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Abstract

Background: Vascular leak is the hallmark of severe dengue infections and leads to complications such as shock and multi-
organ failure. Although many mediators have been implicated in the vascular leak in dengue, the role of sphingosine 1-
phosphate (S1P) has not been investigated.

Metholodology/Principal findings: As S1P has been shown to be important in barrier integrity, we assessed the S1P levels
in 28 patients with acute dengue and 12 healthy individuals. The S1P levels were significantly lower in patients with acute
dengue (p=0.002) and the levels in patients with grade IV dengue haemorrhagic fever (DHF) were significantly lower than
those with dengue fever (p =0.005). We then investigated the kinetics of S1P levels throughout the course of the illness in
another 32 patients in serum samples obtained twice a day. We found that S1P levels were low throughout the course of
illness and S1P levels were <0.5 uM in 12/23 patients with DHF when compared to 1/9 with DF.

Conclusions/Significance: As S1P has shown to be important in the endothelial barrier integrity and increases

transendothelial resistance, low levels of S1P in acute dengue infection are likely to contribute to increased vascular
permeability.
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Introduction

Dengue infections are one of the most important vector borne
diseases and are estimated to infect 390 million individuals
annually [1]. The incidence of dengue has dramatically increased
in many affected countries causing a significant disease burden [2].
Churrently there is no licensed vaccine for its prevention, or an
effective antiviral for its treatment. Management of acute dengue
consists of early detection of complication and meticulous fluid
management [3].

Dengue infection is caused by one of the four dengue virus (DV)
serotypes which are closely related. Although the majority of
individuals who are infected with the DV develop asymptomatic
infection or an undifferentiated fever, some develop dengue fever
(DF) or more severe forms of clinical disease such as dengue
hemorrhagic fever (DHF), dengue shock syndrome or expanded
syndrome of dengue infection [3]. The initial phase of infection is
characterized by a high fever (febrile phase) and coincides with the
viraemia [4]. The patient may then progress to the critical phase
during day 3 to 7 of illness in which there is increased vascular
permeability leading to fluid leakage and shock [4,5]. Fluid leakage
is the hallmark of severe dengue infection and this results in
complications such as pleural effusions, ascites and if left
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untreated, shock and multi-organ failure [3]. The critical phase
usually lasts for 24 to 48 hours and then the patient progressed to
the recovery phase where the fluid is reabsorbed and the patient
typically improves. Although infection of endothelial cell lines in
vitro has been shown [6-8], due the relatively short duration of
vascular leak phase in acute dengue infection, many believe that
the increased vascular permeability is due to endothelial dysfunc-
tion or activation rather than damage associated with endothelial
infection [9]. Serum from patients with DHF has been shown to
alter the vascular permeability and it has been suggested that a
cytokine or a mediator present in serum is the likely cause of
increase in vascular permeability [10]. Although many mediators
have been implicated [9,11,12], the role of vasoactive mediators
such as sphingosine 1-phosphate in endothelial barrier integrity in
dengue has not been investigated.

S1P is a signaling phospholipid that is predominantly released
from platelets and rapidly enhances transendothelial resistance
[13,14]. S1P is known to involved in lymphocyte egress, and
especially 'T' cell egress from lymph nodes and Peyers Patches to
blood [15]. Low S1P levels have been found in diseases associated
with vascular leak such as cerebral malaria [16]. In influenza and
malaria murine models, use of S1P analogues has reduced
microvascular leak and improved the outcome [13,17,18]. Use
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of S1P analogues has also been shown to reduce immunopathol-
ogy, improved survival and reduction of the production of
inflammatory cytokines without increasing or prolonging the
duration of viraemia [19]. Moreover, SIP analogues have also
shown to reduce activation of monocytes, NK cells and inhibit
antigen specific T cell responses in murine models [19]. S1P has
also been shown to counteract the effects of other mediators that
cause increase vascular permeability such as vascular endotheial
growth factor (VEGF) on the endothelial by blocking VE-cadherin
internalization in response to VEGF and thereby improving
endothelial integrity [13]. High levels of VEGF has been have
been found in dengue and shown to associate with vascular leak
[12]. Therefore, SIP could play a significant role in preserving the
endothelial barrier integrity in acute dengue infection and also
have many immunomodulatory effects. In this study we have
shown that S1P are significantly lower in patients with acute
dengue infection which could result in increased vascular
permeability. Therefore, the use of S1P analogues could have a
potential benefit in the treatment of acute dengue infection.

