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Hemorrhage is a severe manifestation of dengue disease. Virus strain and host immune response have been
implicated as the risk factors for hemorrhage development. To delineate the complex interplay between the
virus and the host, we established a dengue hemorrhage model in immune-competent mice. Mice inoculated
intradermally with dengue virus develop hemorrhage within 3 days. In the present study, we showed by the
presence of NS1 antigen and viral nuclei acid that dengue virus actively infects the endothelium at 12 h and
24 h after inoculation. Temporal studies showed that beginning at day 2, there was macrophage infiltration into
the vicinity of the endothelium, increased tumor necrosis factor alpha (TNF-«) production, and endothelial cell
apoptosis in the tissues. In the meantime, endothelial cells in the hemorrhage tissues expressed inducible nitric
oxide synthase (iNOS) and nitrotyrosine. In vitro studies showed that primary mouse and human endothelial
cells were productively infected by dengue virus. Infection by dengue virus induced endothelial cell production
of reactive nitrogen and oxygen species and apoptotic cell death, which was greatly enhanced by TNF-a.
NC-Nitro-L-arginine methyl ester and N-acetyl cysteine reversed the effects of dengue virus and TNF-a on
endothelial cells. Importantly, hemorrhage development and the severity of hemorrhage were greatly reduced

in mice lacking iNOS or p47°"°*
nitrogen and oxygen species in dengue hemorrhage.

or treatment with oxidase inhibitor, pointing to the critical roles of reactive

Dengue virus (DENV), a member of the family Flaviviridae,
is a mosquito-borne virus with four serotypes (DENV-1, -2, -3,
and -4). The four serotypes cause DENV epidemics in South-
east Asia, Central America, and the Pacific region (24). Clin-
ical illnesses in humans range from a flu-like disease of dengue
fever to a fulminating illness of dengue hemorrhagic fever
(DHF), which can progress to dengue shock syndrome (DSS)
and death (32). Severe hemorrhage with low platelet counts,
plasma leakage, pleural or other effusions, and increased vas-
cular permeability are characteristics of DHF/DSS (49). Thus,
it is apparent that vascular damage plays a key role in the
pathophysiology of severe dengue disease.

The endothelium forms the primary barrier of the circula-
tory system. Vascular damage in DHF patients is evidenced by
the presence of circulating endothelial cells (CECs) in the
peripheral blood (7, 10). A recent report revealed the presence
of apoptotic microvascular endothelial cells in the pulmonary
and intestinal tissue samples from fatal cases of DSS (37),
suggesting that endothelial cell apoptosis is related to vascular
damage. Both host and viral factors are known to contribute to
the alteration of vascular endothelial cells in dengue disease.
In examining biopsy and autopsy tissue specimens from pa-
tients who died of DHF/DSS, Jessie et al. detected DENV
antigens in endothelial cells in lung and liver tissues (30),
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suggesting that DENV might directly interact with endothelial
cells in humans. Corresponding to the observation made for
human dengue hemorrhage, we previously observed that there
is endothelial cell damage and apoptotic endothelial cell death
in hemorrhage tissues in our mouse model (9). Those studies
together strongly suggest the importance of endothelial cell
apoptosis in vascular damage, prompting us to examine the
relationships between DENV and endothelial cells in mouse
tissue as well as in vitro and to study the mechanism of endo-
thelial cell apoptosis.

The critical role of tumor necrosis factor alpha (TNF-«) in
the cause of severe dengue disease has long been recognized.
Bethell et al. previously observed a positive relationship be-
tween high soluble TNF receptor levels and the severity of
DHF (3a). Single-nucleotide polymorphism analysis also iden-
tified TNF-a polymorphisms at the TNF-308A allele to be a
possible risk factor for hemorrhagic manifestations in patients
infected with DENV (15, 39). The direct causal relationship
between TNF-a and dengue hemorrhage was established in
our mouse model, in that TNF-a deficiency greatly diminishes
hemorrhage development (9). However, how TNF-a, together
with DENV, causes endothelial cell damage remains a ques-
tion to be addressed.

In this study, we investigated the molecular mechanism of
dengue hemorrhage in the mouse model that we established.
Our study established the temporal relationships between
DENV infection of endothelial cells, the presence of TNF-a,
the production of reactive nitrogen species (RNS) and reactive
oxygen species (ROS), endothelial cell apoptosis, and hemor-
rhage development. We found that endothelial cell expression
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of inducible nitric oxide synthase (iNOS) and tyrosine nitration
are characteristic of hemorrhage tissues. Moreover, deficien-
cies in iNOS or p47P"*, a cytosolic component of NADPH
oxidase (26), and an oxidase inhibitor reduces hemorrhage
development in DENV-infected mice. The results of this study
point to the roles of RNS and ROS in the pathogenesis of
dengue hemorrhage.

MATERIALS AND METHODS

Mice and DENYV infection. DENV-2 strain 16681 was used throughout this
study (9). C57BL/6 iNOS™/~ (Nos2"™!"-2%/J) mice were originally obtained from
the Jackson Laboratory (Bar Harbor, ME) and bred at the Laboratory Animal
Center of the National Taiwan University College of Medicine. Male p47Phox—/~
[B6(Cg)-Ncf'™1/J] mice were obtained from the Jackson Laboratory and housed
in microisolator cages in pathogen-free and environmentally controlled condi-
tions at the Laboratory Animal Center of National Cheng Kung University. Mice
were inoculated with DENV-2 strain 16681 (in 0.4 ml) intradermally at four sites
(as four corners of a rectangle) on the upper back as described previously (9).
Mice given phosphate-buffered saline (PBS) or UV-inactivated DENV through
the same route were used as controls. At 3 days after infection, mice were killed,
and all tissues were examined to observe hemorrhage development.

