©
OPEN @ ACCESS Freely available online @ PLoS one

Dengue Virus Infection Mediates HMGB1 Release from
Monocytes Involving PCAF Acetylase Complex and
Induces Vascular Leakage in Endothelial Cells
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Abstract

High mobility group box 1 (HMGB1) protein is released from cells as a pro-inflammatory cytokine in response to an injury or
infection. During dengue hemorrhagic fever (DHF)/dengue shock syndrome (DSS), a number of pro-inflammatory cytokines
are released, contributing to disease pathogenesis. In this study, the release of HMGB1 from human myelogenous leukemia
cell line K562 and primary peripheral blood monocytes (PBM) cells was examined during dengue virus (DV)-infection.
HMGB1 was shown to translocate from cell nuclei to the cytoplasm in both K562- and PBM-infected cells. The translocation
of HMGB1 from the nucleus to the cytoplasm was shown to be mediated by the host cell p300/CBP-associated factor (PCAF)
acetylase complex in K562 cells. In addition, DV capsid protein was observed to be the putative viral protein in actuating
HMGB1 migration from the nucleus to cytoplasm through the involvement of PCAF acetylase. HMGB1 was released from
DV-infected K562 cells into the extracellular milieu in a multiplicity of infection (M.O.l.)-independent manner and its release
can be inhibited by the addition of 1-5 mM of ethyl pyruvate (EP) in a dose-dependent manner. Application of DV-infected
K562 cell culture supernatants to primary endothelial cells induced vascular permeability. In contrast, supernatants from DV-
infected K562 cells treated with EP or HMGB1 neutralizing antibody were observed to maintain the structural integrity of the
vascular barrier.
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Introduction DV serotype with a lower affinity. These memory T cells undergo
clonal expansion and dominate the T cell population [9,10,11].

) } e The expanded T cell population is unable to clear the infection
sense RNA virus with a genome of approximately 10.9 Kb. The effectively, and the high viral load results in the induction of a

fo.ur .distinct serotypes Oi I_)V (DV1-4) belong to the. genus Flavivirus strong pro-inflammatory cytokine response, increasing the risk of
within the family Flaviviridae [1]. In humans, DV infection results DHFE/DSS [10,12,13]

in a diversity of clinical manifestations ranging from the mild . .
dengue fevery(DH and to the severe den uf hgmorrha ic fever AnaIXSIS of serum from DHF/DSS patients shows clevated
S ' S ste e levels of IL-8 [14], IL-10 [15], IL-12 [16], TNF-a [17], IFN-a

(DHF)/dengue shock syndrome (DSS) which is characterized by [18], IFN-y [19], soluble IL-2 receptors and soluble TNF

plasma leakage and thrombocytopenia [2]. rece . .
e o . . ) ptors [20]. In addition, cytokines such as IL-2 [21], IL-6
While several risk factors associated with DHF/DSS have been [22], TL-8 [23], TNF-o [24], TL-1o and TL-1 [25] have been

identified, the pathogenesis of DHF/DSS is still poorly under- shown to mediate vascular permeability.

§t00d. There is strong evidence 1@phcat1ng the mvolve.ment (?f the High mobility group box | protein (HMGBI) is a 25 KDa, non-
immune response in the progression to DHF/DSS, with antibod- LF © . L.
histone, nucleosomal protein [26]. In a normal cell, the protein is

ies, T cells, and cytokines all playing a role [2]. During a secondary . . . .

DV infection, antibody-dependent enhancement (ADE) can lead predon'nn.a ntly localized in the' nucleus where it regulétes

to DHF/DSS, whereby pre-existing, heterotypic antibodies bind transcription [27]. HMGBI protein can be released by cells into
’ = the extracellular milieu to function as a proinflammatory cytokine

to infecting virus. Rather than neutralizing viral activity, . . fecti dinfl . 98] M
antibodies bound to virus cause an enhanced infection [3,4,5]. In response to ijury, miection an o ammation [ |. Monocytes
[29], macrophages, mature dendritic cells (DC) [30] and natural

This results in a higher viral load in patients, especially in the early . . :
stages of infection, and thus an increased risk in developing DHF/ killer (NK) cells [31] are all examples of cell types which actively

DSS [6]. In addition, anti-DV antibodies have been observed to release HMGBI protein upon cellular stimulation by signals such
as lipopolysaccharide (LPS), proinflammatory stimuli [30] and

mycobacterium infection [32]. Acting as a cytokine, HMGBI
protein stimulates monocytes, macrophages and DC to release
proinflammatory cytokines TNF-a, II-6, IL-8, IL-12, MIP-1a,

Dengue virus (DV) is an enveloped, single-stranded, positive-

cross-react with platelets and the endothelium, disrupting both
blood clotting and vascular systems [7,8].

During a secondary DV infection, memory T cells derived from
a primary infection recognize viral antigens of the current infecting
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MIP-1, IL-1a, IL-1P and IL-1RA [33,34]. In addition, HMGBI1
protein also stimulates the endothelial cells to induce the
expression of adhesion molecules and release of cytokines [35].

HMGBI was recently shown to be released from epithelial cells
during DV-induced necrosis [36]. In DV-infected DCs, HMGB1
was also released from cells, even under non-necrotic conditions
[37]. Similarly, HMGB1 may also be involved in DV-infection of
monocytes, contributing to the pathogenesis of DHF/DSS
through the disruption of endothelial cell integrity [38]. In this
study, the release of HMGBI1 from DV-infected monocytes was
investigated, using K562 and peripheral blood monocytes (PBM)
cells. K562 is a suspension cell line derived from a patient with
chronic myeloid leukemia that exhibits characteristic properties of
monocytes [39] and the suitability of this cell line for use in this
study was previously shown by Chen et al (2008) [40]. PBM
obtained from healthy blood donors were also included in this
study. The usage of PBM allows for the comparison of HMGB1
release to be made to K562 cell line. Our studies revealed that DV
induced the migration of HMGBI from the nucleus to the cytosol
and release of HMGBI into extracellular milieu of both K562 and
PBM cells. This process can be inhibited by ethyl pyruvate (EP) or
HMGBI neutralizing antibody. In addition, host cell p300/CBP-
associated factor (PCAF) acetylase complex was shown to mediate
HMGBI1 translocation during DV-infection in K562 cells.
HMGBI released from DV-infected K562 cells was observed to
trigger the reduction of vascular integrity in primary HUVEC,
which can be prevented with the use of EP. For the first time, we
have also identified DV capsid protein as the putative viral protein
in mediating HMGB1 release in K562 cells.

Results

Dengue Virus Infection Induces the Release of HMGB1
from K562 and PBM Cells

Initial experiments were performed to determine whether DV-
infection induces the translocation of HMGB1 from the nucleus to
the cytoplasm in K562 cells. The cells were infected at a M.O.I. of
10 to increase the infection rate (Fig. la and b) Immunofluores-
cence analyses (IFA) were performed DV-infected K562 cells to
assess the migration of HMGBI1 from the nucleus to the cytoplasm
of DV-infected cells and representative images are shown in
Fig. la. HMGBI1 was also observed in the cytoplasm of DV-
infected K562 cells hence, suggesting that the export of HMGBI
from the nucleus to the cytoplasm upon DV infection. K562 cells
incubated with UV-irradiated virus (UV-DV) displayed a similar
staining pattern as the cells stimulated with LPS; a positive control
(Gardella et al. 2002), with the majority of HMGBI seen in
cytoplasmic regions. In contrast, HMGBI1 remained in the nucleus
of the mock-infected cells.

