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Typically occurring during secondary dengue virus (DENV) infections, dengue
hemorrhagic fever (DHF) causes abnormal immune responses, as well as endothelial
vascular dysfunction, for which the responsible viral factor remains unclear. During peak
viremia, the plasma levels of virion-associated envelope protein domain III (EIII) increases
to a point at which cell death is sufficiently induced in megakaryocytes in vitro. Thus, EIII
may constitute a virulence factor for endothelial damage. In this study, we examined
endothelial cell death induced by treatment with DENV and EIII in vitro. Notably,
pyroptosis, the major type of endothelial cell death observed, was attenuated through
treatment with Nlrp3 inflammasome inhibitors. EIII injection effectively induced endothelial
abnormalities, and sequential injection of EIII and DENV-NS1 autoantibodies induced
further vascular damage, liver dysfunction, thrombocytopenia, and hemorrhage, which
are typical manifestations in DHF. Under the same treatments, pathophysiological
changes in the Nlrp3 inflammasome–deficient mice were notably reduced compared
with those in the wild-type mice. These results suggest that the Nlrp3 inflammasome
constitutes a potential therapeutic target for treating DENV-induced hemorrhage in DHF.

Keywords: dengue hemorrhagic fever, dengue envelope protein domain III, two-hit dengue mouse model,
endothelial damage, Nlrp3 inflammasome, pyroptosis, necroptosis, apoptosis
INTRODUCTION

Dengue virus (DENV) infection is one of the most rapidly growing mosquito‐borne infections (1,
2). DENV infection is self-limiting. However, secondary DENV infections are epidemiologically
associated with an increased risk of life-threatening severe dengue [classically known as dengue
hemorrhagic fever (DHF)]. No specific antiviral treatments against DENV infection have been
developed. Although overall mortality rates from infectious diseases decreased from 2005 to 2015,
mortality attributable to DENV infection increased by 48.7% (3). Endothelial damage and vascular
leakage are the hallmarks of severe dengue. Vascular leakage, which occurs during the acute phase of
DHF, typically manifests 3–6 days after disease onset (4, 5). The fact that DHF acute phase follows
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the viremia-decreasing period and convalescence, suggests that it
is DENV-induced endothelial injury, rather than infection of the
endothelium, that contributes to such pathogenic responses (5).
However, the viral factor responsible for vascular endothelial
damage remains unclear.

The DENV envelope protein (E) domain III (EIII) is an Ig-
like domain that is involved in host cell receptor binding for viral
entry (6). However, cellular signaling occurs after EIII binds to
the target cells, and whether this cellular response is associated
with hemorrhage pathogenesis in vivo also remains unclear. Our
previous study revealed that treatment with viral-load-equivalent
levels of EIII in DHF can suppress megakaryopoiesis through
autophagy impairment and cell death (7), indicating that the
binding of EIII to endothelial cells may involve cytotoxicity.
Concerning viremia exacerbation, circulating viral-particle
surface-EIII is theoretically increased to cytotoxic levels in the
plasma of patients with dengue during peak viremia. Consistent
with this premise, vascular leakage follows peak viremia (5).
Therefore, in the present study, we hypothesized that EIII would
be a virulence factor leading to endothelial damage.

Because secondary DENV infection in DHF causes vascular
damage and abnormal immune responses in addition to viremia-
induced damage, abnormal immune responses against dengue
are considered a pathogenic factor of DHF. DENV infection and
immunization of viral protein NS1 lead to the production of
autoantibodies (8–14), which could constitute an abnormal
immune response. In our previous study, two sequential
injections of DENV and antiplatelet immunoglobulin (Ig), which
simulate peak viremia and abnormal immunity, respectively,
successfully induced Nlrp3 inflammasome–mediated hemorrhage
in mice (10). In the present study, we investigated whether EIII
exposure would lead to endothelial dysfunction, whether sequential
injections of EIII and antiplatelet Ig would elicit hemorrhage in
mice, and whether such pathogeneses are Nlrp3 inflammasome–
mediated responses. We also discuss relevant regulations and
potential applications.
MATERIALS AND METHODS

DENV, Recombinant Protein, Antibodies,
and Analyses Kits
Soluble recombinant proteins DENV NS1 (rNS1), EIII (rEIII),
and glutathione-S transferase (rGST) and DENV-2 (strain
PL046) were obtained and purified as described previously (7,
10). To reduce endotoxin contamination (i.e., that of
lipopolysaccharide [LPS]) to a desired concentration (<1 EU/
mg of protein), the lysate- and resin-loaded column was washed
with a buffer (8 M urea, 100 mM NaH2PO4, and 10 mM Tris-
HCl; pH = 6.3) with the addition of 1% Triton X-114 (Sigma-
Aldrich, St. Louis, MI, USA) (15). The rEIII was eluted with a
buffer (8 M urea, 100 mMNaH2PO4, and 10 mMTris-HCl; pH =
4.5) and refolded using a linear 0–4 M urea gradient in a dialysis
buffer (2 mM reduced glutathione, 0.2 mM oxidized glutathione,
80 mM glycine, 1 mM EDTA, 50 mM Tris-HCl, 50 mM NaCl,
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and 0.1 mM phenylmethylsulfonyl fluoride) at 4°C for 2–3 h, as
described previously (7). The purity of the rEIII protein was
approximately 90%. LPS contamination was monitored using a
Limulus Amoebocyte Lysate QCL-1000 kit (Lonza, Walkersville,
MD, USA) (7, 16, 17). Batches of purified recombinant proteins
with LPS concentrations of less than 1 EU/mg of protein were
used. The pre-immune control Ig concentration, anti-NS1 Ig
concentration, and anti-EIII Ig concentration of the
experimental rabbits (New Zealand White; Oryctolagus
cuniculus) were obtained before and after immunization with
rNS1 and rEIII, which was performed as described previously
(13). Approximately 6–10 days after the fifth immunization
cycle, anti-NS1 serum was collected from the 50% of the
rabbits with the most significant elevation of antiplatelet IgG.
The anti-EIII serum was obtained after the third immunization
cycle. The IgG fractions were obtained and purified using a
protein A column attached to a peristaltic pump (Amersham
Biosciences; flow rate of 0.5–1 ml/min). Subsequently, they were
washed and eluted (10). An antiplatelet monoclonal antibody
(rat anti-mouse integrin aIIb/CD41 Ig, clone MWReg30; BD
Biosciences, San Jose, CA, USA) was used as a positive control Ig
for thrombocytopenia induction in mice, which was performed
as described previously (18). For competition of between rEIII-
endothelial cell binding, following recombinant proteins were
used, recombinant mouse P-selectin, E-selectin, dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN; CD209), DC-SIGNR, C-type lectin domain family 5
member A (CLEC5A), CLEC2, glycoprotein Ib (GPIba; CD42b)
(R&D Systems, Indianapolis, IN, USA). To analyze the binding
properties of rEIII proteins on endothelial HMEC-1 cells, DENV
virus particles and rEIII protein were conjugated with biotin by
using an EZ-Link™ Sulfo-NHS-Biotinylation kit (Thermo Fisher
Scientific). The levels of biotin-labeled rEIII proteins bound to
endothelial cells (50 µg/ml protein + (2 × 105) cells/ml in culture
medium for 30 min) were determined through flow cytometry by
using PE/Cy5 avidin (BioLegend, San Diego, CA, USA) staining.
The rEIII-competitive inhibitor chondroitin sulfate B (CSB, 10
µg/ml; Sigma-Aldrich, St. Louis, MO, USA) was used to suppress
rEIII-induced endothelial cell binding and cell death. Anti-P-
selectin Ig (50 µg/ml; BD Biosciences) and isotype control Ig (50
µg/ml; mouse IgG1, k isotype control antibody, BioLegend) was
used for stimulating HMEC-1 cell ROS and pyroptosis.
Experimental Mice
Wild-type C57BL/6J mice aged 8–12 weeks were purchased from
the National Laboratory Animal Center (Taipei, Taiwan) (14,
19–21). Genetically deficient mice with a C57BL/6J background,
including Nlrp3−/− and Casp1−/− knockout (KO) mice, were
obtained from the Centre National de Recherche Scientifique
(Orléans, France) (10, 22). All animals were housed in the
Animal Center of Tzu-Chi University in a specific-pathogen-
free environment controlled for temperature and lighting, and
were given free access to food and filtered water. All genetic
knockout strains were backcrossed with the wild type for at least
six generations.
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Ethics Statement
The animal experiments in this report were conducted in
accordance with the national directive for the protection of
laboratory animals (Taiwan Animal Protection Act, 2008). All
experimental protocols related to animal use were approved by
the Animal Care and Use Committee of Tzu-Chi University,
Hualien, Taiwan (approval ID: 101019).
Analysis of Blood Parameters and
Liver Function
Blood samples were collected from the retro-orbital plexus of the
mice using plain capillary tubes (Thermo Fisher Scientific,
Waltham, MA, USA) and transferred into polypropylene tubes
(Eppendorf; Thermo Fisher Scientific) containing an
anticoagulant acid–citrate–dextrose (ACD) solution (38 mM
citric acid, 75 mM sodium citrate, 100 mM dextrose) (23, 24).
Platelet-poor plasma was prepared by centrifugation at 1,500 × g
for 20 min. To remove contaminant cells, it was then centrifuged
at 15,000 × g for 3 min. The platelet counts of mice were
determined using a hematology analyzer (KX-21N; Sysmex,
Kobe, Japan). Mouse liver function was analyzed through the
detection of concentrations of an enzyme specifically expressed
by liver cells, namely circulating aspartate transaminase (AST),
by using a clinical biochemistry analysis system (COBAS
INTEGRA800, Roche).
Endothelial Cell Analysis
Human microvascular endothelial cells (HMEC-1; Centers for
Disease Control and Prevention, Atlanta, GA) (12) were treated
with vehicle (normal saline), rGST (25 µg/ml), rEIII (25 µg/ml),
and DENV (5 × 104 PFU/ml), with or without additional
treatments of 10 µg/ml heparin (China Chemical and
Pharmaceutical Co., Taipei, Taiwan), de-N-sulfated heparin
(Sigma-Aldrich), and EIII-competitive inhibitor chondroitin
sulfate B (CSB; Sigma-Aldrich), respectively. After various
treatments, freshly collected conditioned medium and HMEC-
1 cells were subjected to flow cytometry analysis of reactive
oxygen species (ROS) using 2′,7′-dichlorofluorescin diacetate
(Sigma-Aldrich) and caspase-1 activity (BioVision, Milpitas,
CA, USA) or were stored at −80˚C before further cytokine and
RNA experiments. Concentrations of proinflammatory
cytokines (i.e., interleukin [IL]-1b, tumor necrosis factor
[TNF]-a, and IL-6; BioLegend) and soluble thrombomodulin
(Abcam, Cambridge, UK) were determined through enzyme-
linked immunosorbent assay (ELISA). Levels of EIII-stimulated
(0.6 µM, 24, 48, 72 h) HMEC-1 cell released soluble form
thrombomodulin (sTM) and EIII-elicited (2 mg/Kg, 24 h)
mouse circulating sTM were analyzed using a human and a
mouse thrombomodulin ELISA Kit, respectively. Total cellular
RNA was prepared using an RNeasy Mini Kit (Qiagen). RNA
concentration was quantified through spectrophotometry at
260 nm (NanoDrop2000c; Thermo Fisher Scientific). By using
the iScript cDNA Synthesis Kit (Bio-Rad, Foster City, CA,
USA), 1 mg of total RNA was reverse transcribed into cDNA.
Quantitative real-time reverse transcriptase polymerase chain
Frontiers in Immunology | www.frontiersin.org 3
reaction qRT-PCR was performed using Maxima SYBR
Green/ROX qPCR Master Mix (Thermo Scientific) with
primers of the target genes (Nlrp3, NF-kb, IL-1b, TNF-a, and
thrombomodulin) and b-actin as the internal control (Table S1).
The results were analyzed using QuantStudio 5 qPCR and
Thermo Fisher Cloud systems (ThermoFisher Scientific), as
described previously (25).
Endothelial Cell Death and Mitochondrial
Analyses
To analyze DENV- or rEIII-induced endothelial cell death,
HMEC-1 cells (2 × 105) were incubated with DENV or rEIII
for 1 h and then subjected to flow cytometry analyses after
washing with PBS. Various RCD responses, namely including
apoptosis (CaspGLOWTM Red Active Caspase-3 Staining Kit,
BioVision, Milpitas, CA, USA), autophagy (Cyto-ID™

