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ABSTRACT
The objective of this studywas to investigate the use of chloroquine (CLQ) as an antiviral agent against
dengue. Chloroquine, an amine acidotropic drug known to affect intracellular exocytic pathways by
increasing endosomal pH, was used in the in vitro treatment of U937 cells infected with dengue virus
type 2 (DENV-2). Viral replicationwas assessed by quantification of virus produced through detection
of copy numbers of DENV-2 RNA, plaque assay and indirect immunofluorescence. qRT-PCR and
plaque assays were used to quantify the DENV-2 load in infected U937 cells after CLQ treatment. It
was found that a dose of 50mg/mL of CLQ was not toxic to the cells and resulted in significantly less
virus production in infected U937 cells than occurred in untreated cells. In the present work, CLQwas
effective against DENV-2 replication in U937 cells, and also caused a statistically significant reduction
in expression of proinflammatory cytokines. The present study indicates that CLQ may be used to
reduce viral yield in U937 cells.
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Dengue fever, a benign syndrome caused by dengue
virus, is transmitted by arthropods (Aedes aegypti and
Aedes albopictus) and characterized by a biphasic fever,
myalgia or arthralgia, rash, leukopenia and lymphade-
nopathy. There are four antigenically distinct members
of the dengue subgroup of the Flavivirus genus, named
types 1–4 (1). Each year it is estimated that around 50–
100 million dengue cases occur worldwide, including
about 500,000 cases of hemorrhagic dengue fever, the
most severemanifestation of the disease (2). This form of
the disease reportedly occurs in 5–10% of secondary
infections, with a lethality rate of 10% (3).

Dengue viruses contain three structural proteins:
capsid, which involves the virus genome, membrane and
envelope, which are embedded in a lipid bilayer of the
viral envelope (4, 5). The dengue viruses are single
positive-stranded RNA filaments of about 11 kb length.
The genome codifies an open reading frame of nearly
10,200 nucleotides, which is processed by proteases of
viral and cellular origin into three structural proteins
codified by the 50 region of the genome and seven non-
structural proteins (NS1-NS5) codified by the remaining
genomic region, in the order 50 C-prM-E-NS1-NS2A-
NS2B-NS3-NS4A-NS4B-NS5 (6, 7). Dengue viruses
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enter target cells via receptor-mediated endocytosis
through direct interaction of viral E glycoprotein with
host cell receptors, including DC-specific ICAM-3-
grabbing non-integrin (8, 9) and a mannose recep-
tor (10), followed by acidic pH-dependent fusion with
the membranes of the endocytic vesicles (11).
Chloroquine, a 9-aminoquinolin, was synthesized for

the first time in Germany by Bayer (then Barmen, now
Leverkusen, Germany) in 1934. By preventing the low
pH-induced fusion of viral envelope and cell endosome
membranes, CLQ is potentially able to block the entry of
certain viruses into the cytosol (12). The present study
examined the effect of CLQ on DENV-2 replication in
U937 (mammalian) cells in order to define whether or
not CLQ could be used to reduce viral yield.

MATERIALS AND METHODS

Ethics statement

This study was carried out in strict accordance with the
Brazilian Government's ethical and animal experiments
regulations. The procedures for using animals in this
research project were in accordance with the ethical
principles established by the Brazilian College of Animal
Experimentation and the experimental protocol was
approved by the Committee on the Ethics of Animal
Experiments of the University of Sao Paulo (CETEA/
USP, Permit Protocol Number 080/2006).