In vivo treatment with inhibitors. To inhibit the effect of ROS, animals were
fed with drinking water containing 40 pg/ml apocynin (Sigma-Aldrich, St. Louis,
MO) 5 days before DENV inoculation and continued until the termination of the
experiment. Apocynin was dissolved in absolute ethanol and diluted to1:2,000 in
sterilized water (25). The final concentration of ethanol (vehicle) in the drinking
water was 0.05%. The drinking water containing apocynin was replenished daily
and protected from light. The irreversible pancaspase inhibitor BOC-Asp(OMe)-
fluoromethyl ketone (Boc-D-FMK) (Sigma-Aldrich) and the control peptide
Z-Phe-Ala-fluoromethyl ketone (Z-FA-FMK) (Sigma-Aldrich) were dissolved in
dimethyl sulfoxide (DMSO) and administered to mice through intraperitoneal
injection at 10 pwmol/kg (1). The final concentration of DMSO was 0.05%. Mice
were treated daily, beginning at the day of infection, until the termination of the
experiment.

Staining for DENV NS1 antigen. To detect viral NS1 expression, subcutaneous
tissues were collected from mice at 6, 12, and 24 h after intradermal inoculation
with 4 X 107 PFU of DENV. Cryosections were fixed in 4% paraformaldehyde
for 10 min at room temperature before a 1-h treatment with mouse-on-mouse
(MOM) mouse immunoglobulin G (IgG) blocking reagent (Vector, Burlingame,
CA). Sections were then stained with mouse anti-DENV NS1 antibody (a gift
from Huan-Yao Lei, National Cheng Kung University, Tainan, Taiwan) in MOM
diluent and fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD31
antibody at 4°C overnight. Alexa Fluor 594-conjugated goat anti-mouse IgG
antibody (Jackson Immunoresearch, West Grove, PA) in MOM diluent was
added. Naive mouse serum plus Alexa Fluor 594-conjugated goat anti-mouse Ig
and FITC-conjugated rat anti-mouse IgG2a were used as controls. Hoechst
33258 stain (Sigma-Aldrich) was used to stain nuclei.

In situ hybridization. The in situ hybridization method was adopted from
methods reported previously (23, 40). In brief, tissue cryosections were first
washed in absolute ethanol and dried at room temperature before treatment with
proteinase K (100 wg/ml) at 37°C for 15 min. The probe 5'-CTG-ATT-TCC-
AT(ACGT)-CC(AG)-TAX-biotin-3" at 2 ng/pl was pipetted onto the tissue
sections or monolayer before incubation at 45°C for 20 h. Probes that had
hybridized with viral RNA were detected by use of horseradish peroxidase
(HRP)-conjugated anti-biotin antibody. Diaminobenzidine (DAB) was used as a
substrate for color development.

Detection of TNF-a and iNOS mRNA in tissues by reverse transcription
(RT)-PCR. Total RNA was extracted from skin tissues using Trizol reagent (In-
vitrogen, Carlsbad, CA) according to the method described previously (9). The
amplification condition was 90°C for 3 min, followed by 35 cycles of 94°C for 40 s,
69°C for 1 min, 72°C for 1 min, and then 72°C for 10 min, and the reaction was
stopped at 4°C. The PCR products were subjected to electrophoresis on a 2%
agarose gel. The sequences of the iNOS primer set were 5'-TGGGAATGGAGA
CTGTCCCAG-3" and 5'-GGGATCTGAATGTGATGTTTG-3" (44), and those
for TNF-a primers were 5'-ATCCGCGACCTCGCCCTG-3' and 5'-ACCGCCTG
GAGTTCTGGAA-3'. The sequence for the hypoxanthine phosphoribosyltrans-
ferase (HPRT) primer set was 5'-GTTGGATACAGGCCAGACTTTGTTG-3'
and 5'-GAGGGTAGGCTGGCCTATGGCT-3" (9).

Hematoxylin and eosin staining. Tissues were fixed in 4% neutral formalin
solution, embedded in paraffin, and sectioned at a 3-wm thickness. After depar-
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affinization and rehydration, the sections were stained with hematoxylin and
eosin. The sections were dehydrated before mounting.

Flow cytometric analysis of CECs. Peripheral blood was collected from mice,
and the red blood cells were lysed in BD FACS lysing solution (BD Bioscience,
San Jose, CA) and stained with FITC-conjugated rat anti-mouse CD31 (clone
PECAM-1), allophycocyanin-conjugated rat anti-mouse vascular endothelial cell
growth factor 2 (VEGFR2) (clone 89B3A5), and PE/Cy7-conjugated rat anti-
mouse CD45 (clone 30-F11) (all from BioLegend, San Diego, CA) antibodies.
Cells were acquired by use of a FACSCanto flow cytometer (BD Biosciences)
and analyzed by BDFACSDiva flow cytometric analysis software (BD Bio-
sciences). Platelets and cellular debris were excluded.

In situ detection of DNA fragmentation. DNA strand breaks were end labeled
with dUTP by terminal deoxynucleotidyl transferase (TdT) using an In Situ Cell
Death Detection kit (Roche Applied Science, Indianapolis, IN) (9). To detect
endothelial cell apoptosis in tissues, cryosections were fixed in 4% paraformal-
dehyde at room temperature for 10 min and then treated with 3% H,O, in
methanol. Cryosections were then washed and treated with 0.1% Triton X-100 in
0.1% sodium citrate on ice for 2 min. The TdT-mediated dUTP nick end labeling
(TUNEL) reaction mixture of enzyme solution (TdT) and label solution (fluo-
rescein-labeled nucleotides) was added and placed at 37°C for 1.5 h. Phyco-
erythrin (PE)-conjugated rat anti-mouse CD31 antibody was added and left at
4°C for 1 h. Hoechst 33258 stain was added after washing. To detect cell death
in the primary endothelial cell monolayer, converter-POD (peroxidase-conju-
gated anti-fluorescein antibody) was added, and DAB was used as a substrate for
color development.

