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Background: There is a lack of specific antiviral therapy against dengue virus (DENV)
in current use. Therefore, a great proportion of dengue cases progress to severe clinical
forms due to a complex interplay between virus and host immune response. It has been
hypothesized that heterotypic non-neutralizing antibodies enhance DENV infection in
phagocytic cells, and this induces an inflammatory response that is involved in the
pathogenesis of severe dengue.

Purpose: To identify the antiviral and immunomodulatory effects of polyphenols on dengue
virus infection.

Methods: Human U937-DC-SIGN macrophages were infected with DENV serotypes 2 or 3
in the presence or not of enhancing antibody 4G2. Viral titers and the secretion of tumor
necrosis factor-alpha, IL-6, IL-10 and interferon-alpha were analyzed timely.

Results: DENV infection alone induced high production of IL-6 and TNF-a, but in the
presence of 4G2 antibody, viral titers and TNF-a secretion were potentiated. Based on anti-
inflammatory antecedents, the polyphenols curcumin, fisetin, resveratrol, apigenin, quercetin
and rutin were tested for antiviral and immunomodulatory properties. Only quercetin and
fisetin inhibited DENV-2 and DENV-3 infection in the absence or presence of enhancing
antibody (>90%, p<0.001); they also inhibited TNF-a and IL-6 secretion (p<0.001).
Conclusion: Quercetin and fisetin down-regulate the production of proinflammatory cyto-
kines induced by DENV infection enhanced by antibodies a mechanism involved in severe
dengue.
Keywords: proinflammatory cytokines, TNF-a, enhancing

dengue, antibody,

immunopathogenesis

Introduction
Dengue is one of the most important human viral diseases worldwide. It is
estimated that 390 million dengue infections occur annually of which 96 million
are symptomatic and 20,000 are fatal.' In addition to the public health concern,
there is a major economic and social impact in countries where large dengue
epidemics occur, often disrupting primary care services due to the number of
patients requiring medical attention and hospitalization.” ™

Dengue virus (DENV) belongs to the genus Flavivirus, family Flaviviridae, its
genome is a positive sense RNA that codes for three structural (C, prM and E) and
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seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B and NS5). Four DENV serotypes (DENV-1 to 4) have
been identified, and all are associated with the disease.

Dengue is an acute febrile disease with arthralgia, rash,
hemorrhagic symptoms and thrombocytopenia. Patients
may deteriorate to severe dengue characterized by intense
hemorrhage, plasma leakage and in some cases shock,
organ impairment and death.>® In the last decades, an
increase in the proportion of severe dengue cases has been
observed. Severe dengue is the result of a complex interplay
between virus and host immune factors, including increased
infection of immune cells due to the presence of non-
neutralizing antibodies, activation of cross-reactive autoan-
tibodies and T cells, as well as deregulation of cytokine,
complement and coagulation cascades.”®

It has been hypothesized that antibody-dependent
enhancement (ADE) of infection occurs during secondary
or tertiary infections when non-neutralizing antibodies
against heterologous DENV serotypes interact with Fc
receptors increasing the infection of monocytes and
macrophages.” ' In consequence, ADE potentiates secre-
tion of cytokines that play a critical role in the pathogen-
esis of severe dengue.'>'* Many studies found that high
levels of interferon-alpha (IFN-a), IL-8, IL-6, tumor
necrosis factor-alpha (TNF-a)) IL-10 and IFN-y are corre-
lated with severe dengue at different stages of the
disease."*"!” In addition, overexpression of the suppressors
of cytokine signaling is found in patients with dengue.'”'®
Therefore, modulation of cytokine secretion could be
a primary target of the research on antiviral drugs against
dengue.

There is no antiviral treatment or effective vaccines to
control DENV infection in current use. Dengue therapy is
limited to fluid recovery and supportive care in patients
with hypovolemic shock; thus, good management of fluids
and continuous monitoring is the key to succeed and avoid
fatal complications.'’

Effective anti-dengue drugs is yet an unmet need
although intensive research.”® Some clinical trials have
tested repurposed drugs such as chloroquine, prednisolone,
balapiravir, celgosivir and lovastatin; however, they have not
been successful at decreasing viral load and antigenemia or
inducing a beneficial effect to dengue patients.?’*!

Ethnopharmacology has contributed significantly to the
discovery of new drugs.** Some studies have found sev-
eral polyphenols with anti-dengue potential activities such
as 7-0-methyl-glabranine,” catanospermine,* quercetin

and fisetin.?>%°

Here, we expanded the study of polyphenols to identify
their immunomodulatory effects on ADE of DENV infec-
tion in macrophages.

Materials and methods

Cells

C6/36 cells (ATCC® CRL-1660™) were cultured in
Eagle’s minimal essential medium (MEM, Caisson) sup-
plemented with 10% fetal bovine serum (FBS, Biowest) at
27°C. C6/36 cells were used for DENV replication and
production of virus stocks.

BHK-21 cells (ATCC® CCL-10™) were cultured in
MEM supplemented with 5% FBS, 27 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) and
42 mM sodium bicarbonate at 37°C in 95% air, 5% CO,
and humid atmosphere. BHK-21 cells were used to deter-
mine viral titers.

U937 cells (ATCC® CRL-1593.2) and U937-DC-SIGN
cells (ATCC® CRL-3252) were kindly provided by Dr. Rosa
Maria del Angel from CINVESTAV, Mexico. Cells were
maintained in RPMI-1640 culture medium supplemented
with 5% FBS, 27 mM HEPES and 42 mM sodium bicarbo-
nate at 37°C in 95% air, 5% CO, and humid atmosphere.
These cells have the morphology and phenotype of mono-
cytes, and they were differentiated into macrophages by
treatment with 10 ng/mL phorbol 12-myristate 13-acetate
(PMA) for 24 hrs. After that, cells were washed, fresh
medium was added, and cells rested 24 hrs before any
other treatment or infection was done. Most of the assays
described later were performed in U937-DC-SIGN cells
either undifferentiated (monocytes) or PMA-differentiated
(macrophages). From here and forward, we will refer to
them just as monocytes or macrophages.

