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Abstract

Dengue virus (DENV) causes the most prevalent arboviral infection of humans, resulting in a spectrum of outcomes, ranging 
from asymptomatic infection to dengue fever to severe dengue characterized by vascular leakage and shock. Previously, we 
determined that DENV nonstructural protein 1 (NS1) induces endothelial hyperpermeability, disrupts the endothelial glycocalyx 
layer (EGL) in vitro and triggers shedding of structural components, including sialic acid (Sia) and heparan sulfate. Here, using a 
murine model of dengue disease disease, we found high levels of Sia and NS1 circulating in mice with DENV-induced morbidity 
and lethal DENV infection. Further, we developed a liquid chromatography/mass spectrometry-based method for quantifying 
free Sia in serum and determined that the levels of free N-glycolylneuraminic acid were significantly higher in DENV-infected 
mice than in uninfected controls. These data provide additional evidence that DENV infection disrupts EGL components in vivo 
and warrant further research assessing Sia as a biomarker of severe dengue disease.

INTROdUCTION
With an estimated 400 million infections and up to 100 million 
cases annually, dengue is the most prevalent human arboviral 
disease worldwide [1]. Dengue is caused by four dengue virus 
serotypes (DENV1–4) and is transmitted by Aedes aegypti 
and Aedes albopictus mosquitoes. DENV infection results in a 
spectrum of outcomes, ranging from asymptomatic infection 
to classic dengue fever (DF) to dengue haemorrhagic fever/
dengue shock syndrome (DHF/DSS), with the latter being 
characterized by vascular leakage and shock.

The immunopathogenesis of DHF/DSS constitutes a complex 
multifactorial relationship between viral and host factors 
that leads to aberrant cellular immune responses, resulting 
in increased vascular permeability, hypotension and shock 
[2]. Studies by our group and others have established that 
the DENV nonstructural protein 1 (NS1) also plays a key 
role in the pathogenesis of DENV infection by inducing 
endothelial hyperpermeability leading to vascular leakage 
[3, 4]. Using a previously established murine model of DENV 
infection and pathogenesis [5–7], we showed that NS1 causes 
morbidity and mortality when administered in combination 
with a sub-lethal dose of virus and that NS1 alone triggers 
vascular leakage in the lung, liver and small intestine [3, 4]. 

Further studies showed that NS1 protein from DENV and 
other related flavivirus disrupts the endothelial glycocalyx 
layer (EGL) of endothelial cells from distinct tissues in vitro 
by inducing the degradation and shedding of key struc-
tural components, including sialic acid (Sia) and heparan 
sulfate proteoglycans [8–10]. Importantly, the expression 
of mammalian neuraminidases, Neu1, Neu2 and Neu3, was 
increased in these endothelial cells, likely contributing to Sia 
degradation [8, 10]. Furthermore, treatment with sialidase 
inhibitors (e.g. zanamivir, DANA) inhibited NS1-induced 
endothelial hyperpermeability in vitro and dermal vascular 
leakage in vivo, indicating that alteration of Sia distribution 
on the EGL contributes to both increased permeability and 
vascular leakage [8, 9, 11]. While these previous studies 
demonstrate a role for DENV NS1 in increasing the perme-
ability of endothelial cell monolayers [11, 12], the modulation 
of Sia in vivo in the context of DENV infection has not been 
addressed.

Sia is the common name given to a family of acidic sugars 
with a nine-carbon backbone that are widely expressed in 
animal tissues, and it is also frequently used to refer to the 
most common member of this group found in humans, 
N-acetylneuraminic acid (Neu5Ac or NANA) [13]. On glycan 
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structures, Sia has been established as an important determi-
nant of endothelial barrier function in in vitro studies using 
rat pulmonary endothelial cells [12]. In human populations, 
increased serum levels of EGL components such as hyaluronic 
acid, heparan sulfate, claudin-5 and syndecan-1 have been 
associated with disruption of EGL and the development of 
plasma leakage and severe dengue disease [14, 15], but Sia 
has not been evaluated.

