increased incidence of DENV infection, there are no antiviral drugs available
for treatment or prevention. Phenothiazines are heterocyclic compounds with various pharmacological properties that are
very adaptable for drug repurposing. In the present report, we analyzed the antiviral activity against DENV and the related
Zika virus (ZIKV) of trifluoperazine (TFP), a phenothiazine derivative in clinical use as an antipsychotic and antiemetic
agent. TFP exhibited dose-dependent inhibitory activity against the four DENV serotypes and ZIKV in monkey Vero cells
at non-cytotoxic concentrations with 50% effective concentration values in the range 1.6-6.4 uM. A similar level of antiviral
efficacy was exhibited by TFP against flavivirus infection in the human cell lines A549 and HepG2. Mechanistic studies,
performed using time-dependent infectivity assays, real-time RT-PCR, Western blot, and immunofluorescence techniques,
indicated that uncoating of the virus during penetration into the cell was the main target for TFP in infected cells, but the
compound also exerted a minor effect on a late stage of the virus multiplication cycle. This study demonstrates that TFP, a
pharmacologically active phenothiazine, is a selective inhibitor of DENV multiplication in cell culture. Our findings open
perspectives for the repositioning of phenothiazines like TFP with a wide spectrum of antiviral efficacy as potential agents
for the control of pathogenic flaviviruses.

Introduction

Dengue virus (DENV) causes endemic disease in tropi-
cal and subtropical regions of the world and represents an
increasing public health threat for the human population.
About 350 million annual infections transmitted by Aedes
mosquitoes are estimated to occur [1], resulting in a wide
spectrum of clinical manifestations that range from asymp-
tomatic or mild febrile infections to severe forms associ-
ated with hemorrhage and shock with a lethal outcome
[2]. DENV is a member of the family Flaviviridae, genus
Flavivirus, and the virion is an enveloped particle with a
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positive-stranded RNA genome. The existence of four sero-
types, DENV-1 to DENV-4, which co-circulate worldwide
and give rise to sequential outbreaks, is one of the main
determinants of the severity of the disease, since heterotypic
reinfection is associated with progression to the more seri-
ous clinical presentations [3].

Neither of the two main strategies to combat viral infec-
tions, vaccines and antiviral drugs, is currently available
for dengue. Among the many vaccine candidates that have
been developed over the years, a tetravalent chimeric den-
gue vaccine based on the backbone of the attenuated yel-
low fever virus strain 17D was licensed a few years ago in
highly endemic countries [4]. However, it has shown vari-
able efficacy against the four DENV serotypes, and although
it confers a high degree of protection in DENV-seropositive
vaccine recipients, it is associated with an increased risk of
severe dengue in seronegative individuals after vaccination
[5].

Regarding antiviral development, numerous compounds
targeting viral and host cell components have been found to
be potent inhibitors of DENV infection in vitro [6]. Unfor-
tunately, only a few candidates, such as chloroquine, bala-
piravir, celgosivir, prednisolone, and lovastatin have been
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evaluated in clinical trials, and the results obtained up to
now have been disappointing [7—12]. Thus, the search for
effective DENV antiviral agents for control of this harmful
disease continues to be a major challenge.

The abovementioned clinical studies are representative
of a strategy of using drugs that were approved previously
for other therapeutic purposes as potential DENV drugs. In
recent years, there has been renewed interest in the approach
of drug repurposing, since it allows antivirals to be devel-
oped at lower cost. Information about safety is already avail-
able, and the compounds have been approved for clinical
use in humans. In contrast, the development of new drugs is
costly, potentially limiting their use in low-income American
and Asiatic countries where dengue is endemic.

Phenothiazines are compounds with various pharmaco-
logical properties that are very adaptable for drug repur-
posing. They are heterocyclic compounds used in clinical
settings to treat psychotic disorders due to their activities
as modulators of diverse neurotransmitter receptors, such
as dopamine, histamine H1, and serotonergic and choliner-
gic receptors [13]. Furthermore, phenothiazines have been
reported to have calmodulin-binding ability, which conse-
quently inhibits the associated calcium signal transduction
activity [14]. In addition to their antipsychotic activity,
phenothiazines exhibit a wide range of pharmacological
activities, such as antiemetic, antihistaminic, antipruritic,
analgesic, anti-inflammatory, anticancer, and anti-infective
properties [13, 15].

