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Abstract

Background

Although plasma leakage is the hallmark of severe dengue infections, the factors that cause 
increased vascular permeability have not been identified. As platelet activating factor (PAF) 
is associated with an increase in vascular permeability in other diseases, we set out to in­
vestigate its role in acute dengue infection.

Materials and Methods
PAF levels were initially assessed in 25 patients with acute dengue infection to determine if 
they were increased in acute dengue. For investigation of the kinetics of PAF, serial PAF 
values were assessed in 36 patients. The effect of dengue serum on tight junction protein 
ZO-1 was determined by using human endothelial cell lines (HUVECs). The effect of den­
gue serum on and trans-endothelial resistance (TEER) was also measured on HUVECs.

Results
PAF levels were significantly higher in patients with acute dengue (n = 25; p = 0.001) when 
compared to healthy individuals (n = 12). In further investigation of the kinetics of PAF in se­
rial blood samples of patients (n = 36), PAF levels rose just before the onset of the critical 
phase. PAF levels were significantly higher in patients with evidence of vascular leak 
throughout the course of the illness when compared to those with milder disease. Serum 
from patients with dengue significantly down-regulated expression of tight junction protein, 
ZO-1 (p = 0.004), HUVECs. This was significantly inhibited (p = 0.004) by use of a PAF re­
ceptor (PAFR) blocker. Serum from dengue patients also significantly reduced TEER and 
this reduction was also significantly (p = 0.02) inhibited by prior incubation with the 
PAFR blocker.
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Conclusion
Our results suggest the PAF is likely to be playing a significant role in inducing vascular leak 
in acute dengue infection which offers a potential target for therapeutic intervention.

Author Summary
Although plasma leakage is the hallmark of severe dengue infections, the factors that cause 
increased vascular permeability have not been identified. As platelet activating factor 
(PAF) is associated with an increase in vascular permeability in other diseases, we set out 
to investigate its role in acute dengue infection. In this study, we found that PAF was sig­
nificantly increased in patients with DHF, and the PAF levels rose just before the onset of 
the critical phase of dengue, during which vascular leak is thought to occur. PAF in serum 
of dengue patients was associated with reduced expression of tight junction proteins (ZO- 
1) and reduction in trans-endothelial resistance (TEER) of human endothelial cells. Use of 
P AFR blockers significantly reduced the down regulation of ZO-1 by serum of dengue pa­
tients and also the reduction of TEER, suggesting that PAF plays a significant role in in­
ducing vascular leak in acute dengue infections.

Introduction
Dengue is thought to infect 390 million individuals per year resulting in approximately 96 mil­
lion clinically apparent infectionsji]. The annual burden of dengue has been estimated to be 
750,000 disability adjusted life years (DALYs) [2] which is higher than the global burden of 17 
other disease conditions, including upper respiratory tract infections, hepatitis and Japanese 
Encephalitis[3]. It has been declared a priority infection by the WHO, UNICEF and World 
Bank[4], Currently there are no effective antiviral drugs to treat acute infection, nor a licensed 
vaccine to prevent infection.

Dengue infections are caused by four dengue virus (DENV) serotypes that are highly ho­
mologous [5]. Infection with any one of these serotypes can lead to asymptomatic infection dis­
ease or may manifest as undifferentiated viral fever, dengue fever or result in severe dengue 
infections in the form of dengue haemarrohagic fever (DHF), dengue shock syndrome (DSS) 
or expanded syndrome of dengue infection. Expanded syndrome of dengue infection is charac­
terized by isolated organ involvement such as liver failure, myocarditic or encephalitis [4]. Al­
though the majority of infections are asymptomatic or cause mild clinical disease, DHF and 
DSS are associated with a high morbidity and often with fatal outcomes. Increased vascular 
permeability leading to vascular leak is the hallmark of severe dengue infection [6], Although 
the exact timing of vascular leak is not fully known, it is thought to occur early during infection 
and then substantially increase during the critical phase when it can be detected clinically or by 
laboratory methods [7]. The critical phase of dengue infection is thought to last for 24 to 48 
hours following which the leaked fluid is reabsorbed and the patient recovers [4]. Complica­
tions as a result of plasma leakage such as shock, pleural effusions, ascites along with other 
complications such as liver failure and encephalopathy, also occur during the critical phase [4], 
Currently the causes of increased vascular permeability are unknown. However, due to the 
rapid reversibility of increased vascular permeability, endothelial dysfunction rather than ne­
crosis of the endothelium is thought to be the cause of vascular leak [6], In fact, in postmortem 
studies, neither dengue NS I antigen, viral protein or complement components have been
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detected in the endothelium, suggesting that endothelium dysfunction is likely mediated by 
host inflammatory mediators [8].