Immunofluorescence staining. Tissues were snap-frozen in liquid nitrogen,
and the cryosections were fixed in acetone for 5 min and then blocked by
treatment with PBS containing 5% goat serum at room temperature for 20 min.
To observe the relationship between macrophages and endothelial cells, sections
were stained with both PE-conjugated rat anti-mouse CD31 and FITC-conju-
gated rat anti-mouse F4/80 (clone BMS; eBioscience) antibodies at 4°C over-
night. To detect iNOS expression in endothelial cells, sections were stained with
both polyclonal FITC-conjugated rabbit anti-mouse iNOS (BD Pharmingen) and
PE-conjugated rat anti-mouse CD31 antibodies at 4°C overnight. To detect
endothelial cell expression of nitrotyrosine, sections were stained with primary
rabbit anti-nitrotyrosine (Upstate Biotechnology, Inc., Lake Placid, NY) and
PE-conjugated rat anti-mouse CD31 antibodies simultaneously at 4°C, and sec-
ondary FITC-conjugated goat anti-rabbit Ig antibody was added after overnight
incubation. To detect endothelial cell expression of DENV antigen, skin, sub-
cutaneous, and intestinal tissues were stained with polyclonal rabbit anti-DENV
antibody (kindly provided by Wen Chang, Institute of Molecular Biology, Aca-
demia Sinica, Taipei, Taiwan) and PE-conjugated anti-rabbit Ig (Invitrogen) as
described previously (9). Hoechst 33258 stain was used as a counterstain.

Infection of endothelial cells with DENV. Human umbilical vein endothelial
cells (HUVECs) were prepared as previously described (27). The method of
isolating mouse brain microvascular endothelial cells (MBECs) was adopted
from a previously published protocol (53). HUVECs and MBECs at passages 3
to 5 and 2 to 4, respectively, were used in experiments. About 5 X 10* endothelial
cells (HUVECs or MBECs) were seeded onto 13-mm round coverslips (Polylab,
Strasbourg, France) precoated with 1% gelatin. After overnight incubation, the
cells were cultured in medium containing 2% inactivated fetal bovine serum
before different titers of live or UV-inactivated DENV were added. The cells
were incubated at 37°C for 2 h with gentle shaking every 10 min. After washing,
the cells were cultured in medium containing 10% inactivated serum, the culture
supernatants were harvested for NOx (mixture of NO~, NO,—, and NO;3")
determination and plaque assay (9), and infected endothelial cells were har-
vested for viral antigen determination.

In vitro treatment with inhibitors. The caspase inhibitor benzyl-oxycarbonyl-
valyl-alanylaspartic acid fluoro-methyl ketone (zZVAD-FMK) (4 uM; Clontech
Laboratories, Palo Alto, CA), ceramide inhibitor fumonisin B, (Cayman, Ann
Arbor, MI), or RNS inhibitor N-nitro-L-arginine methyl ester (L-NAME) (10
nM; Clontech Laboratories), singly or in combination with ROS inhibitor N-
acetyl cysteine (NAC) (15 nM; Sigma-Aldrich), was added to endothelial cell
cultures 30 min before DENV was added and left in the culture throughout the
experiment.

Cell viability determination. The viability of HUVECs after DENV infection
was quantified by their ability to reduce 3-[4,5-dimethylthiazol]-2,5-diphenyltet-
razolium bromide (MTT) to formazan precipitate in quadruplicate wells. MTT
(Sigma-Aldrich) at a final concentration of 5 mg/ml was added to each well 3 h
before the termination of the experiment. Formazan dye was dissolved by incu-
bation in DMSO (Merck, Berlin, Germany), and its concentration was deter-
mined spectrophotometrically at an absorbance wavelength of 560 nm. The
percentage of cell death was calculated based on the optical density at 560 nm
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FIG. 1. DENV antigen (Ag) and nucleic acids are detectable in endothelial cells of hemorrhage tissues after intradermal infection. (A) Mice
were inoculated intradermally with 2 X 10° PFU of viable DENV or an otherwise equivalent titer of UV-inactivated DENV at four different sites
in the back. The skin and the intestine were exposed and harvested at 3 days after infection. The cryosections of the hemorrhagic skin and intestine
were stained with rabbit anti-DENYV antiserum plus FITC-conjugated goat anti-rabbit IgG, PE-conjugated rat anti-mouse CD31 antibody, and
Hoechst 33258 stain. Original magnification, X630. The data shown are representative of four repeated experiments. (B) The cryosections of
subcutaneous tissues collected from mice intradermally infected with viable DENV (4 X 107 PFU) at 6, 12, and 24 h after inoculation were stained
with mouse anti-NS1 antibody plus Alexa Fluor 594-conjugated goat anti-mouse antibody, FITC-conjugated rat anti-mouse CD31 antibody, and
Hoechst 33258 stain. Naive mouse serum plus Alexa Fluor 594-conjugated goat anti-mouse antibody and FITC-conjugated rat anti-mouse 1gG2a
(isotype control) were used as staining controls. Original magnification, X630. (C) Skin was harvested from mice intradermally infected with 4 X
107 PFU DENV at 12 and 24 h after infection. In situ hybridization was performed with a biotin-labeled DNA probe, and DENV RNA was
detected by HRP-conjugated anti-biotin antibody. DAB was used as a substrate for color development. The no-probe control (N.C) was a skin
section harvested 24 h after infection and stained with the biotin detection system without the probe. Arrows point to viral nucleic acid-positive
endothelial cells. Original magnification, X400.
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FIG. 2. Hemorrhage is accompanied by infiltrating macrophages in
the vicinity of endothelial cells, TNF-a production, and endothelial cell
death. Skins were harvested from mice infected with 2 X 10° PFU
viable DENV or an otherwise equivalent titer of UV-inactivated
DENV at days 1, 2, and 3 after infection. (A) The cryosections of the
skin samples were stained with PE-conjugated rat anti-mouse CD31
and FITC-conjugated rat anti-mouse F4/80 antibodies and Hoechst
33258 stain. White arrows point to F4/80-positive macrophages in close
proximity to endothelial cells. Staining with various isotype control
antibodies was negative. Original magnification, X630. Data presented
are representative of three repeated experiments. (B) TNF-a mRNA
was amplified by RT-PCR. The housekeeping HPRT gene was used as
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(ODsg) reading by use of the following formula: Percentage of cell death = 100 X
(ODsg of treated sample/ODsg, of untreated sample). Assays were performed
in triplicate. The standard deviation was calculated from data of obtained from
separate experiments.

Determination of NOx concentrations. HUVEC culture supernatants were
collected at different time intervals after infection with DENV. The Griess
reagent kit for nitrite determination (Molecular Probes, Eugene, OR) was used
according to the manufacturer’s instructions.