The screening of libraries of clinically approved com-
pounds has allowed the identification of three phenothia-
zines (prochlorperazine, trifluoperazine, and fluphenazine)
as potent inhibitors of hepatitis C virus (HCV), another
member of the family Flaviviridae [16, 17]. More recently,
activity of prochlorperazine, a drug approved to treat
migraine, nausea, and vomiting, was demonstrated to inhibit
DENYV infection by targeting viral binding and entry [18].
Trifluoperazine (TFP), other antipsychotic phenothiazine
that is primarily used for schizophrenia treatment, was also
found able to inhibit the multiplication of measles virus [19],
Epstein-Barr virus [20], influenza virus [21], arenaviruses
[22], and coronaviruses [23]. In the present study, the antivi-
ral activity of TFP in DENV-infected cells was investigated,
and the results suggest that this pharmacologically active
compound may be considered a potential agent for dengue
chemotherapy.

Materials and methods
Compound

Trifluoperazine dihydrochloride (TFP) (Fig. 1a) was pur-
chased from Sigma-Aldrich (USA). The stock solution was
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prepared in water at a concentration of 10 mM and sterilized
by filtration.

Cells and viruses

Eagle's minimum essential medium (GIBCO, Thermo Fis-
cher Scientific, USA) containing 5% newborn calf serum
was used for propagation of the cell lines Vero (ATCC
CCL 81), HepG2 (ATCC CRL-10741), and A549 (ATCC
CL-185), and the serum concentration was decreased to
1.5% in maintenance medium (MM). For growth of C6/36
mosquito cells (ATCC CRL-1660) adapted to grow at 33°C,
the culture medium consisted of L-15 medium (Leibovitz)
(GIBCO) supplemented with 10% fetal bovine serum, 0.3%
tryptose phosphate broth, 1% MEM non-essential amino
acids, and 0.02% glutamine.

DENV-1 strain Hawaii, DENV-2 strain NGC, DENV-3
strain H87, DENV-4 strain 8124, and the clinical isolate
INEVH116141 (provided by the Instituto Nacional de
Enfermedades Virales Humanas, Pergamino, Argentina)
of Zika virus (ZIKV) were grown in C6/36 cells. All viral
stocks were titrated in Vero cells using a plaque assay.

Cytotoxicity assay

Cell cultures in 96-well microplates were treated with
MM containing twofold serial dilutions of TFP. After 24
h of incubation at 37°C, cell viability was examined by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT, Sigma- Aldrich, USA) method as described pre-
viously [24]. The 50% cytotoxic concentration (CCs,) was
defined as the concentration of the compound that reduced
absorbance by 50% in treated cells with respect to untreated
control cells.

Virus yield reduction assay

Cells grown in 24-well microplates were infected with
DENYV or ZIKV at a multiplicity of infection (MOI) of 0.1
PFU/cell. After 1 h at 37°C for adsorption, the viral inocu-
lum was removed and MM containing serial dilutions of
TFP was added. A virus control without compound was also
included. At 24 h postinfection (p.i.), virus yields in cell
supernatants were measured by plaque assay in Vero cells.
Assays were performed three times, each in quadruplicate.
The effective concentration 50% (ECs), defined as the con-
centration of the compound able to reduce virus yield by
50% in treated cultures in comparison to untreated ones, was
determined using a nonlinear regression of dose response
inhibition with GraphPad Prism software.
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Virucidal assay

Equivalent volumes of a suspension of DENV-2 (1 x 10°
PFU/ml) and TFP solution (0-60 uM) were incubated at
37°C for 1 h. Then, the mixtures were chilled and diluted
in MM, and the remaining infectivity was determined by
titration.