Cytokines and other mediators such as VEGF, TNFa and MCP-1 have been suggested to 
contribute to endothelial dysfunction and lead to vascular leak in dengue [9 -141; among these, 
VEGF has been extensively studied[12,13.1 and it has been documented that plasma VEGF lev­
els correlated with vascular leak [13]. Using Human Endothelial cell lines (HUVECs) Appana 
et al. have shown that factors causing vascular leak are likely to be present in serum of dengue 
patients. In their experiments, sera from patients with acute dengue have shown to reduce ex­
pression of gap junction proteins and disrupt morphology of HUVECs [15]. Apart from the 
above, lipid mediators such as platelet activating factor (PAF), are known to play a role in in­
creasing vascular permeability in disease conditions such as sepsis and anaphylaxis [16-19]. 
PAF is believed to be essential for the increase in vascular permeability and associated inflam­
matory changes seen in cerebral malaria [20]. PAFR_/_ mice have shown to be less susceptible 
in developing severe dengue than the wild type mice [21]. In addition, thrombocytopenia and 
haemoconcentration observed in the wild type mice was significantly reversed by use of a 
PAFR blocker [21]. Platelets have been shown to be highly activated in dengue and platelet- 
monocyte aggregates were found to correlate with thrombocytopenia and increased vascular 
permeability [22]. Activation of both platelets and complement and release of inflammatory 
mediators is proposed as an alternate mechanism that causes vasculopathy leading to the plas­
ma leakage [23].

The role of lipid mediators such as PAF has not been studied in dengue infection in humans. 
However, as PAF is involved in vascular leak in other diseases such as sepsis and anaphylaxis and 
since there is evidence of its potential role in causing vascular leak in mouse models, it would be 
crucial to evaluate the role of PAF in triggering vascular leak in acute dengue infection. In this 
study we found that PAF was significantly increased in patients with DHF and that the PAF 
levels rose just before the onset of the critical phase of dengue, during which vascular leak is 
thought to occur. PAF in serum of dengue patients altered expression pattern of tight junction 
protein ZO-1 and decreased the integrity of human endothelial cell monolayer, as measured by 
trans-endothelial resistance (TEER). Prior use of PAFR blocker significantly reduced these effects, 
suggesting that PAF plays a significant role in inducing vascular leak in acute dengue infection.

Materials and Methods
In the initial phase of the study, 25 adult patients with clinical features suggestive of dengue in­
fection, admitted to a general medical ward in a tertiary care hospital (Colombo South Teach­
ing Hospital) in Colombo during the year 2013, were enrolled following informed written 
consent. 16 of these patients developed DHF and 9 had DF. 12 dengue-seropositive healthy in­
dividuals were also recruited for the initial assays of lipid mediators.

Another 36 adult patients were enrolled for the second phase of the study, in which serial 
blood samples were taken in the morning (6 a.m.) and at 1.00p.m., from the time of admission 
to the time of discharge from hospital. The onset of illness was defined as the time of onset of 
fever. If the patient was recruited following 3 days of fever, it was considered as the duration of 
illness to be 72 hours. As patients with DHF were in hospital for a longer time than those with 
DF, approximately 5 to 7 serial blood samples were collected from them, but only 3 to 4 sam­
ples were collected from those with DF.

Ethics statement
The study was approved by the Ethics Review Committee of the University of Sri Jayawardanapura. 
All adult patients provided informed written consent
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All clinical features, such as presence of fever, abdominal pain, vomiting, bleeding manifes­
tations, hepatomegaly, blood pressure, pulse pressure and evidence of fluid leakage were re­
corded several times each day. The full blood counts, the alanine transaminase (ALT) and 
aspartate transaminase (ALT) levels were assessed during the course of the illness. Clinical dis­
ease severity was classified according to the 2011 WHO dengue diagnostic criteria [4], The clas­
sification of whether the patient had DF or DHF was decided by the attending physician at the 
time of discharge after carefully reviewing the clinical and laboratory features and complica­
tions. Accordingly, patients with a rise in haematocrit above > 20% of the baseline haematocrit 
or clinical or ultrasound scan evidence of plasma leakage in a patient was classified as having 
DHF. Shock was defined as having cold clammy skin, along with a narrowing of pulse pressure 
of < 20 mmHg. According to this definition 25 patients were diagnosed to have DHF and 11 
DF. Although some patients had very low platelet counts <25,000 cells/mm3, and high liver en­
zymes, they were classified as having DF since there was no evidence of fluid leakage.

Quantitative PAF, PAF-AH and PAFR assays
Quantitative PAF, PAF-acetyl hydrolase and secretory PAF receptor levels were done in dupli­
cate on all serum samples by quantitative ELISA. Levels of PAF, PAF-acetyl hydrolase (PAF- 
AH) and PAF receptor levels (PAFR) were initially done in the 25 patient samples and also in 
12 healthy dengue seropositive individuals to determine if PAF, PAF-AH and PAFR were 
different in patients and healthy individuals before earning out these assays in serial serum 
samples. Following the initial assessment of PAF in the 25 patient samples, the PAF levels 
were done in duplicate in all 36 serial samples. The levels of PAF, PAF-AH and PAFR levels 
(Cusabio, China) were carried out according to manufacturers’ instructions.