Virus

Reference DENV serotype 2 (New Guinea strain, 16,681)
was donated by Dr. Aguilar Setién from the Laboratory of
Virology, Medical Research Unit on Immunology, IMSS.
DENV serotype 3 (DENV-3) was isolated from clinical
samples during the dengue outbreak occurred at Yucatan
State in 2011 and was identified as DENV by reverse
transcription-polymerase chain reaction (RT-PCR) using
reported primers®’ at CISEI, National Institute of Public
Health, Morelos Mexico. Viral serotype was confirmed by
real-time RT-PCR procedures performed at Central
Laboratory of Epidemiological Surveillance, Mexican
Institute of Social Security, Mexico City.
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DENV replication in U937-DC-SIGN cells

Monocytes and macrophages seeded in 6-well plates
(2x10° cells/well) were either not infected or infected
with DENV at a multiplicity of infection (MOI) of 1
plaque-forming unit (PFU) per cell. Viral inoculum was
removed after 1 hr of incubation and 2 mL of fresh RPMI
supplemented with 5% FBS was added. Samples of cell
supernatants were obtained at 6, 12, 24, 48, 72 and 96 hrs
postinfection (hpi). Collected supernatants were centri-
fuged at 3,500 rpm and aliquoted at —80°C for the sub-
sequent determination of cytokines and virus titers.

Antibody-dependent enhancement of

infection

Infection was also performed in the presence of monoclonal
antibodies 4G2 against DENV-2 E protein, which were
kindly donated by Dr. Maria Alba Lorofio-Pino from the
Laboratory of Arbovirology, Center of Regional Researches
“Dr. Hideyo Noguchi”, Autonomous University of Yucatan,
Mexico. Serial 4-fold dilutions of the antibodies were per-
formed in DMEM (final concentrations 0.02-25 ng/uL).
Diluted antibody and DENV strains were mixed and incu-
bated for 1 hr at 37°C in gentle agitation. Virus—antibody
complexes were inoculated in U937-DC-SIGN cells. After 1
hr of incubation, the inoculum was discarded, fresh medium
was added and infected cell supernatants were collected at
several times after infection to determine viral titer and
cytokine concentrations.

Virus titration in BHK-21 cells

Supernatants of infected U937-DC-SIGN cells collected in
each assay were unfrozen, 10-fold serial dilutions were
prepared in DMEM and used to inoculate BHK-21 cells
seeded in 24-well culture plates. After 1 hr of incubation at
37°C, viral inoculum was replaced with 1 mL of DMEM
supplemented with 0.35% agarose and 2.5% FBS. Infected
BHK-21 cells were incubated for 72 hrs at 37°C. After
that, cultures were fixed with 10% trichloroacetic acid for
10 mins, gel was discarded and cells were stained with 1%
crystal violet for 10 mins and washed. Viral titer was
expressed as PFU/mL.

Polyphenolic compounds

Quercetin, fisetin, apigenin, rutin and resveratrol (at >95%
purity) were purchased from Sigma-Aldrich (St Louis,
MO, USA; Catalogue Nos.: Q4951, F4043, A3145,

R5143 and R5010, respectively). Curcumin was kindly
donated by Dr. Dino Gnecco, from the Laboratory of
Organic Chemistry of Autonomous University of Puebla,
Mexico. It was extracted and purified from Curcuma
longa; >95% purity was corroborated by HPLC.

Each compound was dissolved in dimethylsulfoxide
(DMSO) to obtain stock solutions at 100 mM concentra-
tions that were further dissolved in RPMI medium. Final
DMSO concentration was less than 0.1%.

Toxicity assays

Polyphenol cytotoxicity was tested on U937-DC-SIGN
cells cultured in 96-well plates following the MTT colori-
metric method. Briefly, 50,000 cells per well were incu-
bated with several concentrations (2.5-1,000 pM) of each
polyphenolic compound for 72 hrs. After that, the medium
was removed, cells were twice washed with PBS, 100 pL of
0.5 mg/ml MTT was added into each well and incubated for
3 hrs at 37°C. After that, 100 uL of 0.1% DMSO was added
and the optical density was determined at 570 nm.
A standard curve was included with known amounts of
untreated cells.

Antiviral drug activity

The effect of polyphenols on the replication of DENV in
U937-DC-SIGN cells was tested using several noncyto-
toxic concentrations of each compound that were added to
cell cultures at 1 hpi. Supernatants of infected and treated
cells were collected at 6, 12, 24, 48, 72 and 96 hpi, for the
subsequent determination of virus titers and cytokine con-
centrations as mentioned.

Cytokine detection

The cytokine concentrations in the supernatants of infected
and polyphenol treated cells were determined by ELISA
using IL-6 (Cat. 430504), IL-10 (Cat. 430504), TNF-a
(Cat. 430504), and IFN-y (Cat. 430504) kits following the
producer’s instructions (Biolegend, San Diego CA, USA).

Statistical analysis

Data analyses were performed and plotted in the GraphPad
Prism software version 5.0 (GraphPad Software, La Jolla,
CA, USA). Statistical analysis was performed using two-
way ANOVA and Bonferroni test. Differences with p<0.05
were considered statistically significant.
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Results Antiviral effect of polyphenolic compounds
DENY infection increased in the presence Six polyphenolic compounds were studied (Figure 1A), and
of 4G2 antibo d)’ they showed low toxicity for U937-DC-SIGN cells. Their

Macrophages U937-DC-SIGN showed a high infection effi- half cytotoxic concentrations (CC50) were 136 uM for

ciency, >80% were infected. Viral titers produced by DENV-2
and DENV-3 in the presence or not of 4G2 antibody were
compared. DENV-2 infection alone in U-937-DC-SIGN
macrophages produced a mean viral titer of 19+1.8x10°
PFU/mL at 72 hpi. Preincubation of DENV-2 with dilution
1:1024 (0.09 ng/pL) of 4G2 antibody increased viral titer to 45
+4.8x10° PFU/mL (p<0.001, Figure 1B). Other antibody con-
centrations did not modify viral titer. DENV-3 was replicated

curcumin, 159 uM for fisetin, 180 uM for resveratrol, 225
uM for apigenin, 340 uM for quercetin and 501 puM for
rutin. In subsequent experiments, antiviral activities of
polyphenolic compounds were tested at noncytotoxic
concentrations.