Time-of-addition experiment

DENV-2 was allowed to adsorb to Vero cells (MOI, 0.1
PFU/cell) in MM with or without 30 uM TFP. After 1 h at
4°C, the inoculum was discarded, the cells were washed with
cold phosphate-buffered saline (PBS), and MM with 30 uM
TFP was added immediately (time, 1 h p.i.) or at 3, 5, or 7
h p.i. After 24 h of infection, extracellular virus yields were
determined by plaque assay.

Virus adsorption, internalization, and uncoating
assays

To measure virus adsorption, DENV-2-infected Vero cells
(MO, 1 PFU/cell) in the presence or absence of 30 uM TFP
were incubated for 1 h at 4°C. After removing unadsorbed

virus by washing with cold PBS, the cells were disrupted by
freezing and thawing. Low-speed centrifugation was per-
formed to remove cell debris, and the amount of infectious
cell-bound virus was determined by plaque assay.

For virus internalization, DENV-2 was allowed to adsorb
to Vero cells (MOI, 1 PFU/cell) for 1 h at 4°C in the absence
of compound. Then, the cells were washed with PBS, and
MM with or without 30 uM TFP was added. After incu-
bation for 1 h at 37°C to allow virus internalization, the
amount of internalized infectious virus was assessed using
an infectious centre assay [24]. As a control, DENV-2 was
allowed to adsorb at 4°C to other set of Vero cell cultures,
and after further incubation at 37°C for 24 h in MM with or
without 30 uM TFP, virus yields were determined by plaque
assay.

To evaluate virion uncoating from endosomes, two assays
were performed. First, DENV-2 (MOI, 10 PFU/cell) was
allowed to adsorb to Vero cells grown on coverslips for 1
h at 4°C, after which the virus inoculum was removed and
the cells were incubated at 37°C with prewarmed MM with
or without 30 uM TFP to start internalization. After O, 10,
and 45 min, the cells were fixed with methanol for 10 min
at -20°C and stained with a mouse monoclonal antibody
against the DENV-2 C capsid protein (kindly provided by
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Dr. J. Aaskov, University of Queensland, Australia), fol-
lowed by fluorescein isothiocyanate (FITC)-labeled goat
anti-mouse IgG (Sigma-Aldrich, USA). After staining of
nuclei with Hoechst 33258, the cells were visualized under
an Olympus fv-1000 confocal microscope with 600X ampli-
fication, and the number of bright spots was quantified in
200 randomly chosen cells.

Virion uncoating was also analyzed by monitoring the
fate of cellular infectivity at early times p.i. DENV-2 was
allowed to adsorb to Vero cells at 4°C for 1 h, the cells were
washed with cold PBS, and virus internalization was initi-
ated by incubation at 37°C with prewarmed MM with or
without 30 uM TFP or 50 nM concanamycin A (Sigma-
Aldrich, USA). After different times at 37°C, adsorbed but
non-internalized virus was inactivated by treatment with cit-
rate buffer (40 mM citric acid, 10 mM KCl, 135 mM NaCl,
pH 3) for 1 min. The cells were then washed with PBS and
disrupted by freezing and thawing, and intracellular infectiv-
ity was titrated by plaque assay.

Detection of viral proteins by immunofluorescence
and Western blot

For immunofluorescence, Vero cells seeded on coverslips
were infected with DENV-2 and incubated at 37°C in MM
with or without 30 uM TFP. At 24 h p.i., the cells were fixed
with methanol, and sequential staining was performed. The
primary antibody was a mouse monoclonal antibody against
the DENV-2 E glycoprotein (Abcam, UK), and the second-
ary antibody was anti-mouse FITC-conjugated IgG. After
staining of the cell nuclei with Hoechst 33258, the cells were
examined using a fluorescence microscope (Olympus Cor-
poration, Japan), and positive cells expressing the E glyco-
protein were counted in 20 randomly chosen fields.