Determination of free radicals. 2',7'-Dichlorodihydrofluorescein (DCFH) di-
acetate (DCFH-DA; Molecular Probes) was used to determine endothelial cell
production of free radicals. At 45 min after the addition of DCFH-DA (5 pM),
cells were washed and resuspended in PBS. Cells were acquired by use of a
FACScan flow cytometer and analyzed by use of CellQuest software (BD Bio-
sciences) for DCF-positive cells.

Western blot analysis. Western blotting was performed as described previously
(55). The primary antibodies rabbit anti-human endothelial nitric oxide synthase
(eNOS) (1:1,000 dilution; Chemicon, Temecula, CA), rabbit anti-human iNOS,
(1:1,000 dilution; R&D, Minneapolis, MN), and mouse anti-human a-tubulin
(1:1,000 dilution; Abcam, Cambridge, MA) were used. After washing, blots were
incubated with a 1/5,000 dilution of HRP-conjugated goat anti-mouse or goat
anti-rabbit IgG at 4°C for 1 h. The blots were visualized using the ECL detection
system (Amersham Biosciences, Buckinghamshire, United Kingdom) in accor-
dance with the supplier’s instructions.

Transendothelial permeability assay. The method of transwell experiments
was adopted from a method reported in a previous publication by Bonner and
O’Sullivan (6). HUVECs were grown to confluent monolayers in the upper
chamber of the polycarbonate membrane transwell by seeding at 2 X 10° cells/
cm? and incubated for 72 h. Trypan blue-labeled bovine serum albumin was
prepared by adding 180 mg trypan blue (sigma) and 4 g bovine serum albumin
fraction V (sigma) to 100 ml Hanks balanced solution (Gibco) and precipitated
with 5% trichloroacetic acid. Cultures with or without zZVAD-FMK (4 uM)
treatment were infected with DENV (multiplicity of infection [MOI] of 0.1),
were treated with TNF-a (300 pg/ml), received both DENV and TNF-«, or
received neither. After incubation for 24 h, 100 I of trypan blue-stained bovine
serum albumin was added to the upper chamber of the transwell 30 min before
the upper chambers were removed. The absorbance of the solution in the lower
chamber was measured at 595 nm.

Statistical analysis. A Student’s ¢ test was used to compare the difference
between groups. Results are reported as means = standard deviations.

RESULTS

Dengue hemorrhage is accompanied by DENV infecting en-
dothelial cells, macrophage infiltration, TNF-a production,
and endothelial cell death. We reported in a previous publi-
cation that immunocompetent C57BL/6 mice injected intrad-
ermally with DENV-2 16681 develop hemorrhage (9). Sys-
temic and severe hemorrhage was observed at different
anatomical sites after the injection of 3 X 10° PFU of the virus
(Fig. 1A) (9). Immunofluorescence staining showed that
CD31" endothelial cells in the vascular endothelial cells of
both the hemorrhagic skin and intestine tissues expressed
DENV antigen (Fig. 1A). Results shown in Fig. 1B and C show
that viral NS1 and nucleic acids can be detected at as early as
12 h in endothelial cells and continued to increase until 24 h
after infection, showing that DENV actively infects and repli-
cates in endothelial cells at an early phase of the infection (43).
Interestingly, after DENV infected endothelial cells, macro-

a control. (C) Skin samples from infected mice were exposed at days 1,
2, and 3 after infection. The cryosections of the skin samples were
stained with PE-conjugated rat anti-mouse CD31 antibody, FITC-
conjugated TUNEL mixture, and Hoechst 33258 stain. White arrows
point to TUNEL-positive (TUNEL") CD31" cells. Original magnifi-
cation, X630. The data shown are representative of four repeated
experiments.
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FIG. 3. Administration of caspase inhibitor reduces hemorrhage development in DENV-infected mice. Mice were inoculated intradermally
with the indicated titers of viable DENV. Mice were treated with the caspase inhibitor Boc-D-FMK at 10 wmol/kg or an equivalent concentration
of the control peptide Z-FA-FMK daily beginning at the day of DENV infection. Hemorrhage was observed at day 3 after DENV inoculation. T,
P < 0.001; *, P < 0.05 (comparing mice treated with pancaspase inhibitor to those treated with control peptide infected with the same titer of

DENV).

phages were observed in the tissues. They appeared as early as
day 2 and came into the close proximity of the endothelium by
day 3 of infection (Fig. 2A). Coincident with the increase in
numbers of infiltrating macrophages, the level of TNF-a tran-
scripts also increased (Fig. 2B) (9). A TUNEL reaction further
revealed that endothelial cells in the hemorrhage tissues be-
came apoptotic at days 2 and 3 after infection, before and when
hemorrhage was observed (Fig. 2C). These kinetics studies
demonstrate that hemorrhage development is accompanied by
DENV infection of endothelial cells, macrophage infiltration,
TNF-a production, and endothelial cells undergoing apoptosis
(9). Furthermore, the percentage of mice that developed hem-
orrhage and the severity of hemorrhage were greatly reduced
when mice were treated with the pancaspase inhibitor Boc-D-
FMK (Fig. 3), showing the importance of apoptosis, most
probably that of endothelial cells, to hemorrhage development.

By excluding CD45" leukocytes and gating VEGFR™
CD31" cells in the peripheral blood, we found that in mice
which developed hemorrhage, there was significantly greater
numbers of CECs (Fig. 4). These data provide ex vivo evidence
to show that vascular damage occurs in the hemorrhagic mice
and that it can be detected by increased numbers of CECs in
the circulation (14, 19, 22).

iNOS upregulation and free radical production in the en-
dothelial cells of hemorrhage tissue. To investigate whether
iNOS expression and oxygen radicals are involved in endothe-
lial cell damage and hemorrhage development, hemorrhage
tissues from DENV-infected mice were compared to tissues
from mice injected with UV-inactivated DENV. RT-PCR re-
sults showed that INOS mRNA transcripts were upregulated in
the tissues of hemorrhagic mice but not in mice injected with
UV-inactivated DENV (Fig. 5A). Furthermore, CD31* vascu-
lar endothelial cells in hemorrhage tissues expressed both
iNOS and nitrotyrosine beginning at day 2 after infection (Fig.
5B), demonstrating that vascular endothelial cells in the hem-
orrhage tissues produced both high-output RNS and ROS, and
the temporal kinetics of their production coincided with hem-
orrhage development. These results strongly suggest that en-
dothelial cell death occurring in the hemorrhage tissues is
related to RNS and ROS production.