Autophagy Detection Kit, Enzo Life Sciences, Farmingdale,
NY, USA), ferroptosis (C11 BODIPY 581/591, Cayman
Chemical, Ann Arbor, MI, USA), necroptosis (RIP3/B-2 Alexa
Fluor 488, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
pyroptosis (Caspase-1 Assay, Green, ImmunoChemistry
Technologies, MI, USA), and live/dead cell labeling (Zombie
NIR™ Fixable Viability Kit, BioLegend), were analyzed using
respective cell labeling reagents (30 min in PBS). Treatments
(1 h) of cell death inducers were used as positive controls for
various types of RCD (apoptosis: doxorubicin, 2.5 mg/ml,
Nang Kuang Pharmaceutical, Taipei, Taiwan; autophagy:
rapamycin, 250 nM, Sigma-Aldrich; ferroptosis: erastin, 10 mM,
Cayman Chemical; necroptosis: tumor necrosis factor alpha
[TNF-a], 2 ng/ml, BioLegend; pyroptosis: nigericin, 3.5 mM,
ImmunoChemistry Technologies, Minnesota, USA; 30 min in
PBS). Inhibitors were used to address the involvement of specific
RCD pathways (apoptosis: Z-DEVD-FMK, 10 mM, R&D Systems;
autophagy: chloroquine diphosphate, 60 mM, Sigma-Aldrich;
ferroptosis: ferrostatin-1, 2.5 mM, Cayman Chemical; necroptosis:
necrostatin-1, 50 mM, Cayman Chemical; pyroptosis: Z-WHED-
FMK, 10 mM, R&D Systems; ROS: N-acetylcysteine (NAC), 1 mM;
30 min pretreatments before addition of DENV, rEIII, and cell-
death inducers). To analyze the induction of mitochondrial
superoxide, MitoSOX™ Red mitochondrial superoxide indicator
was used (Thermo Fisher Scientific, Waltham, MA, USA; 30 min in
PBS) (26). For caspase-1 activity, an additional colorimetric kit was
used (BioVision, Milpitas, CA, USA). Cell-permeant 2’,7’-
dichlorodihydrofluorescein diacetate (DCFDA, Abcam,
Cambridge, UK) staining was used to determine cellular ROS
levels (Figure S1). Cellular ROS/superoxide detection kits
(Abcam) were used for inhibitor and competition experiments
(Figures S4, S8, S9).
Effects of Sequential Injection of DENV
and rEIII + Anti-NS1 Ig on Induction of
Hemorrhage in Mice
As described previously (10), the mice were first given a
subcutaneous injection of DENV (3 × 105 PFU/mouse; DHF
viral load (27); or concentrations of rEIII equivalent to the DHF
February 2021 | Volume 12 | Article 617251
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viral load (i.e., 2 mg/kg). This was followed by a subcutaneous
injection of antiplatelet IgG using either (1) anti-CD41 Ig (0.2
mg/kg rat monoclonal MWReg30; Pharmingen), which is well
established for immune thrombocytopenia (ITP) induction (18)
or, 24 h later, (2) anti-NS1 Ig (8.5 mg/kg rabbit polyclonal, ITP-
inducible) (13). Anesthesia was established 5 min before each
injection (i.e., vehicle, rEIII, DENV, and Igs) through
intraperitoneal injection of 2.5% avertin solution (in 10 ml/kg
saline). We analyzed the platelet counts (Analyzer KX-21N;
Sysmex) (18); hemorrhage classification (as described in the
next section); concentrations of IL-1b, TNF-a, IL-6, and
soluble thrombomodulin (ELISA, BioLegend and Abcam); and,
using a chromogenic assay, the expression levels of the
anticoagulant proteins antithrombin III and protein C (Sekisui
Diagnostics) 24 h after the antiplatelet Ig injection. To measure
the plasma leakage, a single intravenous injection of Evans blue
dye along with the sequential Ig injections was administered (12).
The mice were sacrificed 12 h after dye treatment, and their
tissue was collected and minced. The dye retention rates were
determined from a standard curve of Evans blue in formamide
by using a spectrophotometer (Hitachi, Tokyo, Japan). Inhibitors
and drugs, such as ROS scavenger N-acetyl-l-cysteine (NAC;
Sigma-Aldrich, 50 mg/kg), CSB (Sigma-Aldrich, 0.5 mg/kg),
caspase 1 inhibitor Z-WEHD-FMK (R&D Systems, 10 mg/kg),
recombinant IL-1 receptor antagonist (IL-1RA) (PeproTech, 0.8
mg/kg), TNF-a inhibitor etanercept (Pfizer, 10 mg/kg), and IVIg
(Bayer, 2 g/kg), were administered subcutaneously before (CSB
and NAC: concurrent with rEIII injection; Z-WEHD-FMK, IL-
1RA, etanercept: 10 min after rEIII injection) or after (IVIg:
10 min after Ig injection) the anti-CD41/anti-NS1 Ig injections.
Hemorrhage Classification
We graded the severity of the hemorrhage induced by the
sequential treatments of rEIII + anti-NS1 Ig and DENV + anti-
NS1 Ig as described previously (10). Digitized images (RGB color
mode, 0.75 × 0.6 cm2, 600 dpi) of the hemorrhagic lesions in the
mice were captured under standard conditions: the illumination
density was 200 lx, the lighting element was a 20 W Philips
fluorescent lamp, a Canon IXUS-860IS camera was used, and the
sample-to-camera distance was 7 cm. Adobe Photoshop software
was then used to obtain the red and green signals without
additional adjustment of brightness or contrast. The red and
green intensities in a particular image were measured using
ImageJ software (v1.46, NIH). Approximate values of
hemorrhage score were calculated by subtracting the image
intensity of the red signals from that of the green signals (10).
Statistical Analysis
The means, standard deviations, and other summary statistics of
the quantifiable data were calculated using SigmaPlot 10 and
SPSS 17 software. The data were subjected to one-way analysis of
variance (ANOVA), followed by the post-hoc Bonferroni-
corrected t test. A probability of type 1 error (a) of.05 was
used to determine statistical significance.
Frontiers in Immunology | www.frontiersin.org 4
RESULTS

rEIII-Induced ROS Stress,
Proinflammatory Phenotype, and Cell
Death in Endothelial Cells
Studies have demonstrated that DENV binds to endothelial cell
glycoproteins through envelope proteins. However, it is unclear
whether such binding induces adverse effects similar to those
previously observed in megakaryocytes (7). In analyses of
proinflammatory and proapoptotic responses and soluble
thrombomodulin release, which is a marker of endothelial
damage (28), we observed that treatment with levels of rEIII
and DENV equivalent to the DHF viral load induced death
of HMEC-1 cells. The rEIII-induced endothelial cytotoxicity was
associated with increased levels of caspase-1 activity, as well
as with increased concentrations of IL-1b and soluble
thrombomodulin (Figure 1 and Figure S1). Consistent with
these findings, qRT-PCR revealed that the mRNA expression of
NF-kB, IL-1b, TNF-a, inflammasome component Nlrp3, and
thrombomodulin increased notably after treatment with rEIII
and DENV (Figure S2). Treatments with CSB, NAC, and Z-
WEHD-FMK substantially reduced the release of IL-1b, TNF-a,
and thrombomodulin (Figure 1). These results suggest that the
DENV-induced proinflammatory phenotype of endothelial cells
is likely mediated through EIII, as well as through the induction
of downstream ROS production and caspase-1 activity.