Materials and Methods

In order to determine if SI1P levels were lower in patients with
acute dengue we first recruited a cohort of 28 adult patients with
clinical features suggestive of dengue infection who were admitted
to a general medical ward in a tertiary care hospitals in Colombo
during the year 2013. Blood samples were obtained during day 6
and 7 day of illness. The study was approved by the Ethics Review
Committee of the University of Sri Jayawardanapura and patients
were recruited following informed written consent. 8 of these
patients had DHF and 20 had DF. 12 healthy dengue seropositive
individuals were also recruited for determining SI1P levels in
healthy individuals.

In order to determine the kinetics of S1P levels throughout the
course of the illness we recruited an additional 32 adult patients.
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
that the duration of illness was 72 hours. Serial blood samples
were taken in the morning (6 a.m.) and again at 1.00p.m., from the
time of admission to the time of discharge from hospital in this
cohort of 32 patients. The initial blood sample was taken between
72-120 hours of illness (mean 106.2 hours, SD*19.2), which was
when the patients were first admitted to hospital. All clinical
features such as presence of fever, abdominal pain, vomiting,
bleeding manifestations, hepatomegaly, blood pressure, pulse
pressure and evidence of fluid leakage were recorded several
times each day. The time of onset of fever was considered as
0 hours and the duration of illness was considered from the onset
of fever. The full blood counts and the alanine transaminase (ALT)
and aspartate transaminase (ALT) levels were done during the
course of the illness. The severity of dengue infection was classified
according to the 2011 WHO dengue diagnostic criteria [3].
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 22 had
DHF and 10 DF. Of the 22 patients who were classified as having
DHF, 3 had grade III DHF as they developed shock, one had
grade II DHF and 18 had grade I DHF according to the 2011
WHO dengue guidelines [3]. Of the 10 patients who had DF,
although some patients were quite ill with very low platelet counts
<25,000 cells/mm®, and high liver enzymes, they were classified
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has having DF as there was no evidence of fluid leakage according
to the WHO guidelines [3].

Quantitative of serum STP levels

Quantitative SI1P assays were done in duplicate on all serum
samples according to manufacturer’s instructions (Echelon Biosci-
ences, Inc., USA). The levels were expressed as uM. In the 28
patients who were initially recruited to determine if SIP levels
were low in acute dengue, the levels were measured only at one
time point from blood obtained at the critical phase. In the cohort
32 patients who were subsequently recruited to determine the
kinetics of SIP, the levels were done twice a day from time of
recruitment, to time of discharge from the hospital.

Confirmation of dengue infection

Acute dengue infection was confirmed in the serum samples
using the NS1 early dengue ELISA (Panbio, Australia) or with the
commercial capture-IgM and IgG enzyme-linked immunosorbent
assay (ELISA) (Panbio, Brisbane, Australia). The ELISA was
performed and the results were interpreted according to the
manufacturer’s instructions. This ELISA assay has been validated
as both sensitive and specific for primary and secondary dengue
virus infections [20,21].

Statistical analysis

Statistical analysis was performed using Graph pad PRISM
version 6. As the data were not normally distributed, differences in
means were compared using the Mann-Whitney U test (two
tailed). Kruskal-Wallis test was used to determine the differences in
S1P levels in healthy individuals, patients with DF and DHF.
Degree of association between serum SI1P and other clinical
parameters were analysed using Spearmans correlation.

