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Dengue Virus (DENV) infection is an important mosquito-borne viral disease and its clinical symptoms
range from a predominantly febrile disease, dengue fever (DF), to dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS). Increased levels of cytokines - the so-called ‘cytokine storm’, contribute
to the pathogenesis of DHF/DSS. In this study, we compared the expression of cytokine genes between
mock-infected and DENV-infected HepG2 cells using a real-time PCR array and revealed several up-reg-
ulated chemokines and cytokines, including CXCL10 and TNF-o.. Compound A (CpdA), a plant-derived
phenyl aziridine precursor containing anti-inflammatory action and acting as a dissociated nonsteroidal
glucocorticoid receptor modulator, was selected as a candidate agent to modulate secretion of DENV-
induced cytokines. CpdA is not a glucocorticoid but has an anti-inflammatory effect with no metabolic
side effects as steroidal ligands. CpdA significantly reduced DENV-induced CXCL10 and TNF-a secretion
and decreased leukocyte migration indicating for the first time the therapeutic potential of CpdA in

decreasing massive immune activation during DENV infection.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Dengue virus (DENV) infection is a mosquito-borne viral disease
and is endemic in several countries [1]. Clinical severity of the dis-
ease ranges from a predominantly febrile disease, dengue fever
(DF), to dengue hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS) [2]. The patients with DHF generally present hemor-
rhagic tendencies, plasma leakage, thrombocytopenia, and
hemoconcentration. Furthermore, hepatic dysfunction is a feature
of DENV infection [3,4]. Elevation of aminotransferases and hepatic
failure are observed in the patients with DHF/DSS [5].

Optimal levels of cytokines have anti-viral effects during DENV
infection [6-8]; however, the massive cytokine secretion following
severe DENV infection may contribute to the development of the
disease rather than protection [9-12]. Increased levels of cytokines
- the so-called ‘cytokine storm’, which relate to the pathogenesis of
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severe DENV infection, are observed both in vitro and in vivo mod-
els of DENV infection [13-20].

Compound A (CpdA) or 2-(4-acetoxyphenyl)-2-chloro-N-
methyl-ethylammonium chloride, from the Namibian shrub Salsola
tuberculatiformis, is a dissociated glucocorticoid receptor (GR) li-
gand, which has an anti-inflammatory effect as steroidal ligands
but has no metabolic side effects [21-23]. CpdA favors GR
monomer formation over GR dimer formation and interferes with
NF-kB-driven expression of inflammatory cytokines [21-23].
However, CpdA cannot stimulate glucocorticoid-responsive enhan-
cer elements (GREs) in the target gene promoters. Therefore, the
metabolic side effects of steroidal ligands do not occur. CpdA was
previously shown to reduce inflammation with less side effects
in both mouse models of asthma and autoimmune neuritis [22,24].

In this study, we firstly compared the expression of cytokine
genes between mock-infected and DENV-infected HepG2 cells
using a real-time PCR array. The highly up-regulated cytokines,
including CXCL10 and TNF-o, were subsequently verified at both
the mRNA and protein levels. As expected, CpdA significantly re-
duced DENV-induced CXCL10 and TNF-a secretion indicating for
the first time that modulating the immune responses by CpdA
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may have a therapeutic potential in decreasing massive cytokine
production during DENV infection.

2. Materials and methods
2.1. Cell culture and infection of HepG2 cells

Up to 2 x 10° HepG2 cells were seeded in a 60 mm dish and
cultured for 24 h before infection. HepG2 cells were grown in
DMEM medium (Gibco-BRL), supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 1% non-essential amino acids,
1 mM sodium pyruvate, 100 U/ml of penicillin and streptomycin
at 37 °C in a humidified atmosphere containing 5% CO,. HepG2
cells were washed with PBS and infected with DENV serotype 2
(DENV-2) strain 16881 at a multiplicity of infection (MOI) of 5.
Cells were collected at 12, 24, 36 or 48 h post-infection. DENV
NS1 antibody staining analysed by flow cytometry demonstrated
DENV infection [25]. Cell viability was determined by the trypan
blue exclusion test [26].