Here, using a murine model of DENV-induced vascular 
leak, we assessed Sia levels in comparison to NS1 levels in 
mice infected with a range of DENV doses. We found that 
the levels of Sia and NS1 in circulation increased in tandem 
with viral dose and were significantly elevated in mice that 
succumbed to DENV infection. Further, the levels of Sia and 
NS1 in circulation correlated with DENV-induced morbidity 
and with each other. In addition, we developed a novel liquid 
chromatography/mass spectrometry coupled with multiple 
reaction monitoring (LC-MRM-MS) method for detecting 
free Sia in serum without the need for derivatization. Using 
this approach, we determined that serum levels of free 
N-glycolylneuraminic acid (Neu5Gc) were significantly 
higher in DENV-infected mice. Overall, the identification of 
soluble markers associated with disease severity could reveal 
the mechanisms of DENV pathogenesis and contribute to the 
development of novel therapies.

MeTHOdS
ethics statement
All experimental procedures involving the use of animals 
were pre-approved and performed according to the guidelines 
of the Institutional Animal Care and Use Committee of the 
University of California, Berkeley.

dengue virus production
DENV2 D220 was generated in our laboratory from the 
parental strain, DENV2 PL046 [5, 6], originally obtained 
from H.-Y. Lei (National Cheng Kung University, Taiwan). 
The virus was propagated in the Aedes albopictus C6/36 cell 
line [American Type Culture Collection (ATCC)].

Murine deNV infection and blood collection
In previous studies, we developed and characterized 
mouse-adapted DENV strains that caused lethal disease in 
interferon-α/β receptor-deficient C57BL/6 (Ifnar−/−) and 
129Sv (AG129) mice [5, 6]. Importantly, these rodent models 
carry infectious virus in tissues and exhibit signs of vascular 
leakage as a result of DENV infection. Further, passive admin-
istration of anti-DENV antibodies enhances DENV infection 
and disease in this model [3, 5, 7, 16]. We have also previ-
ously demonstrated in our mouse model that the high doses 
of DENV2 D220 and infection under antibody-dependent 
enhancement (ADE) conditions yield peak viral load and 
mortality on day 3 post-infection [3, 5]. Ifnar−/− mice were 
infected with DENV by intravenous injection and were moni-
tored twice daily for DENV-induced morbidity and mortality 
for 10 days post-infection. For ADE conditions, 5 µg of 4G2 

(anti-envelope mAb) were administered by intraperitoneal 
injection 20–24 h prior to infection. Signs of morbidity 
were scored using a standardized scale, where 1=healthy; 
2=mild signs of lethargy, some fur ruffling, no hunching; 
3=fur ruffling, hunched, mild signs of lethargy; 4=ruffled, 
hunched and lethargic, limited morbidity; 5=moribund or 
dead [5]. Blood samples (0.2 ml) from DENV-infected mice 
were collected via submandibular bleed 3 days post-infection. 
Blood specimens were allowed to clot for 3 min (min) at room 
temperature, and serum was then separated by centrifugation 
and immediately stored at −80 °C.

Sia analysis
Total Sia levels (conjugated and free) in mouse sera were 
measured using a Mouse Sialic Acid ELISA kit (MyBioSource) 
as per the manufacturer’s instructions. The reported sensi-
tivity of this assay is 0.1 ng ml−1. In addition, LC-MRM-MS 
was applied to measure free Sia (Neu5Ac and Neu5Gc) levels. 
Sia was extracted from an aliquot (30 µl) of mouse serum 
with LC-MRM-MS-grade acetonitrile (90 µl) containing an 
internal standard ([13C3]-Neu5Ac, 83.5 ng ml−1). Samples were 
vortexed for 2 min and incubated at −20 °C for 1 h. Samples 
were transferred to room temperature, briefly vortexed and 
centrifuged for 30 min at 13000 r.p.m. Supernatants were 
carefully transferred to new Eppendorf tubes and vacuum-
dried. Dried metabolites were reconstituted with 30 µl of a 
1 : 1 mixture of solvent A and solvent B; solvent A consisted 
of acetonitrile–isopropanol–water (95 : 5 : 5), whereas solvent 
B consisted of water–isopropanol (95 : 5). Both solvents 
contained 20 mM ammonium acetate, adjusted to pH 9. The 
metabolite extract was centrifuged and the supernatant was 
transferred to LC-MRM-MS vials.