Pyroptosis Is a Major Regulated Cell
Death Pathway in Endothelial Cells
Treated With DENV and rEIII
Results from annexin V staining, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), propidine iodide
(PI) staining, and caspase assays suggested the involvement of
apoptosis in DENV-induced endothelial cell death (29, 30).
However, because annexin V, TUNEL, PI, and caspase signals
can all be detected in nonapoptotic cell death (31–35), we
investigated whether pathways of nonapoptotic regulated cell
death (RCD) were also involved in DENV- and rEIII-induced
endothelial cell death. Specifically, endothelial RCD pathways,
including pyroptosis, necroptosis, ferroptosis, apoptosis, and
autophagy, were analyzed. In line with the data on IL-1b,
TNF-a, and thrombomodulin (Figure 1 and Figures S1–S3),
DENV and rEIII treatment induced endothelial cell death in a
dose-dependent manner (Figure 2A). Overall, various cell death
inducers, including doxorubicin (apoptosis) (36, 37), rapamycin
(autophagy) (38), erastin (ferroptosis) (39), TNF-a (necroptosis)
(40, 41), nigericin (pyroptosis) (42), served as positive control
agents to induce respective cell death pathway of the tested
endothelial cells (Figures 2B, C, dead cell population adjusted to
100%; Figure S3, flow cytometry gating and calculation).
Notably, when compared with cell death agonists, DENV and
rEIII treatment induced considerable pyroptosis, necroptosis,
and ferroptosis responses in the endothelial cells, but only
minor manifestations of apoptosis (Figure 2B, % of total cells;
2C, % of total dead cell). In addition, the cell type specific RCD
February 2021 | Volume 12 | Article 617251
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patterns (CTS-RCDPs) in the DENV- and rEIII-treated groups
were somewhat similar, with pyroptosis exhibiting the highest
levels in both groups among all tested RCD pathways (Figure
2B; approximately 50%), suggesting that DENV-induced CTS-
RCDP in the endothelial cells is likely mediated through
EIII on the DENV virion. Accordingly, whether the Nlrp3
inflammasome was involved in such pyroptosis responses was
determined through treatments with Nlrp3 inhibitor OLT1177
and inflammasome/caspase-1 inhibitor Z-WHED-FMK, which
resulted in substantial mitigation of endothelial death (Figure
3A) and pyroptosis (Figures 3B–E). The treatments also
suppressed the relatively minor manifestations of necroptosis,
ferroptosis, apoptosis, and autophagy in the endothelial cells
(Figures 3F, G, J, K). Intriguingly, when the RCD % normalized
with total dead cell population (D: dead cell %, normalized to
100%), we found that both inhibitors OLT1177 and Z-WHED-
FMK preferentially suppressed pyroptosis (Figure 3E); while, no
suppression on necroptosis (Figure 3H), ferroptotic (Figure 3I),
apoptotic (Figure 3L) and autophagic (Figure 3M) was
Frontiers in Immunology | www.frontiersin.org 5
observed. Taken together, the results indicate that pyroptosis is
the major RCD of rEIII-induced endothelial cell death, and that
these cells can be rescued from apoptosis by selective inhibitors
against the Nlrp3 inflammasome.

Treatment With Nlrp3 Inflammasome
Inhibitor OLT1177 Ameliorates DENV- and
rEIII-Induced Endothelial Cell Pyroptosis
and the Metabolic Burden on Mitochondria
Because inflammasome-mediated pyroptosis was determined to
be major RCD involved in DENV- and rEIII-induced endothelial
dysfunction, we further explored whether suppression of the
Nlrp3 inflammasome through inhibition would attenuate this
dysfunction. As shown in Figure 4A, DENV and rEIII treatment
increased mitochondria superoxide levels in a dose-dependent
manner. As shown in Figure 4B, Nlrp3 inflammasome inhibitors
OLT1177 and Z-WHED-FMK alleviated such metabolic burdens
on endothelial mitochondria, as well as inducing and releasing
thrombomodulin, a marker of endothelial damage (Figure 4C).
A B

C

E

D

FIGURE 1 | Endothelial inflammatory responses induced by rEIII in vitro. Treatments of recombinant rGST, rEIII, and DENV on endothelial HMEC-1 cell defects at various time
courses were analyzed (A). After rGST, rEIII, and DENV treatments, with or without the addition of inhibitors, the levels of caspase-1 activity (B), IL-1b release (C), TNF-a
release (D), and soluble thrombomodulin release (E) were analyzed—specifically, 24 h (B–D), and 48 h (E) after the treatments. Glycosaminoglycans for rEIII binding
competition: CSB. Inhibitors: NAC for ROS; Z-WEHD-FMK (Z-WEHD) for caspase-1 and IL-1; IL-1RA for IL-1; etanercept for TNF-a. ANOVA: *p < 0.05 and **p < 0.01 vs. the
vehicle groups; #p < 0.05 and ##p < 0.01 vs. groups not treated with inhibitors (n = 6; three experiments with two replicates).
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In line with these results, OLT1177 treatment resulted in the
mitigation of DENV- and rEIII-induced elevation of circulating
soluble thrombomodulin (sTM) in the mice (Figure 4D). To
clarify whether ROS and Nlrp3 inflammasome activate each
other, antioxidant NAC and inflammasome inhibitors
OLT1177 and Z-WHED-FMK were used. Here we found that
all 3 inhibitors, NAC, OLT1177 and Z-WHED-FMK, suppressed
EIII-induced ROS and caspase-1 activations (Figure S4); the
results suggest a positive feedback regulation exists between ROS
and caspase-1. These results collectively suggest that EIII is a
virulence factor in the induction of endothelial defects, and that
the Nlrp3 inflammasome is a critical target for DENV and EIII to
induce endothelial dysfunction.
Treatment With rEIII Served as a First Hit
for Hemorrhage Induction in a Two-Hit
rEIII + Autoantibody Mouse Model
The rEIII injection induced elevation of circulating sTM in the
mice (Figure 4D), a sign of endothelial damage; however, they
did not develop symptoms of hemorrhage. As mentioned, the
sequential injection of DENV and anti-NS1 Ig in a two-hit model
induced hemorrhage in mice in our previous study (10). In the
present study, DHF-viral-load-equivalent levels of rEIII induced
endothelial cell defects (Figures 1–4). We further investigated
whether rEIII treatment may serve as the first hit for hemorrhage
induction. Notably, compared with the rEIII and rEIII + control
Ig treatments, the rEIII + anti-NS1 Ig treatment induced more
considerable vascular leakage in mouse tissue, including that of
the lung, liver, ileum, and skin (Figure S5, Evans blue data). This
is partly consistent with the tissue injury observed in patients
with DHF (2). We then used thrombocytopenia, plasma leakage
Frontiers in Immunology | www.frontiersin.org 6
(indicated as hypoproteinemia), and high levels of circulating
AST, which are acknowledged by theWorld Health Organization
(WHO) as standard parameters in DHF assessment (43, 44), to
evaluate pathogenic alterations in mice. Sequential injection of
rEIII + anti-NS1 Igs or rEIII + anti-CD41 Igs (CD41 is a putative
anti-NS1 Ig targets on platelets) (45) significantly exacerbated
thrombocytopenia, plasma leakage, and liver damage (Figure
S6). Compared with the mice in the single-injection groups, mice
that received combined treatments of DENV and rEIII + anti-
NS1 Igs or DENV and rEIII + anti-CD41 Igs but not control Igs
(i.e., pre-immune and isotype control Igs) developed significant
thrombocytopenic responses (Figure 5A, DHF clinical course;
Figure 5B, experiment outline; Figure 5C, platelet counts) and
exhibited greater hemorrhage severity (Figures 5D, E);
anticoagulant suppression (Figure 5F); endothelial cell damage
(Figure 5G), and higher expression of IL-1b, TNF-a, and IL-6
(Figure 5H). These results collectively suggest that with rEIII as a
first hit, the pathophysiological changes observed in the two-hit
mouse model of DENV and rEIII + autoantibody are similar to
those detected in patients with DHF (43, 44).