2.2. Real-time PCR array

Total RNA was isolated either from mock-infected HepG2 cells
or from DENV-infected HepG2 cells at 24 h post-infection using
the High Pure RNA isolation kit (Roche). RNAs with an OD,gonm/
ODygonm absorbance ratio of at least 2.0 were used. Total RNA
was reverse-transcribed into cDNA using the RT? First strand Kit
(SA Biosciences), mixed with RT? qPCR mastermix containing SYBR
Green (SA Biosciences), and aliquoted in equal volumes to each
well of the real-time PCR arrays. The Human Cytokine RT? Profil-
er™ PCR Array (SA Biosciences) has 84 genes related to the cyto-
kine pathway. The real-time PCR cycling program was run on a
Roche Light Cycler 480. The threshold cycle (Ct) of each gene was
determined and subsequently analysed by RT? Profiler PCR Array
data Analysis software (http://pcrdataanalysis.sabiosciences.com/
pcr/arrayanalysis.php). The highly up-regulated chemokine gene,
CXCL10, and cytokine gene, TNF-o, were selected and confirmed
at the mRNA level by quantitative Real-time PCR using different
sets of primers, including CXCL10 F5' GAATCGAAGGCCATCAAGAA
3, CXCL10 R5 AAGCAGGGTCAGAACATCCA 3’; TNF-oF5
TGCTTGTTCCTCAGCCTCTT 3’, TNF-ot R 5" ATGGGCTACAGGCTTGTC-
ACT 3").

2.3. Elisa

The effect of CpdA on CXCL10 and TNF-a production was deter-
mined following infection of HepG2 cells with DENV-2 at a MOI of
5 for 2 h, washing and incubation for 24 h in the presence of PBS,
5 uM CpdA, 10 uM CpdA, 20 uM CpdA or 50 pM dexamethasone
(Dex) (Sigma Aldrich), respectively. The levels of cytokines were
then measured from CpdA-untreated and CpdA-treated DENV-
infected HepG2 cells by ELISA (R&D Systems).

2.4. Chemotaxis assay

To test the effect of CpdA on leukocyte migration, the DENV-
infected HepG2 cells were treated with CpdA as described in the
preceding experiment. The chemotaxis assay was performed using
the protocol described previously [27]. Briefly, 600 pl of cell cul-
ture supernatant collected from either CpdA-untreated or CpdA-
treated DENV-infected HepG2 cells was added to the lower cham-
bers of the transwell cassette (Corning Costar, Lowell, MA, USA). Up
to 1 x 10° monocyte THP-1 cells were added to the upper chamber
and incubated at 37 °C in 5% CO, for 6 h. A 500 pl aliquot of the
cells migrated to the lower chamber was counted by flow

cytometry in a FACCalibur acquiring events for a fixed time period
of 60s using CellQuest software (Becton Dickinson, Basel,
Switzerland).

2.5. Focus-forming unit (FFU)

Firstly, viability of mock-infected or DENV-infected HepG2
cells in the presence or absence of CpdA were first measured by
trypan blue exclusion test [26]. Secondly, DENV-infected HepG2
cells were treated with CpdA as described in the preceding exper-
iment. Focus-forming unit (FFU) was performed using the proto-
col described previously [28]. Briefly, titration of DENV was
carried out using 96-well plates. Vero cells were seeded at
3 x 10* cells/well 24 h prior to infection. Ten-fold serially diluted
culture media was added to Vero cells at room temperature (RT)
for 2 h. After adsorption, the cells were overlaid with 100 pl of
1.5% gum tragacanth containing 2% FBS in MEM before further
incubation at 37 °C for 3 days. The cultures were then fixed with
3.7% formaldehyde for 10 min at RT, treated with 1% Triton X-100
in PBS for another 10 min, washed three times with PBS, and
incubated with anti-DENV E (4G2) for 30 min at 37 °C in a humid-
ified chamber. Cells were washed with PBS and incubated with
rabbit anti-mouselgG-HRP at the dilution 1: 1000 for 30 min at
37 °C in a humidified chamber. After triple washing, the substrate
solution was added. Stained foci were visible and the reaction
was terminated by washing cells with PBS. DENV-infected foci
were counted with a light microscope and viral concentration in
the supernatant calculated as focus-forming units (FFU) per
milliliter.

2.6. Statistical analysis

All data were obtained from three independent experiments
and reported as the mean + SEM. Statistical differences between
the groups were tested with an unpaired t-test using StatView ver-
sion 5.0 and P value less than 0.05 was considered significant.