Macrophages infected with DENV-2 or DENV-3 were
treated with each polyphenol at 1 hr after infection. Only
quercetin and fisetin inhibited significantly DENV-2 infec-
tion. Treatment with 100 uM quercetin inhibited DENV-2
infection alone or in the presence of 4G2 antibody (0.7
+0.1x10% and 3.5+1.5x10° PFU/mL, p<0.001, Figure 1B).
Treatment with 40 uM Fisetin also inhibited DENV-2 infec-
tion alone or in the presence of 4G2 antibody (2.5+1.1x10°

more abundantly and produced a mean viral titer of 33
+1.7x10° PFU/mL. DENV-3 titer increased to 71.7+3.3x10°
PFU/mL (p<0.01, Figure 1D) and 53+4.4x10° PFU/mL
(p<0.05, not shown), in the presence of 4G2 antibody at
0.039 and 0.09 ng/uL, respectively.
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Figure | DENV infection alone or enhanced with 4G2 antibody was inhibited by polyphenols. (A) Molecular structure of polyphenolic compounds tested in this study.
(B and D) Macrophages were infected with DENV-2 (B) or DENV-3 (D) at a MOI of |, alone or in the presence of 4G2 antibody (dilutions |:1024 for DENV-2 and 1:256 for
DENV-3 are shown). After | hr of infection, cells were treated with noncytotoxic concentrations of polyphenols: 20 pM curcumin, 100 uM quercetin, 100 pM resveratrol, 40
uM apigenin, 100 uM rutin or 40 pM fisetin. Cell supernatants were collected at 72 hrs postinfection and viral titers (PFU/mL) were determined by plaque assay in BHK-21
cells. Untreated infected cells were included as controls. Bars represent average * SD of three independent experiments done by duplicate. Data were analyzed by one-way
ANOVA with subsequent Bonferroni’s test using GraphPad Prism 5.0. Asterisks represent statistical significance (¥p<0.05, **p<0.01, **p<0.001) compared with the
respective controls. (C) Doseantiviral response of fisetin and quercetin in macrophages infected with DENV-2. U937-DC-SIGN cells were infected with DENV-2 and then
treated with different concentrations of fisetin (2.5-40 uM) or quercetin (2.5-100 uM). Supernatants were collected at 72 hpi and viral titers were determined by plaque
assay as mentioned. The percentage of infection was calculated by comparing treated versus untreated cells, the inhibitory concentration (IC50) was calculated using
GraphPad Prism 5.0. In both cases, data represent the average + SD of three independent experiments.

Abbreviations: DENV, dengue virus; MOI, multiplicity of infection; PFU, plague-forming unit.
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and 1.5£0.5x10° PFU/mL, respectively, p<0.01, Figure 1B).
Quercetin and fisetin half inhibitory concentrations (IC50) on
DENV-2 infection were 24.5 pM and 7.3 pM, respectively
(Figure 1C). Their selectivity indices were 13.9 and 21.78,
respectively; this suggests that fisetin has a better antiviral
activity than quercetin. Quercetin and fisetin also inhibited
DENV-3 infection alone (0.5+0.1x10* and 0.8+0.4x10° PFU/
mL, respectively, p<0.001) or in the presence of 4G2 anti-
body (15+8.8x10° and 9.3+4.5x10° PFU/mL, respectively,
p<0.001, Figure 1D).

Curcumin (20 pM), resveratrol (100 pM), apigenin (40
uM) or rutin (100 pM) did not reduce significantly DENV-2
infection alone. Rutin reduced partially DENV-2 infection in
the presence of 4G2 antibody (17+2x10> PFU/mL, p<0.05,
Figure 1B). Apigenin, rutin and resveratrol produced some
reduction in DENV-3 infection alone (17+6.5x10°, 8.5
+3.3x10° and 13.3+2.9x10° PFU/mL, respectively, p<0.01,
Figure 1D), but did not affect significantly DENV-3 infection
in the presence of 4G2 antibody. Higher concentrations of
these compounds were cytotoxic for macrophages; therefore,
they were not further analyzed.

Kinetics of cytokine secretion in
DENV-2-infected monocytes and

macrophages

All the results concerning cytokine secretion are summarized
in Table 1. Uninfected monocytes produced low amounts of
IL-6 (842 pg/mL), this increased 10-fold after the infection
with DENV-2 (83+6 pg/mL, Figure 2A). Uninfected macro-
phages produced abundant IL-6 (638.5+64 pg/mL at 48 hrs
after PMA differentiation). IL-6 augmented considerably after
DENV-2 infection. Indeed, IL-6 was abundantly produced
from 12 to 96 hpi, the maximal peak was observed at 48 hrs
after infection (954.2+147.9 pg/mL, p<0.001, Figure 2A).

The amount of TNF-o was under the test detection
limits (<3 pg/mL) in uninfected monocytes but showed
a slight increase after DENV-2 infection (51 pg/mL at 24
hpi, Figure 2B). High production of TNF-a was observed
after PMA differentiation (233.1£23 at 24 hrs), but it was
significantly higher after DENV-2 infection, showing the
maximal peak from 12 to 24 hpi (377.749.6 pg/mL,
p<0.001, Figure 2B).