For Western blot assays, Vero cells were infected with
DENV-2 and incubated for 24 h in MM with or without
30 uM TFP. Cell lysates were prepared in sample buffer
(5% sodium dodecyl sulfate [SDS], 2% 2-mercaptoethanol,
10% glycerol, and 0.005% bromophenol blue in 0.0625 M
Tris-HCI, pH 6.8) (Promega, USA), and proteins were sep-
arated by 10% SDS-polyacrylamide electrophoresis. After
blotting onto a PVDF membrane (Millipore, USA) using a
semi-dry system, the membranes were incubated overnight
at 4°C with a rabbit antiserum against the NS5 protein of
DENV-2 (kindly provided by Dr. A. Gamarnik, Instituto Lel-
oir, Argentina). The membranes were then washed in Tris-
buffered saline (20 mM Tris-HCl, 150 mM NaCl, pH 7.5)
containing 0.1% Tween 20 and incubated with horseradish-
peroxidase-conjugated anti-rabbit IgG (Amersham, USA)
for 1 h at room temperature. As a loading control, glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) was detected
using mouse anti-GAPDH (Abcam, UK) and peroxidase-
conjugated anti-mouse IgG (Abcam, UK). Proteins bands
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were visualized by chemiluminescence (ECL, Amersham,
USA).

Synthesis of viral RNA: real-time RT-PCR

Vero cells seeded in 6-well microplates were infected with
DENV-2 (MOI: 0.1 PFU/cell) and incubated at 37°C with
MM with or without 30 uM TFP. At 24 h p.i., total RNA was
extracted from the cells using TRIzol Reagent (Invitrogen,
USA) as instructed by the manufacturer, and a quantitative
RT-PCR assay was performed employing TagMan technol-
ogy to amplify nucleotides 10,419 to 10,493 within the viral
3'UTR as described previously [24].

Statistical analysis

GraphPad Prism software was used to perform statistical
analysis. For comparison of two groups of means, Student's
unpaired ¢-test was used. Data normality was checked using
the Shapiro-Wilks test, and homoscedasticity was tested
using the Bartlett test. Data that did not meet the require-
ment of Gaussian distribution were analyzed using the non-
parametric Kruskal-Wallis test. The kind of analysis per-
formed is indicated in the figure legend. Data were always
obtained from three independent experiments, with each one
performed in quadruplicate. Statistical significance (*, p <
0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001) is
indicated in the figure.

Results
Cytotoxic and anti-flavivirus activity of TFP

Initially, the MTT method was employed to evaluate the
cytotoxic effects of TFP on Vero cell viability after treat-
ment with various concentrations of this compound. After
determining the percentage of viable cells in TFP-treated
and untreated Vero cell cultures, the CCs, was calculated to
be 49.1 + 6.0 uM (Table 1). A virus yield inhibition assay
was then performed by infectivity titration of cell superna-
tants from DENV-infected cells treated with phenothiazine
at concentrations lower than the CCs,. The results shown
in Fig. 1b-e demonstrated that the inhibitory action of TFP
against DENV multiplication in Vero cells was dose-depend-
ent. Furthermore, it should be noted that the compound was
able to inhibit the propagation of all four DENV serotypes.
Calculation of the ECs, value and selectivity index (SI),
defined as the CCyy/EC5 ratio, for each virus serotype
allowed us to conclude that TFP exerted selective antiviral
activity against DENV infection in Vero cells.

The antiviral effect of TFP was also evaluated against
ZIKYV, another relevant human-pathogenic flavivirus. As
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Table 1 Cytotoxicity and antiviral activity of TFP against DENV and
ZIKV

Cell line CCsy (UM) Virus ECsy(uM) SI
Vero 49.1+6.0 DENV-1 1.8+0.1 273
DENV-2 63+04 7.8
DENV-3 55+1.7 8.9
DENV-4 6.4+0.2 7.7
ZIKV 1.6 +0.5 30.7
A549 61.7+0.9 DENV-2 83+02 74
ZIKV 99+1.0 6.2
HepG2 38.0£2.1 DENV-2 32+03 11.9
ZIKV 7.6 +0.7 5.0

CCsy: cytotoxic concentration 50%, compound concentration required
to reduce cellular viability by 50% compared to untreated controls.
Data are mean values from three independent experiments + standard
deviation (SD)

EC;,: effective concentration 50%, compound concentration required
to reduce virus yield by 50% compared to untreated controls. Data are
mean values from three independent experiments + SD

SI: selectivity index, ratio CCs/ECsy,

seen in Fig. 1F, ZIKV was also significantly inhibited by
TFP, with an SI of 30.7 (Table 1).