Results

As reduction of S1P levels has been shown to be associated with
plasma leakage in other disease conditions [16], we initially
investigated the SI1P levels in a cohort of patients with acute
dengue infection and healthy individuals. 8 of these patients had
grade IV DHF (dengue shock syndrome) based on the 2011 WHO
disease classification [3] and 20 had DF. 3 of the 8 patients with
DHF succumbed to their illness and the samples were collected
approximately 12-24 hours before death. The other 5/8 DHF
develop shock. The clinical data of these 28 patients and the 32
patients we later did serial blood sampling is shown in table 1.

In the 28 patients we initially recruited, we found that S1P levels
were significantly lower in patients with acute dengue infection
(p =0.002) when compared to healthy individuals. The SIP levels
were significantly lower (p=0.005) in those with grade IV DHF
(median 0.46, IQR 0.36 to 0.86 uM) when compared to those with
DF (median 0.96, IQR 0.8 tol.34 uM) (Fig 1).

Kinetics of S1P levels in patients with DHF and DF

Since we found that SIP levels were significantly lower in
patients with severe forms of dengue, S1P levels were also analyzed
in serial samples in 32 patients with DHF and DF to determine if
changes in S1P levels coincided with the phase of vascular leak in
acute dengue infection. According 2011 WHO disease classifica-
tion [3], 22 had DHF and 10 DF. The clinical characteristics of
these 32 patients are shown in Table 2.

Although the majority of patients with DHF had lower SI1P
levels especially in the critical phase (Fig 2A), some patients with
DF also had quite low levels at certain time points during the
course of the illness (Fig 2B). However overall 12/22 (54.5%) of
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Table 1. Clinical and laboratory characteristics of the 60 patients recruited.

Clinical characteristic DHF N=30 DF N=30
Pleural effusions or ascites 18 (60) 0

Shock 11 (36.7) 0

Rise in Haematocrit >20% of baseline 27 (90) 0
Bleeding manifestations 5 (16.6) 2 (6.7)
AST

<200 IU 12 (40) 20 (66.7)
200-500 IU 11 (36.7) 7 (23.3)
500-999 U 4 (13.3) 2 (6.7)
>1000 U 3 (10) 1(3.3)
ALT

<200 IU 14 (46.7) 24 (80)
200-500 U 11 (36.7) 5(16.7)
500-999 U 3 (10) 1(3.3)
>1000 U 2 (6.7) 0 (0)
Lowest platelet counts (cells/mm?)

<25,000 16 (53.3) 7 (23.3)
25,000-50,000 10 (33.3) 9 (30)
50,000-99,999 4(13.3) 12 (40)
>100,000 0(0) 2 (6.7)

doi:10.1371/journal.pone.0113394.t001

those with DHF and 1/10 (10%) of patients with DF had values <
0.5 pM at sometime point during the course of the illness. The
levels of S1P along with the critical phase are shown in 4 patients
with DHF (Fig. 3) and in 4 patients with DF (Fig 4). Since patients
with DF stayed in hospital for a shorter duration that patients with
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Figure 1. S1P levels in patients with grade IV DHF, patients
with DF and healthy individuals. Serum S1P was measured by
quantitative ELISA in individuals with grade IV DHF (n=8), DF (n=20)
and healthy controls (n=12). The lines represent the mean and the
error bars represent the standard error of mean. ***p =0.005.
doi:10.1371/journal.pone.0113394.g001

PLOS ONE | www.plosone.org

DHF, only 3 to 4 time points could be obtained whereas 5 to 7
time points could be obtained from patients with DHF.

Association of S1P levels with laboratory parameters
The main source of S1P is thought to be platelets. In the 32
patients in whom S1P levels were measured serially, we went on to
determine if the serial SIP levels correlated with serial platelet
counts obtained throughout the course of the illness in these
patients. The serial SIP levels in patients with both DF and DHF
(n=32), significantly correlated with the serial platelet counts
(Spearmans r=0.18, p=0.04) (Fig 5). SIP is also shown to be
involved in lymphocyte egress, and indeed T cell egress from
lymph nodes and Peyers Patches to blood is controlled by S1P
[15]. However, we did not find any association between total
lymphocyte counts in patients with acute dengue infection and
S1P levels, probably as one of the main causes of lymphopenia in
acute dengue appears to be due to T cell apoptosis [22,23].