Endothelial cells support DENV replication and undergo
apoptosis after infection. In vitro studies were performed to
reveal the relationship between DENV infection of endothelial
cells and endothelial cell death. Both MBECs and HUVECs
were infected with DENV. As demonstrated by the presence of
intracellular viral protein, 48.2% and 44.3% of HUVECs and
MBEG s, respectively, were infected by DENV (Fig. 6A). How-
ever, while DENV replication in MBECs peaked at 24 h and
declined thereafter, that in human endothelial cells continued
to rise up to 36 h after infection (Fig. 6B). These results show
that both mouse and human endothelial cells supported pro-
ductive viral infection, although the infection kinetics were
different in these two types of primary endothelial cells. In the
meantime, the endothelial cells became apoptotic, and the
percentage of apoptotic cells was MOI dependent (Fig. 6C and
D). Moreover, the addition of either zZVAD-FMK or fumonisin
B1, a ceramide inhibitor, significantly reduced DENV-induced
cell death, indicating that DENV-induced endothelial cell
death is caspase dependent and involves the activation of de
novo ceramide synthesis (Fig. 6E). These results together in-
dicate that endothelial cells of both human and mouse origin
support DENV growth, and DENYV induces endothelial cell
apoptosis.

Endothelial cells produce iNOS and free radicals in re-
sponse to DENV infection. To investigate whether DENV-
induced apoptosis involves RNS production, HUVEC cells
were infected with DENV, and iNOS expression was moni-
tored. Western blot analysis showed that while eNOS was
constitutively expressed and not affected by DENV infection,
iNOS was induced in infected cells at 8 h after infection, and
the level of expression continued to increase up to 16 h (Fig.
7A). In addition, NOx was produced in the culture superna-
tants of infected cells starting at 6 h after infection and peaked
at 24 h (Fig. 7B). These results indicate that DENV infection
induces endothelial cell iNOS expression and the production
of high levels of RNS.

To determine whether DENV-induced apoptosis also in-
volves ROS, DENV-infected HUVECs were labeled with
DCFH-DA. As DCFH-DA is oxidized by ROS and/or RNS to
produce dichlorofluorescein (DCF) cells expressing DCF are
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FIG. 4. Enumeration of CECs. Mice were inoculated intradermally with PBS or 2 X 10° PFU of DENV. Three days after infection, peripheral
blood was collected, and the percentage of CEC was analyzed by flow cytometry. (A) Strategy for flow cytometric detection of CECs. In the P1
gate, cells were gated to exclude polymorphonuclear cells, dead cells, and debris. In the P2 gate, CD45~ VEGFR2™" cells were gated to exclude
CD45" leukocytes. In the P3 gate, VEGFR2" CD31" cells were identified as being CECs. SSC, side scatter; FSC, forward scatter. (B) Dot plots
showing representatives of the gated CECs in uninfected mice (PBS) and DENV-inoculated mice that did develop hemorrhage (H) or did not
develop hemorrhage (nH), respectively. (C) Bar graphs showing the numbers of CD45~ VEGFR2" CD31" cells in 100 pl of mouse peripheral
blood. The data from three experiments were pooled. A total of 100,000 events were acquired for each specimen. *, P < 0.05.
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FIG. 5. Endothelial cells in hemorrhage tissues express iNOS and nitrotyrosine. (A) RNA was extracted from subcutaneous tissues of mice
receiving PBS, 2 X 10° PFU of DENV, or an otherwise equivalent titer of UV-inactivated DENV at day 3 after inoculation. iNOS and HPRT
mRNAs were amplified by RT-PCR. (B) Immunofluorescence staining was done on the cryosections of the subcutaneous tissues. The sections were
stained with PE-conjugated rat anti-mouse CD31 antibody, FITC-conjugated rat anti-mouse iNOS antibody, and Hoechst 33258 stain or
PE-conjugated rat anti-mouse CD31 antibody, rabbit anti-nitrotyrosine antibody, FITC-conjugated goat anti-rabbit antibody, and Hoechst 33258
stain. Immunofluorescence was viewed with a confocal microscope. Original magnification, X630. The data presented are representative of five

repeated experiments.

those that can produce ROS and/or RNS. Results show that
free radical-producing endothelial cells increased in an MOI-
and time-dependent manner (Fig. 7C and D). The results to-
gether indicate that DENV infection of endothelial cells in-
duces the production of free radicals.

Blocking both RNS and ROS completely reverses DENV-
induced cell death. iNOS-deficient endothelial cells and ROS
inhibitors were employed to delineate the involvement of RNS
and ROS in DENV-induced endothelial cell apoptosis. Results
in Fig. 7E show that DENV-induced iNOS-deficient endothe-
lial cell death was 17.6% = 5% at 24 h after infection, half of
that in the wild-type cells (33.7% = 3%; P < 0.05), demon-
strating that RNS are involved, although only partially, in
DENV-induced endothelial cell death. Interestingly, while the
treatment of endothelial cells with either NAC or L-NAME
alone partially reduced DENV-induced endothelial cell death,
the addition of both inhibitors completely reversed the effect of
DENV on the cells (Fig. 7F). Therefore, the effect of DENV
on endothelial cell death is through the combined activities of
RNS and ROS.

TNF-a enhances DENV-induced apoptosis through in-
creased production of both RNS and ROS. We have previously
shown using TNF-a~/~ mice that TNF-a is critical to hemor-
rhage development in DENV-infected mice (9), and TNF-«a
increased DENV-induced endothelial cell death (Fig. 8A); ex-
periments were performed to investigate the effect of TNF-a
on endothelial cell production of iNOS and free radicals after
DENV infection. The results show that while DENV at an
MOI of 0.1 or TNF-a at 30 or 300 pg/ml alone induced the

expression of low levels of iNOS and free radicals, the presence
of both of them greatly increased their expression levels (Fig.
8B and C), indicating that the virus and TNF-a work synergis-
tically in inducing iNOS and free radical production. Interest-
ingly, the effect of TNF-a on DENV-induced endothelial cell
death was reversed in the presence of NAC alone and with the
combination of NAC and L-NAME (Fig. 8D). Moreover,
zVAD-FMK reversed the effect of TNF-a on DENV-induced
cell death (Fig. 8D). These results together indicate that the
effect of TNF-o on DENV-induced endothelial cell apoptosis
is through enhancing the production of both RNS and ROS,
especially ROS.