To corroborate that DV infection actuates the translocation of
HMGBI protein from the nuclei to cytoplasm of the DV-infected
cells, Western blot analyses were carried out on nuclear and
cytosolic fractions of K562 cells infected with DV for 3 days to
detect for the presence of HMGBI. As shown in Fig. 1b, cytosolic
fractions of DV-infected cells contain 90% more HMGBI than
nuclear fractions, suggesting that HMGBI1 migrates from the
nucleus to the cytoplasm upon DV-infection. Similarly, K562 cells
incubated with UV-irradiated DV showed an accumulation of
HMGBI in the cytosol. In contrast, there was 10% more HMGBI
in the nuclear fraction of mock-infected cells than in cytosolic
fractions, consistent with previous reports that HMGBI1 equilib-
rium is shifted towards nuclear accumulation in normal cells [29].
K562 cells stimulated with LPS showed similar HMGBI
accumulation pattern as the DV-infected cells.
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To examine if DV was able to induce the release of HMGB1
from the intracellular cytoplasm to extracellular in milieu at a
lower M.O.L. of 1, Western blots were performed on concentrated
cell supernatants at 3 d.p.i. As shown in Fig. 1c, HMGBI was
detected in the cell culture supernatants of DV-infected cells and
this confirms that DV infection can induce the release of HMGBI
from the nucleus to extracellular milieu. In contrast, HMGBI1 was
not detected in the supernatant of mock-infected K562 cells at 3
d.p.i.

As K562 cells showed HMGBI release upon DV-infection, we
went on to investigate if DV-infection of PBM cells from healthy
blood donors showed similar HMGBI1 translocation. PBM cells
were infected at M.O.I. of 1 and similar to DV-infected K562
cells, HMGB1was observed in the cytoplasm of DV-infected PBM
cells (Fig. 1d). Thus, indicating the export of HMGBI1 from the
nucleus to the cytoplasm. In addition, PBM cells treated with UV-
DV or LPS also showed HMGBI translocation from the nucleus
to the cytoplasmic compartment.

Comparable to K562 cells, HMGB1 was detected in the cell
culture media of DV-infected PBM and the amount of protein
accumulated over time increased and there was a 90% increment
in HMGBI as the infection progressed from day 1 to 5 (Fig. le).
LPS-treated PBM showed similar trend as the DV-infected
counterparts with increasing amount of HMGBI1 detected in the
cell culture supernatant. No HMGB1 was detected from the mock-
infected monocyte cell culture supernatants. Hence DV-infection
in both K562 cells and PBM induces the release of HMGBI from

the nuclei to the extracellular environment.

Ethyl Pyruvate (EP) Inhibits the Release of HMGB1 from
K562 Cells and PBM during DV Infection

Ethyl pyruvate has been shown to inhibit HMGBI release from
LPS-stimulated macrophages [41,42]. Therefore, EP was investi-
gated for its ability to inhibit HMGBI release from dengue-
infected K562 and PBM cells. Firstly, cell viability assays were first
performed to assess the cytotoxicity of EP on K562 or PBM cells.
Cell viability assays indicate DV-infection alone resulted in a
reduction of less than 6% cell viability for both K562 and PBM
cells. Similarly, there is no significant cytotoxicity induced (less
than 10%) in K562 and PBM cells at the 3 concentrations of EP
tested (Fig. 2a).

Immunofluorescence analyses of EP-treated, DV-infected K562
and PBM cells were performed to visualize the subcellular
localization of HMGBI1 in these cells (Fig. 2b). DV-infection
(Fig. 2bi and ii) or LPS stimulation (Fig. 2bix and x) of K562 and
PBM cells resulted in translocation of HMGB1 from nuclei to the
cytoplasm. Treatment of DV-infected K562 and PBM cells with
increasing concentrations of EP progressively inhibited the
translocation of HMGBI from the nucleus to the cytoplasm (Fig.
2biii to viii). At 5 mM EP, the majority of HMGBI remained
localized in the DV-infected cell nuclei (Fig. 2bvii and viii).
Similarly, LPS-stimulated PBM treated with 5 mM EP also
showed an inhibition of HMGBI1 migration to from cell nuclei
to the cytoplasm (Fig. 2bxi and xii).

To corroborate EP could inhibit HMGBI1 release into
extracellular milieu upon DV infection, DV-infected K562 and
PBM cells were incubated with 1 mM, 3 mM or 5 mM of EP.
Three d.p.i., cell culture supernatants were harvested. Western
blots and ELISA were performed to detect and quantify the
amount of HMGBI in cell culture supernatants. As shown in
Fig. 2¢, ethyl pyruvate inhibited the release of HMGBI from both
DV-infected K562 and PBM cells in a dose-dependent manner. At
5 mM of EP, the amount of HMGBI1 was drastically reduced to
~10% or less in K562 and PBM cells. In addition, 5 mM of EP
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Figure 1. DV induces translocation of HMGB1 from cell nuclei to cytoplasm and into the extracellular milieu. A, Immunofluorescence
analyses (IFA) were performed on DV-infected K562. K562 cells were infected at M.O.I. 10 and fixed at 3 d.p.i. HMGB1 was stained green with rabbit
anti-HMGB1 antibody and goat anti-rabbit IgG FITC conjugated antibody while DV was stained red using mouse anti-E antibody and anti-mouse-lgG
Alexa Fluor 532. The cell nuclei were stained blue with DAPI. B, K562 cells were mock-infected, treated with UV-irradiated DV (UV-DV) at a M.O.l. 10,
infected with DV (M.O.l. 10), or treated with 5 ug/ml of LPS. The nuclear and cytosolic fractions were harvested at 3 d.p.i. and Western blot analysis
was performed to detect for HMGB1. The band intensities of HMGB1 of the mock-infected, UV-DV treated, DV-infected and LPS-stimulated nuclear
fractions were expressed as a ratio to its respective cytosolic fraction. The housekeeping proteins TFIID and actin were included as loading controls
for the nuclear and cytosolic fractions, respectively. C, K562 cells were infected with DV at M.O.l. of 1. Cell culture supernatants from DV-infected K562
were harvested at 3 d.p.i. and concentrated for the detection of HMGB1 via Western blot. D, DV-infected PBM cells infected at M.O.l. 1 and the cells
fixed at 3 d.p.i. for IFA. HMGB1 was stained green with rabbit anti-HMGB1 antibody and goat anti-rabbit IgG FITC conjugated antibody while DV was
stained red using mouse anti-E antibody and anti-mouse-IgG Alexa Fluor 532. The cell nuclei were stained blue with DAPI. E, PBM were infected with
DV at a M.O.l. of 1 and Western blot analysis of HMGB1 in the cell culture supernatants of DV-infected PBM was performed. The band intensities of
HMGB1 from DV-infected sample and LPS-treated cells at day 1 p.i. were assigned to a value of 1. The relative fold difference in the intensities of DV-
infected samples and LPS-treated cells from day 2- to 5 p.i. was measured in relation to the band intensity its respective treatment group at day 1 p.i.
doi:10.1371/journal.pone.0041932.9001
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Figure 2. Ethyl pyruvate inhibits HVIGB1 release from DV-infected cells in dose-dependent manner. A, cell viability assay of K562 or PBM
cells treated with 1, 3 and 5 mM of EP for 3 days. The percentages of viable K562 and PBM cells were calculated in relation to its untreated control
groups. B, immunofluorescence analysis of EP-treated DV-infected K562 and PBM cells to visualize the sub-cellular localization of HMGB1 (stained
green) in these cells. DV antigens were stained red and the cell nuclei were stained blue. C, K562 and PBM cells were infected with DV (M.O.l. of 1) and
the cells were treated with EP at 0 hr p.i. Cell culture supernatants of DV-infected K562 and PBM cells were harvested 3 d.p.i. and concentrated for the
detection of HMGB1 by Western blotting. The fold intensity of DV-infected K562 and PBM cells without EP treatment were assigned with a value of 1.
The relative fold difference in the HMGB1 intensities of EP-treated DV-infected samples, mock-infected and LPS-treated cells were compared in
relation to that of the DV-infected K562 or PBM cells. D, amount of HMGB1 in the cell culture supernantants was quantified using ELISA. * denotes p-
value <0.05 for T-tests comparing the mean amount of HMGB1 detected in K562 cell culture supernatants to that of the DV-infected K562 cells. 4
denotes p-value <0.05 for T-tests comparing the mean amount of HMGB1 detected in PBM cell culture supernatants to that of the DV-infected PBM
cells. E, plaque assays were conducted on the cell culture supernatants of DV-infected EP-treated K562 cells at 3 d.p.i.
doi:10.1371/journal.pone.0041932.9002

inhibited the release of HMGBI from LPS-stimulated cells, ELISA showed a significant reduction in HMGBI1 from DV-
suggesting that there may be similarities in the mechanisms by infected monocytes with 3 and 5 mM of EP used (Fig. 2d).