Cell cultures

Vero cells (an African green monkey kidney cell line)
were grown in Leibovitz-15 (L-15) culture medium
(Invitrogen, Grand Island, New York, USA) supple-
mented with 10% FBS, 1% L-GLUTAMINE 200mM, 1%
penicillin G (100U/mL), streptomycin (100mg/mL) and
10% tryptose phosphate. The Vero cells were maintained
at 37 °C and 5%CO2. C6/36, anAedes albopictus cell line,
was cultured in L-15 medium supplemented with 10%
FBS, l-glutamine, 10% tryptose phosphate, 1% penicillin
G (100U/mL) and streptomycin (100mg/mL) at 28 °C in
the absence of CO2. Suspensions of U937 cells
(monocytic lineage) were cultured in RPMI 1640
medium, supplemented with 0.29 g/L L-GLUTAMINE,
2 g/L sodium bicarbonate, 25mM/L HEPES, 1% penicil-
lin G (100U/mL), streptomycin (100mg/mL) and 10%
FBS (Invitrogen) and maintained at 37 °C and 5% CO2.

Virus stock

Parental DENV-2 New Guinea C strain was recovered
from the brains of 1- to 2-day-old suckling Swiss mice.
This virus was passaged several times in C6/36 cells

contained in 75 cm2 culture flasks with virus diluted in
1mL of L-15–2% FBS. After 1 hr, 14mL of L-15
supplemented with 10% FBS was added and the cells
cultured for 7 days. Cells culture supernatants were then
harvested and centrifuged at 2000g for 5min to remove
cell debris. The suspensions were kept in ice to prevent
further microbial loss. The virus suspensions were
adjusted to 20% FBS and then divided into aliquots and
stored frozen at �70 °C. Virus stock and cell culture
supernatants used in the present study were free of
lipopolysaccharides and mycoplasma.

Dengue virus titration

Virus production was titrated by plaque assay using Vero
cells. Vero cells were seeded in 12-well (6� 105 cells/
well) plate in L-15 medium with 10% FBS for 48 hr at
37 °C. The medium was removed and decimal serial
dilutions of virus stock or supernatant of U937 cells
treated with CLQ prepared in L-15mediumwith 2% FBS
were added (0.1mL/well) to the cells, which were then
incubated for 2 hr at 37 °C. Subsequently, L-15 medium
containing 5% FBS and 3% carboxymethyl-cellulose
(1mL/well) (overlay) was added and the plates incubated
at 37 °C for 7 days. The overlay was removed on Day 7
and the cells fixed with a solution of 10% formaldehyde
in PBS. After 2 hr at room temperature, the formalde-
hyde solution was removed and the cells washed twice
with PBS and stained (15min) with a 1% crystal violet
solution in 20% ethanol. Plaques of cell lysis were
counted and the virus concentration expressed as PFU
per mL.

Chloroquine cytotoxic assay

Cytotoxicity induced by CLQ was assayed in U937 cells
to determine the ideal concentration for the experi-
ments. Suspension of U937 cells were seeded in 24-well
(1� 104 cells/well) plates. After an incubation period of
approximately 72 hr, the culture medium was replaced
with RPMI medium containing 2% FBS and different
concentrations of CLQ (Sigma-Aldrich, St Louis, MO,
USA). After incubation periods of 1, 6, 12, 24, 48, 72 and
96 hr with the drugs, the U937 cells were removed and
their viability confirmed by the Trypan blue exclusion
method (Invitrogen).

Indirect immunofluorescence

Indirect immunofluorescence assays were performed to
determine the presence of dengue-2 viral infection in
U937 cells cultures treated with CLQ. To prepare the
slides for immunofluorescence, cell suspensions were
centrifuged at 1000 rpm for 5min. The cells were then
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washed twice with PBS, placed on slides (10mL/well),
fixed in cold acetone for 10min and stored at �20 °C.
The slides were incubated with DENV-2-specific
hyperimmune mouse ascitic fluid diluted 1:100 in PBS
with 3% FBS at 37 °C for 30min in a humidified
atmosphere, and then rinsed four times in PBS. The
samples were then similarly incubated with a 1:100
dilution of fluorescein isothiocyanate-labeled goat anti-
mouse antibodies (Sigma-Aldrich) in Evans blue at 37 °C
for 30min, rinsed four times in PBS and air dried. After
washing, the coverslips were mounted in buffered
glycerin, examined at 200–1000� and photographed
using an inverted fluorescence microscope. Fluorescent
foci that were located within a 0.7 cm2 area of each well
were counted.