A transwell assay was performed to further determine the
relationships between endothelial cell apoptosis and perme-
ability. Figure 9 shows that TNF-a alone and TNF-a plus
DENYV increased the permeability of the endothelial mono-
layer and that the addition of zVAD-FMK reduced the effects
of TNF-a and TNF-a plus DENV on endothelial cell perme-
ability to the level of controls. These results show that TNF-
a-induced endothelial cell apoptosis and TNF-a-plus-DENV-
induced endothelial cell apoptosis contribute to the loss of
endothelial integrity.

RNS and ROS are critical to the development of dengue
hemorrhage in mice. As we have shown that endothelial cells
in hemorrhage tissues expressed iNOS and nitrotyrosine
(Fig. 5A and B) and that blocking RNS and ROS production
reversed TNF-a- and DENV-induced endothelial cell death
in vitro (Fig. 8D), the roles of ROS and RNS in dengue
hemorrhage were further investigated in the mouse model.
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FIG. 6. DENV productively infects endothelial cells and induces apoptosis. (A) Both HUVECs and MBECs were infected with DENV at an MOI of 5.
At 24 h after infection, cells were fixed, permeabilized, and stained with rabbit anti-DENYV antibody plus FITC-conjugated goat anti-rabbit IgG. The gray line
represents uninfected cells, and the darkened area indicates infected cells. The numbers indicate the percentages of cells that stained positive for DENV antigen.
(B) Culture supernatants from DENV-infected HUVECs (diamond) and MBECs (square) (MOI of 5) were harvested at different time points after infection.
The virus titer was determined by plaque assay. Data from three independent experiments were pooled and are shown as means plus standard deviations (SD).
h.p.i, hours postinfection. (C) HUVECs were infected with DENV at an MOI of 1 or 10 or cultured with UV-inactivated DENV at an otherwise equivalent MOI
of 10. At 24 h after incubation, cells were stained with TUNEL reaction mixtures as described in Materials and Methods. Cells stained brown are counted as
being TUNEL". Original magnification, X200. (D) Comparison of the percent apoptotic cells in HUVECs and MBECs infected by DENV at different MOls.
Percentages of apoptotic cells were obtained by dividing TUNEL" cells by the total number of cells counted. At least 1,000 cells in the each monolayer were
counted. Data shown are the mean values plus SD of numbers pooled from three independent experiments. *, P < 0.05 (comparing the percent apoptotic cells
in the DENV-infected monolayer to that in the UV-inactivated DENV monolayer). (E) Cells were infected with DENV at an MOI of 1, 5, or 10 and cultured
in the absence (hatched bar) or presence of 4 wM zZVAD-FMK (darkened bar) or 25 .M fumonisin B1 (gray bar) for 30 min before infection and throughout
the course of the experiment. Cultures with UV-inactivated DENV were used as controls (open bar). Percentages of apoptotic cells were obtained by dividing
the numbers of TUNEL" cells by the total number of cells counted. At least 1,000 cells in each monolayer were counted. Data shown are the mean values plus
SD of the percent apoptotic cells pooled from three independent experiments. *, P < 0.05 (comparing percent apoptotic cells in the zVAD-FMK- or fumonisin
Bl-treated DENV-infected monolayer to that in the control DENV-infected monolayer).

P47Phox~/= iNOS ~/~, and wild-type mice were infected  wild-type mice infected with DENV developed systemic and
intradermally with 2 X 10° PFU of DENV. Separate groups severe hemorrhage, 28.6% of wild-type mice treated with
of the infected iNOS™/~ and wild-type mice were fed with apocynin, 33.3% of iNOS™/~ mice without apocynin treat-
drinking water containing apocynin. While 77.8% of the ment, and 21.4% of apocynin-treated iNOS ™/~ mice devel-
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FIG. 7. DENV infection of endothelial cells induces iNOS expression and RNS and ROS production. (A) HUVECs were infected by DENV at an MOI
of 1, and cells were harvested at 0, 8, and 16 h after infection. eNOS, iNOS, and a-tubulin expression levels were determined by Western blot analysis. The ratios
of eNOS/tubulin were 0.8, 0.8, and 0.8 and those of iNOS/tubulin were 0.1, 0.8, and 1.1 at 0, 8, and 16 h after infection, respectively. (B) Supernatants from
DENV-infected HUVECs at an MOI of 1 were collected at different time points after infection, and the NOx concentration was determined by a Griess assay.
(C) HUVEC cultures were infected with DENV at an MOI of 0.1, 1, or 10 and incubated in the presence of DCFH (5 M), which is converted to the fluorescent
product DCF by ROS, for 30 min. Histograms show DCF fluorescence intensity at 0.5, 1.0, and 1.5 h after DENV infection. The numbers indicate the
percentages of cells producing free radicals. (D) Bar graphs showing mean percentages of HUVECs producing free radicals at 0.5, 1.0, and 1.5 h after infection
by DENV at different MOIs. The data shown are the mean values plus SD pooled from four independent experiments. The data show that the percentage of
free radical-producing cells increased in a time- and MOI-dependent manner. h.p.i, hours postinfection. (E) Wild-type (WT) or iNOS ™/~ murine endothelial
cells were infected with DENV or an otherwise equivalent titer of UV-inactivated DENV at an MOI of 1. At 24 h after infection, the percentage of TUNEL*
apoptotic cells was determined by counting 1,000 cells per slide. Data shown are the mean values * SD pooled from three independent experiments. *, P < 0.05
(comparing MBEC harvested from iNOS ™ mice to that from wild-type mice). KO, knockout. (F) Cells were pretreated with LNAME (10 pM), NAC (15
M), or both for 30 min and then infected with DENV at an MOI of 5. Cells treated with L-NAME and NAC without infection were used as controls. At 24 h
after incubation, the percentage of TUNEL reaction-positive apoptotic cells was determined by counting 1,000 cells per slide. Data shown are the mean values
+ SD pooled from three independent experiments. *, P << 0.05; #, P < 0.005 (comparing L-NAME- and NAC-treated DEN V-infected cells to DENV-infected
cells without treatment).
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FIG. 8. TNF-a enhances DENV-induced endothelial cell apoptosis through augmentation of ROS and RNS production. (A) HUVEC cultures
with or without TNF-a treatment were infected with DENV (DV) at an MOI of 0.1. Cell viability was determined by MTT assay at 24 h after
infection. (B) HUVECs were treated with or without TNF-« for 6 h before infection with DENV at an MOI of 0.1. Cells were harvested at 24 h
after infection, and cell lysates were subjected to Western blot analysis for iNOS and a-tubulin expression levels. The results shown are
representative of five repeated experiments. (C) HUVEC cultures were treated with different concentrations of TNF-« for 6 h before infection
with DENV at an MOI of 1. Cells were incubated in the presence of DCFH (5 uM) for 30 min. Histograms show DCF fluorescence intensity. Gray
line, uninfected control; darkened area, DENV-infected HUVECs. The numbers indicate the percentages of cells producing free radicals. The
histogram shown is representative of data from four repeated experiments. (D) HUVEC cultures were pretreated with L-NAME (10 nM), NAC
(15 nM), both L-NAME and NAC, or zVAD-FMK (4 uM) or without any inhibitor for 2 h prior to the addition of TNF-a (300 pg/ml) and DENV
(MOI of 0.1). Cell viability was determined by MTT assay. Data shown are the means plus SD of data pooled from three independent experiments.