Involvement of the Nlrp3 Inflammasome
in the rEIII + Autoantibody Two-Hit Model
The involvement of the Nlrp3 inflammasome in DENV
infection was revealed in the in vitro experiments (Figures 1–4)
and in the two-hit mouse model of DENV + autoantibody (10).
Evaluations were further conducted to determine whether the
Nlrp3 pathway was involved in pathogenesis in vivo mediated by
the rEIII + autoantibody two-hit model. Treatment with Z-
WEHD-FMK notably mitigated all the pathological changes
induced by the two-hit protocol, suggesting that the caspase-1
pathway plays a role in the pathogenesis (Figure 6A experiment
A B C

FIGURE 2 | DENV- and rEIII-induced RCD in endothelial cells. (A) HMEC-1 endothelial cells treated with vehicle and various doses of DENV and rEIII; the live or
dead status of the cell populations were determined using Zombie-NIR Kit labeling and flow cytometry analysis. [rEIII 1× = 0.3 µM, 2× = 0.6 µM, 4× = 1.2 µM; DENV
e(rEIII 1×) is a DENV level equivalent to 0.3 µM rEIII]. (B) RCD inducers, doxorubicin (DOX; apoptosis) (2.5 µg/ml), rapamycin (autophagy) (0.5 µM), erastin
(ferroptosis) (10 µM), TNF-a (necroptosis) (2.5 ng/ml), and nigericin (pyroptosis) (3.5 µM) induced relatively simple RCD patterns (flow cytometry gating and
calculation methods described in Figure S3). By contrast, DENV and rEIII induced multiple RCD pathways, in which pyroptosis was the main RCD response,
accounting for approximately 50% of total RCD response. If we normalize the respective RCD by the population of death cells (dead cell population normalized to
100%), we can obtain a more similar RCD pattern in DENV and rEIII groups (C). **P < 0.01 vs. vehicle groups.
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outline, Figures 6B–G). In addition, a two-hit rEIII +
autoantibody treatment was administered to Nlrp3−/− and
Casp1−/− mice. All the mentioned pathological changes were
substantially more reduced in both types of mice than in the
wild-type controls (Figures 6H–M). These results suggest that the
Nlrp3 inflammasome is involved in pathogenesis mediated by the
two-hit rEIII + autoantibody protocol.

Mitigation or Reversal of
Pathophysiological Changes Mediated by
the Two-Hit rEIII + Autoantibody Model
Using IL-1 and TNF-a Blockers
IL-1b release was found to depend on inflammasome activation.
IL-1b and TNF-a pathways were involved in endothelial cell
defects that were induced by rEIII treatment alone (Figure 1).
IL-1b and TNF-a blockers attenuated endothelial cell damage
under treatment with rEIII only (Figure 1) and in the DENV +
Frontiers in Immunology | www.frontiersin.org 7
autoantibody two-hit mouse model (10). However, whether
cytokine inhibitors can be used to mitigate or reverse the
pathophysiological changes mediated by the two-hit rEIII +
autoantibody model warrants further investigation. In the
present study, treatment with IL-1RA (anti-IL-1) and etanercept
(anti-TNF-a) resulted in substantial reductions of all
pathophysiological changes mediated by the two-hit rEIII +
anti-NS1 Ig model (Figure 7). These results suggest that the
pathophysiological changes mediated by the two-hit rEIII +
anti-NS1 Ig model can be mitigated through the inhibition of
pathways involving IL-1 and TNF-a.

DISCUSSION

As a glycosaminoglycan (GAG) binding lectin (carbohydrate-
binding protein) (46) and a cell-receptor-binding domain (6),
EIII folds independently of other E subdomains while retaining
A B C E

F G H I

J K L M

D

FIGURE 3 | Protection of endothelial cells from rEIII-induced pyroptosis under treatment with Nlrp3 inflammasome inhibitors. Treatment with Nlrp3 inhibitor CSB
(chondroitin sulfate B, 10 mg/ml), OLT1177 (10 µM) and caspase 1 inhibitor Z-WHED-FMK (10 µM) rescued rEIII-induced endothelial cell death (A). Treatments with
CSB, OLT1177 and Z-WHED-FMK rescued cell dead population (B, C, F, G, J, K; cells with RCDs). If we normalize the respective RCD % by the population of
death cells (D: dead cell population normalized to 100%), we found that CSB, OLT1177 and Z-WHED-FMK preferentially rescued pyroptosis (E), but not the other
tested RCDs (H, I, L, M). n = 6, **P < 0.01, significant suppression vs. vehicle groups.
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its structure (47). Because EIII is exposed and accessible on
virion surfaces (48), treatments with soluble EIII or EIII-
neutralizing antibodies inhibit viral infection (47). Therefore,
EIII is an attractive target for developing vaccines and antiviral
agents against DENV (47). Beyond their effects against DENV
infection and replication, rEIII treatments effectively and directly
suppress megakaryocyte function (7). In the present study, we
consistently found that endothelial cells were damaged by rEIII
treatment (Figures 1–4). In fact, numerous other well-
characterized lectins, such as plant lectins concanavalin A
(Con A), mistletoe lectin (ML), and polygonatum cyrtonema
lectin (PCL) exhibit similar effects against cell damage (49).
When cells are treated with these plant lectins, ROS
production is crucial to apoptotic induction (50–52).
Moreover, the TNF-a pathway plays a critical role in lectin-
induced cytotoxicity. For example, the cell-damaging effect of
Con A is substantially reduced when the target cells do not
express the TNF receptor (53, 54). Studies have indicated that
ML treatment induces TNF-a expression (55), and that PCL
Frontiers in Immunology | www.frontiersin.org 8
treatment enhances TNF-a-induced apoptosis (56). Similarly, in
the present study, we found that rEIII treatment induced
endothelial ROS production, TNF-a and IL-1b release, and
caspase-1 activation, all contributing responses to endothelial
cell death (Figure 1 and Figure S1). Treatments with inhibitors
against the Nlrp3 inflammasome considerably attenuated rEIII-
induced endothelial cell death in vitro and notably reduced
hemorrhage in the two-hit rEIII + autoantibody model
(Figures 1–4, 6, 7).

Cellular targets of the aforementioned lectins are carbohydrate
moieties of cell surface glycosylated molecules, and cellular
signaling overload constitutes a potential mechanism of cell
damage induction (49). Because of its high capacity to induce
cell death, lectin treatment has been proposed as an anticancer
therapy (49, 57, 58). Although both plant- and animal-origin
lectins have been investigated (49, 57, 58), the cytotoxic properties
of viral lectins have not been extensively studied. In addition to
DENV-EIII (7), Langat flavivirus envelope protein has been found
to exhibit proapoptotic effect (59). However, whether such viral-
A B

C D

FIGURE 4 | Protection of endothelial cells from DENV- and rEIII-induced damage and metabolic burden under treatment with Nlrp3 and caspase-1 inhibitors. Dose-
dependent elevation of mitochondria superoxide levels under DENV and rEIII treatment (A). Suppression of mitochondria superoxide levels and induction of surface
thrombomodulin expression under treatment with Nlrp3 and caspase 1 inhibitors Z-WHED-FMK and OLT1177, respectively (B, C). Amelioration of DENV- and rEIII-
induced thrombocytopenia in C57BL/6J mice under OLT1177 treatment (D). n = 6, and ##p < 0.01 vs. the untreated groups; *p < 0.05 and **p < 0.01 vs. the
vehicle groups.
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protein-induced cytotoxicity contributes to viral pathogenesis
in vivo remains to be determined.

As a GAG binding lectin (60), EIII could have multiple
endothelial cell surface targets. Recent evidences have suggested
that lectin DC-SIGN mediated DENV infection in dendritic cells
(61); lectin CLEC2 mediates DENV-induced inflammation (62);
and glycoprotein Ib (GP1ba; CD42b) is involved in DENV
Frontiers in Immunology | www.frontiersin.org 9
infection (63). CLEC2, CD42b, and the DC-SIGN isoform DC-
SIGNR are expressed by some endothelial cell subpopulations (64–
66). Here we used recombinant soluble DC-SIGNR, DC-SIGN,
CLEC2, CLEC5A, CD42b, plus two additional endothelial lectins
[P-selectin (Figure S7, HMEC-1 expression), E-selectin] as
controls, to perform EIII competition experiments. Analysis
results revealed that DC-SIGNR, P-selectin and E-selectin, but
A B

C

E F

G H

D

FIGURE 5 | Comparisons between the induction of pathophysiology under treatment with rEIII and DENV. Time course of clinical parameters during DHF (A) and
the experimental outline (B) are shown. (C–H) Mice treated with DENV (panels 8–11; 3 × 105 PFU/mouse; first hit), rEIII (panels 12–15; 2 mg/kg equivalent to 3 ×
105 PFU/mouse; first hit) or mice not treated with first hit injection (panels 1–7; vehicle groups) underwent autoantibody treatment (second hit). Parameter changes in
(C) platelet counts, (D) hemorrhagic lesions, (E) hemorrhage score, (F) anticoagulant protein C and antithrombin III, (G) soluble thrombomodulin, and (H)
proinflammatory cytokines TNF-a, IL-1b, and IL-6 were then recorded. Data are presented as means ± standard deviations. *p < 0.05 and **p < 0.01 indicate
significantly worse conditions vs. DENV + control Ig groups; #p < 0.05 and ##p < 0.01 vs. the vehicle groups. n = 6 (three independent experiments with two
replicates). The mouse drawing used in this and following figures was originally published in the Blood journal: Huang, (H) S., D-SS, T-SL, and H-HC. Dendritic cells
modulate platelet activity in IVIg-mediated amelioration of ITP in mice. Blood, 2010; 116: 5002–5009. © the American Society of Hematology.
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not CD42b or CLEC2 can block rEIII-endothelial cell binding
(Figure S8). However, data further revealed that P-selectin
displayed a markedly higher performance on the suppression
of rEIII- endothelial cell binding, rEIII-induced cellular ROS up-
regulation, endothelial cell death among all tested proteins
(Figure S8). In agreement with DENV and rEIII treatments,
Frontiers in Immunology | www.frontiersin.org 10
anti-P-selectin antibody treatments also induced endothelial cell
pyroptosis (Figure S8D). Furthermore, EIII treatments induced
circulating thrombomodulin levels in wild type mice but not in
P-selectin knockout mice (Figure S8E). These evidences
collectively suggested that P-selectin is one of the cellular
targets of EIII on endothelial cells. P-selectin is a cellular
A