which EP limits HMGBI release from LPS-stimulated and DV- To exclude the possibility of EP in inhibiting DV replication
infected cells. Similarly, the amount of HMGB1 as detected using and affecting HMGBI release, plaque assays were performed on

@ PLoS ONE | www.plosone.org 4 July 2012 | Volume 7 | Issue 7 | 41932



supernatants collected from EP-treated, DV-infected K562 cells
from 1 to 3 d.p.i. It was apparent that EP treatment did not cause
a reduction in virus titre compared to untreated samples (Fig. 2d),
indicating that EP inhibits HMGBI release without affecting DV
replication.

As DV-infection of both K562 and PBM cells vyielded
comparable observation on HMGBI release that could be
prevented by EP, we propose that both K562 and PBM cells
would probably share similar HMGBI1 secretory pathway during
DV-infection. Therefore, K562 cells was further used to examine
the effect of HMGBI released from DV-infected monocytes have
on vascular permeability as well as to investigate on the molecular
pathway involved in mediating HMGBI release which may reflect
the i vivo state of monocytes during DV-infection.

HMGB1 Released from DV-infected K562 Cells Induces

Vascular Leakage in HUVEC

During a natural DV-infection, HMGBI1 may be release into
the circulatory system, which may have an effect on the vascular
integrity, and hence, play a role in the pathogenesis of DHF/DSS.
To investigate the role of HMGBI1 on vascular permeability in
endothelial cells, recombinant human HMGB1 (tHMGBI1) was
added to HUVEC at a concentration of 50 to 150 nM for 5 days.
Cell viability assays was performed to assess the cytotoxicity of
rHMGBI1 to HUVEC cells and the proportion of viable cells
incubated with THMGB1 was calculated and expressed as a
percentage to the negative control cells. HUVEC treated with
rHMGBI1 were consistently above 90% compared to untreated
HUVEC up to day 5 (Fig. 3a). This suggests that rHMGB1 does
not induce cytotoxicity in HUVEC at the concentrations tested.

To determine if rHMGBI affects vascular integrity of endothe-
lial cells, rtHMGBI1 was added to confluent HUVEC daily for 5
days, and the TEER of HUVEC was recorded each day. A
decrease in TEER would indicate an increase in transcellular
endothelial permeability. When recombinant HMGB1 was added
to HUVEC, a significant reduction in TEER readings were
observed as early as 1 day post-treatment when compared to
untreated negative control cells (Fig. 3b). The reduction in TEER
of HUVEC was consistently across all 5 days of rHMGBI
treatment, with rHMGBI1 causing increased vascular leakage in a
dose-dependent manner by day 3.

As rHMGB1 was shown to induce vascular leakage in
endothelial cells, we postulate that HMGBI released from DV-
infected K562 cells has the same effect on HUVEC. The cell
culture supernatant of DV-infected K562 cells was collected 3
d.pi. and added to HUVEC monolayers daily, followed by
measurement of TEER, for up to 5 days. As expected, DV-
infected K562 cell culture supernatants induced vascular leakage
in the endothelial cells as early as 1 day post treatment (Fig. 3¢ and
d). In addition, TEER readings showed a minimum of 15%
reduction from 2 to 5 days of treatment when compared to
HUVEC treated with RPMI cell culture medium. Similar trends
were also noted in the HUVEC monolayers incubated with non-
infected and LPS-treated K562 cell culture supernatants. In
contrast, HUVEC incubated with the cell culture media of DV-
infected, 5 mM EP-treated K562 cells showed minimal reduction
in TEER compared to monolayers treated with mock-infected
K562 cell supernatants. This data implies that high concentrations
of EP prevent vascular leakage in endothelial cell monolayers
through inhibition of HMGBI release (Fig. 3c). As EP has also
been shown to reduce the production of other pro-inflammatory
cytokines by endothelial cells [43], which may in turn also affect
the TEER, HMGB! neutralizing antibody was also applied to
HUVEC treated with DV-infected K562 cell culture supernatant.

@ PLoS ONE | www.plosone.org
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Treatment with HMGBI1 neutralizing antibody was observedto
prevent vascular leakage in HUVEC induced by the cell culture
supernatants of DV-infected or LPS-treated K562 (Fig. 3d)
whereas treatment with control immunoglobulin Y was unable
to inhibit vascular leakage.

PCAF Mediates HMGB1 Release Upon DV Infection

Previous studies have shown that hyperacetylation of HMGBI in
the cell nucleus by PCAF results in the translocation of HMGBI to
the cytosol [29]. To determine if the induction of HMGBI released
upon DV-infection involved PCAF protein, small interfering RNA
(siRNA) was utilized to knockdown PCAF in K562 cells. The
knockdown of PCAF was assessed by Western blot, with siRNA
transfection into K562 cells resulting in a dose-dependent knock-
down (Fig. 4b). Furthermore, the concentrations at which PCAF
siRNA were used (25 to 100 nM) showed no observable cytotoxicity
(Fig. 4a) or inhibition of virus replication (Fig. 4d). In PCAF-
knockdown, DV-infected K562 cells, the amount of HMGBI1
detected decreased in a dose-dependent manner to the concentra-
tion of siRNA used (Fig. 4b and c). At the highest concentration of
PCAF siRNA tested (100 nM), the amount of HMGBI from cells
detected was reduced by more than 75%. Taken together, these data
suggest that PCAF plays a role in the translocation of HMGBI1 from
the nucleus during DV infection.

DV Capsid Protein Induces HMGB1 Release from K562
Cells Involving Acetylation Pathway

When K562 cells were treated with UV-irradiated DV
(incapable of replication), HMGBI1 was observed to translocate
from the nucleus to the cytoplasm (Fig. 1a and b) and subsequently
gets released into the supernatants as detected by ELISA (Fig. 2d).
Furthermore, HMGB1 dominantly reside in the nucleus and DV
capsid protein enters the nucleus during infection [44]. This has
led to the hypothesis that the DV capsid protein may play a role in
mediating HMGBI release in K562 cells. To determine if DV
capsid protein is involved in HMGBI release from cells, stable cell
line was generated in K562 cells expressing DV capsid protein.
K562 cells stably transfected with the plasmid vector expressing
green fluorescence protein (GFP) was also included in the study.
K562-Capsid and K562-GFP stable cell lines were observed to
express capsid-GIP fusion protein and GFP, respectively, as
shown in Fig. 5ai and ii. Tissue culture fluids from the stable cell-
lines K562-Capsid and K562-GFP were harvested and concen-
trated for the detection of HMGBI1 protein. Western blot analyses
revealed that K562 cells expressing DV capsid protein release
HMGBI into cell culture supernatants (Fig. 5aii). In contrast,
HMGBI1 was not detected in the cell culture supernatant of stable
cell line expressing GIP.