Uninfected monocytes produced IL-10 (37.7+4 pg/mL)
and showed a small increase after DENV-2 infection (52.8
+7 pg/mL at 24 hpi, Figure 2C). Differentiation with PMA
triplicated the secretion of IL-10 in macrophages (157.6+19.4

pg/mL at 24 hrs), but this was not significantly affected after
DENV-2 infection (165.7+29.8 pg/mL at 24 hpi, Figure 2C).

The concentrations of IFN-y in uninfected monocytes
were under the test detection limits (<3 pg/mL), and
DENV-2 infection induced a small increase in those cells
(8+1.4 pg/mL at 24 hpi, Figure 2D). PMA induced IFN-y
secretion in uninfected macrophages (61+9 pg/mL at 12
hrs). IFN-y was >2-fold increased after DENV-2 infection
(155+18 pg/mL at 24 hpi, Figure 2D).

Assays to search for IL-12 were performed but all of
them resulted under detection limits.

Enhancing antibodies modify the profiles

of cytokine secretion

DENV-2 infection in the presence of 4G2 antibody induced
notable changes in cytokine profiles: IL-6 showed
a remarkable low amount (103.9£25.3 pg/mL at 24 hpi) com-
pared to cells infected without 4G2 antibody (Figure 3A). In
contrast, high amount of TNF-a was found in the presence of
4@G2 antibody, showing the maximal peak at 24 hpi (1173.8
+54.4 pg/mL, Figure 3B). Nonsignificant reduction in IL-10
was observed (107£11.1 pg/mL at 24 hpi, Figure 3C). IFN-y
secretion started early in cells infected in the presence of 4G2
antibody (maximal peak 192.5£13.3 pg/mL at 12 hpi,
Figure 3D).

Cytokine secretion induced by DENV-3
diverged from that of DENV-2

Production of IL-6 was observed in DENV-3-infected cells
(89.4£5.4 pg/mL at 24 hpi, Figure 4A), but the maximal
peak was 10-fold smaller than that induced by DENV-2
infection (Figure 3A). A similar amount of IL-6 was
produced by cells infected with DENV-3 in the presence
of 4G2 antibody (79.5+2.5 pg/mL at 24 hpi, Figure 4A).

Significant production of TNF-a was observed from 12
to 36 hpi in DENV-3-infected cells (maximal peak 365+35
pg/mL at 24 hpi, p<0.001). In the presence of 4G2 anti-
body, TNF-a secretion was duplicated (maximal peak
789.5+£52.5 pg/mL at 48 hpi, p<0.001, Figure 4B).

IL-10 secretion induced by DENV-3 (5712 pg/mL at
24 hpi) was comparable to that of uninfected control, but
increased significantly in the presence of 4G2 antibody at
24 hpi (93.4+12.1 pg/ml; p<0.001; Figure 4C). IFN-y
secretion was notably induced by DENV-3 from 12 to 24
hpi and increased in the presence of 4G2 antibody (183.3
+14 pg/ml at 24 hpi; Figure 4D).
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Table |1 Cytokine production in U937-DC-SIGN cells at the time of maximal secretion

Cell treatment or infection IL-6 (pg/mL) TNF-a (pg/mL) IFN-y (pg/mL) IL-10 (pg/mL)
Monocytes

Not infected 8+l 1.8+0.5 0.5+0.1 37.7+4
DENV-2 infected 83.4+6 5+0.7 8+1.4 52.8+7
Macrophages

Not infected 638.5+64* 233.1%£22.9 59.5+0.5 157.6+19.4
Not infected, treated with:

Quercetin 125.1£4.5 75.5+15.4 5.31£3.5 77.5+12.5
Fisetin 147.6+6 30.8+24.8 2.8+2.8 115.9+6.1
Apigenin 204.6166 223.3+24.7 0 164.918.6
Rutin 396+21.2 247.6+23.32 0 141.5+19.2
Curcumin 381.6166 283.9+53.3 0 120.3£10.1
Resveratrol 417.7£18.5 204.2+39.8 0 132.414.2
DENV-2 infected 954.2+60.4* 377.719.6 15510 165.7429.9
DENV-2 infected, treated with:

Quercetin 1943 84.6+29.6 29.6x11.3 7.1£2.4
Fisetin 168.1£31.9 93.5+6.5 19.4£0.5 22.8+6.8
Apigenin 611+3 407.5+48.5 33.014 4.5+4.5
Rutin 694154 422.6143.3 307 17.612.4
Curcumin 16915 285.9+11.7 7515 2110
Resveratrol 62317 337.2x104 108.5£18.5 12.7£2.3
DENV-2+ Ab infected 103.9+£25.3 1173.8154.4 192.5+13.3%* 107+13.1
DENV-2+ Ab infected, treated with:

Quercetin 49.2%11.1 70.6£10 145.8+12.5 3|
Fisetin 41.7t11.6 177.545.6 123.8+11.3 2614
Apigenin 50.1£11.1 126.3+19.4 115.9+16.7 23+6
Rutin 80.2+16.1 865.6+13.8 118.8+14.5 92.2+7.3
Curcumin 78.6120.3 1275.0£39.4 13424259 107.1£10.5
Resveratrol 51.1£11.3 160.6121 143.8+12.1 13.6£4.9
DENV-3 infected 89.4+5.4 365+33 106+ 1 5%* 57+12
DENV-3 infected, treated with:

Quercetin 87123 91.0+16 98.3+14 18.5£3.5
Fisetin 31.719.2 26.3+3.2 137.84£25.5 13.8£2.9
Apigenin 62.4+6 4]12.5+28 88.5+14.1 349143
Rutin 75.318.1 328+23.8 95.3+5.6 22.9+33
Curcumin 44.847.2 243+13.2 79.4+8.4 33.445.1
Resveratrol 78.2+4.3 348+18.2 102.214 29.8+1.5
DENV-3+ Ab infected 79.5+7.5 789.54+52.5% 183.3+14 93.4+12.1
DENV-3+ Ab infected, treated with:

Quercetin 11.2+0.7 260.0+60 98.5+11.5 22.5+4.5
Fisetin 58+4.5 24.5£1.5 144.8+5.5 10.5+3.4
Apigenin 48+4.4 383+33.3 152.1£13.3 74.8+83
Rutin 6613.8 603+28.4 162121 88.9+7.3
Curcumin 4315.7 7431204 102+6.8 79.4+19.4
Resveratrol 73.8+6.3 683%16.3 123.2£15.3 49.5+6.2

Notes: Maximal cytokine concentration in cell media at 24 hrs after infection, except when it is indicated *48 hrs or **12 hrs. Values represent the average of three
experiments plus standard deviation. Ab represents infections done with virus—antibody complexes.