Serology
Acute dengue infection was confirmed in the serum samples using the NSl early dengue 
ELISA (Panbio, Australia). All assays were done in duplicate. Dengue was also confirmed in 
these patients with a commercial capture-IgM and IgG enzyme-linked immunosorbent assay 
(ELISA) (Panbio, Brisbane, Australia). The ELISA was performed and the results were inter­
preted according to the manufacturers’ instructions. This ELISA assay has been validated as 
both sensitive and specific for primary and secondary' dengue virus infections [24,25],

HUVEC cell culture
Human umbilical vein endothelial cells (HUVECs) (Lonza, Switzerland) were maintained in 
endothelial cell-based medium 2 (Lonza, Switzerland) supplemented with 10% fetal calf serum 
and growth factors (human epidermal growth factor, hydrocortisone, human recombinant fi­
broblast growth factor-beta, vascular endothelial growth factor, Insulin-like growth factor, 
Ascorbic acid, Heparin, FBS, and Gentamicin/Amphotericin-B) at 37°C at 5% C02. Cells were 
grown in culture flasks or culture slides (BD, USA) pre-coated with 0.1% gelatin (Sigma, UK). 
Pre-coating w’as carried out by incubating flasks with 100 uL/cm2 of 0.1% gelatin at 37°C for 2 
hours. PAF and PAF receptor antagonist (1 (N,N-Dimethylcarbamoyl)-4-ethynyl-3-(3-fluoro- 
4-((lH-2-methylimidazo[4,5-c]pyridin-l-yl)methyl)benzoyl)-indole, HC1 (Calbiochem, Ger­
many), (both from Millipore, Germany) were used for treatments. Both PAF and PAFR blocker 
were diluted in dH20  according to the manufacture instructions and aliquoted. PAF was stored 
in - 20°Ca and PAFR antagonist was stored in 4°C until further use.
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Confocal imaging
Endothelial cells were seeded into gelatin-coated eight-well culture slides. The following day, 
serum samples from dengue patients (diluted in medium at a ratio of 1:3) or PAF were added 
and incubated for 3 hours at 37°C at 5% C02. HUVECs were then immunostained for ZO-1 as 
described below. In experiments with PAF blockage, P AFR blocker was added to the culture 
medium one hour prior the addition of PAF or dengue serum.

Immunofluorescence staining ZO-1
HUVEC cells grown in cell chambers (BD, USA) were fixed with 2% paraformaldehyde (Alfa 
Aesar, UK) for 10 minutes and permeabilized (0.1% Triton X-100; Sigma, UK) for five minutes 
at room temperature. The cells were then blocked with 2% BSA and 5% FCS for 45 minutes. 
Purified rabbit monoclonal anti-human ZO-1 antibody (Life technologies, USA) (1:200 dilu­
tion) and secondary Alexa Fluor 488 mouse anti-rabbit IgG (heavy and light chains) (Invitro- 
gen, USA) or Alexa Fluor 568 mouse anti-rabbit IgG (heavy and light chains) were used for 
staining; NucBlue Live ReadyProbes (Molecular probes, USA) was used to stain nuclei. Cells 
were then mounted with Mowiol 4-88 fluorescent mounting medium (Sigma, UK), and the 
data was acquired on a Zeiss LSM 780 Confocal Inverted Microscope; the image analysis per­
formed using Image J software 1.47v (NIH.USA). Confocal images were analysed using an au­
tomated FIJI macro. Discrete ZO-1 staining was isolated from images by taking raw image and 
subtracting Gaussian smoothed (sigma = 15) duplicate of the image. To make segmentation 
easier of the background-subtracted images, a Gaussian kernel (sigma = 2.0) was then applied 
to remove high-frequency noise from the clusters. Images were then threshold and the result­
ing binary mask skeletonised using the Fiji ‘skeletonize’ function. The binary fragments were 
then quantified using the ‘Analyse Particles’ plugin and the area summed to give a measure of 
total tight junction expression per image. To give an expression level per cell, the area sum 
value per image was divided by the number of cell nuclei present, as indicated by DAPI nuclear 
staining. All imaging experiments done in triplicate and five image fields per condition were 
obtained to include in the analysis.

Trans-endothelial electrical resistance (TEER) measurements
24 well tissue culture plates and cell inserts (BD, USA) were coated with 500pl and 200pl 0.1% 
gelatin, respectively, and incubated for 2 hours at 37°C before adding the cells. The gelatin was 
washed with PBS and cell inserts kept in a in a companion plate (353504, BD, USA) and EGM- 
2 media (Lonza, Switzerland). Both to the insert (200pl) and the companion plate (700pl) were 
washed before addition of cell suspensions at a concentration of 50,000 cells/50pl of media and 
cultured overnight at 37°C in 5% C02. On the following day, the inserts were transferred in to 
another companion plate with 700pl of EGM-2/well and 250pl of EGM2 was added in the in­
sert prior to measuring TEER using Millicell-ERs (Fisher Scientific, UK). The experiments 
were carried out when the HUVECs formed a confluent monolayer and plateau of electronic 
resistance was observed on the 3rd day when the resistance reached 450 ohms. 10 different ex­
periments were carried out in triplicate using serum from healthy individuals and also serum 
from healthy individuals with PAFR blocker (l-(N,N-Dimethylcarbamoyl)-4-ethynyl-3-(3- 
fluoro-4-((lH-2-methylimidazo[4,5-c]pyridin-l-yl)methyl)benzoyl)-indole, HC1 (Calbiochem, 
Germany). To determine the effect of dengue sera on TEER, 9 separate experiments with den­
gue serum in the presence and absence of PAFR blocker were carried out in three biological 
replicates. In all the experiments the PAFR blocker was added 1 hour prior to adding serum of 
dengue patients and incubated at 37°C.
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NEGLECTED 
TROPICAL DISEASES Platelet Activating Factor in Dengue InfectionsPLOS

Statistical analysis
Statistical analysis was performed using Graph Pad PRISM version 6. As the data were not nor­
mally distributed, differences in means were compared using the Mann-Whitney U test (two 
tailed); when three or more groups were compared Kruskal Wallis test was used. Receiver-op­
erator characteristic (ROC) curves, showing the area under the curve (AUC) were generated to 
determine the discriminatory performance of the highest serum PAF level detected with regard 
to severity of illness.