Discussion

In this study we have found that S1P levels were significantly
lower in patients with more severe forms of dengue infection and
the levels remain low throughout the course of the illness.
Although patients with both DF and DHF had quite low levels
throughout the course of the illness, 12/22 patients with DHF had
levels <0.5 uM at sometime point in the illness, whereas such low
levels were only seen in 1/10 patients with DF. S1P has been
shown to be important in the endothelial barrier integrity and
increases transendothelial resistance [13,14]. Therefore, it is likely
that low S1P levels in acute dengue infection could be contributing
to the microvascular leak in acute dengue infection. Although S1P
analogues have not been used in humans in diseases associated
with increase in vascular permeability such as in sepsis, in rat
models of sepsis, they have been shown to significantly reduce loss
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Figure 2. Variation of serum S1P levels throughout the course of the illness in patients with DF and DHF. A: S1P levels in patients with
DHF (n=22). The bars indicate the mean and the standard error of the mean. The time of onset of fever was considered as 0 hours and the number of
hours of illness considered from the time of onset of fever. B: S1P levels in patients with DF(n = 10). The bars indicate the mean and the standard error
of the mean. The time of onset of fever was considered as 0 hours and the number of hours of illness considered from the time of onset of fever.

doi:10.1371/journal.pone.0113394.g002

of plasma [24]. Other mediators such as VEGF also contribute to
vascular leak in dengue [12]. SIP inhibits the effects of VEGF on
the vascular endothelium and S1P analogues inhibit VEGF
induced vascular leak in mice models [25]. Therefore, it is
speculated that S1P analogues such as fingolimod could potentially
have an effect of reducing vascular leak in acute dengue infection
and thus preventing complications associated with vascular leak
such as pleural effusions, ascites, shock and multi organ failure.
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Platelets are believed to be one of the main sources of S1P [14]
and serum S1P levels correlated significantly with the platelet
counts in patients with acute dengue. Profound thrombocytopenia
Is seen in patients with acute dengue and platelet counts are
significantly lower in those who develop more severe forms of
dengue [26,27]. Since platelets are the main source of S1P,
thrombocytopenia as likely to cause low S1P levels. However,
prophylactic platelet transfusions have not shown to be of any
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Figure 3. Variation of serum S1P levels in patients with DHF: Kinetics of S1P levels in 4 patients with DHF. The critical phase is shaded.
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Figure 4. Variation of serum S1P levels in patients with DF: Kinetics of S1P levels in 4 patients with DF.
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benefit in the management of dengue [28] and due to the potential
risks and lack of benefit, this is currently not recommended [3].
S1P has shown to have many immunomodulatory functions and
S1P analogues have been shown to reduce production of
inflammatory cytokines and inhibit the activation of antigen
specific T cells without affecting virus clearance in murine models
and ferrets infected with influenza [17,18,29]. SI1P receptor
agonists improve survival in other infections associated with a
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Figure 5. Correlation of serial serum S1P levels with serial
platelet counts in patients with DF (n=10) and DHF (n=22).
Spearmans r=0.18, p=0.04.

doi:10.1371/journal.pone.0113394.9005
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cytokine storm such as respiratory syncytial virus infection [30].
However, clinical trial data of the use of S1P analogue Fingolimod
has shown that patients who are on this drug had a higher
frequency of viral infections [31]. In murine models of experi-
mental autoimmune encephalomyelitis (EAE) although Fingoli-
mod reduced EAE, it reduced survival following an influenza virus
challenge as it inhibited antigen specific T cell activation and
cytotoxic function [31]. The role of T cells in the pathogenesis of
acute dengue is debated [5] although proinflammatory cytokines
have also been shown to play a significant role in the pathogenesis
of acute dengue infection [32,33]. Therefore, the use of a SIP
analogue in the treatment of acute dengue could be potentially
beneficial and warrants investigation using murine models.