Treatment of DENV-2 infected cells with
CLQ

Suspensions of U937 cells (1� 106 cells/mL) were seeded
onto 24-well plates infected with DENV-2 (1� 106 PFU/
mL) at a MOI of 1. At 1 hr post-infection, the inoculums
were removed. U937 cells were incubated in the presence
of different concentrations of CLQ (0, 0.05, 0.5, 5 and
50mg/mL) at the following defined time intervals in
different experiments: (i) concomitantly, 1 hr after
infection; (ii) concomitantly, 1 hr after infection, and
at 24-hr intervals for 7 days; and (iii) concomitantly, 1 hr
after infection and at 12-hr intervals for 7 days. Mock
controls for DENV-2 replication contained no CLQ.
Infected cell supernatants were collected at 0, 6, 12, 24,
48, 72, 96, 120, 144 and 168 hr post-infection, cleared by
centrifugation, and stored in aliquots at�70 °C until use
in real-time PCR and plaque assays. The experiments
were carried out in duplicate and the results are shown as
the mean values obtained from three individual
experiments.

Viral RNA extraction

Viral RNA was extracted from 140mL of each superna-
tant sample using a QIAamp Viral RNA kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s
instructions.

Total RNA extraction: TRIzol method
(guanidinium thiocyanate-phenol-
chloroform extraction)

Total RNA from DENV-2 infected or uninfected U937
cells, treated and untreated CLQ (1 hr after infection and
at 24–24 hr intervals) was extracted after 1, 2, 12, 48 and
72 hr post-infection using the Trizol reagent (Invitrogen)
according to the manufacturer’s instructions.

qRT-PCR assay

Real time q-PCRwas performed to determine the number
of DENV-2 RNA copies present in each supernatant, as
described previously (13). Briefly, to construct a standard
curve, the number of DENV-2 particles produced by
infected cells was measured as the number of RNA copies
quantitated by qRT-PCR in serially diluted infected cell
supernatants. Each qRT-PCR contained 12.5mL of Sybr
Green Master Mix reagent (Applied Biosystems, Foster,
CA, USA), 0.5mL of RNase inhibitor, 0.13mL of Multi-
Scribe (50U/mL; Life Technologies, Carlsbad, CA, USA),
0.5mL of primers (20 nM) DV2U (50-AAGGTGAGAT-
GAAGCTGTAGTCTC-30), and DVL1 (50-CATTC-
CATTTTCTGGCGTTCT-30) (14) specifically designed
toanneal to theDENV-230-untranslatedregion (30-UTR),
5.87mLof diethylpyrocarbonatewater and5mLofRNAto
a final volume of 25mL. The amplification protocol
consistedof the following steps: 48 °C for 30min, 95 °C for
10min, followedby40cycles at 95 °C for 15 sec, andfinally
60 °C for 1min. The same protocol was used to quantify
the DENV-2 RNA copies present in the supernatants of
CLQ-treated and untreated U937 cells infected with
DENV-2, collected at defined post-infection intervals, as
described above.

Relative quantification of cytokines (IFN-a, IFN-b,
IFN-g, TNF-a, IL-6, IL-12 and IL-10) in relation to the
transcripts of b-actin gene (endogenous control) was
performed using PCR reactions in real time using a
QuantiTect SYBR Green PCR kit (Qiagen). The
reactions were performed in a final volume of 25mL
containing 1mL of cDNA, 12.5mL of 2� QuantiTect
SYBR Green PCR Master Mix (HotStarTaq DNA