Abbreviation: DENV, dengue virus.
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Figure 2 Cytokine production in monocytes and macrophages. Kinetics of cytokine production was determined in U937-DC-SIGN monocytes and macrophages either uninfected
or infected with DENV-2 at a MOI=|. Cell supernatant was collected at different times (6, 12, 24, 48, 72 and 96 hrs) and the concentration of IL-6 (A), TNF-a (B), IL-10 (C) and
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Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.

Polyphenols modulate cytokine secretion

in DENV-2 infected cells
The profiles of cytokines produced by DENV-2-infected
macrophages (described in Section 3.3) were used as com-
parative controls (Figure 5A) to determine the changes
induced after polyphenol treatment. IL-6 was down-
regulated by quercetin (19£3 pg/ml, p<0.001; Figure 5B),
fisetin (168.1£31.9 pg/mL, p<0.001, Figure 5C) and curcumin
(169+5 pg/mL, Figure S1Q). Treatment with apigenin, rutin or
resveratrol reduced less than 30% IL-6 secretion compared to
untreated DENV-2-infected cells.

TNF-o was down-regulated by quercetin (84.6+29.6
pg/mL at 24 hpi, p<0.001, Figure 5B) and partially by
fisetin (93.5+6.5 pg/mL at 24 hpi, p<0.001, Figure 5C) and

curcumin (Figure S1R). No other compound reduced sig-
nificantly TNF-a secretion.

IL-10 was down-regulated by fisetin, apigenin and
resveratrol (Figure S1G, K and W); and IFN-y by fisetin
and rutin (31.7£2.4 and 47+10 pg/mL, respectively, Figure
SIH and P). Other compounds partially modify the
kinetics of IFN-y.

Half effective concentrations (EC50) were calculated
for compounds that modulate cytokine secretion at the
times of maximal production. Fisetin EC50 values were
11.4 uM for IL-6, 3.1 uM for TNF-a, 3.3 uM for IFN-y
and 3.1 pM for IL-10. Quercetin EC50 values were
16.9 uM for IL-6, 20.5 uM for TNF-a, <2.5 pM for
IFN-y and 11.9 uM for IL-10. These results showed that
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Figure 3 Cytokine secretion in U937-DC-SIGN cells infected with DENV-2. Kinetics of cytokine secretion was analyzed in macrophages. Controls correspond to PMA
differentiated but not infected cells. DENV-2 represents infection without antibody. DENV-2 ADE indicates infection done in the presence of 4G2 antibody at 1:1024
dilution. Cell supernatants were collected at 6, 12, 24, 48, 72 and 96 hpi and the concentrations of IL-6 (A), TNF-a (B), IL-10 (C) and IFN-y (D) were determined by ELISA.
Data were analyzed by two-way ANOVA with subsequent Bonferroni’s test using GraphPad Prism 5.0. Asterisks represent statistical significance (**p<0.01; **p<0.001)

between DENV-2 and DENV-2-ADE.
Abbreviation: DENV, dengue virus.

fisetin has better immunomodulatory potential than
quercetin.

Modulation of cytokines in DENV-2

infection enhanced with antibody
TNF-a secretion induced by DENV-2 in the presence of 4G2
antibody (Figure 5D) was notably down-regulated by quer-
cetin (70.6+10 pg/mL, Figure 5E), fisetin (177.5+5.6 pg/mL,
Figure 5F), apigenin (166.3+18.6 pg/mL, Figure S2J) and
resveratrol (192.8+4.4 pg/mL, p<0.001, Figure S2V).
Quercetin, fisetin, apigenin and resveratrol also
reduced the secretion of IL-10 in cells infected with
DENV-2 and 4G2 antibody (Figure S2C, G, K and W).
Other changes in cytokine secretion after polyphenol treat-
ments were not significant.

Polyphenols modulate cytokine

production in DENV-3-infected cells
DENV-3 infection alone induced high amounts of TNF-
a (Figure 6A) and it was duplicated in the presence of

4G2 antibody (Figure 6D). Quercetin down-regulated
TNF-a produced by DENV-3-infected cells either in
the absence (91£16 pg/mL, Figure 6B) or in the pre-
sence of 4G2 antibody (260+60 pg/mL, Figure 6E).
Fisetin reduced temporally TNF-a in DENV-3-infected
cells (Figure 6C) but inhibited 90% of TNF-a induced
by the presence of 4G2 antibody (149+54 pg/mL,
Figures 6F and S4F).

Although the secretion of IL-6 was low in cells
infected with DENV-3 (89.44+5.4 pg/mL), it was reduced
by quercetin and fisetin (21.5£9.2 and 31.749.2 pg/mL,
respectively, Figure S3A and E). In the presence of 4G2
antibody, only quercetin reduces IL-6 secretion (30.2+5.4
pg/mL, Figure S4A).