An aliquot (10 µl) of each sample was subjected to LC-MRM-
MS and quantification using an Agilent 1260 Infinity II LC 
system and an Agilent 6470 triple quadrupole mass spectrom-
eter equipped with jet stream ionization. LC separation was 
achieved using a Poroshell 120 HILIC-Z LC column (2.1×150 
mm, 2.7 µm) (Agilent Technologies), applying mobile phase at 
a flow rate of 0.30 ml min−1 at 30 °C. The LC elution of prod-
ucts was initiated with 100 % solvent A for 1.0 min, followed 
by a linear gradient to 60 % solvent A, 40 % solvent B over 
8.0 min and maintenance at this solvent mixture for 2.5 min 
before returning to 100 % solvent A over 0.5 min. The column 
was re-equilibrated in 100 % solvent A for 4 min. Eluent from 
the column was directly introduced into the triple quadrupole 
mass spectrometer with electrospray ionization in the nega-
tive mode. The following MS parameters were applied: gas 
temperature 325 °C; drying gas flow at 8 L min−1; nebulizer 
pressure 40 psig; capillary voltage 3500; sheath gas flow 
7 l min−1 and sheath gas temperature 325 °C. Data acquisition 
and analysis were performed using MassHunter software 
(Agilent Technologies). The compound-specific parameters, 
including fragmentor voltage, collision energy and ion tran-
sitions, were optimized by analysing standard compounds 
for multiple reaction monitoring (MRM) (Table  1). The 
concentration of compounds in samples was quantified by 
comparison with the peak area of the spiked internal standard.
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NS1 quantification by enzyme-linked 
immunosorbent assay (eLISA)
Serum levels of NS1 were assessed using a capture ELISA as 
previously described [3]. Briefly, Nunc MaxiSorp ELISA plates 
(Thermo Scientific) were coated overnight with 5 µg ml−1 of 
monoclonal antibody (mAb) 7E11. Plates were blocked with 
1 % bovine serum albumin (BSA) in phosphate-buffered 
saline (PBS) (1 % BSA-PBS), and serum samples were added 
(1 : 20 dilution) for 1 h at room temperature. After washing 
with PBS+0.05 % Tween 20 (PBS-T), biotinylated NS1-specific 
mAb 2B7 (50 µl/well at 2 µg ml−1) was added to each well for 
1 h at room temperature. Plates were subsequently washed 
with PBS-T and incubated with streptavidin/horseradish 
peroxidase (HRP) for 40 min at room temperature. The assay 
was developed using 3,3′,5,5′-tetramethylbenzidine (TMB) 
substrate (Sigma), according to the manufacturer’s specifica-
tions. The TMB reaction was stopped with 0.5 M H2SO4 and 
read at OD450 nm. The estimated limit of detection of this 
in-house assay using purified recombinant NS1 is 1 ng ml−1.

Statistical analysis
Data were analysed and plotted using GraphPad Prism 6 
software. Differences between groups were evaluated using 
a two-sided Student t-test, and correlations were determined 
by linear regression analysis.

ReSULTS
Sia and NS1 levels in mouse serum are associated 
with viral dose and deNV-induced morbidity and 
mortality
To determine whether Sia and NS1 levels in serum were 
associated with DENV-induced morbidity and mortality, 
groups of Ifnar−/− mice were infected with increasing doses 
of DENV2 D220 ranging from 1×102 to 1×106 plaque-
forming units (p.f.u.). In groups of mice infected with 
3×105 or 1×106 p.f.u., we used ADE conditions, which have 
been shown to enhance DENV2 D220 infection and disease 

progression associated with vascular leakage [5, 6]. The tested 
doses and conditions allowed us to cover the spectrum of 
DENV infection outcomes described in the Ifnar−/− mouse 
model, ranging from inapparent infection to severe mani-
festations, including lethargy, limited mobility, fur ruffling, 
hunching and mortality [5]. The progression of morbidity and 
mortality among infected mice was dependent on the DENV 
dose used for infection. Animals infected with 1×102 p.f.u. 
did not exhibit signs of illness, and nor did they succumb to 
DENV infection, whereas in mice infected with 1×106 p.f.u. 
using ADE conditions, morbidity and mortality progressed 
rapidly (Fig S1, available in the online version of this article). 
Mortality in this model has previously been shown to be due 
to a vascular leak syndrome [3, 5–7].