Results
Serum samples for analysis of PAF, PAF-AH and soluble PAF-Receptor was obtained on day 
5-6 of illness. In the initial analysis of all 25 patients with acute dengue infection and healthy 
individuals, PAF levels were significantly higher in patients (p = 0.002) when compared to 
healthy individuals. Although not significant (p = 0.15), PAF levels were higher in patients 
with DHF (median 335.2, Inter quartile range 4.7 to 443.1 ng/rnl) when compared to those 
with DF (median 47.63, IQR 0 to 111.6 ng/ml) (Fig. 1A). Since high PAF values could be either 
due to increased production or reduced breakdown, we also analysed PAF—acetyl hydrolase 
(PAF-AH) levels in these patients. PAF-AH is the enzyme that breaks down PAF [26]. PAF- 
AH levels have been shown to be low in some diseases such as asthma and anaphylaxis and 
thus thought to contribute to disease pathogenesis by reduced breakdown of PAF [27,28]. We 
found that PAF-AH levels were significandy higher (p<0.0001) in patients with acute dengue 
when compared to healthy individuals. The PAF-AH levels were significantly higher (p = 0.01) 
in those with DHF (median 112.6, IQR 88.35 to 151.1 ng/ml) when compared to those with DF 
(median 85.35, IQR 73.2 to 98.3 ng/ml) (Fig, IB) suggesting that high PAF values were not due 
to reduced breakdown of PAF. We also assessed soluble PAF-Receptor levels in serum and 
found that there was no difference in PAF-R levels in patients with acute dengue or in healthy 
individuals (Fie. 1C).

Kinetics of PAF levels in patients with DHF and DF
As dengue infection is a very dynamic disease, the patients for determining kinetics of PAF 
were recruited on a mean of 106.2 (SD±19.2) hours of illness. As we found that PAF levels were 
significantly higher in patients with acute dengue, we assessed PAF levels in serial blood sam­
ples collected from patients throughout the course of the illness. Patients with DHF had signifi­
cantly higher PAF throughout the course of the illness when compared to those with DF 
(Fig. 2). However, there was a wide variation in the PAF levels in patients from both groups. 
Except for 3 patients with DF the PAF levels of all other patients (8/11) with DF never rose to 
>100 ng/ml throughout the course of the illness. Of these 3 patients who had higher values, 
one patient had platelet counts that dropped to 30,000 cells/mm3 and she also complained of 
vaginal bleeding in the absence of her usual menstrual period. However, she was classified as 
having DF as she did not have any clinical or laboratory evidence of fluid leakage. The second 
patient with DF whose PAF levels rose to 293.16 ng/ml, also complained of vaginal bleeding in 
the absence of menstruation. The other DF patient whose PAF levels rose to 123.4 ng/ml only 
had a mild rise in liver enzymes, no evidence of fluid leakage and no bleeding manifestations. 
3/25 patients with DHF had values <100 ng/ml. One of these patients presented to hospital on 
day 6 of illness and had already progressed to the critical phase. The other 2 patients were not 
in the critical phase on admission and were admitted to hospital on day 4.

Interestingly, a diurnal variation in PAF levels was observed in the majority of patients with 
DHF but not in those with DF.
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Figure 1. PAF, PAF-AH and PAF-R levels in patients and healthy Individuals. A: PAF levels in sera of patients with DHF (n = 16). DF (n = 9) and healthy 
individuals (n =  12). The bars represent the mean and the standard error of mean; p = 0.002. B: PAF-AH levels in sera of patients with DHF (n = 16), DF (n = 
9) and healthy individuals (n = 12). The bars represent the mean and the standard error of mean; p<0.0001. C: PAFR levels in sera of patients with DHF (n = 
16), DF (n =  9) and healthy individuals (n = 12). The bars represent the mean and the standard error of mean; p = 0.33.

doi: 10.1371/joumal.pntd.0003459.g001

The effect of dengue sera on ZO-1 expression on HUVECs
As PAF has shown to reduce expression of ZO-1 in HUVECs and increase endothelial perme­
ability, we initially assessed if similar observations were found in our model. As expected, the 
use of PAF on HUVECs significantly reduced (p = 0.007) surface expression of ZO-1, which 
was dose dependent (Fig. 3A). ZO-1 expression of HUVECs was significantly up regulated in a 
dose dependant manner with the use of a PAFR blocker (Fig. 3B). The PAFR blocker(l-(N,N- 
Dimethylcarbamoyl)-4-ethynyl-3-(3-fluoro-4-((lH-2-methylimidazo[4,5-c]pyridin-l-yl) 
methyl)benzoyl)-indole, HC1 (Calbiochem, Germany), potentially inhibits binding of PAF to 
its receptor in a competitive manner in equilibrium binding studies. A non-competitive inhibi­
tion is reported if the membrane bound PAFR are pre-incubated with this blocker before add­
ing PAF, which is thought to be due to a slower antagonist dissociation rate (Calbiochem, 
Germany). Since the inhibition of PAF was most significant when the PAFR blocker was used 
at a concentration of 500ng/ml, this concentration was used for other blocking experiments.