B C

E F G

H I J

K L M

D

FIGURE 6 | Involvement of the Nlrp3 inflammasome pathway in pathophysiological changes induced in the two-hit rEIII + autoantibody model. Experimental outline
(A) and the pathophysiological changes in mouse platelet counts (B, H), hemorrhagic lesions (C, D, I–J), proinflammatory cytokines TNF-a, IL-1b, and IL-6 (E–K),
anticoagulant protein C and antithrombin III (F, L), and soluble thrombomodulin (G, M) are shown. (B–G) Treatment with selective caspase-1 inhibitor Z-WEHD-FMK
reduced hemorrhage and inflammation of wild-type mice in a two-hit rEIII + anti-NS1 Ig model (panels 3 and 5 vs. 2 and 4, respectively). (H–M) Hemorrhagic and
inflammatory manifestations after rEIII and antibody treatments (n = 6) in the Nlrp3−/− and Casp1−/− mice (panels 4–6 and 7–9, respectively) were compared with
those in wild-type mice (panels 1–3). Data are presented as means ± standard deviations. *p < 0.05 and **p < 0.01 indicate significantly worse conditions vs. those
in the rEIII + control Ig groups of the respective strains; #p < 0.05, ##p < 0.01, *p < 0.05, and **p < 0.01 indicate significant mitigation of pathophysiological
presentations compared with those in the rEIII + anti-CD41 (a-CD41)/anti-NS1 (a-NS1) Ig groups of the respective strains. The mouse drawing in this figure was
originally published in Huang et al. (18).
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signaling receptor, with increased phosphorylation levels of
cytoplasmic tail upon activation (67). P-selectin ligation by
anti-P-selectin antibody known to induce platelet activation
and enhances microaggregates (68). P-selectin is up-regulated
on endothelial cell surfaces upon infection and inflammatory
stimulations; and soluble P-selectin in turn exerts anti-
inflammatory effects (23, 24, 69–71). As a critical inflammatory
regulator, the role of P-selectin in DENV-mediated pathogenesis
and is worthy of further investigations.

Cell population is heterogeneous even in one cell line. This
could be a reason that reports have revealed treatments of
pathogens and cytotoxic agents leading to multiple types of
RCDs simultaneously (72–78). For example, when cellular
stress can activate both receptor-induced lysosomal-dependent,
and mitochondrial-mediated cell death pathways, which will lead
to both programmed necrosis and apoptosis (74). Similarly, as
DENV and EIII been reported to have multiple cellular targets, it
is reasonable to detect multiple RCDs after DENV and EIII
challenges. Here, we found that DENV and EIII but not the other
cell death inducers, induced a similar RCD pattern in endothelial
cells (Figures 2B, C). Although further investigations are needed,
these endothelial CTS-RCDPs may be also useful on the
characterization of specific pathway inhibitors; as inflammasome
inhibitors OLT1177 and Z-WHED-FMK preferentially blocked
Frontiers in Immunology | www.frontiersin.org 11
pyroptosis, but not ferroptosis, apoptosis and autophagy (Figure
3E vs. Figures 3I, L, M).

In addition to EIII, NS1 was demonstrated to enhance
endothelial permeability and vascular leaks through a toll-like
receptor 4 (79, 80). Both DENV virus particle-associated EIII and
soluble NS1 could be detected at high levels prior to the acute
phase of DHF (81, 82), and may be considered as two virulence
factors. Using a similar approach, we analyzed the induction of
HMEC-1 cell pyroptosis after EIII and NS1 treatments (Figure
S9). We found that both EIII and NS1 treatments can induce
increased ROS and pyroptosis levels in endothelial cells, and EIII
has a relative higher activity (Figure S9). Because the induction
of virion-associated EIII and soluble NS1 are induced in a
similar, but not a same time course (82), the respective
pathogenic role of EIII and NS1 on the elicitation of DHF-
related pathogenesis remains to be further studied. However,
data obtained in the study suggested that virion-associated EIII is
a candidate virulence factor that contributes to dengue-elicited
endothelial cell injury.

In the present study, on the basis of the clinical course of
DHF, in which viremia occurs before autoantibody elicitation, a
proof-of-concept two-hit mouse model was designed, and
hemorrhage was induced through sequential injection of DHF-
viral-load-equivalent levels of DENV and an autoantibody in
A
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D

FIGURE 7 | Involvement of TNF-a and IL-1b pathways in pathophysiological changes in a two-hit rEIII + autoantibody model. Experimental outline (A) and changes
in mouse platelet counts (B), severity of hemorrhagic lesions (C–D), expression of proinflammatory cytokines TNF-a, IL-1b, and IL-6 (E), anticoagulant protein C and
antithrombin III (F), and soluble thrombomodulin (G) are shown. Treatments with IL-1 inhibitor IL-1RA and TNF-a inhibitor etanercept (B–G) reduced hemorrhage
and inflammation in the wild-type mice (n = 6). Data are presented as means ± standard deviations. #p < 0.05 and ##p < 0.01 indicate significant mitigation of
pathophysiological presentations compared with that in the EIII + a-CD41 and EIII + a-NS1 groups. The mouse drawing in this figure was originally published in
Huang et al. (18).
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mice (10). Because DENV treatment can induce various
pathogenic responses, further characterization was required to
determine the major viral factors that contributed to the
pathophysiological changes under the first hit. Although
DENV infection processes have been studied extensively, the
specific influence of cell–DENV binding on the development of
dengue pathogenesis, especially in scenarios involving peak viral
load, remains unclear. As mentioned, exposure to DHF-viral-
load-equivalent levels of rEIII is sufficient for inhibiting autophagy
and inducing apoptosis in megakaryocytes (7). In addition,
treatments involving various plant and animal lectins can lead
to cell damage (49). Hence, in the present study, we investigated
the potential pathogenic effect of rEIII in a two-hit model. The
rEIII treatment effectively induced hemorrhage in the two-hit
rEIII + autoantibody mouse model. The Nlrp3 inflammasome, IL-
1b, and TNF-a contributed to inflammation, coagulation defects,
and hemorrhage.

The reasons for peak DHF manifestations being delayed until
defervescence rather than accompanying peak viremia in the
early stage of the disease have yet to be identified (81). Contrary
to the results from various in vitro analyses, the primary infection
targets of DENV in humans are probably dendritic cells rather
than endothelial cells (83). Because the viremia titer is reduced
substantially during defervescence, virion and DENV-infected
cells are eliminated (44, 81). Therefore, the viral factors that
contribute to vascular damage in DHF and the routes through
which DENV causes vascular damage and plasma leakage during
defervescence are worthy of investigation. Our results indicate
that the binding of EIII (and probably virion-associated EIII in
clinical cases) sufficiently results in endothelial cell damage
(Figure 1). As shown in Figure 5, in the two-hit model, such
damage led to hemorrhage only in instances of subsequent
encounters with DENV-elicited autoantibodies. Levels of
DENV-elicited antibodies increase considerably in the
defervescence phase (44, 81); thus, the two-hit model may
provide a reasonable explanation of DENV-induced vascular
damage and plasma leakage during defervescence.

DHF is a life-threatening disease. No specific treatments
against DENV infection are available, and unfortunately, some
vaccine candidates have been determined to be not safe or
ineffective (84, 85). The two-hit model described in the present
study appears to be useful for delineating the mechanism of
DENV-induced hemorrhage and for the development of a rescue
strategy. Through a reductionist approach, we observed that
rEIII treatment served as a first hit in hemorrhage induction in
the two-hit mouse model. Treatment with the EIII-competitive
inhibitor CSB considerably reduced rEIII-induced endothelial
cell damage in vitro; moreover, in the mice, it reduced the
hemorrhage induced by the rEIII + autoantibody sequential
Frontiers in Immunology | www.frontiersin.org 12
injection. In addition, the Nlrp3 inflammasome and RCD
pathways involving IL-1b and TNF-a were involved in EIII-
induced pathogenesis. The present results strongly indicate that
the DENV-EIII virulence factor contributes to pathogenesis in
DHF. The present findings constitute a valuable reference for the
development of therapeutic strategies for managing DENV-
induced hemorrhage in DHF.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Use Committee of Tzu-Chi University, Hualien, Taiwan
(approval ID: 101019).
AUTHOR CONTRIBUTIONS

H-HC conceptualized and supervised this project. T-SL, D-SS,
and C-YW performed experiments and analyzed the data. H-HC
wrote this manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

Ministry of Science and Technology, Taiwan (101-2320-B-320-
004-MY3, 105-2923-B-320-001-MY3, 107-2311-B-320-002-
MY3), Tzu-Chi University (TCIRP95002; TCIRP98001;
TCIRP101001), and Tzu-Chi Medical Foundation (TC-
NHRI105-02; TCMMP104-06; TCMMP108-04; TCAS-108-01).
ACKNOWLEDGMENTS

The authors want to thank Professor Yi-Ling Lin, Academia
Sinica, for kindly providing DENV-EIII plasmid.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
617251/full#supplementary-material
REFERENCES

1. Pang T, Mak TK, Gubler DJ. Prevention and control of dengue-the light at the
end of the tunnel. Lancet Infect Dis (2017) 17:e79–87. doi: 10.1016/S1473-
3099(16)30471-6

2. Gubler DJ. Dengue and dengue hemorrhagic fever. Clin Microbiol Rev (1998)
11:480–96. doi: 10.1128/CMR.11.3.480
3. Mortality GBD. Causes of Death C. Global, regional, and national life
expectancy, all-cause mortality, and cause-specific mortality for 249 causes
of death, 1980-2015: a systematic analysis for the Global Burden of Disease
Study 2015. Lancet (2016) 388:1459–544. doi: 10.1016/S0140-6736(16)
31012-1