The human cell lines A549 and HepG2 were also tested
to examine the influence of the host cell on the inhibi-
tion of flavivirus infection by TFP. For that purpose, the
susceptibility of DENV-2 and ZIKV infection to the drug
was evaluated using a virus yield antiviral assay. Both fla-
viviruses were found to be sensitive to the antiviral action
of TFP in A549 and HepG?2 cells (Fig. 2a-d), with the

Fig.2 Antiviral activity of TFP a
against DENV-2 and ZIKV in
human cells. A549 (black bars) 3000
and HepG2 (white bars) cells
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level of cytotoxicity in the human cell lines similar to that
observed in monkey Vero cells (Table 1).

Lack of virucidal activity of TFP

The study of the mode of action of TFP on DENV infection
was started by evaluating the possibility of a direct interac-
tion of the drug with the virus particle leading to its inac-
tivation. A virus suspension was incubated with different
concentrations of the compound for 1 h at 37°C, followed by
sample dilution and titration of the remaining infectivity. It
was concluded that TFP had no observable virucidal effect
on DENV-2 (Fig. 3).

Mode of action: effect of TFP on DENV entry

As TFP was similarly effective against the four DENV sero-
types, DENV-2 in Vero cells was chosen as a representative
model system to further study the mode of action of this
compound against DENV infection. Studies were performed
at a TFP concentration of 30 pM, about fivefold higher than
the EC5, to achieve a strong inhibitory effect in all of the
assays. In an attempt to localize the antiviral target of TFP
in the viral cycle of DENV-2, the impact of the time of addi-
tion of the compound on its inhibitory effect was evaluated.
For that purpose, TFP was added to cell cultures simulta-
neously with virus or at various times after infection, and
virus production was measured after 24 h of infection. The
results of this time-course study, shown in Fig. 4a, indicate
that the strongest inhibitory effect was observed when the
compound was added to cells together with the virus (time
0) or immediately after adsorption at 1 h p.i. Under both
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Fig.3 Determination of virucidal activity of TFP. A DENV-2 sus-
pension was incubated with different concentrations of TFP for 1 h
at 37°C, and the remaining infectivity was then measured by plaque
assay. Each point is the mean + SD of three independent experiments

experimental conditions, the amount of virus released from
infected cells was reduced by more than 90%. However,
addition of TFP at later times after infection produced a
lower but consistent decrease in virus production, attaining
around 50% inhibition.

Next, the apparent antiviral action of TFP on the early
steps of DENV infection was evaluated further. For this
purpose, the quantity of adsorbed or internalized virus
was determined when TFP was present exclusively during
the virus adsorption or virus internalization step. When
DENYV-2 was allowed to adsorb to Vero cells at 4°C in the
presence of 30 uM TFP, cell-bound infectivity remained
unaltered (Fig. 4b), but a different effect was observed if the
compound was absent during virus adsorption at 4°C but
present immediately afterwards when infected cultures were
then incubated at 37°C for 1 h. In the presence of TFP, the
amount of internalized virus, quantified using an infectious
center assay, was significantly reduced; however, a higher
inhibition rate was observed when the compound was pre-
sent throughout the entire infection cycle (Fig. 4b). These
results confirm the data from the time-of-addition assay:
treatment with TFP mainly affected the early step of virus
entry into the cells, but a later step might also be affected
by this compound.