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 ,2015 7 / 1 4
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Hours of illness
Figure 2. Kinetics of PAF. Levels of PAF were measured twice a day throughout the course of illness in patients with DF and DHF from the time of 
admission to the ward until time of discharge. * *  indicate time points where the PAF values were significantly higher in patients with DHF when compared to 
those with DF.

doi:10.1371 /jou mal. pntd.0003459.g002

The above experiments showed that PAF reduces expression of ZO-1 and this effect was sig­
nificantly inhibited by the use of a PAFR blocker, we then proceeded to determine the effect of 
serum from dengue patients on expression of ZO-1. We also found that serum from patients 
with DHF significantly downregulated ZO-1 expression (p = 0.004) (Fig. 3C and Fig. 4). Fur­
thermore, HUVEC cells incubated with serum from DHF patients showed disrupted morphol­
ogy, reduced ZO-1 expression and widening of gap junctions (Fig. 4). However, the down 
regulation of ZO-1 expression by dengue sera was significandy inhibited (p = 0.004) by incu­
bating HUVECs with a PAFR blocker (Fig. 3C and Fig. 4 ).

The HUVECs incubated with serum from dengue patients showed disrupted morphology, 
reduced ZO-1 expression and widening of gap junctions (Fig. 4). The ZO-1 expression was 
seen to be restored when HUVECs were pre-incubated with a PAFR antagonist (Fig. 4).

Effect of dengue sera on trans-endothelial resistance
As the above experiments showed that both dengue serum and PAF affected on ZO-1 
expressionin a dose dependant manner, which was inhibited by the use of a PAFR blocker, and 
also the effect of dengue serum of ZO-1 expression was inhibited by a PAFR blocker, we next 
proceeded to determine the effect of dengue sera on trans-endothelial resistance (TEER). The 
use of serum from dengue patients significantly reduced TEER (mean -35.82, SD ± 12.93 'Cl) 
when compared to use of serum from healthy individuals (mean 1.96, SD ± 1.88 O). This re­
duction in TEER by dengue serum was significantly (p = 0.002) inhibited by the use ot a PAFR 
blocker prior to incubation of the HUVECs with dengue sera (Fig. 5).

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 ,2015 8 /1 4
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A p=0.0007
I------------------ \ p=0.36 p=0.0043 p=0.0022

Figure 3. Effect of PAF and PAFR blocker on expression of ZO-1. A: ZO-1 expression in HUVECs was evaluated with different concentrations of PAF. 
ZO-1 expression was compared in untreated HUVECs, with HUVECs incubated with 10Ong/ml PAF; 200ng/ml PAF and 500ng/ml PAF. B: The differences in 
ZO-1 expression were evaluated in HUVECs treated with different concentrations of PAF. The HUEVECs were pretreated with a PAFR blocker for one hour 
prior to been treated with different concentrations of PAF. C; ZO-1 expression was evaluated in HUVECs that were treated with media alone (untreated) 
compared to HUVECs treated with 500ng/ml PAFR blocker alone; treated with dengue patient serum (DS) and pre-treated with a  PAFR blocker (PAFRA) 
prior to treatment with dengue patient serum (DS)

doi:10.1371/joumal.pntd.0003459.g003

Discussion
In this study we have investigated the role of PAF as a mediator of vascular leak in acute dengue 
infection. We found that PAF levels were significantly elevated in patients with dengue infec­
tion, as well as its principle breakdown enzyme PAF-AH, which suggested that the increase in 
PAF was likely due to increased production rather than reduced breakdown. We also found 
that PAF levels were significantly higher in patients with DHF throughout the course of the 
acute disease when compared to those with DF, although huge inter-individual variations in 
PAF levels were observed. PAF has been shown to be important in vascular leak in dengue 
mice models and PAFR-/~ mice were shown to have milder clinical disease [21]. The role of 
PAF in human dengue infection has only been investigated in the context of in vitro studies

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 ,2015 9 / 1 4
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Figure 4. Im m unofluorescence analysis of tight junction protein ZO-1 on HUVECs. Images of HUVECs incubated with EGM dengue serum and pre­
treated with a PAFR blocker prior to addition of dengue serum from 3 patients are shown. Cells were treated with A -  Endothelial growth medium only; Es­
treated with dengue patient serum (n = 3); C- HUVEC pre-treated a PAFR blocker before addition of dengue serum (n = 3. All assays were done in duplicate 
and repeated twice. Five separate images per condition were analysed quantitatively. Arrows indicate the ZO-1 staining.

doi:10.137lfjoumal.pntd.0003459.g004

where mononuclear leucocytes of dengue immune donors were found to produce more PAF 
than non-immune donors [29].