4. Vervaeke P, Vermeire K, Liekens S. Endothelial dysfunction in dengue virus
pathology. Rev Med Virol (2015) 25:50–67. doi: 10.1002/rmv.1818
February 2021 | Volume 12 | Article 617251

https://www.frontiersin.org/articles/10.3389/fimmu.2021.617251/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.617251/full#supplementary-material
https://doi.org/10.1016/S1473-3099(16)30471-6
https://doi.org/10.1016/S1473-3099(16)30471-6
https://doi.org/10.1128/CMR.11.3.480
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1016/S0140-6736(16)31012-1
https://doi.org/10.1002/rmv.1818
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lien et al. Dengue EIII Induced Endothelial Damage
5. Malavige GN, Ogg GS. Pathogenesis of vascular leak in dengue virus
infection. Immunology (2017) 151:261–9. doi: 10.1111/imm.12748

6. Chen Y, Maguire T, Hileman RE, Fromm JR, Esko JD, Linhardt RJ, et al.
Dengue virus infectivity depends on envelope protein binding to target cell
heparan sulfate. Nat Med (1997) 3:866–71. doi: 10.1038/nm0897-866

7. Lin GL, Chang HH, Lien TS, Chen PK, Chan H, Su MT, et al. Suppressive
effect of dengue virus envelope protein domain III on megakaryopoiesis.
Virulence (2017) 8:1719–31. doi: 10.1080/21505594.2017.1343769

8. Lei HY, Yeh TM, Liu HS, Lin YS, Chen SH, Liu CC. Immunopathogenesis of
dengue virus infection. J BioMed Sci (2001) 8:377–88. doi: 10.1007/
BF02255946

9. Wan SW, Lin CF, Yeh TM, Liu CC, Liu HS, Wang S, et al. Autoimmunity in
dengue pathogenesis. J Formos Med Assoc (2013) 112:3–11. doi: 10.1016/
j.jfma.2012.11.006

10. Lien TS, Sun DS, Chang CM, Wu CY, Dai MS, Chan H, et al. Dengue virus
and antiplatelet autoantibodies synergistically induce haemorrhage through
Nlrp3-inflammasome and FcgammaRIII. Thromb Haemost (2015) 113:1060–
70. doi: 10.1160/TH14-07-0637

11. Lin YS, Yeh TM, Lin CF, Wan SW, Chuang YC, Hsu TK, et al. Molecular
mimicry between virus and host and its implications for dengue disease
pathogenesis. Exp Biol Med (Maywood) (2011) 236:515–23. doi: 10.1258/
ebm.2011.010339

12. Sun DS, Chang YC, Lien TS, King CC, Shih YL, Huang HS, et al. Endothelial
Cell Sensitization by Death Receptor Fractions of an Anti-Dengue
Nonstructural Protein 1 Antibody Induced Plasma Leakage, Coagulopathy,
and Mortality in Mice. J Immunol (2015) 195:2743–53. doi: 10.4049/
jimmunol.1500136

13. Sun DS, King CC, Huang HS, Shih YL, Lee CC, Tsai WJ, et al. Antiplatelet
autoantibodies elicited by dengue virus non-structural protein 1 cause
thrombocytopenia and mortality in mice. J Thromb Haemost (2007)
5:2291–9. doi: 10.1111/j.1538-7836.2007.02754.x

14. Tsai CL, Sun DS, Su MT, Lien TS, Chen YH, Lin CY, et al. Suppressed
humoral immunity is associated with dengue nonstructural protein NS1-
elicited anti-death receptor antibody fractions in mice. Sci Rep (2020) 10:6294.
doi: 10.1038/s41598-020-62958-0

15. Aida Y, Pabst MJ. Removal of endotoxin from protein solutions by phase
separation using Triton X-114. J Immunol Methods (1990) 132:191–5. doi:
10.1016/0022-1759(90)90029-U

16. Sun DS, Kau JH, Huang HH, Tseng YH, Wu WS, Chang HH. Antibacterial
Properties of Visible-Light-Responsive Carbon-Containing Titanium Dioxide
Photocatalytic Nanoparticles against Anthrax. Nanomaterials (Basel) (2016)
6:1–12. doi: 10.3390/nano6120237

17. Chang HH, Shyu HF, Wang YM, Sun DS, Shyu RH, Tang SS, et al. Facilitation
of cell adhesion by immobilized dengue viral nonstructural protein 1 (NS1):
arginine-glycine-aspartic acid structural mimicry within the dengue viral NS1
antigen. J Infect Dis (2002) 186:743–51. doi: 10.1086/342600

18. Huang HS, Sun DS, Lien TS, Chang HH. Dendritic cells modulate platelet
activity in IVIg-mediated amelioration of ITP in mice. Blood (2010) 116:5002–
9. doi: 10.1182/blood-2010-03-275123

19. Ho YY, Sun DS, Chang HH. Silver Nanoparticles Protect Skin from
Ultraviolet B-Induced Damage in Mice. Int J Mol Sci (2020) 21:1–12. doi:
10.3390/ijms21197082

20. Lin YY, Hu CT, Sun DS, Lien TS, Chang HH. Thioacetamide-induced liver
damage and thrombocytopenia is associated with induction of antiplatelet
autoantibody in mice. Sci Rep (2019) 9:17497. doi: 10.1038/s41598-019-
53977-7

21. Perevedentseva E, Krivokharchenko A, Karmenyan AV, Chang HH, Cheng
CL. Raman spectroscopy on live mouse early embryo while it continues to
develop into blastocyst in vitro. Sci Rep (2019) 9:6636. doi: 10.1038/s41598-
019-42958-5

22. Chang YS, Ko BH, Ju JC, Chang HH, Huang SH, Lin CW. SARS Unique
Domain (SUD) of Severe Acute Respiratory Syndrome Coronavirus Induces
NLRP3 Inflammasome-Dependent CXCL10-Mediated Pulmonary
Inflammation. Int J Mol Sci (2020) 21(3179):1–19. doi: 10.3390/
ijms21093179

23. Sun DS, Ho PH, Chang HH. Soluble P-selectin rescues viper venom-induced
mortality through anti-inflammatory properties and PSGL-1 pathway-
Frontiers in Immunology | www.frontiersin.org 13
mediated correction of hemostasis. Sci Rep (2016) 6:35868. doi: 10.1038/
srep35868

24. Sun DS, Chang YW, Kau JH, Huang HH, Ho PH, Tzeng YJ, et al. Soluble P-
selectin rescues mice from anthrax lethal toxin-induced mortality through
PSGL-1 pathway-mediated correction of hemostasis. Virulence (2017)
8:1216–28. doi: 10.1080/21505594.2017.1282027

25. Chan H, Huang HS, Sun DS, Lee CJ, Lien TS, Chang HH. TRPM8 and RAAS-
mediated hypertension is critical for cold-induced immunosuppression in
mice. Oncotarget (2018) 9:12781–95. doi: 10.18632/oncotarget.24356

26. Mandal JP, Shiue CN, Chen YC, Lee MC, Yang HH, Chang HH, et al.
PKCdelta mediates mitochondrial ROS generation and oxidation of HSP60
to relieve RKIP inhibition on MAPK pathway for HCC progression. Free
Radic Biol Med (2020) 163:69–87. doi: 10.1016/j.freeradbiomed.
2020.12.003

27. Thomas L, Verlaeten O, Cabie A, Kaidomar S, Moravie V, Martial J, et al.
Influence of the dengue serotype, previous dengue infection, and plasma
viral load on clinical presentation and outcome during a dengue-2 and
dengue-4 co-epidemic. Am J Trop Med Hyg (2008) 78:990–8. doi: 10.4269/
ajtmh.2008.78.990

28. Chong AY, Blann AD, Lip GY. Assessment of endothelial damage and
dysfunction: observations in relation to heart failure. QJM (2003) 96:253–
67. doi: 10.1093/qjmed/hcg037

29. Avirutnan P, Malasit P, Seliger B, Bhakdi S, Husmann M. Dengue virus
infection of human endothelial cells leads to chemokine production,
complement activation, and apoptosis. J Immunol (1998) 161:6338–46.

30. Long X, Li Y, Qi Y, Xu J, Wang Z, Zhang X, et al. XAF1 contributes to dengue
virus-induced apoptosis in vascular endothelial cells. FASEB J (2013) 27:1062–
73. doi: 10.1096/fj.12-213967

31. Hartman ML. Non-Apoptotic Cell Death Signaling Pathways in Melanoma.
Int J Mol Sci (2020) 21:1–29. doi: 10.3390/ijms21082980

32. Shlomovitz I, Speir M, Gerlic M. Flipping the dogma - phosphatidylserine in
non-apoptotic cell death. Cell Commun Signal (2019) 17:139. doi: 10.1186/
s12964-019-0437-0

33. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G. The molecular
machinery of regulated cell death. Cell Res (2019) 29:347–64. doi: 10.1038/
s41422-019-0164-5

34. Tang R, Xu J, Zhang B, Liu J, Liang C, Hua J, et al. Ferroptosis, necroptosis,
and pyroptosis in anticancer immunity. J Hematol Oncol (2020) 13:110. doi:
10.1186/s13045-020-00946-7

35. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the Nomenclature
Committee on Cell Death 2018. Cell Death Differ (2018) 25:486–541. doi:
10.1038/s41418-018-0102-y

36. Chen YL, Tsai YT, Lee CY, Lee CH, Chen CY, Liu CM, et al. Urotensin II
inhibits doxorubicin-induced human umbilical vein endothelial cell death by
modulating ATF expression and via the ERK and Akt pathway. PloS One
(2014) 9:e106812. doi: 10.1371/journal.pone.0106812

37. Kotamraju S, Konorev EA, Joseph J, Kalyanaraman B. Doxorubicin-induced
apoptosis in endothelial cells and cardiomyocytes is ameliorated by nitrone
spin traps and ebselen. Role of reactive oxygen and nitrogen species. J Biol
Chem (2000) 275:33585–92. doi: 10.1074/jbc.M003890200