Table 1. Primers for quantitative real-time PCR

Primers Nucleotide sequences (50 ! 30)

b-actin (forward) GGACTTCGAGCAAGAGATGG
(reverse) AGCACTGTGTTGGCGTACAG

IL-6 (forward) CCAGGAGCCCAGCTATGAAC
(reverse) CCCAGGGAGAAGGCAACTG

TNF-a (forward) CCTACCAGACCAAGGTCAAC
(reverse) AGGGGGTAATAAAGGGATTG

IL-12 (forward) TGCAAAGCTTCTGATGGATCC
(reverse) AAAATCCGGTTCTTCAAGGGA

IFN-a (forward) GATGGCAACCAGTTCCAGAAG
(reverse) AAAGAGGTTGAAGATCTGCTGGAT

IFN-b (forward) TTGTGCTTCTCCACTACAGC
(reverse) CTGTAAGTCTGTTAATGAAG

IFN-g (forward) TTTTAATGCAGGTCATTCAGATGT
(reverse) AAGTTTGAAGTAAAAGGAGACAATTTGG

IL-10 (forward) CGAGATGCCTTCAGCAGAGTG
(reverse) TCATCTCAGAACAAGGCTTGGC
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polymerase, QuantiTect SYBR Green PCR buffer, SYBR
Green I and ROX fluorophore used as a passive reference
for normalization levels of fluorescence) and 0.5mL of
oligonucleotide sense and antisense (20 nm) (Table 1)
under the following conditions: 95 °C for 15min,

followed by 40 cycles of 94 °C for 15 sec, 60 °C for
30 sec, and 72 °C for 30 sec.

Complementary DNA synthesis

The extracted RNA was converted into cDNA through
reactions with reverse transcriptase enzyme M-MLV
(Invitrogen) according to the manufacturer's protocol.
To prepare the cDNA, concentrations of 400hg of total
RNA were used for all samples.

Statistical analysis

Statistical analysis was used to assess differences between
viral yield at time-defined intervals from infected cells in
contact with CLQ and control cells (without the drug).
Data were entered into the GraphPad Prism software,
version 6.0 and submitted to one-way ANOVA
(nonparametric test) analysis followed by the Bonferroni
test. Cytokine mRNA quantification by real-time PCR
was tested using Student’s t-test. for all analyses, values of
P< 0.05 were considered statistically significant.

Fig. 3. Action of CLQ added at 24-hr intervals on DENV-2
replication in U937 cells. (a) The viral RNA present in the culture
supernatants of U937 cells infected with DENV-2, treated and
untreated CLQ (every 24 hr post-infection), was extracted and
analyzed by qRT-PCR. (b) Culture supernatants of U937 cells infected
with DENV-2, treated and untreated CLQ (every 24 hr post-infection),
was analyzed by plaque assay. The results represent the average
values of the viral RNA copy number (P < 0.05).

Fig. 2. Action of CLQ on DENV-2 replication in U937 cells. (a)
The viral RNA present in the culture supernatants of U937cells infected
with DENV-2, treated and untreated CLQ post-infection, was extracted
and analyzed by qRT-PCR. (b) Culture supernatants of U937cells
infected with DENV-2, treated and untreated CLQ post-infection, were
analyzed by plaque assay. The results represent the average values of
the viral RNA copy number (P < 0.001).

Fig. 1. The effect of CLQ on the cytotoxicity in U937 cells.
Concentrations equal or higher than 500mg/mL (CLQ) were highly
cytotoxic to U937 cells, while concentrations equal or lower than
50mg/mL (CLQ) did not induce significant cytotoxicity.
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RESULTS

Cytotoxicity of CLQ in U937 cells

Chloroquine was highly cytotoxic to U937 cells when
they were treated with a concentration �500mg/mL,
whereas no significant cytotoxicity was observed when
the cells were treated with a concentration �50mg/mL
(Fig. 1). Based on these data, CLQ was used in
concentrations �50mg/mL in these experiments.