Quercetin and fisetin reduce significantly IL-10 in
cells both in normal or in enhanced DENV-3 infection
(Figures S3 and S4C and G). Only fisetin induced an
increase in the secretion of IFN-y in cells infected with
DENV-3 (Figure S3H). No other changes in cytokines
were statistically significant.
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Figure 4 Cytokine secretion in U937-DC-SIGN cells infected with DENV-3. Kinetics of cytokine secretion was analyzed in macrophages. Controls correspond to PMA
differentiated but not infected cells. DENV-3 represents infection without antibody. DENV-3 ADE indicates infection done in the presence of 4G2 antibody at 1:256 dilution.
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and DENV-3-ADE.
Abbreviation: DENV, dengue virus.

Discussion
There is an unmet need for specific and effective drugs
against dengue infection, particularly for the treatment of
severe cases. Our study focused on the testing of com-
pounds with both antiviral and immunomodulatory proper-
ties because the immune response is involved in severe
dengue pathogenesis.”*'*"'7 It has been hypothesized that
heterotypic non-neutralizing antibodies induce ADE of
infection, which during secondary infections increase the
entry of virus particles into phagocytic cells, which pro-
duce an array of proinflammatory cytokines.?®

We tested the antiviral effect of polyphenols in
macrophages infected with DENV serotypes 2 and 3
either enhanced or not with antibodies. DENV-2 and
DENV-3 normal infections (without enhancing antibo-
dies) were completely inhibited by quercetin and fisetin
but not by any other compound. Then, we tested if these

compounds have antiviral effects on enhanced infection.
Again, quercetin and fisetin have antiviral activity on
DENV-2 and DENV-3 enhanced infection. It is impor-
tant to note that although viral titers were higher in the
enhanced infection, the inhibitory effect was reached
using the same concentrations of quercetin (100 pM)
and fisetin (40 puM) that were used to inhibit normal
infection.

While normal infection with DENV-2 and DENV-3 was
completely inhibited with quercetin and fisetin, some inhi-
bition of DENV-3 was also observed with apigenin and
rutin (Figure 1D). In addition, enhanced DENV-3 infection
presented some grade of resistance to quercetin and fisetin
treatment, amounts that inhibit completely DENV-2 were
not totally effective on DENV-3. An explanation is that
DENV-3 replicates more abundantly than DENV-2 (70 vs
48x10° PFU/mL). Another explanation could be that fine
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Figure 5 Effect of quercetin and fisetin on macrophages infected with DENV-2. Macrophages were infected with DENV-2 at a MOI of | (A-C) or with mixtures of DENV-2
and 4G2 antibody (ADE) at 1:1024 dilution (D—F). Viral inoculum was discarded after | hr of infection and fresh medium was added with 100 uM of quercetin or 40 uM of
fisetin. Untreated infected macrophages were included for comparison (A and D). Cell supernatants were collected at different times postinfection and the
concentrations of IL-6, TNF-a, IL-10 and IFN-y were determined by ELISA. Data represent average + SD of two independent and duplicated experiments; nonlinear
regression analysis was performed using GraphPad Prism 5.0 to obtain trend lines.

Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.
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Figure 6 Effect of quercetin and fisetin on macrophages infected with DENV-3. Macrophages were infected with DENV-3 at a MOI of | (A-C) or with mixtures of DENV-3
and 4G2 antibody (ADE) at 1:256 dilution (D—F). Viral inoculum was discarded after | hr of infection and fresh medium was added with 100 uM of quercetin or 40 yM of
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concentrations of IL-6, TNF-a, IL-10 and IFN-y were determined by ELISA. Data represent average * SD of two independent and duplicated experiments;
nonlinear regression analysis was performed using GraphPad Prism 5.0 to obtain trend lines.

Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.
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structural differences between DENV serotypes affect the
virus sensitivity and response to treatment; this is probable
if the antiviral compound has a direct interaction with viral
molecules. Quercetin and fisetin can exert antiviral effects
through several mechanisms. In silico predictions indicate
that quercetin and fisetin interact with E,”® NS1,°° NS33!
and NS5°1-2 proteins; therefore, they could inhibit a dif-
ferent process of the viral replicative cycle. Also, quercetin
and fisetin act directly on the cells, modifying signaling
pathways involved in innate response. Therefore, treated
cells increase the capacity to start defense mechanisms to
avoid virus replication. Some studies showed that quercetin
induces the reactivation of type 1 IFN-mediated JAK-
STAT pathway’® triggering the transcription of genes
involved in the antiviral response. It is well known that
DENV blocks JAK-STAT pathway by several ways: 1)
targeting STAT2 protein for degradation in the
proteasome;** 2) retaining phosphorylated-STAT1 in the
cytoplasm of infected cells, this avoids nuclear transloca-
tion and transcription of antiviral genes;*® 3) inducing
overexpression of suppressors of cytokine signaling 1 and
3'73537 and tyrosine phosphatases that down-regulate the
antiviral response. Nonetheless, there is evidence that quer-
cetin restores the innate response at least by modulating the
expression of SOCS proteins®® and SHP-2 phosphatase.””
The other crucial part of our study was the search for
immunomodulatory properties of polyphenols. At respect,
monocytes, macrophages and dendritic cells are the main
targets of DENV infection.*® These cells participate in phago-
cytosis of infectious agents, antigen processing and presenta-
tion to T cells, and they also orchestrate inflammation by
secreting cytokines and other soluble factors. Phagocytic
cells are susceptible to dengue infection because they express
receptors used for virus attachment and entry such as the
C-type lectins: CLEC5A,***' mannose receptor (CD206)*
and DC-SIGN (dendritic cell-specific intercellular adhesion
molecule-3-grabbing  non-integrin, also  known as
CD209).4* Phagocytic cells also express Fc gamma recep-
tors (FeyR) type I involved in the recognition of the Fc portion
of immunoglobulins, which allowed increasing entry of non-
neutralized virus particles.* Tt was recently acknowledged
that DC-SIGN is a type II FcyR involved in the recognition
of the glycans joined to the Fc region of immunoglobulins.*®
In our study, we used U937-DC-SIGN cells, because they are
highly susceptible to DENV infection, possess FcyR to test
ADE of infection and produce proinflammatory cytokines.
We tested the effect of polyphenols on both normal and
enhanced infection because both sceneries may occur in

dengue and involve induction of proinflammatory
responses. Our results showed that in normal infection,
DENV-2 induced more IL-6 (954 vs 89 pg/mL), IFN-y
(155 vs 106 pg/mL) and IL-10 (165 vs 57 pg/mL) than
DENV-3;, but they induced similar amounts of TNF-a
(377 vs 365 pg/ml).