In summary, SIP levels are significantly lower in patients with
more severe forms of dengue and remain low throughout the
course of illness. Since SIP is known to preserve endothelial
barrier integrity, the potential role of SIP analogues in the
treatment of microvascular leakage in acute dengue infections
should be further evaluated.

Author Contributions

Conceived and designed the experiments: GNM GSO. Performed the
experiments: LG SF. Analyzed the data: GNM GSO. Contributed
reagents/materials/analysis tools: S RHF NW NLAS. Wrote the paper:
GNM GSO.

References

1. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, et al. (2013) The
global distribution and burden of dengue. Nature 496: 504-507.

November 2014 | Volume 9 | Issue 11 | e113394



Shepard DS, Undurraga EA, Halasa YA (2013) Economic and disease burden of
dengue in Southeast Asia. PLoS Negl Trop Dis 7: €2055.

. WHO editor (2011) Comprehensive guidelines for prevention and control of

dengue fever and dengue haemorrhagic fever. SEARO, New Delhi, India:
World Health Organization.

. WHO (2009) Dengue guidelines for diagnosis, prevention and control. Southeast

Asian Office of the WHO World Health Organisation.

. Malavige GN, Ogg GS (2013) T cell responses in dengue viral infections. J Clin

Virol 58: 605-611.

. Dewi BE, Takasaki T, Kurane I (2008) Peripheral blood mononuclear cells

increase the permeability of dengue virus-infected endothelial cells in association
with downregulation of vascular endothelial cadherin. J Gen Virol 89: 642-652.

. Wei HY, Jiang LF, Fang DY, Guo HY (2003) Dengue virus type 2 infects human

endothelial cells through binding of the viral envelope glycoprotein to cell
surface polypeptides. J Gen Virol 84: 3095-3098.

. Lin CF, Lei HY, Shiau AL, Liu CC, Liu HS, et al. (2003) Antibodies from

dengue patient sera cross-react with endothelial cells and induce damage. ] Med
Virol 69: 82-90.

Srikiatkhachorn A, Kelley JF (2014) Endothelial cells in dengue hemorrhagic
fever. Antiviral Res 109C: 160-170.

. 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.

. Lee YR, Liu MT, Lei HY, Liu CC, Wu JM, et al. (2006) MCP-1, a highly

expressed chemokine in dengue haemorrhagic fever/dengue shock syndrome
patients, may cause permeability change, possibly through reduced tight
junctions of vascular endothelium cells. J Gen Virol 87: 3623-3630.
Srikiatkhachorn A, Ajariyakhajorn 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.

. Darwish I, Liles WC (2013) Emerging therapeutic strategies to prevent infection-

related microvascular endothelial activation and dysfunction. Virulence 4: 572~
582.

Schaphorst KL, Chiang E, Jacobs KN, Zaiman A, Natarajan V, et al. (2003)
Role of sphingosine-1 phosphate in the enhancement of endothelial barrier
integrity by platelet-released products. Am J Physiol Lung Cell Mol Physiol 285:
1.258-267.

. Rosen H, Goetzl EJ (2005) Sphingosine 1-phosphate and its receptors: an

autocrine and paracrine network. Nat Rev Immunol 5: 560-570.

. Finney CA, Hawkes CA, Kain DC, Dhabangi A, Musoke C, et al. (2011) SI1P is

associated with protection in human and experimental cerebral malaria. Mol

Med 17: 717-725.

. Walsh KB, Teijaro JR, Rosen H, Oldstone MB (2011) Quelling the storm:

utilization of sphingosine-1-phosphate receptor signaling to ameliorate influenza
virus-induced cytokine storm. Immunol Res 51: 15-25.