HUVECs models have been widely used to assess increase in vascular permeability by many 
mediators and drug molecules as well as to determine changes in trans-endothelial electrical re­
sistance (TEER) [11,15,30], Experiments carried out by Appanan et al. showed that mediators 
present in the serum of dengue patients reduced expression of tight junction and adherent

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 .2015 10/14
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p = 0 .0 0 2

Figure 5. Changed in the trans-endothelial electrical resistance with dengue sera and the effect of 
PAFR blocker. Change in TEER with dengue serum (DS; n = 9); with DS following pretreatment with a PAFR 
blocker (PAFRA n = 9); with control serum (n =  9); with in control serum following pretreatment with a PAFR 
blocker (n = 9)._______________________________________________________________________________________

doi: 10.1371/joumal.pntd.0003459.g005

junction proteins which are likely to result in increased vascular permeability [15]. We found 
that PAF reduces expression of ZO-1 in a dose dependent manner and this downregulation of 
ZO-1 was significantly inhibited by the pre-treatment of HUVECs with a PAFR blocker. Our 
results further show that similar to the findings of Appanna et al [15], incubation of HUVECs 
with serum from dengue patients resulted in down regulation of ZO-1 expression but we here 
show that this was significantly inhibited by pre-treatment with a PAFR blocker. This suggests 
that PAF present at high concentrations in serum of dengue patients is likely to contribute to 
vascular leak by reducing expression of tight junction proteins. In addition to our experiments 
with HUVECs in assessing ZO-1 expression, we also investigated the effect of dengue serum on 
TEER in HUVECs. We found that serum from dengue patients significantly reduces the TEER 
in HUVECs when compared to serum from healthy individuals and this reduction of TEER 
was significantly inhibited if the HUVECs were pre-treated with a PAFR blocker prior to addi­
tion of serum from dengue patients. Therefore, these data further confirm that PAF present in 
serum of dengue patients reduces TEER in the endothelium, as this reduction was significantly 
ameliorated by a PAFR blocker. However, although the reduction of TEER in HUVECs was 
significantly inhibited by the use of a PAFR blocker, the TEER still did not return to normal, 
suggesting that apart from PAF, other mediators in the serum could also contribute to the 
vascular leak.

PAF is a potent inflammatory lipid mediator rapidly produced by many cells, such as endo­
thelial cells, monocytes, mast cells and leucocytes following cellular stress [31]. It is known to 
cause hypotension, thrombocytopenia, increased vascular permeability and cardiac dysfunc­
tion when experimentally administered to animal models [32-341. In dengue infection, plate­
lets have been shown to be highly activated and platelet-monocyte aggregates have shown to 
contribute to the increase in vascular permeability [22]. Although there could be multiple
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pathways leading to activating of platelets, PAF could be further be contributing significantly 
to platelet activation and thus the immunopathology of the severe forms of the disease.

In this study we also found that PAF varied in the same patient in samples collected in the 
morning and the afternoon. Since we sampled patients only twice a day, it is difficult to com­
ment if the variation in PAF levels was diurnal or whether such variations are observed more 
frequently. It has been shown that human monocytes produce PAF in a bi-phasic pattern when 
stimulated with LPS, which was shown to be due to the effects cytokines such as TNFa and 
IL-1P [31,35]. PAF has been shown to activate transcription of NF-kB resulting in expression 
of many inflammatory cytokines such as TNFa and IL-lp [31,35,36]- Since LPS was the main 
stimulus that resulted in bi-phasic production of PAF and other cytokines, it is possible that 
LPS plays a similar role in acute dengue infection. For instance, it has been shown that patients 
who develop plasma leakage have significandy higher levels of LPS than those who did not 
have plasma leakage [37]. Therefore, the possibility of LPS driving the production of PAF and 
other cytokines should be further investigated.

In summary, our results show that PAF levels were significantly higher in more severe 
forms of dengue and were associated with a reduced expression of tight junction proteins and 
reduced cell layer integrity that is likely to result in an increased paracellular leak. Use of PAFR 
blockers significantly reduced these effects; therefore, our results suggest the PAF is likely to be 
playing a significant role in inducing vascular leak in acute dengue infections; this has implica­
tions for the future management of patients such as use of PAFR blocker in acute 
dengue infection.

Supporting Information
SI Checklist STROBE checklist.
(DOCX)

Author Contributions
Conceived and designed the experiments: GSO GNM CJ. Performed the experiments: CJ LG 
DGO DVV. Analyzed the data: CJ GSO GNM. Contributed reagents/materials/analysis tools: 
GNM GSO. Wrote the paper: GSO GNM. Involved in patient recruitment and data collection: 
NW SAP NLAS.