The next step in the process of DENV entry into the cell
is virion uncoating, when fusion of the viral envelope with
the endosomal membrane takes place and the nucleocapsid
is released into the cytoplasm, leading to the consequent
loss of capsid from the genome to start macromolecular
synthesis. In order to evaluate if uncoating of DENV-2 is
affected by TFP, the intracellular presence of capsid protein
was monitored by immunofluorescence staining of infected
cells during the period of internalization at 37°C. It has been
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demonstrated previously that the C protein can be detected
in the cytoplasm of DENV-2-infected cells a few minutes
after infection and then progressively becomes undetectable
[25]. Accordingly, when DENV-2 infection was performed
in the absence of TFP, a bright dotted fluorescent pattern of
C protein was observed at 10 min p.i., whereas fluorescence
was strongly decreased at 45 min p.i. (Fig. 4¢), indicating the
loss of C protein, initially from endosomes, and later from
the cytoplasm. On the other hand, when infection occurred
in the presence of TFP, the dotted C protein fluorescence was
maintained in the cytoplasm during internalization (Fig. 4c),
suggesting that uncoating and release of DENV-2 from the
endosomes was inhibited by TFP. Quantification of the fluo-
rescence corresponding to C protein in control infected cells
showed a reduction of 55% in the number of fluorescent
particles inside the cell at 45 min p.i., whereas in infected
cells treated with TFP, the level of the fluorescent signal
was maintained in the same period of time with a reduction
of only 6%.

The effect on virion uncoating was also studied by record-
ing the fate of infectious virus inside the cell during the early
phase of infection. To this end, DENV-2 was allowed to
adsorb to Vero cells at 4°C, after which internalization was
allowed in the presence or absence of TFP for different times
p.i. at 37°C and cell-associated infectivity was titrated. As
expected, a significant reduction of the intracellular infec-
tivity as a consequence of virion uncoating was detected
in control infected cells, but in TFP-treated cells, the pres-
ence of infectious virus inside the cell was not significantly
affected (Fig. 4d). Concanamycin A, a compound that is
known to allow endocytosis but to be able to block low-
pH-dependent membrane fusion, preventing release from
endosomes of nucleocapsids [24], was also tested in this
assay as a positive control. As seen in Fig. 4d, the number of
infectious intracellular DENV-2 virions in concanamycin-A-
treated Vero cells was similar to that observed in TFP-treated
cells, confirming that viral uncoating seems to be the step in
the early stage of infection that is affected by TFP.

Effect of TFP on viral RNA synthesis and protein
expression

To further explore the outcome of DENV infection in
the presence of TFP, viral macromolecular synthesis in
treated infected cells was next investigated. A significant
inhibition of viral RNA synthesis was detected by quanti-
tative RT-PCR in infected Vero cells after treatment with
TFP (Fig. 5a), as well as in the level of DENV-2 E pro-
tein expression detected by indirect immunofluorescence
(Fig. 5b). A reduction of more than 85% was observed in
both the number of cell-associated genome copies and
the number of cells expressing the E protein in DENV-
2-infected cultures in the presence of 30 uM TFP in
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Fig.4 Mode of antiviral action of TFP: effect on virus entry. (a)
Vero cells were infected with DENV-2, and 30 uM TFP was added
simultaneously with virus (time 0) or at the indicated times after
infection. Extracellular virus yields were determined at 24 h p.i. in
all cell cultures. Statistical significance was evaluated using the non-
parametric Kruskal-Wallis test. (b) DENV-2 was allowed to adsorb to
Vero cells at 4°C for 1 h in MM with or without 30 uM TFP. Then,
the amount of cell-bound infectious virus was determined by plaque
assay (Adsorption). In other Vero cell cultures, DENV-2 was allowed
to adsorb at 4°C for 1 h. After further incubation at 37°C for 1 h in
MM with or without 30 uM TFP, cell monolayers were treated with
proteinase K, and internalized virus was detected using an infectious
center assay (Internalization). Finally, DENV-2 was allowed to adsorb
at 4°C to another set of cultures, and after further incubation at 37°C
for 24 h in MM with or without 30 uM TFP, virus yields in the cell