*, P < 0.05.

oped mild and local hemorrhage (Fig. 10). Interestingly,
none of the p47°"°*~/~ mice had hemorrhage manifesta-
tions. These results strongly indicate that RNS as well as
ROS are involved in DENV-induced hemorrhage in the
mouse model and that blocking the production of RNS and
ROS greatly reduces hemorrhage development, pointing to
the possibility that antioxidant treatment may be effective in
preventing hemorrhage development in DENV-infected in-
dividuals.

DISCUSSION

DHEF represents a severe clinical manifestation of DENV
infection. The features that distinguish DHF from dengue fe-
ver include an increase of vascular permeability, thrombocyto-
penia, and bleeding manifestations (4, 20). The pathogenic

mechanisms underlying vascular damage and hemorrhage re-
main ill defined. In the present study, employing our dengue
hemorrhage mouse model and in vitro endothelial cell culture
systems, we established in temporal sequence that (i) DENV
infecting the endothelium, (i) TNF-a stimulating endothelial
cells, (iii) endothelial cells expressing iNOS and nitrotyrosine,
and (iv) endothelial cells undergoing apoptosis are important
events that lead to hemorrhage development.

Vascular endothelial cell involvement is important in viral
hemorrhage (48). Hemorrhagic virus targeting endothelial
cells may directly or indirectly lead to hemorrhage (47, 48). In
Ebola virus-infected cynomolgus monkeys, endothelial cells
are not the targets of the virus during the early phases of
infection; persistent viral replication in the endothelial cells is
evident only after the onset of disseminated intravascular co-
agulation, showing that hemorrhage is not a direct effect of the
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FIG. 9. Endothelial cell apoptosis contributes to permeability
change. HUVEC monolayers in the transwell chamber with and with-
out zVAD-FMK (4 uM) treatment were infected with DENV (MOI of
0.1), were treated with TNF-a (300 pg/ml), received both DENV and
TNF-a, or received neither and incubated for 24 h. One hundred
microliters of trypan blue-stained bovine serum albumin was added to
the upper chamber of the transwell 30 min before the upper chambers
were removed. The absorbance of the solution in the lower chamber
was measured at 595 nm. Results are expressed as the amount of
bovine serum albumin detected in the lower chamber. *, P < 0.05
(comparing the group without caspase treatment to that with caspase
treatment).

virus-induced cytolysis of endothelial cells (16). Hantaviruses,
including both pathogenic and nonpathogenic strains, replicate
primarily in endothelial cells but cause no apparent cytopathic
effects (47, 54). Therefore, the hypothesis is that virus targeting
endothelial cells and immune mechanisms are both important
in the pathogenesis of the disease (46). Dendritic cells and
monocytes/macrophages are believed to be the major targets of
DENV in the human host (52). However, DENV antigens can
be detected not only in the macrophages but also in the endo-
thelial cells in patients who died of DHF (5, 21, 30). Concur-
rent with finding for humans, our mouse model revealed
DENV antigen in endothelial cells and in in vitro primary

J. VIROL.

cultures. By probing the presence of DENV NS1 and nucleic
acids, we further demonstrated that DENV actively infects
mouse endothelial cells (23, 40, 43). With that, mouse can be
added to the list of primary endothelial cells that support
DENV replication (2, 6, 36). Importantly, as a result of the
DENV interaction with the endothelial cells and in the
presence of TNF-a, endothelial cells undergo apoptosis
(Fig. 8A) (3).

A recent report by Limonta et al. demonstrated apoptotic
cells in tissues from five of six fatal DSS cases (37). Apoptotic
cerebral cells, leukocytes, and intestinal and pulmonary micro-
vascular endothelial cells were found in these fatal cases, which
suggests that apoptosis may be related to vascular leakage.
Thus, the contribution of endothelial cell apoptosis to the
pathogenic mechanism of DHF/DSS is considered. In the
present study, we demonstrated that the endothelial cells in
hemorrhagic mouse tissue are apoptotic soon before and at the
time of hemorrhage development (Fig. 2C); caspase inhibitor
reduces the permeability change induced by DENV infection
and TNF-a treatment in vitro (Fig. 9) as well as the percentage
and severity of hemorrhage in vivo (Fig. 3). Furthermore, the
temporal kinetics of endothelial cells expressing iNOS and
nitrotyrosine correspond to hemorrhage development (Fig.
5B) and deficiency in iNOS or p47P"** or an oxidase inhibitor
separately reduces the incidence and severity of hemorrhage
(Fig. 10). These data together strongly indicate that endothe-
lial cell apoptosis, which contributes to the loss of vascular
integrity, is critical to hemorrhage development and that it is
mediated by RNS and ROS.