To further verify the role of DV capsid protein in mediating
HMGBI1 release, K562-Capsid cells were subjected to EP
treatment. Three days post EP treatment, the cell culture
supernatants from K562-Capsid cells were harvested and concen-
trated. An increased concentration of EP treatment directly
correlated with a decrease in the amount of HMGBI detected in
cell culture supernatants (Fig. 5b and e). At the highest
concentration of EP tested (5 mM), more than 60% reduction in
the amount of HMGB1 was detected from K562-Capsid cells.

In addition, experiments were also performed to determine
whether DV capsid protein-mediated translocation of HMGBI1
from the nucleus is facilitated by PCAF. siRNA was used at a non-
cytotoxic concentration (Fig. 5¢) to knockdown PCAF protein in
K562-Capsid cells, and supernatants were collected 72 hrs post
transfection. Western blot and ELISA analyses of HMGB1 clearly
show that knockdown of PCAF in K562-Capsid cells results in a
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Figure 3. HMGB1 induces vascular leakage in endothelial cells, which can be restored with EP. A, HUVEC was incubated with 50, 100 or
150 nM of rHMGB1 for 5 days and cell viability assay was performed to assess for cytotoxicity induced by rHMGB1 on HUVEC. The percentage of the
viable cells from the rHMGB1 treated groups was calculated in relation to the untreated negative control cells. B, 50, 100 and 150 nM of rHMGB1 was
added to the confluent HUVEC monolayer to observe for the presence of vascular leakage (indicated by a lowered TEER value) in the endothelial cells.
The TEER values of the rHMGB1-treated monolayer were expressed as percentage to the untreated negative control cells. TNF-a, a known inducer of
vascular leakage was added to HUVEC monolayer was used as a positive control. C, cell culture supernatant of K562 mock- or DV-infected and EP-
treated was collected 3 d.p.i. and added to HUVEC monolayer for 5 days. The TEER of the HUVEC monolayer was measured and the values of the
monolayer treated with mock-infected, DV-infected and EP-treated K562 cell culture supernatants were expressed as percentage to HUVEC treated
with K562 cell culture medium RPMI-1640 in the absence of any treatment of viral infection. D, mock- or DV-infected or LPS-treated K562 cell culture
supernatant was added to HUVEC monolayer for 5 days with chicken anti-HMGB1 neutralizing antibody (IgHMGB1) or chicken HMGB1 control
chicken IgY (IgCtrl). The TEER of the supernatant-treated cells was expressed as percentage to HUVEC treated with control RPMI-1640 cell culture
medium.

doi:10.1371/journal.pone.0041932.g003

dose-dependent decrease in HMGBI1 release (Fig. 5d and e). functions such as up-regulation of adhesion molecules, release of
Therefore, DV capsid protein may play a role in mediating cytokines [35] and cytoskeletal rearrangements [45]. In this study,
HMGBI1 release during wild-type DV-infection involving the the involvement of HMGB1 was examined during DV-infection of

acetylation pathway. monocytes for that may implicate in the pathogenesis of DHF/
DSS.
Discussion Studies have shown that epithelial cells infected with a high dose

of DV [36] or West Nile virus [46] result in the passive release of
HMGRBI from cells into the extraceullular environment. However,
we have observed that a low M.O.IL of 0.1 is sufficient to release
extracellular environment during tissue injury and infection [28]. HMGBI from cells (data not shown) and this is consistent with
HMGBI acts by stimulating monocytes to release pro-inflamma- observations made in DV-infected DCs [37]. Furthermore, all 4
tory cytokines such as TNF-o, IL-6, and IL-8, all of which have DV serotypes were capable of inducing the release of HMGB1

been implicated in the pathogenesis of DHF/DSS [14,17,22]. from infected K562 cells at a low M.O.I 0.1 (data not shown),
Moreover, HMGBI1 has been shown to influence endothelial cell indicating that HMGBI release is a natural consequence of DV

Besides regulating transcriptional processes [27], HMGBI also
acts as a pro-inflammatory cytokine once released into the
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Figure 4. DV mediates HMIGB1 release through the involvement of PCAF acetylase complex. A, K562 cells were transfected with 25, 50 or
100 nM of siRNA for 3 days and cell viability assay was performed to evaluation of the cytotoxicity of siRNA transfection on K562 cells. The percentage
of the viable transfected cells was expressed as a percentage to that of the non-transfected cells. B, siRNA (concentration of 25 to 100 nM) targeting
against PCAF was used to transfect K562 cells. The transfected K562 cells were subjected to DV infection 48 hours post-transfection. The cell lysates
and culture supernatants were harvested at 1 d.p.i. and Western blot analysis was then performed to detect for the presence of PCAF and HMGB1,
respectively. The PCAF band intensities of the siRNA transfected K562 cells were calculated in relation to the non-transfected mock-infected cells
(assigned to a value of 1). Similarly, the band intensities of HMGB1 of the transfected cell culture supernatants were measured in relation to the band
intensity of non-transfected DV-infected cell culture media (assigned to value of 1). Actin was used as a control to ensure equal loading. C, ELISA was
performed to quantify the amount of HMGB1 released into the supernatants from siRNA transfected (0, 25, 50 or 100 nM of siRNA) and DV-infected
K562 cells. 4 denotes p-value <0.05 for T-tests comparing the mean amount of HMGB1 detected in siRNA transfected K562 cell culture supernatants
to that of the non-siRNA transfected K562 cells. D, K562 cells were transfected with 0, 25, 50 or 100 nM of siRNA for 48 hours before infected with DV.
The supernatants were harvested at 1 d.p.i. and plaque assay was performed to quantify the viral yield.

doi:10.1371/journal.pone.0041932.9g004

infection. These findings were extended to human PBM cells,
which were also shown to release HMGBI in response to DV-
infection (Fig. 1).

HMGBI is released into the extracellular environment as a
consequence of DV infection. Contrary to an earlier study
conducted by Kamau and colleagues [37], our data showed no

@ PLoS ONE | www.plosone.org

inhibition of DV replication in the monocytes in the presence of
HMGBI (Fig. 2d and 4d). The difference in the efficiency of
replication may be due to the different DV strains [47] as well as
the different cell types used [48]. Treatment with EP was shown to
inhibit its release into cell culture media of DV-infected K562 cells
(Fig. 2¢). This decrease in HMGBI release by EP was not due to
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Figure 5. DV capsid protein induces HMIGB1 release with the involvement of PCAF acetylase complex. A, K562 cells were transfected
with individual plasmid encoding for DV capsid protein or GFP and stable cell line K562-Capsid and K562-GFP were obtained, respectively. IFA and
Western blot were performed on the cell lysate to detect for the expression of capsid-GFP fusion protein (39 kDa) and GFP (27 kDa). The cell nuclei
were stained blue with DAPI (i) and actin was used as a control to ensure equal loading of the cell lysate (ii). Cell culture supernatants of the stable cell
line were harvested and concentrated to probe for the presence of HMGB1 using Western blot. B, stable cell line K562-Capsid was subjected to EP
treatment and 3 days post EP treatment, the cell culture were harvested and concentrated to detect for the presence of HMGB1 using Western blot.
The band intensities of HMGB1 of the EP treated cell culture supernatants were measured in relation to the band intensity of untreated control cell
culture media (assigned to value of 1). C, siRNA was employed to knockdown PCAF protein in the K562-Capsid cells and cell viability assay was
performed to evaluate for cytotoxicity upon siRNA transfection. D, K562-Capisd was transfected with siRNA to knockdown PCAF protein and both cell
lysate and cell culture supernatants were collected 72 hrs post-transfection. Western blot was performed on the cell lysate and cell culture
supernatants to detect for the PCAF and HMGB1, respectively. The band intensities of PCAF protein from the siRNA-transfected cells were compared
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in relation to the band intensity of untransfected control cell lysate. Actin was used as a control to ensure equal loading of total protein. The band
intensities of HMGB1 of siRNA transfected cell culture media was measured in relation to the band intensity of K562-Capsid cells without siRNA. E, the
amount of HMGB1 released into the cell culture supernatants from K562-Capsid cells treated with EP or transfected with 0, 25, 50 or 100 nM of siRNA
were measured using ELISA. * denotes p-value <0.05 for T-tests comparing the mean amount of HMGB1 detected in EP-treated K562-Capsid cell
culture supernatants to that of the untreated K562-Capsid cells. 4 denotes p-value <0.05 for T-tests comparing the mean amount of HMGB1
detected in siRNA transfected K562-Capsid cell culture supernatants to that of the non-siRNA transfected K562-Capsid cells.