comparison with untreated infected cells. The reduction
in viral protein synthesis was also confirmed by examin-
ing the expression of the DENV-2 non-structural protein
NS5 by Western blot. As seen in Fig. 5c¢, the amount of
NS5 was much lower in TFP-treated infected cells than
in control infected cells. Altogether, these suggest that
TFP inhibits viral uncoating, macromolecular synthe-
sis, and virus production, thereby affecting the spread
of infection.
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supernatants were determined by plaque assay (Always). Statistical
significance for each treatment was evaluated using Student's z-test.
(c) DENV-2 was allowed to adsorb to Vero cells at 4°C in the absence
(VC) or presence (TFP) of 30 uM TFP, and cultures were then shifted
to 37°C. At 0, 10, and 45 min, cells were fixed and processed for
immunofluorescence to detect the C protein. Cell nuclei were stained
with Hoechst 33258. (d) Vero cells were infected with DENV-2 for
1 h at 4°C and then incubated with MM (VC) or MM containing 30
uM TFP (TFP) or 50 nM concanamycin A (ConA). At different times
post-adsorption, non-internalized virus was inactivated, cells were
disrupted, and intracellular infectivity was determined. Statistical sig-
nificance was evaluated using the nonparametric Kruskal-Wallis test.
In a, b, and d, each value represents the mean of three independent
experiments + SD. NS, not significant; *, p < 0.05; **,p < 0.01; ***,
p <0.001; *¥*** p <0.0001

Discussion

The studies reported here demonstrate that the phenothia-
zine derivative TFP is an active inhibitor of the in vitro
multiplication of flaviviruses, exhibiting effective antiviral
activity against the four serotypes of DENV and the related
ZIKYV, an arbovirus found in co-circulation with DENV in
endemic areas that also exhibits antigenic cross-reactivity
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Fig.5 Effect of TFP on DENV-2 RNA and protein expression. (a)
DENV-2-infected Vero cells were treated (TFP) or not treated (VC)
with 30 uM TFP. At 24 h p.i., total RNA was extracted from the cells
to determine the amount of viral RNA by qRT-PCR. Results are
expressed as viral RNA copies, and data are mean values from three
independent experiments + SD. Statistical significance was evaluated
using an unpaired t-test (¥, p < 0.05). (b) Vero cells treated (TFP)

[26-28]. Since this makes differential diagnosis more dif-
ficult, the potential availability of an antiviral drug that is
effective against both DENV and ZIKV that can be rapidly
administered to patients might be especially useful. The
level of viral inhibition varied according to the virus and
host cell tested, but in all cases, the compound affected
virus infection at noncytotoxic concentrations, with ECy,
values between 1.6 and 6.4 pM and the SI in the range of
5.0-30.7 (Table 1). These selectivity values are similar or
even higher than those reported for TFP in other virus-cell
systems [16, 17, 22, 23, 29]. No inactivating activity of
TFP against DENV was detected when a suspension of
virus particles was pre-treated with the drug before cell
infection, indicating that the observed viral inhibition was
due to a blockade of virus multiplication during the infec-
tious process and not to interaction of the drug with the
virion.

From the results of the time-of-addition studies, it can
be deduced that the early steps leading to virus entry are
the main targets of TFP during DENV infection, since the
greatest reduction in virus yield was achieved when the
phenothiazine was added during the first hour of infection
(Fig. 4a). However, a minor antiviral effect was observed
when the compound was added at a later time point, indi-
cating a possible effect of TFP on a late stage of the virus
multiplication cycle.