References
1. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, et al. (2013) The global distribution and bur­

den of dengue. Nature 496:504-507. doi: 10.1038/nature 12060 PMID: 23563266
2. Wilder-Smith A, Macary P (2014) Dengue: challenges for policy makers and vaccine developers. Curr 

Infect Dis Rep 16:404. doi: 10.1007/s11908-014-0404-2 PMID: 24781826
3. Shepard DS, Undurraga EA. Halasa YA (2013) Economic and disease burden of dengue in Southeast 

Asia. PLoS Negl Trap Dis 7: e2055. doi: 10.1371/iournal.ontd.0002055 PMID: 23437406
4. WHO, editor (2011) Comprehensive guidelines for prevention and control of dengue fever and dengue 

haemorrhagic fever. SEARO, New Delhi, India: World Health Organization. PMID: 8983243
5. Thomas SJ, Endy TP (2011) Critical issues in dengue vaccine development. Curr Opin Infect Dis 24: 

442-450. doi: 10.1097/QCQ.0b013e32834a1 bOb PMID: 21799408
6. Martina BE, Koraka P, Osterhaus AD (2009) Dengue vims pathogenesis: an integrated view. Clin 

Microbiol Rev 22: 564-581. doi: 10.1128/CMR.00035-09 PMID: 19822889
7. Simmons CP, Farrar JJ, Nguyen v V, Wills B (2012) Dengue. N Engl J Med 366:1423-1432 . doi: 10. 

1056/NEJMral 110265 PMID: 22494122
8. Aye KS. Chamgkaew K, Win N, Wai KZ, Moe K, et al. (2014) Pathologic highlights of dengue hemor­

rhagic fever in 13 autopsy cases from Myanmar. Hum Pathol 45 :1221-1233 . doi: 10.1016/i.humpath. 
2014,01,022 PMID: 24767772

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 ,2015 1 2 / 1 4



NEGLECTED 
TROPICAL DISEASES Platelet Activating Factor in Dengue InfectionsPLOS

9. Anderson R, Wang S, Osiowy C, Issekutz AC (1997) Activation of endothelial cells via antibody-en­
hanced dengue vims infection of peripheral blood monocytes. J Virol 71 :4226-4232 . PMID: 9151809

10. Butthep P, Chunhakan S, Yoksan S. Tangnararatchakit K, Chuansumrit A (2012) Alteration of cyto­
kines and chemokines during febrile episodes associated with endothelial cell damage and plasma 
leakage in dengue hemorrhagic Fever. Pediatr Infect Dis J 31: e232-238. doi: 10.1097/INF.
Ob013e31826fd456 PMID: 22926216

11. Ong SP, Lee LM, Leong YF, Ng ML, Chu JJ (2012) Dengue vims infection mediates HMGB1 release 
from monocytes involving PCAF acetylase complex and induces vascular leakage in endothelial cells. 
PLoS One 7:641932. doi: 10.1371 /iournal.Done.0041932 PMID: 22860034

12. Rathakrishnan A, Wang SM, Hu Y, Khan AM, PonnampalavanarS, etal. (2012) Cytokine expression 
profile of dengue patients at different phases of illness. PLoS One 7: e52215. doi: 10.1371 /journal. 
pone.0052215 PMID: 23284941

13. Srikiatkhachorn A, Ajariyakhajom C, Endy TP, Kalayanarooj S, Libraty DH, et al. (2007) Virus-induced 
decline in soluble vascular endothelial growth receptor 2 is associated with plasma leakage in dengue 
hemorrhagic Fever. J Virol 81:1592-1600. PMID: 17151115

14. Bozza FA, Cruz OG, Zagne SM, Azeredo EL, Nogueira RM, et al. (2008) Multiplex cytokine profile from 
dengue patients: MIP-1 beta and IFN-gamma as predictive factors for severity. BMC Infect Dis 8:86. 
doi: 10.1186/1471-2334-8-86 PMID: 18578883

15. Appanna R, Wang SM, Ponnampalavanar SA, Lum LC, Sekaran SD (2012) Cytokine factors present in 
dengue patient sera induces alterations of junctional proteins in human endothelial cells. Am J Trop 
Med Hyg 87 :936-942 . doi: 10.4269/aitmh.2012.11 -0606 PMID: 22987650

16. Vadas P, Perelman B, Liss G (2013) Platelet-activating factor, histamine, and tryptase levels in human 
anaphylaxis. J Allergy Clin Immunol 131:144-149. doi: 10.1016/i.iaci.2012.08.016 PMID: 23040367

17. Bautista AP, Spitzer JJ (1992) Platelet activating factor stimulates and primes the liver, Kupffer cells 
and neutrophils to release superoxide anion. Free Radic Res Commun 17:195-209 . PMID: 1334036

18. Fisher CJ Jr., Agosti JM, Opal SM, Lowry SF, Balk RA, et al. (1996) Treatment of septic shock with the 
tumor necrosis factor receptor:Fc fusion protein. The Soluble TNF Receptor Sepsis Study Group. N 
Engl J Med 334:1697-1702. PMID: 8637514

19. Roviezzo F, Brancaleone V, De Gmttola L, Vellecco V, Bucci M, etal. (2011) Sphingosine-1-phosphate 
modulates vascular permeability and cell recruitment in acute inflammation in vivo. J Pharmacol Exp 
Ther 337 :830-837. doi: 10.1124/ipet.111.179168 PMID: 21421740

20. Lacerda-Queiroz N, Rodrigues DH, Vilela MC, Rachid MA, Soriani FM, et al. (2012) Platelet-activating 
factor receptor is essential for the development of experimental cerebral malaria. Am J Pathol 180: 
246-255. doi: 10.1016Ai.aipath.2011.09.038 PMID: 22079430