doi:10.1371/journal.pone.0041932.9g005

either cell cytotoxicity (Fig. 2a) or inhibition of virus replication
(Fig. 2d). Furthermore, 5 mM EP was able to reduce the amount
of HGMBI translocating into the cytoplasm of both DV-infected
K562 and PBM (Fig. 2b). These data are consistent with previous
observations where EP at a concentration of 5 mM was sufficient
to fully inhibit HMGBI release by LPS-stimulated macrophage
cultures [42]. Hence, EP may interfere with the host signalling
cascades leading to HMGBI1 cytoplasmic localization, prior to its
release into the extracellular milieu by DV-infected monocytes.

In response to a pro-inflammatory stimulus, NFxB may impinge
on the proteins responsible for HMGBI release [29] and during
DV infection, transcription factor NFkB is activated and
translocated to the nucleus [49]. EP may act by reducing NFxB
expression and/or attenuating DNA binding activity mediated by
the p65 NF«kB subunit [50]. This regulates the gene transcription
activity of NFxB, leading to the down-regulation of proteins
mediating HMGBI release, thereby inhibiting HMGB1 nuclear-
cytoplasmic translocation. DV-infection has also been shown to
activate the MAPK pathway [51], which also induces HMGBI
release [29]. EP may also prevent activation of this pathway
during DV-infection of K562 cells and PBM by blocking p38
MAPK phosphorylation [42].

HMGBI released from the monocytes are likely to be in a
biological active form [52] as our data (Fig. 3c) are consistent with
studies conducted by Wolfson and colleagues [45] where HMGB1
release compromises the vascular integrity of endothelial cells in a
dose-dependent manner. In fact, TEER of endothelial cells was
reduced with as little as 50-150 nM of rHMGB! (Fig. 3b).
HMGBI1 mediates nuclear translocation of NFkB in HUVEC cells
via RAGE receptor signalling as the addition of anti-RAGE
neutralizing antibodies was observed to prevent vascular leakage
in HUVEC in a dosage dependent manner (data not shown). An
increase in NFxB-mediated gene transcription could result in the
synthesis of pro-inflammatory cytokines, such as TNF-o, which
may trigger events leading to enhanced vascular permeability [50].
When applied to HUVEC, the culture supernatants of DV-
infected K562 cells resulted in a decrease in TEER of endothelial
cells. This may be due to the direct effect of HMGBI signalling
through the RAGE-NFxB pathway as addition of HMGBI
neutralizing antibody was shown to inhibit vascular leakage
(Fig. 3d). The disruption of vascular integrity was diminished when
endothelial cells were incubated with EP-treated, DV-infected
K562 cell culture supernatants (Fig. 3c). EP may work in two ways;
(i) inhibiting NFxB and/or p38 MAPK signalling transduction in
DV-infected K562 cells thereby preventing the release of HMGB1
(Fig. 2b) as well as other pro-inflammatory cytokines which
induces vascular leakage [53], and (ii) controlling DV-induced
activation of NFkB and/or MAPK pathways in HUVEC, leading
to decreased TNF-a production and HMGBI release [29].

LPS stimulation of monocytic cells leads to hyper-acetylation of
HMGB1 by PCAF, CREB binding protein (CBP) and p300
histone acetylases resulting in its translocation and accumulation
in the cytoplasm [29]. siRNA gene silencing of PCAF has resulted
in the inhibition of HMGBI release into the extracellular milieu
during DV-infection (Fig. 4b), suggesting that DV induces
HMGBI release through acetylation. While phosphorylation of
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HMGB1 by calcium/calmodulin-dependent protein kinase
(CAMK) IV leads to cytosolic translocation [54], this cannot
occur in DV-infected K562 cells, since K562 cells do not express
endogenous CAMK IV [55]. Nonetheless, it is possible that DV
induces the cytosolic migration of HMGB1 in K562 cells through
phosphorylation of HMGBI by activating classical protein kinase
C (cPKC) [56]. The role of other inflammatory signalling
mechanisms such as the PI3K, NFxB, and MAPK pathways in
mediating the release of HMGBI is a subject of current debate
[56]. Although both K562 and PBM cells share a similar HMGB1
secretory pathway during DV-infection, it is not certain whether
acetylation of HMGBI is the only mechanism contributing to the
release of HMGBI1 from PBM during DV-infection. Functional
studies employing siRNA and specific molecular inhibitors are
required to confirm the roles of host proteins in mediating the
release of HMGBI1 from peripheral blood monocytes during DV-
infection.

In this study, both wild type and UV-inactivated DV could
induce HMGBI release in K562 cells. Disruption of the viral (+)
ssRNA genome by UV exposure would result in the inhibition of
non-structural proteins (NS1, NS2A/B, NS3, NS4A/B, NS5)
synthesis, suggesting that DV structural protein(s) play a role in
mediating the release of HMGBI. Taken together that HMGB1
predominantly reside in the nucleus and DV capsid protein enters
the nucleus during DV-infection [44], we hypothesize DV capsid
protein may play a role in mediating the release of HMGBI.
Indeed, for the first time to our knowledge, DV capsid protein was
found to be the putative viral protein to trigger the release of
HMGBI into K562 cell culture media (Fig. 5a). In addition, the
knockdown of PCAF in the nucleus resulted in a diminished
release of HMGB1 from DV capsid-expressing K562 cells (Fig. 5d).
As such, these data indicate that DV capsid protein may enters the
cell nucleus and activate the acetylation pathway of HMGBI,
leading to its release into the extracellular environment. Although
it is not known if proper uncoating of the UV-irradiated virus
could place in the host cells and enters the nucleus, we postulate
the capsid protein from the UV-irradiated virus may also enters
the nucleus and activate HMGBI release mechanism, leading to
its release into the extracellular environment.

DHF/DSS appears late in dengue illness and HMGB1 may
have a role in the progression of DHF/DSS by affecting vascular
integrity as well as the secretion of other host cytokines. The
release of HMGB1 protein may take place early in the intracellular
life cycle of the DV (Fig. 1d) and may also mediate the symptoms
of dengue fever. A positive feedback mechanism may enhance the
release of HMGB1 [57] as the infection progresses, enabling the
protein to reach a level to mediate the symptoms of DHS/DSS.