3. Results and discussion
3.1. Cytokine expression profile in DENV-infected HepG2 cells

The average percent of HepG2 cells infected with MOI of 5 at
24 h, 36 h and 48 h were 80, 92, and 90, respectively (Fig. 1A).
We selected DENV-infected HepG2 cells at 24 h post-infection for
accessing changes in expression of cytokine genes as DENV-
infected HepG2 cells underwent cell death at 36 h and 48 h post
infection (Fig. 1C). Total RNA was prepared from mock-infected
HepG2 cells or DENV-infected HepG2 cells and used to probe
microarrays. Table 1 and Fig. 2A demonstrated the genes exhibiting
a change in cytokine gene expression more than 2-fold. CXCL10
and TNF-o were selected as representatives for DENV-induced
cytokines in further analyses, as CXCL10 and TNF-a are the highly
up-regulated cytokines in patients with DHF [11,13,19,29,30].
CXCL10 is a potent chemokine elevated during DENV infection.
The early induction of CXCL10 during DENV infection plays a role
in innate immunity through the recruitment and activation of NK
cells [8]. However, intrahepatic infiltrating NK and T cells cause li-
ver cell death in DENV infection [31]. Our results demonstrated
that CXCL10 mRNA and protein expression in DENV-infected
HepG2 cells are highly increased post DENV infection, respectively
(Figs. 2B and 3A and C). Also, TNF-o. mRNA and protein expression
increased significantly post DENV infection, respectively, in
DENV-infected HepG2 cells (Figs. 2C and 3B and D) supporting
the massive cytokine secretion followed after severe DENV
infection [9-12].
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Fig. 1. DENV infection of HepG2 cells. HepG2 cells were infected with DENV serotype 2 at a MOI of 5. DENV NS1 antibody staining was performed at 12, 24, 36 and 48 h post
infection and measured by flow cytometry to show DENV infection (A and B). Cell viabilities of mock and DENV-infected HepG2 cells at the indicated times were also
determined by trypan blue exclusion test (C). The results are the average of three independent experiments.

3.2. CpdA reduced DENV-induced CXCL10, and TNF-u secretion in
HepG2 cells

Proinflammatory cytokines in DENV infection may increase vas-
cular permeability, damage organs, and lead to hypovolumic shock
[32]. Glucocorticoids (GCs) are among the most effective anti-
inflammatory drugs. Dexamethasone was used to inhibit TNF-o
secretion in DENV-infected monocyte cells [33]. However, the side
effects of steroidal ligands may deteriorate the patients in clinical
setting. We therefore asked whether the dissociated glucocorticoid
receptor modulator, CpdA, which has no metabolic side effects as
compared to steroidal ligands, would inhibit DENV-induced
CXCL10 and TNF-a secretion in HepG2 cells, an approach that
might alleviate the DENV-induced cytokine storm. An animal mod-
el of DENV-induced liver injury showed the up-regulation of
CXCL10. Neutralization of CXCL10 abrogated NK cell recruitment
to the liver and diminished liver cell death [31]. In addition, intra-
hepatic CD8+ cells are cytotoxic against DENV-infected cells [31].
In vitro and in vivo models implicate TNF-a in DENV-induced tissue
damage [12,34,35]. CXCL10 and TNF-o secretion form mock or
DENV-infected HepG2 cells were measured in the presence or ab-
sence of CpdA. The results showed that CpdA significantly reduced
DENV-induced CXCL10 and TNF-o secretion at both mRNA and
protein levels in a dose-dependent manner (Fig. 3A-D). The

decreased production of CXCL10 by CpdA may decrease immune
cell migration, thereby decreasing the cytokine secretion in the
DENV-infected liver. We then asked whether CpdA would
inhibit DENV-induced leukocyte migration. As expected, CpdA
reduced DENV-induced leukocyte migration about 3-fold in a
dose-dependent manner (Fig. 4A). Therefore, CpdA may have a
therapeutic potential in decreasing massive CXCL10 and TNF-o
during DENV infection.