It was shown previously that hepatitis C virus, another mem-
ber of the Flaviviridae, causes double-strand DNA damage and
cellular gene mutation through the production of RNS and
ROS (41, 42). UV-inactivated Japanese encephalitis virus in-
duces mouse neuroblastoma N18 and human neuronal NT-2
cell death through ROS and NF-kB activation (38). In the
present study, we showed that endothelial cells infected by

Mouse NADPH oxidase inhibitor % Hemorrhage development g:\;?e%:r‘:(gr?t
Wild-type — 1418 (77.8%) Severe/Systemic
Wild-type + 4114 (28.6%) * Mild/Local

iNOS -+ — 5115 (33.3%) * Mild/Local

INOS - + 3114 (21.4%) * Mild/Local
phox47 - — 0/8 (0%) % None

0 20 40 60
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100
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FIG. 10. Both RNS and ROS contribute to hemorrhage development in DENV-infected mice. Wild-type, iNOS ™/, or p47°"**~/~ mice were
inoculated with 2 X 10° PFU of DENV intradermally. Separate groups of wild-type and iNOS /~ mice were fed with drinking water containing
apocynin (40 mg/ml), an NADPH oxidase inhibitor, starting 5 days previously and continued after intradermal DENV inoculation until termination
of the experiment. Hemorrhage development was observed when mice were killed at 3 days after DENV inoculation. Percent hemorrhage
development was obtained by dividing the number of mice that developed hemorrhage with the total number of mice inoculated with DENV.
Hemorrhage that developed in the skin or subcutaneous tissues on the upper back of the mouse is referred to as mild/local hemorrhage, and that
which developed at multiple anatomical sites is referred to as severe/systemic hemorrhage. The P value obtained by comparing p47°"*'~ to
wild-type mice is <0.0001 (**), and that obtained by comparing wild-type, iNOS ', or iNOS ™/~ mice treated with apocynin to wild-type mice is
<0.05 (*). The comparison between apocynin-treated wild-type mice or iNOS™/~ mice treated with apocynin and iNOS™/~ mice did not achieve
statistical significance. The data from two to three experiments were pooled.
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DENV express iNOS and produce RNS and ROS (Fig. 7A to
D). The addition of TNF-a enhances DENV-infected endo-
thelial cell iNOS expression and high levels RNS and ROS
production and in the meantime enhances virus-induced
apoptosis (Fig. 8A and B). The addition of NAC and L-NAME
reverses the effects of TNF-a and DENV on endothelial cells
(Fig. 8D). The present study is the first to demonstrate that
TNF-a enhances the effect of DENV on endothelial cells
through an augmentation of RNS and ROS production, and
such an effect is critical for vascular damage in vivo.

Oxidative stress is known to be a shared risk factor of many
vascular disorders such as atherosclerosis, reperfusion injury,
and heart failure (11), and oxidase-mediated reactions are the
major source of ROS in endothelial cells (17, 18, 35). Li and
Shah previously investigated the molecular nature of oxidase in
human, bovine, and porcine endothelial cells and found that
endothelial cells oxidase is preferentially NADPH dependent
rather than NADH dependent (35). It was previously reported
that the NADPH oxidase subunit p47P"* plays an essential
role in endothelial cell ROS production in response to TNF-a
(34) and that ROS mediates TNF-a-induced human endothe-
lial cell apoptosis (12). p47°"* phosphorylation and the sub-
sequent translocation to the membrane are critical for the
activation of endothelial cells NADPH oxidase induced by
TNF-a (13, 33). It was previously suggested that TNF-« acti-
vates protein kinase C ¢, which in turn phosphorylates p47°",
thereby inducing the translocation of this subunit to the mem-
brane, where it is associated with gp91P"** to form the active
enzyme complex (28). Since ceramide is able to activate pro-
tein kinase C {, it is possible that ceramide employs this kinase
to regulate NADPH oxidase in the endothelial cells or that
ceramide-enriched membrane platforms recruit the subunits of
NADPH oxidase to assemble at the cell membrane after
TNF-a treatment (8). It was shown previously that infection of
neuronal and hepatoma cell lines by DENV induces apoptosis
through NADPH oxidase activation and ROS production (29,
45). Our in vitro study showed that DENV induces endothelial
cell free radical production and apoptosis (Fig. 7C and D) and
that endothelial cell apoptosis is suppressed by a ceramide
synthesis inhibitor, fumonisin B1 (Fig. 6E). In addition, TNF-«
enhances DENV-induced free radical production in endothe-
lial cells and their susceptibility to apoptosis (Fig. 8A to D). It
was previously reported that TNF-a synergizes with gamma
interferon in inducing B-cell apoptosis through the enhanced
production of intracellular ROS (31). It is our speculation that
TNF-a synergistically enhances DENV-induced ROS produc-
tion through the ceramide-NADPH pathway in endothelial
cells.

Peroxynitrite, produced by the reaction of nitric oxide and
superoxide radicals, is a short-lived oxidant species that po-
tently induces cell death (50). It causes damage through oxi-
dation, nitration, and nitrosation (50). Tyrosine nitration, as
indicated by the presence of nitrotyrosine in tissues, has been
shown to play pathological roles in circulatory shock, type 1
diabetes, diabetic complications, and chronic heart failure
(50). Although it has been shown that DENYV patients experi-
ence oxidative stress and that blood NO levels are high (51),
this study is the first to show in vivo that endothelial cells in
hemorrhage tissues are damaged by tyrosine nitration. Impor-
tantly, the inhibition of RNS and ROS production, and, thus,
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the formation of peroxynitrite, is beneficial to hosts infected
with DENV.

In summary, by using a dengue hemorrhage mouse model
and in vitro endothelial cell cultures, we demonstrated that
DENV and TNF-a together induce endothelial cell apoptosis
through the production of RNS and ROS. The reaction of
RNS and ROS, damaging endothelial cells through tyrosine
nitration, leads to hemorrhage development. The inhibition of
RNS and ROS greatly reduces hemorrhage. The present study
reveals the molecular basis for the pathogenesis of dengue
hemorrhage and sheds light on potential treatment strategies
for dengue hemorrhage.
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