From this study, it can be concluded that DV capsid protein
triggers the acetylation of HMGBI after entering the nuclei of
monocytes, resulting in the release of HMGBI into extracellular
milieu. HMGBL is released into the circulatory system, and may
act on the endothelium of the blood vessels to induce vascular
leakage (Fig. 6), thus causing patients to suffer from DHF/DSS.
To confirm the role of DV capsid protein and HMGBI in the
pathogenesis DHF/DSS, further studies are currently investigated
suitable animal model.
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doi:10.1371/journal.pone.0041932.g006

Materials and Methods

Cells and Virus

Human immortalized myelogenous leukemia K562 cells (a
kind gift from Emeritus Professor Chan Soh Ha, Department of
Microbiology, National University of Singapore) from commer-
cial source, ATCC were grown in RPMI-1640 (Sigma-Aldrich
Chemical, St. Louis, MO, USA) supplemented with 10% FCS,
while primary human umbilical vein endothelial cells [HUVEC),
Clonetics, Walkersville, USA)] were grown in EGM-2 with 10%
FCS and growth supplements provided by the manufacturer
(Clonetics, Walkersville, USA). Both cell lines were incubated at
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37°C in a 5% COy, humidified incubator. PBM cells were
isolated with informed written consent from healthy blood
donors as whole blood donation, from the Division of
Haematology, Department of Laboratory Medicine, National
University Hospital, Singapore and was approved by National
University of Singapore-Institutional Review Board (NUS-IRB
10-072E). Following the Ficoll-Paque™ PLUS lymphocyte
isolation reagent protocol (GE Healthcare, Piscataway, USA),
lymphocytes and monocytes were harvested accordingly. The
monocytes were then purified using the MACS monocytes
isolation II kit according to the manufacturer’s instructions
(Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were
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cultured in RPMI-1640 medium with 10% heat-inactivated FCS
and 1% penicillin/streptomycin (Invitrogen, Carlsbad, Califor-
nia, USA). Dengue virus serotype 2 strain Den2STp7¢6 used in
this study was propagated in Aedes albopictus C6/36 mosquito
cells, and plaque assays were carried out to quantify virus titres
using BHK-21 cells.

K562 cells were infected with DV at a multiplicity of infection
M.O.L) of 1 or 10, while PBM cells were infected at a M.O.IL. of 1.
Ethyl pyruvate [(EP), (Sigma-Aldrich Chemical, St. Louis, MO,
USA)] was added to cells at a final concentration ranging from 1 to
5 mM [58]. As a positive control to induce HMGBI release, LPS
(Sigma-Aldrich Chemical, St. Louis, MO, USA) was added to
K562 and PBM cells at a concentration of 5 pg/ml [42,59].

Nuclear and Cytosolic Extraction

K562 cells (1 x10°% were infected at M.O.L of 10, and 3 days
post infection (d.p.i.), nuclear—cytoplasmic fractionation was
conducted using the NE-PER Nuclear and Cytoplasmic Extrac-
tion Reagents kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s protocol. The extracted fractions
were stored at —80°C. until further use.

Indirect Immunofluorescence Microscopy

K562 and PBM cells were infected at M.O.L. of 10 or 1. Three
d.p.i., the cells were harvested and fixed using 4% paraformalde-
hyde followed by permeabilization using 0.01% Triton-X. The
cells were double stained with the primary antibodies [1:1000
dilution for mouse anti-E protein antibody (US biological,
Massachusetts, USA) or 1:500 dilution for rabbit anti-HMGBI
antibody (Abcam, Cambridge, UK)] in a humidified chamber for
1 h at 37°C. Secondary antibodies goat anti-mouse-IgG Alexa
Fluor 532 (Invitrogen, Carlsbad, California, USA) or goat anti-
rabbit-IgG fluorescein isothiocyanate (FITC)-conjugated (Chemi-
con, California, USA) at a dilution of 1:1000 were used. In
addition, cell nuclei were stained with 4',6-diamidino-2-pheny-
lindole (DAPI) at a concentration of 300 nM for 15 mins before
washing with PBS. The processed samples were mounted onto
glass slides before viewing under the IX-81 epifluorescence
microscope (Olympus, Tokyo, Japan) using the Metamorph
imaging software program.

SDS PAGE and Western Blot Analysis

Cell culture supernatants were harvested and concentrated
using Amicon® Ultra-4 Centrifugal Filter units (with a cut-off of
10 KDa, Millipore, Schwalbach, Germany) at 3,500 g with the
temperature maintained at 4°C.. Bradford assay was performed on
concentrated supernatants according to the manufacturer’s
protocol (Bio-Rad, San Francisco, USA) to determine protein
concentrations. The amount of concentrated supernatant for each
sample was adjusted to ensure equal loading of total protein before
SDS-PAGE separation. The proteins were then transferred onto
nitrocellulose membranes using the Trans-Blot SD Semi-Dry
Electrophoretic Transfer Cell system (Bio-Rad, San Francisco,
USA). To detect HMGBI, rabbit anti-HMGBI1 primary antibody
was used at a dilution of 1:500. Alkaline phosphatase-conjugated
secondary antibody (Amersham Pharmacia, Buckinghamshire,
UK) was used and protein bands were visualized using NBT/
BCIP substrate. Band intensity was measured using ImageQuant
version 5.2 (Molecular Dynamics, Buckinghamshire, UK). Equiv-
alent proportions of K562 nuclear and cytosolic fractions were
loaded onto SDS-PAGE gels for Western blotting to detect for
HMGBI, transcription factor (TF)IID (loading control for nuclear
fraction) and actin (loading control for cytosolic fraction). Western
blotting of cell lysate to detect for PCAF was performed in the
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similar manner. Mouse anti-TFIID antibody (dilution 1:500,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-
actin (dilution 1:1000, Millipore-Chemicon, Billerica, MA, USA)
and mouse anti-PCAF (dilution 1:100, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) were used. For enhanced chemilumines-
cence detection method, secondary antibody conjugated to
horseradish peroxidase at a dilution of 1:2500 was used together
with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific, Waltham, MA, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

Cell culture supernatants were collected and the amount of
HMGBI1 present was quantified using HMGB1 ELISA kit II
according to the manufacturer’s protocol (Shino-Test Corpora-
tion, Kanagawa, Japan). The sensitivity of this test is 1 ng/ml.

Cell Viability Assay

Cell viability assays were performed using AlamarBlue reagent
(Invitrogen, Carlsbad, California, USA) according to the manu-
facturer’s instruction. Living cells maintain a reducing environ-
ment in the cytosol and convert resazurin in the AlamarBlue
reagent to resorufin. One-tenth volume of the AlamarBlue reagent
was added to cells and incubated for 3 hours at 37°C.
Fluorescence reading of resorufin was measured at excitation
wavelength of 570 nm, and emission wavelength at 585 nm. The
fluorescence readout of treated cells was expressed as a percentage
to that of untreated cells.

Transendothelial Electrical Resistance

HUVEC were seeded on transwell inserts (3.0 pm pore,
6.5 mm diameter, Millipore, Schwalbach, Germany) for 2 days
to allow monolayers to reach confluency. Recombinant HMGB1
(rtHMGB1) was added to the upper chamber of the transwell
inserts daily, and the transendothelial electrical resistance (TEER)
of the HUVEC monolayers were measured using Millicel-lERS
volthohmeter (Millipore, Schwalbach, Germany). Cell culture
supernatants of DV-infected K562 cells treated with or without EP
were collected at 3 d.p.i. and concentrated using Amicon® Ultra-4
Centrifugal Filter units (with a cut-off of 10 KDa, Millipore,
Schwalbach, Germany). RPMI-1640 cell culture medium was
concentrated In a similar manner and used as a control
supernantant. Bradford assay (Bio-Rad, San Francisco, USA)
was performed to determine the total protein concentration in
each concentrated culture supernatant before adding the same
amount of protein to confluent HUVEC. Chicken anti-HMGBI
neutralizing antibody or chicken HMGBI1 control chicken IgY
(IBL International, Hamburg, Germany) was added to the
confluent monolayer to achieve a final concentration of 100 ug/
ml. TheTEER of the monolayers was measured daily.

Transfection of Cells

K562 cells (1x10°% were transfected with Dharmacon siGEN-
OME SMARTpool siRNA targeting P300/CBP-associated factor
(PCAF) (L-005-55) (Lafayette, Colorado, USA) at a concentration
range of 25 to 100 nM using DharmaFECT 1 (Dharmacon,
Lafayette, Colorado, USA). Twenty-four hours post transfection,
cells were washed with PBS and incubated for another 48 hrs to
ensure efficient knockdown of PCAF.