3.3. CpdA reduced DENV production in HepG2 cells

The candidate for a therapeutic agent against DENV should not
only decrease massive cytokine production in DENV-infected cells,
but should also decrease DENV production in the DENV-infected
cells. DENV replication in HepG2 cells activates NF-kB concomi-
tantly with viral protein synthesis, before the appearance of apop-
totic cells [36]. We therefore asked whether CpdA, which interferes
with NF-kB-driven expression, would inhibit DENV production in
HepG2 cells, an approach that might decrease the production of
DENV in infected hepatocytes. The results showed that 20 uM
of CpdA significantly decreased yield of viral progeny a minimum
of 30% and 50 puM of Dex significantly decreased yield of viral prog-
eny a minimum of 70% demonstrating for the first time that CpdA
inhibited virus production in HepG2 cells (Fig. 4B). The decreased
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Table 1
Gene No. Fold change Gene name Gene description
1 660.77 CXCL10 Chemokine (C-X-C motif) ligand 10
2 191.08 CCL5 Chemokine (C-C motif) ligand 5
3 168.66 TNF-o Tumor necrosis factor (TNF superfamily, member2)
4 71.41 CCL4 Chemokine (C-C motif) ligand 4
5 44.57 CXCL3 Chemokine (C-X-C motif) ligand 3
6 24.39 CXCL2 Chemokine (C-X-C motif) ligand 2
7 2291 LTB Lymphotoxin beta (TNF superfamily, member3)
8 22.75 IL8 Interleukin 8
9 17.85 CXCL1 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha)
10 14.01 CXCL5 Chemokine (C-X-C motif) ligand 5
11 11.78 FOS V-fos FB] murine osteosarcoma viral oncogene homolog
12 11.46 LTA Lymphotoxin alpha (TNF superfamily, member1)
13 6.76 IL23A Interleukin 23, alpha subunit p19
14 4.02 CEBPB CCAAT/enhancer binding protein (C/EBP), beta
15 3.48 CCL3 Chemokine (C-C motif) ligand 3
16 3.38 CXCL9 Chemokine (C-X-C motif) ligand 9
17 2.84 NOS2A Nitric oxide synthase 2A (inducible, hepatocytes)
18 2.77 TLR3 Toll-like receptor 3
19 2.46 IL9 Interleukin 9
20 2.23 IL6 Interleukin 6 (interferon beta2)
21 2.16 CCR3 Chemokine (C-C motif) receptor 3
22 2.10 CCL2 Chemokine (C-C motif) ligand 2
23 2.07 TNFSF14 Tumor necrosis factor (ligand) superfamily, member14
24 2.05 IL1F10 Interleukin 1 family, member 10 (theta)
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Fig. 2. CXCL10 and TNF-o. were among the highly up-regulated cytokines in DENV-infected HepG2 cells. The genes exhibiting a change in cytokine gene expression more than
2-fold was shown in (A). CXCL10 (B) and TNF-a (C) were confirmed at the transcriptional level using different set of primers in DENV-infected HepG2 cells at a MOI of 5 at
using real-time PCR at different time points. The results are the average of three independent experiments.
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Fig. 3. CpdA reduced DENV-induced CXCL10, and TNF-a secretion. HepG2 cells were infected with DENV at a MOI of 5 and incubated for 24 h in the presence of PBS, 5 pM
CpdA, 10 uM CpdA, 20 M CpdA or 50 uM Dex. The expression levels of CXCL10 and TNF-o were then measured from CpdA-untreated and CpdA-treated DENV-infected
HepG2 cells by Real-time PCR (A and B) and ELISA (C and D), respectively. The results are the average of three independent experiments. The asterisks indicate statistically
significant differences between samples from CpdA-untreated and CpdA-treated DENV-infected HepG2 cells (*p < 0.05).
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Fig. 4. CpdA reduced the yield of infectious DENV production. HepG2 cells were infected with DENV at a MOI of 5 and incubated for 24 h in the presence of PBS, 5 uM CpdA,
10 uM CpdA, 20 uM CpdA or 50 puM Dex Leukocyte migration was performed using the chemotaxis assay (A). Supernatant was sampled and analyzed for infectious DENV by
FFU assay (B). Viability of mock-infected or DENV-infected HepG2 cells in the presence or absence of CpdA was measured by trypan blue exclusion test (C). The results are the
average of three independent experiments. The asterisks indicate statistically significant differences between samples from CpdA-untreated and CpdA-treated DENV-infected

HepG2 cells (*p < 0.05).
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DENV production was not from the decreased viable cells as the
number of mock-infected and DENV-infected HepG2 cells was
similar at the 24 h post infection (Fig. 4C). Similar to our study,
addition of reduced glutathione (GSH) to the medium of DENV-
infected HepG2 cells was also shown to inhibit activity of NF-xB
thereby decreasing DENV production [37]. It is interesting to ask
and further investigate why inhibition of NF-kB decreases DENV
production.

In summary, this study revealed the up-regulation of several
cytokine genes, including CXCL10 and TNF-a, during DENV infec-
tion in HepG2 cells. CpdA reduced massive DENV-induced secre-
tion of CXCL10 and TNF-o cytokines, decreased leukocyte
migration and decreased DENV production in HepG2 cells. The
molecular mechanisms how CpdA inhibits NF-kB signaling in
DENV infection merits further investigation.
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