21. Souza DG, Fagundes CT, Sousa LP, Amaral FA, Souza RS, et al. (2009) Essential role of platelet-acti­
vating factor receptor in the pathogenesis of Dengue virus infection. Proc Natl Acad Sci U S A 106: 
14138-14143. doi: 10.1073/pnas.0906467106 PMID: 19666557

22. Hottz ED, Medeiros-de-Moraes IM, Vieira-de-Abreu A, de Assis EF, Vals-de-Souza R, et al. (2014) 
Platelet activation and apoptosis modulate monocyte inflammatory responses in dengue. J Immunol 
193:1864-1872. doi: 10.4049/iimmunol.1400091 PMID: 25015827

23. Nascimento EJ, Hottz ED, Garcia-Bates TM, Bozza F, Marques ET Jr„ et al. (2014) Emerging Con­
cepts in Dengue Pathogenesis: Interplay between Plasmablasts, Platelets, and Complement in Trigger- 
ing Vasculopathy. Crit Rev Immunol 34 :227-240 . PMID: 24941075

24. Vaughn DW, Nisalak A, Solomon T, Kalayanarooj S, Nguyen MD, et al. (1999) Rapid serologic diagno­
sis of dengue virus infection using a commercial capture ELISA that distinguishes primary and second­
ary infections. Am J Trop Med Hyg 60 :693-698 . PMID: 10348250

25. Sang CT, Cuzzubbo AJ, Devine PL (1998) Evaluation of a commercial capture enzyme-linked immuno­
sorbent assay for detection of immunoglobulin M and G antibodies produced during dengue infection. 
Clin Diagn Lab Immunol 5 :7 -1 0 . PMID: 9455871

26. Prescott SM, Zimmerman GA, Stafforini DM, McIntyre TM (2000) Platelet-activating factor and related 
lipid mediators. Annu Rev Biochem 69 :419-445 . PMID: 10966465

27. Vadas P, Gold M, Perelman B, Liss GM, Lack G, et al. (2008) Platelet-activating factor, PAF 
acetylhydrolase, and severe anaphylaxis. N Engl J Med 3 58 :28 -35 . PMID: 18172172

28. Miwa M, Miyake T, Yamanaka T, Sugatani J, Suzuki Y, et al. (1988) Characterization of serum platelet­
activating factor (PAF) acetylhydrolase. Correlation between deficiency of serum PAF acetylhydrolase 
and respiratory symptoms in asthmatic children. J Clin Invest 82 :1983-1991 . PMID: 3198761

29. Yang KD, Lee CS, Shaio MF (1995) A higher production of platelet activating factor in ex vivo heterolo- 
gously secondary dengue-2 virus infections. Acta Microbiol Immunol Hung 4 2 :403 -407 . PMID: 
8689093

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 ,2015 1 3 / 1 4



NEGLECTED 
TROPICAL DISEASES Platelet Activating Factor in Dengue InfectionsPLOS

30. Kustermann S, Manigold T, Ploix C, Skubatz M, Heckel T, et al. (2014) A real-time impedance-based 
screening assay for drug-induced vascular leakage. Toxicol Sci 138: 333-343. doi: 10.1093/toxsci/ 
kft336 PMID: 24385420

31. Valone FH, Epstein LB (1988) Biphasic platelet-activating factor synthesis by human monocytes stimu­
lated with IL-1-beta, tumor necrosis factor, or IFN-gamma. J Immunol 141: 3945-3950. PMID:
3141509

32. Carter MB, Wilson MA, Wead WB, Garrison RN (1996) Platelet-activating factor mediates pulmonary 
macromolecular leak following intestinal ischemia-reperfusion. J Surg Res 6 0 :403 -408 . PMID: 
8598677

33. Walther A, Yilmaz N, Schmidt W, Bach A, Gebhard MM, et al. (2000) Role of platelet-activating factor in 
leukocyte-independent plasma extravasation and mast cell activation during endotoxemia. J Surg Res 
93:265-271 . PMID: 11027469

34. Zimmerman GA, McIntyre TM, Prescott SM, Stafforini DM (2002) The platelet-activating factor signaling 
system and its regulators in syndromes of inflammation and thrombosis. Crit Care Med 30: S 294 -301 . 
PMID: 12004251

35. Han SJ, Ko HM. Choi JH, Seo KH, Lee HS, et al. (2002) Molecular mechanisms for lipopolysaccharide- 
induced biphasic activation of nuclear factor-kappa B (NF-kappa B). J Biol Chem 277:44715-44721. 
PMID: 12235132

36. Im SY, Han SJ, Ko HM, Choi JH, Chun SB. et al. (1997) Involvement of nuclear factor-kappa B in plate­
let-activating factor-mediated tumor necrosis factor-alpha expression. EurJ Immunol 27 :2800-2804 . 
PMID: 9394802

37. van de Weg CA, Pannuti CS, de Araujo ES, van den Ham HJ, Andeweg AC, et al. (2013) Microbial 
translocation is associated with extensive immune activation in dengue virus infected patients with se­
vere disease. PLoS Negl Trap Dis 7: e2236. doi: 10.1371/ioumal.Dntd.0002236 PMID: 23717702

PLOS Neglected Tropical Diseases | D0l:10.1371/joumal.pntd.0003459 February 3 ,2015 1 4 / 1 4