The dengue capsid gene was cloned into the mammalian
expression vector pcDNA 6.2/C-EmGFP (Invitrogen, Carlsbad,
California, USA) in frame with a GFP tag. K562 cells were seeded
at a density of 2.5x10° cells/ml on 6-well plates (Nunc, InterMed,
Denmark) overnight. The plasmids pCapsid and pGFP (as a
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control vector) were individually transfected into K562 cells using
Lipofectamine LTX reagent (Invitrogen, Carlsbad, California,
USA) according to the manufacturer’s protocol. In brief, 15 ug of
DNA were added to 3 ml of Opti-MEM (Invitrogen, Carlsbad,
California, USA) mixed with 15 pl of PLUS reagent and 60 ul of
Lipofectamine LTX reagent. Ten pg/ml blasticidin (Invitrogen,
Carlsbad, California, USA) were added to the wells 48 hrs post
transfection to selected for transfected cells and to generate the
stable cell lines (K562-Capsid and K562-GFP). The cell culture
supernatants from the stable clones were collected for the
detection of HMGB1 by Western blot.

References

1. Henchal EA, Putnak JR (1990) The dengue viruses. Clin Microbiol Rev 3: 376
396.

2. Halstead SB (2007) Dengue. Lancet 370: 1644-1652.

3. Halstead SB (2003) Neutralization and antibody-dependent enhancement of
dengue viruses. Adv Virus Res 60: 421-467.

4. Malavige GN, Fernando S, Fernando DJ, Seneviratne SL (2004) Dengue viral
infections. Postgrad Med J 80: 588-601.

5. Halstead SB, Nimmannitya S, Cohen SN (1970) Observations related to
pathogenesis of dengue hemorrhagic fever. IV. Relation of disease severity to
antibody response and virus recovered. Yale J Biol Med 42: 311-328.

6. Vaughn DW, Green S, Kalayanarooj S, Innis BL, Nimmannitya S, et al. (2000)
Dengue viremia titer, antibody response pattern, and virus serotype correlate
with disease severity. ] Infect Dis 181: 2-9.

7. Lin CF, Lei HY, Liu CC, Liu HS, Yeh TM, et al. (2001) Generation of IgM
anti-platelet autoantibody in dengue patients. ] Med Virol 63: 143-149.

8. Lin CF, Lei HY, Shiau AL, Liu HS, Yeh TM, et al. (2002) Endothelial cell
apoptosis induced by antibodies against dengue virus nonstructural protein 1 via
production of nitric oxide. ] Immunol 169: 657-664.

9. Veiga-Fernandes H, Walter U, Bourgeois C, McLean A, Rocha B (2000)
Response of naive and memory CD8+ T cells to antigen stimulation in vivo. Nat
Immunol 1: 47-53.

. Mongkolsapaya J, Dejnirattisai W, Xu XN, Vasanawathana S, Tangth-
awornchaikul N, et al. (2003) Original antigenic sin and apoptosis in the
pathogenesis of dengue hemorrhagic fever. Nat Med 9: 921-927.

. Welsh RM, Selin LK (2002) No one is naive: the significance of heterologous T-
cell immunity. Nat Rev Immunol 2: 417-426.

. Aichele P, Brduscha-Riem K, Ochen S, Odermatt B, Zinkernagel RM, et al.
(1997) Peptide antigen treatment of naive and virus-immune mice: antigen-
specific tolerance versus immunopathology. Immunity 6: 519-529.

. Fink J, Gu F, Vasudevan S (2006) Role of T cells, cytokines and antibody in
dengue fever and dengue haemorrhagic fever. Rev Med Virol 16: 263-275.

. Raghupathy R, Chaturvedi UC, Al-Sayer H, Elbishbishi EA, Agarwal R, et al.
(1998) Elevated levels of IL-8 in dengue hemorrhagic fever. J Med Virol 56:
280-285.

. Green S, Vaughn DW, Kalayanarooj S, Nimmannitya S, Suntayakorn S, et al.

(1999) Elevated plasma interleukin-10 levels in acute dengue correlate with

disease severity. ] Med Virol 59: 329-334.

Pacsa AS, Agarwal R, Elbishbishi EA, Chaturvedi UC, Nagar R, et al. (2000)

Role of interleukin-12 in patients with dengue hemorrhagic fever. FEMS

Immunol Med Microbiol 28: 151-155.

. Hober D, Nguyen TL, Shen L, Ha DQ, Huong VT, et al. (1998) Tumor
necrosis factor alpha levels in plasma and whole-blood culture in dengue-
infected patients: relationship between virus detection and pre-existing specific
antibodies. ] Med Virol 54: 210-218.

. Kurane I, Innis BL, Nimmannitya S, Nisalak A, Meager A, et al. (1993) High
levels of interferon alpha in the sera of children with dengue virus infection.
Am ] Trop Med Hyg 48: 222-229.

. Libraty DH, Endy TP, Houng HS, Green S, Kalayanarooj S, et al. (2002)

Differing influences of virus burden and immune activation on disease severity in

secondary dengue-3 virus infections. J Infect Dis 185: 1213-1221.

Green S, Vaughn DW, Kalayanarooj S, Nimmannitya S, Suntayakorn S, et al.

(1999) Early immune activation in acute dengue illness is related to development

of plasma leakage and disease severity. J Infect Dis 179: 755-762.

Rosenstein M, Ettinghausen SE, Rosenberg SA (1986) Extravasation of

intravascular fluid mediated by the systemic administration of recombinant

interleukin 2. J Immunol 137: 1735-1742.

Maruo N, Morita I, Shirao M, Murota S (1992) IL-6 increases endothelial

permeability in vitro. Endocrinology 131: 710-714.

. Talavera D, Castillo AM, Dominguez MC, Gutierrez AE, Meza 1 (2004) IL8

release, tight junction and cytoskeleton dynamic reorganization conducive to

permeability increase are induced by dengue virus infection of microvascular

endothelial monolayers. ] Gen Virol 85: 1801-1813.

Cirino G (1998) Multiple controls in inflammation. Extracellular and

intracellular phospholipase A2, inducible and constitutive cyclooxygenase, and

inducible nitric oxide synthase. Biochem Pharmacol 55: 105-111.

16.

20.
21.

22.

24.

@ PLoS ONE | www.plosone.org

12

HMGB1 from DV-Infected Monocytes

Acknowledgments

The authors would like to thank Mr Chen Jincheng for providing the stable
cell lines pCapsid-K562 and pGFP-K562 for this study.

Author Contributions

Conceived and designed the experiments: SPO JJHC. Performed the
experiments: SPO LML YFIL. Analyzed the data: SPO LML YFIL MLN

JJHC. Contributed reagents/materials/analysis tools: SPO LML YFIL

MLN JJHC. Wrote the paper: SPO MLN JJHC.

. Burke-Gaffney A, Keenan AK (1993) Modulation of human endothelial cell
permeability by combinations of the cytokines interleukin-1 alpha/beta, tumor
necrosis factor-alpha and interferon-gamma. Immunopharmacology 25: 1-9.
Bianchi M, Manfredi A (2007) High-mobility group box 1 (HMGBI) protein at
the crossroads between innate and adaptive immunity. Immunol Rev 220: 35—
46.

Ge H, Roeder RG (1994) The high mobility group protein HMGI can
reversibly inhibit class II gene transcription by interaction with the TATA-
binding protein. J Biol Chem 269: 17136-17140.

Yang H, Wang H, Czura C, Tracey K (2005) The cytokine activity of HMGBI.
J Leukoc Biol 78: 1-8.