Effect of CLQ on DENV-2 replication as
assessed by qRT-PCR

To determine whether CLQ inhibits DENV-2 replica-
tion, suspensions of U937 cells were infected with
DENV-2 and incubated with 2% FBS RPMI medium
containing different concentrations of the drug; then
virus production was quantified by qRT-PCR and plaque
assay. Results of qRT-PCR showed that CLQ inhibited
DENV-2 replication in U937 cells in a dose-dependent
manner (Fig. 2a). Viral replication in U937 cells was
significantly less after addition of � 5mg/mL of CLQ
1 hr after infection than in untreated cells; this inhibition
was maintained up to 24 hr after infection (Fig. 2). The
same results were obtained when virus production was
assessed by plaque assay, the results showing an excellent
correlation with those of qRT-PCR (Fig. 2b).
Because the duration of viral inhibition effect induced

by CLQ may have been related to the timing of drug
administration, the antiviral effect of CLQ was further
analyzed in U937 cells treated with the drug 1 hr after
infection and at 24- and 12-hr intervals post-infection.
qRT-PCR showed that treated cells produced signifi-
cantly less virus than untreated cells up to the 7th day

after infection (Figs 3a and 4). Again, assessment by
plaque assay was in agreement with that by qRT-PCR
(Fig. 3b).

Effect of CLQ on DENV-2 replication
assessed by IFA

U937 cells infected or uninfected with dengue-2 virus in
the presence and absence of CLQ added 1 hr after
infection and thereafter at 24 hr intervals yielded
significantly less virus than untreated cells up to the
sixth day after infection (Fig. 5).

Analysis of cytokines by real-time PCR

To determine whether CLQ interfered with IFN-a,
IFN-b, IFN-g, TNF-a, IL-6, IL-12 and IL-10 release
pretranslation, the effect of this drug on cytokines’

Fig. 5. Indirect immunofluorescence assay. Detection of DENV-2
virus in U937 cells infected or uninfected, treated and untreated CLQ
(every 24 hr post-infection). (Original magnification 200–1,000�).

Fig. 4. Action of CLQ added at 12-hr intervals on DENV-2
replication in U937 cells. The viral RNA present in the culture
supernatants of U937 cells infected with DENV-2, treated and
untreated CLQ (every 12 hr post-infection), was extracted and
analyzed by qRT-PCR. The results represent the average values of the
viral RNA copy number (P < 0.05).
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mRNA expression was investigated by real-time PCR in
U937 cells infected or uninfected with DENV-2 and
treated and untreated with CLQ (Fig. 6). In infected
U937 cells, treatment with CLQ downregulated expres-
sion of the proinflammatory cytokines, IFN-b, IFN-g,
TNF-a, IL-6 and IL-12 compared with the positive
control (Fig. 6b–f). In the case of IFN-a, expression was
inhibited at hour 72 post-infection (Fig. 6a). There was
no statistically significant difference in expression of the

anti-inflammatory cytokine IL-10 compared with the
positive control (Fig. 6g).

DISCUSSION

In addition to its antimalarial effect, CLQ may interfere
with the replication cycle of many viruses by interacting
with viral entry mediated by endosomes or in the late
stages of replication of enveloped viruses (15).

Fig. 6. Relative quantification of cytokines by real-time PCR in U937 cells infected or not with DENV-2 in the presence or absence of
CLQ added at 24-hr intervals. IFN-a (a), IFN-b (b), IFN-g (c), TNF-a (d), IL-6 (e), IL-12 (f), and IL-10 (g) mRNA expression in DENV-2 infected or
uninfected U937 cells, treated and untreated CLQ were analyzed by quantitative RT-PCR, and normalized to mouse beta actin gene. Values were
submitted to t test in which *P< 0.05 vs. U937 cells infected with DENV-2s.
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Chloroquine, an 9-aminoquinoline, was first synthe-
sized in Germany by Bayer in 1934 and emerged during
the first half of the 20th century as an effective substitute
for quinine, the previous drug of choice against
malaria (16, 17). It has multiple mechanisms of action;
these differ according to the pathogen. It is a weak base
which increases the pH of acidic vesicles and is
concentrated in acidic organelles such as endosomes,
lysosomes, vesicles and the Golgi by a mechanism
involving a proton pump which requires energy,
increasing the pH.
During the last decades, two major mechanisms of

action of CLQ have been well described: alkalization of
acidic vesicles, thereby interfering with endosome-
mediated viral entry, and alteration of post-translational
modifications of proteins newly synthesized in cells
infected by virus (18).
We demonstrate here the antiviral effect of CLQ on