@ Springer

or not treated (VC) with TFP as in panel a were fixed and processed
for immunofluorescence to detect the E glycoprotein. Cell nuclei
were stained with Hoechst 33258. Magnification, 600X. (c) DENV-
2-infected Vero cells were treated (TFP) or not treated (VC) with 30
uM TFP, and at 24 h p.i. the expression of NS5 protein was analyzed
by Western blot. GAPDH was used as a loading control. CC, control
uninfected cells

When the effect of TFP on the early steps of DENV-2
infection was analyzed, the C protein, as well as infec-
tious virus, remained detectable inside the cell for a longer
period of time than in untreated infected cells, in which
a rapid loss of capsid protein and intracellular infectivity
was observed (Fig. 4c and d). Furthermore, the initial virus
binding to the cell was not disturbed (Fig. 4b). These data
suggest that virions entered the cell but that the fusion of
the viral envelope with the endosomal membrane, leading
to egress from the endosome and uncoating of the nucle-
ocapsid, is hindered by TFP. Studies with HCV have also
demonstrated that phenothiazines affect endocytic cellular
processes required for virus penetration and that this effect
is similar to that observed after treatment with lysoso-
motropic compounds that neutralize endosomal pH [16,
17]. Other studies have shown that the blockade of HCV
infectious entry by phenothiazines occurs at the step of
fusion with the host cell membrane by causing alterations
in the lipid domains of the target membrane [29, 30]. It is
possible that the same mechanism of membrane perturba-
tion is responsible for the observed anti-DENV activity
of TFP, not only at the early stage but also at later stages
of the virus multiplication cycle, as shown in the time-of-
addition experiment in Fig. 4a. Since all of the intracel-
lular steps of flavivirus multiplication occur in association
with cellular membranes, the lower degree of inhibition of
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DENYV production observed when TFP is added after virus
penetration may be due to interference with other stages of
the viral cycle, such as macromolecular synthesis, virion
assembly, or budding. In fact, we detected a significant
inhibition of DENV-2 RNA replication in the presence
of TFP, in addition to the effect on virus entry (Fig. 5a).
Consistent with this, a minor effect of TFP on HCV RNA
replication, with a 40-60% reduction in RNA synthesis,
has been reported, whereas virus entry was inhibited by
more than 80%, suggesting an inhibitory activity of TFP
on multiple steps of the HCV replicative cycle [16]. Partial
interference with the final stages of virion assembly and
budding might also be possible, since TFP has been shown
to be an inhibitor of the morphogenesis of influenza virus
in MDCK cells [21] and to block the budding of measles
virus in HeLa cells [19].

It is known that TFP, like other phenothiazine deriva-
tives, affects diverse events in the host cell, but with two
main classical roles: antagonism of dopamine receptors
in neural signaling networks and binding to calmodulin,
interfering with the modulation of several Ca>*-dependent
enzymes or pathways. Both cellular factors appear to be
involved in DENYV infection, although their specific role in
the DENYV replicative cycle is not clearly known: calmod-
ulin antagonists such as sulfonamide derivatives have been
reported to be inhibitors of DENV infection, reducing viral
translation/replication and viral yield [31, 32], whereas the
positive association of dopamine 2 receptor (D2R) with
DENYV has been shown using D2R antagonists [18, 33,
34]. The precise cellular target of TFP responsible for the
blockade of DENV infection remains to be identified, but
the observed variety of effects of this class of compounds
on cells makes it more likely to affect different events in
the viral cycle, as observed here.

In conclusion, TFP exhibited antiviral activity against
the four DENYV serotypes and ZIKV at noncytotoxic con-
centrations, showing that this drug may have broad antivi-
ral potential against different human-pathogenic members
of the family Flaviviridae. Since both DENV and ZIKV
co-circulate in endemic areas of America and Asia, as well
as other arboviruses such as chikungunya virus (CHIKV),
the prospects of the repurposing phenothiazines such as
TFP with a wide spectrum of antiviral efficacy are promis-
ing. Although it is well known that the use of TFP as an
antipsychotic drug can cause undesirable side effects in
patients after prolonged periods of administration, since
dengue is an acute disease, the duration of chemotherapy
is limited in time, reducing the likelihood of unwanted
complications. Prophylactic or therapeutic treatment with
TFP in at-risk persons or patients with initial signs before
a precise diagnosis may improve the chances of reducing
virus transmission and be helpful for the control of epi-
demic outbreaks.
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