Bonaldi T, Talamo F, Scaffidi P, Ferrera D, Porto A, et al. (2003) Monocytic
cells hyperacetylate chromatin protein HMGBI to redirect it towards secretion.
EMBO ] 22: 5551-5560.

Lotze M, Tracey K (2005) High-mobility group box 1 protein (HMGBI):
nuclear weapon in the immune arsenal. Nat Rev Immunol 5: 331-342.
Semino C, Angelini G, Poggi A, Rubartelli A (2005) NK/iDC interaction results
in IL-18 secretion by DCs at the synaptic cleft followed by NK cell activation
and release of the DC maturation factor HMGBI. Blood 106: 609-616.
Grover A, Taylor J, Troudt J, Keyser A, Sommersted K, et al. (2008)
Mycobacterial infection induces the secretion of high-mobility group box 1
protein. Cell Microbiol 10: 1390-1404.

Andersson U, Wang H, Palmblad K, Aveberger A, Bloom O, et al. (2000) High
mobility group 1 protein (HMG-1) stimulates proinflammatory cytokine
synthesis in human monocytes. J Exp Med 192: 565-570.

Messmer D, Yang H, Telusma G, Knoll F, Li J, et al. (2004) High mobility
group box protein 1: an endogenous signal for dendritic cell maturation and Th1
polarization. ] Immunol 173: 307-313.

. Fiuza C, Bustin M, Talwar S, Tropea M, Gerstenberger E, et al. (2003)
Inflammation-promoting activity of HMGBI1 on human microvascular endo-
thelial cells. Blood 101: 2652-2660.

Chen LC, Yeh TM, Wu HN, Lin YY, Shyu HW (2008) Dengue virus infection
induces passive release of high mobility group box 1 protein by epithelial cells.
J Infect 56: 143-150.

Kamau E, Takhampunya R, Li T, Kelly E, Peachman KK, et al. (2009) Dengue

virus infection promotes translocation of high mobility group box 1 protein from

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

the nucleus to the cytosol in dendritic cells, upregulates cytokine production and
modulates virus replication. J Gen Virol 90: 1827-1835.

Wolfson RK, Chiang ET, Garcia JG (2011) HMGBI induces human lung
endothelial cell cytoskeletal rearrangement and barrier disruption. Microvasc
Res 81: 189-197.

Klein E, Ben-Bassat H, Neumann H, Ralph P, Zeuthen J, et al. (1976) Properties
of the K562 cell line, derived from a patient with chronic myeloid leukemia.
Int J Cancer 18: 421-431.

Chen J, Ng MM, Chu JJ (2008) Molecular profiling of T-helper immune genes
during dengue virus infection. Virol J 5: 165.

Dave SH, Tilstra JS, Matsuoka K, Li F, DeMarco RA, et al. (2009) Ethyl
pyruvate decreases HMGBI release and ameliorates murine colitis. J Leukoc
Biol 86: 633-643.

Ulloa L, Ochani M, Yang H, Tanovic M, Halperin D, et al. (2002) Ethyl
pyruvate prevents lethality in mice with established lethal sepsis and systemic
inflammation. Proc Natl Acad Sci U S A 99: 12351-12356.

Johansson AS, Johansson-Haque K, Okret S, Palmblad J (2008) Ethyl pyruvate
modulates acute inflammatory reactions in human endothelial cells in relation to
the NF-kappaB pathway. Br J Pharmacol 154: 1318-1326.

Tadano M, Makino Y, Fukunaga T, Okuno Y, Fukai K (1989) Detection of
dengue 4 virus core protein in the nucleus. I. A monoclonal antibody to dengue
4 virus reacts with the antigen in the nucleus and cytoplasm. J Gen Virol 70 (Pt
6): 1409-1415.

. Wolfson RK, Chiang ET, Garcia JG (2010) HMGBI induces human lung
endothelial cell cytoskeletal rearrangement and barrier disruption. Microvasc
Res.

Chu JJ, Ng ML (2003) The mechanism of cell death during West Nile virus
infection is dependent on initial infectious dose. J Gen Virol 84: 3305-3314.

38.

39.

40.

41.

42.

43.

44.

46.

July 2012 | Volume 7 | Issue 7 | e41932



47.

48.

49.

50.

51.

53.

Hanley KA, Nelson JT, Schirtzinger EE, Whitehead SS, Hanson CT (2008)
Superior infectivity for mosquito vectors contributes to competitive displacement
among strains of dengue virus. BMC Ecol 8: 1.

Boonnak K, Dambach KM, Donofrio GC, Tassaneetrithep B, Marovich MA
(2011) Cell type specificity and host genetic polymorphisms influence antibody-
dependent enhancement of dengue virus infection. J Virol 85: 1671-1683.
Chang TH, Liao CL, Lin YL (2006) Flavivirus induces interferon-beta gene
expression through a pathway involving RIG-I-dependent IRF-3 and PI3K-
dependent NF-kappaB activation. Microbes Infect 8: 157-171.

Luan ZG, Zhang H, Yang PT, Ma XC, Zhang C, et al. (2010) HMGBI
activates nuclear factor-kappaB signaling by RAGE and increases the
production of TNF-alpha in human umbilical vein endothelial cells. Immuno-
biology 215: 956-962.

Ceballos-Olvera I, Chavez-Salinas S, Medina F, Ludert JE, del Angel RM
(2010) JNK phosphorylation, induced during dengue virus infection, is
important for viral infection and requires the presence of cholesterol. Virology

396: 30-36.

. Borde C, Barnay-Verdier S, Gaillard C, Hocini H, Marechal V, et al. (2011)

Stepwise release of biologically active HMGB1 during HSV-2 infection. PLoS
One 6: ¢16145.

Das UN (2006) Pyruvate is an endogenous anti-inflammatory and anti-oxidant
molecule. Med Sci Monit 12: RA79-84.

@ PLoS ONE | www.plosone.org

13

54.

56.

57.

58.

59.

HMGB1 from DV-Infected Monocytes

Zhang X, Wheeler D, Tang Y, Guo L, Shapiro RA, et al. (2008) Calcium/
calmodulin-dependent protein kinase (CaMK) IV mediates nucleocytoplasmic
shuttling and release of HMGBI1 during lipopolysaccharide stimulation of
macrophages. J Immunol 181: 5015-5023.

. Melander Gradin H, Marklund U, Larsson N, Chatila TA, Gullberg M (1997)

Regulation of microtubule dynamics by Ca2+/calmodulin-dependent kinase
IV/Gr-dependent phosphorylation of oncoprotein 18. Mol Cell Biol 17: 3459~
3467.

Oh Y], Youn JH, JiY, Lee SE, Lim KJ, et al. (2009) HMGBI is phosphorylated
by classical protein kinase C and is secreted by a calcium-dependent mechanism.
J Immunol 182: 5800-5809.

van Beijnum JR, Buurman WA, Griffioen AW (2008) Convergence and
amplification of toll-like receptor (TLR) and receptor for advanced glycation end
products (RAGE) signaling pathways via high mobility group B1 (HMGBI).
Angiogenesis 11: 91-99.

Lim SC, Choi JE, Kim CH, Duong HQ), Jeong GA, et al. (2007) Ethyl pyruvate
induces necrosis-to-apoptosis switch and inhibits high mobility group box
protein 1 release in A549 lung adenocarcinoma cells. Int J Mol Med 20: 187
192.

Kalariya NM, Reddy AB, Ansari NH, VanKuijk FJ, Ramana KV (2011)
Preventive effects of ethyl pyruvate on endotoxin-induced uveitis in rats. Invest

Ophthalmol Vis Sci 52: 5144-5152.

July 2012 | Volume 7 | Issue 7 | e41932