U937-DC-SIGN cells infected with DENV-2 resembled
M1 macrophages, because they produced high amounts of
IL-6, high TNF-a, low IL-10, low IFN-y and lack of IL-12.*
DENV-3 induced a quite similar profile of cytokines, but
with lower IL-6 production.

In enhanced infection with 4G2 antibody, DENV-2 and
DENV-3 induced high increase of TNF-o (1173 vs 789 pg/
mL), lower secretion of IL-6 (103 vs 79 pg/mL), and slight
increase of IFN-y (192 vs 183 pg/mL) and IL-10 (107 vs 93
pg/mL). It is notable the amount of TNF-a produced in the
infection enhanced by antibodies. This could be linked to
cell signaling pathways activated either through the IgG Fc
gamma receptor or through cell receptors recognized by
DENYV attachment proteins. Indeed, TNF-a and IL-6 synth-
esis is activated by the cross-linking between Fc gamma
receptor and TLR.** TNF-a is also induced through signal-
ing by the C-type lectin CLEC5A*; meanwhile, secretion
of IL-6 is mainly induced by recognition of viral RNA by
cytoplasmic sensors that activate NF-kB signaling.*’

The role of TNF-a in DENV pathogenesis is contro-
versial. It is frequently found in the sera of dengue patients
during the febrile phase of clinical disease. In addition,
a protective role has been assigned to certain TNF-a gene
allele polymorphisms.”® However, there are more evidence
of its role in pathogenesis. Some studies showed that TNF-
o upregulates the phagocytosis of platelets and thus is
involved in the origin of thrombocytopenia, an important
clinical manifestation of dengue that includes increased
destruction and reduced production of platelets.’’
CLECS5A has been also implicated in the induction of
apoptosis and damage of endothelial cells in a murine
model of DENV infection, in which the release of large
amounts of TNF-a, as well as IL-6 and MCP-1, conduced
to several vascular leakage, organ damage, extensive
hemorrhage and death of infected mice.*® A clinical trial
showed the relevance of TNF-a measurement as part of
the indicators of recovery in patients with severe dengue
with
Propoelix™ induced faster recovery in platelet counts

and  thrombocytopenia;  indeed, treatment

and shorter length of hospitalization that were associated
with lower levels of TNF-a in the treated group.’
Additional evidence of the role of TNF-a, IL-6 and other
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cytokines in dengue immunopathology comes from
a study that prevent endothelial lesions in a murine
model of dengue by direct blocking with antibodies
against each cytokine.'> NSI was recently identified as
a pathogenic factor that is involved in vascular leakage
and tissue damage by affecting the intercellular junctions
of endothelial cells and inducing the release of enzymes
that hydrolyze the extracellular matrix.>® It has been
that NSI

inflammatory cytokines.>® It is probable that the antiviral

shown induces the synthesis of pro-
and immunomodulatory effects of quercetin and fisetin be
mediated through interaction with NS1 as has been pre-
dicted by in silico studies.® Further experimental studies
are required to corroborate this hypothesis.

Previous studies showed that quercetin decreases
DENV-2 replication in epithelial cell lines of nonhuman
origin.?>*® Our results expand the knowledge of antiviral
actions in cells that are the main targets of dengue infec-
tion. In addition, quercetin and fisetin showed inhibitory
potential against two DENV serotypes and simultaneously
modulate the production of TNF-a and IL-6. Other com-
pounds tested such as curcumin modulate cytokine secre-
tion but did not inhibit DENV replication in macrophages,
although it showed previous antiviral activity in epithelial
cells.”® This stands out the relevance of the cell model.

In addition to their antiviral activity, quercetin and fisetin
showed regulatory effects on proinflammatory cytokines.
Indeed, in macrophages infected with DENV-2, quercetin
inhibited almost completely IL-6 and TNF-a and slightly
modifies the kinetics of IL-10 and IFN-y (Figure S1A-D).
This is important because it reduces the deleterious effects of
TNF-a and IL-6 but did not modify the regulatory effect of
IL-10 or the promotion of antiviral immune response
induced by IFN-y. Fisetin also inhibits IL-6 and significantly
down-regulates TNF-a, IL-10 and IFN-y (Figure S1E-H).
However, the effect of fisetin on TNF-o in DENV-3
occurred at early times after infection, but the cytokine
recovers its levels after 48 hrs of treatment (Figure S3F). It
is probable that the remaining virus induced the reactivation
of TNF-a secretion, but this is speculative. The compounds
without significant antiviral activity such as apigenin, resver-
atrol and rutin did not modify TNF-a secretion at all; there-
fore, this corroborates that control of TNF-a could be used
as an indicator of the response to antiviral treatment.

The production of proinflammatory cytokines is a matter
of intense research because they play relevant roles in sev-
eral human diseases. Proinflammatory cytokines such as
TNF-a and IL-6 are secreted in response to TLR

engagement and activation of mitogen-activated protein
kinases (MAPK). It is known that MAPKs are required for
efficient DENV replication and transcription of TNF-a

56,57
gene.””

Quercetin reduces the activation of MAPK early
after the treatment of tumor cells.’®>® The effect of quercetin
is strong and prolonged in time; therefore, it avoids the
autocrine action of TNF-o and inhibits further secretion of
the cytokine. While quercetin is a strong inhibitor of MAPK,
it has not been proven that fisetin is. Based on our results, we
assume that fisetin has lower activity on MAPK or its effect
on this pathway is short.