38. Chen HR, Chuang YC, Chao CH, Yeh TM. Macrophage migration inhibitory
factor induces vascular leakage via autophagy. Biol Open (2015) 4:244–52. doi:
10.1242/bio.201410322

39. Xiao FJ, Zhang D, Wu Y, Jia QH, Zhang L, Li YX, et al. miRNA-17-92 protects
endothelial cells from erastin-induced ferroptosis through targeting the A20-
ACSL4 axis. Biochem Biophys Res Commun (2019) 515:448–54. doi: 10.1016/
j.bbrc.2019.05.147

40. Sawai H. Characterization of TNF-induced caspase-independent necroptosis.
Leuk Res (2014) 38:706–13. doi: 10.1016/j.leukres.2014.02.002

41. Choi ME, Price DR, Ryter SW, Choi AMK. Necroptosis: a crucial pathogenic
mediator of human disease. JCI Insight (2019) 4:1–16. doi: 10.1172/
jci.insight.128834

42. Xi H, Zhang Y, Xu Y, Yang WY, Jiang X, Sha X, et al. Caspase-1
Inflammasome Activation Mediates Homocysteine-Induced Pyrop-
Apoptosis in Endothelial Cells. Circ Res (2016) 118:1525–39. doi: 10.1161/
CIRCRESAHA.116.308501
February 2021 | Volume 12 | Article 617251

https://doi.org/10.1111/imm.12748
https://doi.org/10.1038/nm0897-866
https://doi.org/10.1080/21505594.2017.1343769
https://doi.org/10.1007/BF02255946
https://doi.org/10.1007/BF02255946
https://doi.org/10.1016/j.jfma.2012.11.006
https://doi.org/10.1016/j.jfma.2012.11.006
https://doi.org/10.1160/TH14-07-0637
https://doi.org/10.1258/ebm.2011.010339
https://doi.org/10.1258/ebm.2011.010339
https://doi.org/10.4049/jimmunol.1500136
https://doi.org/10.4049/jimmunol.1500136
https://doi.org/10.1111/j.1538-7836.2007.02754.x
https://doi.org/10.1038/s41598-020-62958-0
https://doi.org/10.1016/0022-1759(90)90029-U
https://doi.org/10.3390/nano6120237
https://doi.org/10.1086/342600
https://doi.org/10.1182/blood-2010-03-275123
https://doi.org/10.3390/ijms21197082
https://doi.org/10.1038/s41598-019-53977-7
https://doi.org/10.1038/s41598-019-53977-7
https://doi.org/10.1038/s41598-019-42958-5
https://doi.org/10.1038/s41598-019-42958-5
https://doi.org/10.3390/ijms21093179
https://doi.org/10.3390/ijms21093179
https://doi.org/10.1038/srep35868
https://doi.org/10.1038/srep35868
https://doi.org/10.1080/21505594.2017.1282027
https://doi.org/10.18632/oncotarget.24356
https://doi.org/10.1016/j.freeradbiomed.2020.12.003
https://doi.org/10.1016/j.freeradbiomed.2020.12.003
https://doi.org/10.4269/ajtmh.2008.78.990
https://doi.org/10.4269/ajtmh.2008.78.990
https://doi.org/10.1093/qjmed/hcg037
https://doi.org/10.1096/fj.12-213967
https://doi.org/10.3390/ijms21082980
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.1186/s12964-019-0437-0
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1186/s13045-020-00946-7
https://doi.org/10.1038/s41418-018-0102-y
https://doi.org/10.1371/journal.pone.0106812
https://doi.org/10.1074/jbc.M003890200
https://doi.org/10.1242/bio.201410322
https://doi.org/10.1016/j.bbrc.2019.05.147
https://doi.org/10.1016/j.bbrc.2019.05.147
https://doi.org/10.1016/j.leukres.2014.02.002
https://doi.org/10.1172/jci.insight.128834
https://doi.org/10.1172/jci.insight.128834
https://doi.org/10.1161/CIRCRESAHA.116.308501
https://doi.org/10.1161/CIRCRESAHA.116.308501
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lien et al. Dengue EIII Induced Endothelial Damage
43. WHO. Dengue haemorrhagic fever: diagnosis, treatment, prevention and
control. 2 ed. Geneva: World Health Organization (1997) p. 12–23.

44. WHO. Dengue: guidelines for diagnosis, treatment, prevention and control.
New. Geneva: World Health Organization (2009).

45. Falconar AKI. The dengue virus nonstructural-1 protein (NS1) generates
antibodies to common epitopes on human blood clotting, integrin/adhesion
proteins and binds to human endothelium cells: potential implications in
haemorrhagic fever pathogenesis. Arch Virol (1997) 142:897–916. doi:
10.1007/s007050050127

46. Kim SY, Li B, Linhardt RJ. Pathogenesis and Inhibition of Flaviviruses from a
Carbohydrate Perspective. Pharmaceuticals (Basel) (2017) 10:1–24. doi:
10.3390/ph10020044

47. Guzman MG, Hermida L, Bernardo L, Ramirez R, Guillen G. Domain III of
the envelope protein as a dengue vaccine target. Expert Rev Vaccines (2010)
9:137–47. doi: 10.1586/erv.09.139

48. Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E, et al.
Structure of dengue virus: implications for flavivirus organization, maturation,
and fusion. Cell (2002) 108:717–25.

49. Yau T, Dan X, Ng CC, Ng TB. Lectins with potential for anti-cancer therapy.
Molecules (2015) 20:3791–810. doi: 10.3390/molecules20033791

50. Jang S, Yayeh T, Leem YH, Park EM, Ito Y, Oh S. Concanavalin A Induces
Cortical Neuron Apoptosis by Causing ROS Accumulation and Tyrosine
Kinase Activation. Neurochem Res (2017) 12:3504–14. doi: 10.1007/s11064-
017-2398-2

51. Kim WH, Park WB, Gao B, Jung MH. Critical role of reactive oxygen species
and mitochondrial membrane potential in Korean mistletoe lectin-induced
apoptosis in human hepatocarcinoma cells. Mol Pharmacol (2004) 66:1383–
96. doi: 10.1124/mol.104.001347

52. Wang SY, Yu QJ, Bao JK, Liu B. Polygonatum cyrtonema lectin, a potential
antineoplastic drug targeting programmed cell death pathways. Biochem
Biophys Res Commun (2011) 406:497–500. doi: 10.1016/j.bbrc.2011.02.049

53. Kusters S, Tiegs G, Alexopoulou L, Pasparakis M, Douni E, Kunstle G, et al. In
vivo evidence for a functional role of both tumor necrosis factor (TNF)
receptors and transmembrane TNF in experimental hepatitis. Eur J Immunol
(1997) 27:2870–5. doi: 10.1002/eji.1830271119

54. Maeda S, Chang L, Li ZW, Luo JL, Leffert H, Karin M. IKKbeta is required
for prevention of apoptosis mediated by cell-bound but not by circulating
TNFalpha. Immunity (2003) 19:725–37. doi: 10.1016/S1074-7613(03)
00301-7

55. Ribereau-Gayon G, Dumont S, Muller C, Jung ML, Poindron P, Anton R, et al.
II and III induce the production of cytokines by cultured human monocytes.
Cancer Lett (1996) 109:33–8. doi: 10.1016/S0304-3835(96)04401-1

56. Zhang ZT, Peng H, Li CY, Liu JJ, Zhou TT, Yan YF, et al. Polygonatum
cyrtonema lectin induces murine fibrosarcoma L929 cell apoptosis via a
caspase-dependent pathway as compared to Ophiopogon japonicus lectin.
Phytomedicine (2010) 18:25–31. doi: 10.1016/j.phymed.2010.05.013

57. Liu Z, Zhang Q, Peng H, Zhang WZ. Animal lectins: potential antitumor
therapeutic targets in apoptosis. Appl Biochem Biotechnol (2012) 168:629–37.
doi: 10.1007/s12010-012-9805-6

58. Liu Z, Luo Y, Zhou TT, Zhang WZ. Could plant lectins become promising
anti-tumour drugs for causing autophagic cell death? Cell Prolif (2013)
46:509–15. doi: 10.1111/cpr.12054

59. Prikhod’ko GG, Prikhod’ko EA, Cohen JI, Pletnev AG. Infection with Langat
Flavivirus or expression of the envelope protein induces apoptotic cell death.
Virology (2001) 286:328–35. doi: 10.1006/viro.2001.0980

60. Watterson D, Kobe B, Young PR. Residues in domain III of the dengue virus
envelope glycoprotein involved in cell-surface glycosaminoglycan binding.
J Gen Virol (2012) 93:72–82. doi: 10.1099/vir.0.037317-0

61. Tassaneetrithep B, Burgess TH, Granelli-Piperno A, Trumpfheller C, Finke J,
Sun W, et al. DC-SIGN (CD209) mediates dengue virus infection of human
dendritic cells. J Exp Med (2003) 197:823–9. doi: 10.1084/jem.20021840

62. Sung PS, Huang TF, Hsieh SL. Extracellular vesicles from CLEC2-activated
platelets enhance dengue virus-induced lethality via CLEC5A/TLR2. Nat
Commun (2019) 10:2402. doi: 10.1038/s41467-019-10360-4

63. Attatippaholkun N, Kosaisawe N, UP Y, Supraditaporn P, Lorthongpanich C,
Pattanapanyasat K, et al. Selective Tropism of Dengue Virus for Human
Glycoprotein Ib. Sci Rep (2018) 8:2688. doi: 10.1038/s41598-018-23724-5
Frontiers in Immunology | www.frontiersin.org 14
64. Chaipan C, Soilleux EJ, Simpson P, Hofmann H, Gramberg T, Marzi A, et al.
DC-SIGN and CLEC-2 mediate human immunodeficiency virus type 1
capture by platelets. J Virol (2006) 80:8951–60. doi: 10.1128/JVI.00136-06