U937 cells infected with DENV-2. Our findings are in
agreement with those reported by Farias et al., who
showed that when Vero cells infected with DENV-2 are
treated with CLQ at 1 hr post-infection and at different
time intervals (24/12 hr), viral replication decreases in a
dose dependent manner (19).
In vitro studies have demonstrated that CLQ has a

strong antiviral effect on viruses such such as hepatitis B
virus, herpes simplex virus type 1, influenza virus,
human immunodeficiency virus, severe acute respiratory
syndrome (coronavirus) and Epstein-Barr virus (20–30).
Our in vitro study has demonstrated the therapeutic
action of CLQ after exposure to the dengue-2 virus (1 hr
after infection). Recent studies have shown that CLQ
treatment inhibits DENV-2-induced mTRAIL relocali-
zation and IFN-a production by plasmacytoid dendritic
cells (31). One study showed that patients with dengue
treated with CLQ have an improved quality of life and
are able to resume their daily activities (32).
Tricou et al. evaluated the effect of CLQ in adult

patients with dengue and found that treatment with CLQ
had no effect on viremia or NS1 antigenemia (33). Their
study had some limitations. They measured viremia by
quantitative RT-PCR as a surrogate and well-characterized
marker of infection, though they recognized this is not the
same as a quantitative biological assay of infectious
virus (33). In our in vitro study, wemeasured viral yield by
quantitative RT-PCR and plaque assay.
Regarding the amount of cytokines in cell culture

(U937) as assessed by real-time PCR, we found that
infected U937 cells treated with CLQ contained
significantly less IFN-b, IFN-g, TNF-a, IL-6, and IL-
12 than the positive control (Fig. 6b–f). CLQ reduced
IFN-a production 72 hr post-infection (6a). The drug
reduced production of proinflammatory cytokines by

interfering with mRNA synthesis of IL-12, IFN-g, IL-6,
TNF-a, IFN-b and IFN-a.

Van den borne et al. showed that CLQ decreases
production of proinflammatory cytokines such as INF-
g, TNF-a and IL-6 in peripheral blood mononuclear
cells stimulated with LPS (34). Chloroquine inhibits
the release of TNF-a in macrophages by inhibiting
synthesis of TNF-a mRNA (35, 36). Jang et al. showed
that CLQ interferes with production of the cytokines
TNF-a, IL-1b and IL-6 from monocytes/macrophages
stimulated with LPS (37). Chloroquine reportedly
decreases expression of TNF-a receptors on the
surfaces of human histiocytic U937 cells by delaying
its transport to cell surface (38). Gandini et al. showed
that CLQ treatment completely blocks IFN-a secretion
by plasmacytoid dendritic cells (31). Silva et al.
showed that CLQ-mediated blocking of this process
partially inhibits West Nile virus-induced IFN-a
production by plasmacytoid dendritic cells cultures
(39).

Our results corroborate those of such studies,
demonstrating that CLQ interferes with expression of
proinflammatory cytokines.

We postulated that the reduction in proinflammatory
cytokines in infected cells treated with CLQ could be due
to the drug’s anti-inflammatory effects, particularly
because CLQ is a TNF-a inhibitor (40). Another possible
mechanism of the effect of CLQ in cells infected with
dengue virus could be via its antiviral action, which
decreases the viral load and thus the degree of immune
system activation.

In conclusion, the therapeutic use as CLQ, which is
considered a safe and effective drug and is used to treat
many diseases, including malaria, could be expanded
because we have shown in this study that the drug has a
significant antiviral effect on the replication of DENV-2
in cells culture. Chloroquine is a well known immuno-
modulatory agent (15). These data indicate that CLQ
inhibits IFN-a, IFN-b, IFN-g, TNF-a, IL-6 and IL-12
genes expression in U937cells infected with DENV-2
and treated with CLQ.
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