The regulatory role of quercetin depends on phospha-
tases such as MKP-1 that arrest the activation of MAPK
signaling® and SHP-2 that stops phosphorylation in the
Jak-STAT pathway, which is activated in response to IL-6
and TNF-a. Quercetin also regulates the activity of the
suppressors of cytokine signaling that control the time and
intensity of cellular functions activated by cytokines.*® In
addition, the presence of other cytokines in the microenvir-
onment of the infected cell plays important regulatory roles;
indeed, IL-10 and TGF-B down-regulate the synthesis of
TNF-a; meanwhile, IFN-y induces its synthesis.®’*** The
later may be the reason why TNF-a recovers its levels in
DENV-3-infected cells treated with fisetin because it coin-
cides with higher IFN-y levels (Figure 6C).

It has been shown that flavonoids differ in their capa-
city to block the activity of several kinases including
PI3K; the tyrosine SRC-family kinases Fyn, Lyn, Src and
Syk; as well as PKC, ERK, JNK and PKA. Their direct
action on kinases inhibits the activation of AP-1 and NF-
kb transcription factors and avoids the expression of
COX2 which altogether arrests the proinflammatory sig-
nals and the synthesis of TNF-0.>” While quercetin inhi-
bits preferentially p38 and JNK, but not Src or ERK,*®
fisetin has inhibitory actions on Src and Syk. Inactivation
of Syk can be considered as a feedback signal that down-
regulates the synthesis of more TNF-o.%

More studies are required to determine the precise
antiviral mechanisms of quercetin and fisetin on dengue
infection. Due to their relevance and diverse properties,
the pharmacokinetics of flavonoids is under intense study
to improve their bioavailability and effectiveness in the

therapy against diverse human diseases.®*®

Conclusion

In search for specific therapy against DENV, quercetin and
fisetin are potential candidates because they inhibit infection
caused by two viral serotypes under different infection
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processes, in both cases down-regulating the secretion of TNF-
o associated with enhanced infection and severe dengue
pathogenesis.
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Figure S| Cytokine secretion in DENV-2 infected macrophages treated with polyphenols. Kinetics of cytokine production was determined in U937-DC-SIGN macrophages infected
with DENV-2 ata MOI=1. Cells were untreated or treated at | hr after infection with 100 uM quercetin (A-D), 40 uM fisetin (E-H), 40 uM apigenin (I-L), 100 M rutin (M—P), 20 uM
curcumin (Q-T) or 100 pM resveratrol (U-X). Cell supernatants were collected at different times after infection (6, 12, 24, 48, 72 and 96 hrs) and the concentrations of IL-6, TNF-a,
IL-10 and IFN-y were determined by ELISA. Data represent average + SD of two independent and duplicated experiments; data were analyzed by two-way Anova with subsequent
Bonferroni’s test using GraphPad Prism 5.0. Asterisks represent statistical significance (¥p<0.05; **p<0.0l; ***p<0.001) between untreated and treated macrophages.
Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.
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Figure S2 Effect of polyphenols on cytokine secretion in macrophages infected with DENV-2-4G2 antibody complexes. Macrophages were infected with mixtures of DENV-
2 at a MOl of | and 4G2 antibody at 1:1024 dilution. Cells were untreated or treated at | hr after infection with 100 pM quercetin (A-D), 40 uM fisetin (E-H), 40 pM
apigenin (I-L), 100 uM rutin (M—P), 20 pM curcumin (Q-T) or 100 uM resveratrol (U-X). Cell supernatants were collected at different times after infection (6, 12, 24, 48,
72 and 96 hrs) and the concentrations of IL-6, TNF-a, IL-10 and IFN-y were determined by ELISA. Data represent average + SD of two independent and duplicated
experiments; data were analyzed by two-way Anova with subsequent Bonferroni’s test using GraphPad Prism 5.0. Asterisks represent statistical significance (*p<0.05;
*#p<0.01; ***p<0.001) between untreated and treated macrophages.
Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.
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Figure S3 Cytokine secretion in DENV-3 infected macrophages treated with polyphenols. Kinetics of cytokine production was determined in U937-DC-SIGN macrophages
infected with DENV-3 at a MOI=1. Cells were untreated or treated at | hr after infection with 100 uM quercetin (A-D), 40 uM fisetin (E-H), 40 uM apigenin (I-L), 100 upM
rutin (M-P), 20 uM curcumin (Q-T) or 100 pM resveratrol (U-X). Cell supernatants were collected at different times after infection (6, 12, 24, 48, 72 and 96 hrs) and the
concentrations of IL-6, TNF-a, IL-10 and IFN-y were determined by ELISA. Data represent average * SD of two independent and duplicated experiments; data were
analyzed by two-way Anova with subsequent Bonferroni’s test using GraphPad Prism 5.0. Asterisks represent statistical significance (*p<0.05; **p<0.01; ***p<0.001)
between untreated and treated macrophages.

Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.
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Figure S4 Effect of polyphenols on cytokine secretion in macrophages infected with DENV-2-4G2 antibody complexes. Macrophages were infected with mixtures of DENV-
3 at a MOI of | and 4G2 antibody at 1:256 dilution. Cells were untreated or treated at | hr after infection with 100 uM quercetin (A-D), 40 uM fisetin (E-H), 40 M
apigenin (I-L), 100 pM rutin (M-P), 20 uM curcumin (Q-T) or 100 uM resveratrol (U-X). Cell supernatants were collected at different times after infection (6, 12, 24, 48,
72 and 96 hrs) and the concentrations of IL-6, TNF-a, IL-10 and IFN-y were determined by ELISA. Data represent average + SD of two independent and duplicated
experiments; data were analyzed by two-way Anova with subsequent Bonferroni’s test using GraphPad Prism 5.0. Asterisks represent statistical significance (*p<0.05;
*#£p<0.01; **¥p<0.001) between untreated and treated macrophages.

Abbreviations: DENV, dengue virus; MOI, multiplicity of infection.
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