65. Beacham DA, Cruz MA, Handin RI. Glycoprotein Ib can mediate endothelial
cell attachment to a von Willebrand factor substratum. Thromb Haemost
(1995) 73:309–17. doi: 10.1055/s-0038-1653770

66. Pohlmann S, Soilleux EJ, Baribaud F, Leslie GJ, Morris LS, Trowsdale J, et al.
DC-SIGNR, a DC-SIGN homologue expressed in endothelial cells, binds to
human and simian immunodeficiency viruses and activates infection in trans.
Proc Natl Acad Sci U.S.A. (2001) 98:2670–5. doi: 10.1073/pnas.051631398

67. Crovello CS, Furie BC, Furie B. Histidine phosphorylation of P-selectin upon
stimulation of human platelets: a novel pathway for activation-dependent signal
transduction. Cell (1995) 82:279–86. doi: 10.1016/0092-8674(95)90315-1

68. Theoret JF, Yacoub D, Hachem A, Gillis MA. Merhi Y. P-selectin ligation induces
platelet activation and enhances microaggregate and thrombus formation.
Thromb Res (2011) 128:243–50. doi: 10.1016/j.thromres.2011.04.018

69. Chang H-H, Sun D-S. Methods of reducing hypoxic stress in a mammal by
administering soluble P-selectin. (2013).

70. Woollard KJ, Chin-Dusting J. P-selectin antagonism in inflammatory disease.
Curr Pharm Des (2010) 16:4113–8. doi: 10.2174/138161210794519192

71. Barthel SR, Gavino JD, Descheny L, Dimitroff CJ. Targeting selectins and
selectin ligands in inflammation and cancer. Expert Opin Ther Targets (2007)
11:1473–91. doi: 10.1517/14728222.11.11.1473

72. Chien H, Dix RD. Evidence for multiple cell death pathways during
development of experimental cytomegalovirus retinitis in mice with
retrovirus-induced immunosuppression: apoptosis, necroptosis, and
pyroptosis. J Virol (2012) 86:10961–78. doi: 10.1128/JVI.01275-12

73. Panzarini E, Inguscio V, Dini L. Timing the multiple cell death pathways
initiated by Rose Bengal acetate photodynamic therapy. Cell Death Dis (2011)
2:e169. doi: 10.1038/cddis.2011.51

74. Moeckel GW. Hypertonic stress and cell death. Focus on “Multiple cell death
pathways are independently activated by lethal hypertonicity in renal
epithelial cells”. Am J Physiol Cell Physiol (2013) 305:C1009–10. doi:
10.1152/ajpcell.00263.2013

75. Choi SY, Lee-Kwon W, Lee HH, Lee JH, Sanada S, Kwon HM. Multiple cell
death pathways are independently activated by lethal hypertonicity in renal
epithelial cells. Am J Physiol Cell Physiol (2013) 305:C1011–20. doi: 10.1152/
ajpcell.00384.2012

76. Chen Y, Hua Y, Li X, Arslan IM, Zhang W, Meng G. Distinct Types of Cell
Death and the Implication in Diabetic Cardiomyopathy. Front Pharmacol
(2020) 11:42. doi: 10.3389/fphar.2020.00042

77. Korsnes MS. Yessotoxin as a tool to study induction of multiple cell death
pathways. Toxins (Basel) (2012) 4:568–79. doi: 10.3390/toxins4070568

78. Miller C, Kennington L, Cooney R, Kohjimoto Y, Cao LC, Honeyman T, et al.
Oxalate toxicity in renal epithelial cells: characteristics of apoptosis and
necrosis. Toxicol Appl Pharmacol (2000) 162:132–41. doi: 10.1006/
taap.1999.8835

79. Beatty PR, Puerta-Guardo H, Killingbeck SS, Glasner DR, Hopkins K, Harris
E. Dengue virus NS1 triggers endothelial permeability and vascular leak that is
prevented by NS1 vaccination. Sci Transl Med (2015) 7:304ra141. doi:
10.1126/scitranslmed.aaa3787

80. Modhiran N, Watterson D, Muller DA, Panetta AK, Sester DP, Liu L, et al.
Dengue virus NS1 protein activates cells via Toll-like receptor 4 and disrupts
endothelial cell monolayer integrity. Sci Transl Med (2015) 7:304ra142. doi:
10.1126/scitranslmed.aaa3863

81. Halstead SB. Dengue. Lancet (2007) 370:1644–52. doi: 10.1016/S0140-6736
(07)61687-0

82. Muller DA, Depelsenaire AC, Young PR. Clinical and Laboratory Diagnosis of
Dengue Virus Infection. J Infect Dis (2017) 215:S89–95. doi: 10.1093/infdis/
jiw649

83. Wu SJ, Grouard-Vogel G, Sun W, Mascola JR, Brachtel E, Putvatana R, et al.
Human skin Langerhans cells are targets of dengue virus infection. Nat Med
(2000) 6:816–20. doi: 10.1038/77553

84. Mahalingam S, Herring BL, Halstead SB. Call to action for dengue vaccine
failure. Emerg Infect Dis (2013) 19:1335–7. doi: 10.3201/eid1908.121864

85. Dayrit MM, Mendoza RU, Valenzuela SA. The importance of effective risk
communication and transparency: lessons from the dengue vaccine
February 2021 | Volume 12 | Article 617251

https://doi.org/10.1007/s007050050127
https://doi.org/10.3390/ph10020044
https://doi.org/10.1586/erv.09.139
https://doi.org/10.3390/molecules20033791
https://doi.org/10.1007/s11064-017-2398-2
https://doi.org/10.1007/s11064-017-2398-2
https://doi.org/10.1124/mol.104.001347
https://doi.org/10.1016/j.bbrc.2011.02.049
https://doi.org/10.1002/eji.1830271119
https://doi.org/10.1016/S1074-7613(03)00301-7
https://doi.org/10.1016/S1074-7613(03)00301-7
https://doi.org/10.1016/S0304-3835(96)04401-1
https://doi.org/10.1016/j.phymed.2010.05.013
https://doi.org/10.1007/s12010-012-9805-6
https://doi.org/10.1111/cpr.12054
https://doi.org/10.1006/viro.2001.0980
https://doi.org/10.1099/vir.0.037317-0
https://doi.org/10.1084/jem.20021840
https://doi.org/10.1038/s41467-019-10360-4
https://doi.org/10.1038/s41598-018-23724-5
https://doi.org/10.1128/JVI.00136-06
https://doi.org/10.1055/s-0038-1653770
https://doi.org/10.1073/pnas.051631398
https://doi.org/10.1016/0092-8674(95)90315-1
https://doi.org/10.1016/j.thromres.2011.04.018
https://doi.org/10.2174/138161210794519192
https://doi.org/10.1517/14728222.11.11.1473
https://doi.org/10.1128/JVI.01275-12
https://doi.org/10.1038/cddis.2011.51
https://doi.org/10.1152/ajpcell.00263.2013
https://doi.org/10.1152/ajpcell.00384.2012
https://doi.org/10.1152/ajpcell.00384.2012
https://doi.org/10.3389/fphar.2020.00042
https://doi.org/10.3390/toxins4070568
https://doi.org/10.1006/taap.1999.8835
https://doi.org/10.1006/taap.1999.8835
https://doi.org/10.1126/scitranslmed.aaa3787
https://doi.org/10.1126/scitranslmed.aaa3863
https://doi.org/10.1016/S0140-6736(07)61687-0
https://doi.org/10.1016/S0140-6736(07)61687-0
https://doi.org/10.1093/infdis/jiw649
https://doi.org/10.1093/infdis/jiw649
https://doi.org/10.1038/77553
https://doi.org/10.3201/eid1908.121864
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Lien et al. Dengue EIII Induced Endothelial Damage
controversy in the Philippines. J Public Health Policy (2020) 41:252–67. doi:
10.1057/s41271-020-00232-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Frontiers in Immunology | www.frontiersin.org 15
Copyright © 2021 Lien, Sun,Wu and Chang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
February 2021 | Volume 12 | Article 617251

https://doi.org/10.1057/s41271-020-00232-3
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Exposure to Dengue Envelope Protein Domain III Induces Nlrp3 Inflammasome-Dependent Endothelial Dysfunction and Hemorrhage in Mice
	Introduction
	Materials and Methods
	DENV, Recombinant Protein, Antibodies, and Analyses Kits
	Experimental Mice
	Ethics Statement
	Analysis of Blood Parameters and Liver Function
	Endothelial Cell Analysis
	Endothelial Cell Death and Mitochondrial Analyses
	Effects of Sequential Injection of DENV and rEIII + Anti-NS1 Ig on Induction of Hemorrhage in Mice
	Hemorrhage Classification
	Statistical Analysis

	Results
	rEIII-Induced ROS Stress, Proinflammatory Phenotype, and Cell Death in Endothelial Cells
	Pyroptosis Is a Major Regulated Cell Death Pathway in Endothelial Cells Treated With DENV and rEIII
	Treatment With Nlrp3 Inflammasome Inhibitor OLT1177 Ameliorates DENV- and rEIII-Induced Endothelial Cell Pyroptosis and the Metabolic Burden on Mitochondria
	Treatment With rEIII Served as a First Hit for Hemorrhage Induction in a Two-Hit rEIII + Autoantibody Mouse Model
	Involvement of the Nlrp3 Inflammasome in the rEIII + Autoantibody Two-Hit Model
	Mitigation or Reversal of Pathophysiological Changes Mediated by the Two-Hit rEIII + Autoantibody Model Using IL-1 and TNF-α Blockers

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