. Marsolais D, Hahm B, Walsh KB, Edelmann KH, McGavern D, et al. (2009) A

critical role for the sphingosine analog AAL-R in dampening the cytokine
response during influenza virus infection. Proc Natl Acad Sci U S A 106: 1560
1565.

PLOS ONE | www.plosone.org

20.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

Sphingosine 1-Phosphate in Dengue

. Walsh KB, Teijaro JR, Wilker PR, Jatzek A, Fremgen DM, et al. (2011)

Suppression of cytokine storm with a sphingosine analog provides protection
against pathogenic influenza virus. Proc Natl Acad Sci U S A 108: 12018-
12023.

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

Sang CT, Cuzzubbo AJ, Devine PL (1998) Evaluation of a commercial capture
enzyme-linked immunosorbent assay for detection of immunoglobulin M and G
antibodies produced during dengue infection. Clin Diagn Lab Immunol 5: 7-10.
Mongkolsapaya J, Dejnirattisai W, Xu XN, Vasanawathana S, Tangth-
awornchaikul N, et al. (2003) Original antigenic sin and apoptosis in the
pathogenesis of dengue hemorrhagic fever. Nat Med 9: 921-927.

Malavige GN, Huang LC, Salimi M, Gomes L, Jayaratne SD, et al. (2012)
Cellular and cytokine correlates of severe dengue infection. PLoS One 7:
€50387.

Lundblad C, Axelberg H, Grande PO (2013) Treatment with the sphingosine-1-
phosphate analogue FTY 720 reduces loss of plasma volume during
experimental sepsis in the rat. Acta Anaesthesiol Scand 57: 713-718.

Sanchez T, Estrada-Hernandez T, Paik JH, Wu MT, Venkataraman K, et al.
(2003) Phosphorylation and action of the immunomodulator FTY720 inhibits
vascular endothelial cell growth factor-induced vascular permeability. J Biol
Chem 278: 47281-47290.

Jayaratne S, Atukorale V, Gomes L, Chang T, Wijesinghe T, et al. (2012)
Evaluation of the WHO revised criteria for classification of clinical disease
severity in acute adult dengue infection. BMC Res Notes 5: 645.

Brasier AR, Ju H, Garcia J, Spratt HM, Victor SS, et al. (2012) A three-
component biomarker panel for prediction of dengue hemorrhagic fever.
Am J Trop Med Hyg 86: 341-348.

Whitehorn J, Roche RR, Guzman MG, Martinez E, Gomez WV, et al. (2012)
Prophylactic platelets in dengue: survey responses highlight lack of an evidence
base. PLoS Negl Trop Dis 6: ¢1716.

Teijaro JR, Walsh KB, Long JP, Tordoft KP, Stark GV, et al. (2014) Protection
of ferrets from pulmonary injury due to HIN1 2009 influenza virus infection:
immunopathology tractable by sphingosine-1-phosphate 1 receptor agonist
therapy. Virology 452-453: 152-157.

Walsh KB, Teijaro JR, Brock LG, Fremgen DM, Collins PL, et al. (2014)
Animal model of respiratory syncytial virus: CD8+ T cells cause a cytokine storm
that is chemically tractable by sphingosine-1-phosphate 1 receptor agonist
therapy. J Virol 88: 6281-6293.

Ntranos A, Hall O, Robinson DP, Grishkan IV, Schott JT, et al. (2014) FTY720
impairs CD8 T-cell function independently of the sphingosine-1-phosphate
pathway. J Neuroimmunol 270: 13-21.

Dong T, Moran E, Vinh Chau N, Simmons C, Luhn K, et al. (2007) High pro-
inflammatory cytokine secretion and loss of high avidity cross-reactive cytotoxic
T-cells during the course of secondary dengue virus infection. PLoS One 2:
el192.

Rathakrishnan A, Wang SM, Hu Y, Khan AM, Ponnampalavanar S, et al.
(2012) Cytokine expression profile of dengue patients at different phases of
illness. PLoS One 7: €52215.

November 2014 | Volume 9 | Issue 11 | e113394