On day 3 post-infection, blood samples were collected for 
serum testing by ELISA, which showed that the levels of both 
Sia and NS1 in circulation correspondingly increased with 
the DENV doses used for infection (Fig. 1a–b). Accordingly, 
the Sia and NS1 levels in serum were the lowest among mice 
infected with 1×102 p.f.u. and the highest in animals infected 
with 1×106 p.f.u. of DENV2 D220 under ADE conditions. 
In addition, using a standardized morbidity scale [5], we 
found that DENV-induced morbidity at day 3 post-infection 
among infected mice was correlated with circulating amounts 
of Sia (r2=0.4746, P<0.0001) and NS1 (r2=0.3698, P=0.0008) 
(Fig. 1c–d). Similarly, the levels of Sia and NS1 were also 
moderately correlated with each other (r2=0.2704, P=0.0054) 
(Fig. 1e). The mice used in these experiments were also moni-
tored for survival (Fig. 2a), which allowed us to analyse the 
measured levels of Sia and NS1 in serum in relation to DENV 
infection outcome. This analysis showed significantly higher 
levels of Sia (P=0.0026) (Fig. 2b) and NS1 (P<0.0001) (Fig. 2c) 
among mice that succumbed to DENV infection compared 
to animals that survived.

Quantification of free Sia by LC-MRM-MS
Sias are the N- or O-substituted derivatives of neuraminic acid 
[17]. Conversion of Neu5Ac to Neu5Gc is carried out by the 

Table 1. Optimized conditions for sialic acids in multiple reaction monitoring detection

Compound name Precursor ion Product ion Fragmentor (V) Collision energy (V) Polarity

N-acetylneuraminic acid 308.1 170 80 5 Negative

308.1 98 80 20 Negative

308.1 87* 80 5 Negative

N-glycolylneuraminic acid 324.1 186 80 10 Negative

324.1 116 80 10 Negative

324.1 87* 80 15 Negative

[13C3]-N-acetylneuraminic acid 311.1 173 80 5 Negative

311.1 99 80 20 Negative

311.1 90* 80 5 Negative

*Quantifier ion



1518

Espinosa et al., Journal of General Virology 2019;100:1515–1522

enzyme cytidine monophosphate-N-acetylneuraminic acid 
hydroxylase (CMAH), which is only found in non-human 
mammals (Fig. 3a), as the human CMAH gene is irrevers-
ibly mutated [18, 19]. We developed a novel LC-MRM-MS 
assay to quantify free Neu5Ac and Neu5Gc in mouse serum 
(Fig. 3b). The results show a significant increase in Neu5Gc, 
but not Neu5Ac, in the serum of mice with severe dengue 
disease compared to naïve serum (Fig. 3c).

dISCUSSION
The pathways that contribute to endothelial dysfunction 
and vascular leak during severe dengue disease are complex. 
Recently, NS1 has been shown to trigger the disruption of 
the EGL through various mechanisms, including the activa-
tion of endothelial sialidases and the cathepsin l-heparanase 
pathway [8–10]. In this study, we found that Sia and NS1 

Fig. 1. Sialic acid and NS1 levels in serum of DENV-infected mice increase proportionally with infectious dose and are correlated with 
DENV-induced morbidity. Ifnar−/− mice were infected i.v. with increasing doses of DENV2 D220, and blood samples were collected on day 
3 post-infection for serum testing by ELISA. Quantification of (a) Sia and (b) NS1 levels in serum from DENV-infected mice (mean±sd). 
Correlation analysis between DENV-induced (c) morbidity and Sia, (d) morbidity and NS1, and (e) Sia and NS1 levels in serum. Signs 
of morbidity were scored using a standardized scale, where 1=healthy; 2=mild signs of lethargy, some fur ruffling, no hunching; 3=fur 
ruffling, hunched, mild signs of lethargy; 4=ruffled, hunched and lethargic, limited morbidity; 5=moribund or dead. Data were combined 
from two experiments. ADE, antibody-dependent enhancement; p.f.u., plaque-forming units.

Fig. 2. Circulating levels of sialic acid and NS1 are associated with DENV infection outcome. Ifnar−/− mice were infected i.v. with different 
doses of DENV2 D220, and survival was monitored for 10 days. These are the same mice as those tested in Fig. 1. (a) A Kaplan–Meier 
survival curve is shown. (b) Sia and (c) NS1 levels in serum were evaluated by ELISA on day 3 post-infection and plotted in relation 
to DENV infection outcome (mean±sd), with significantly higher amounts being found in animals that succumbed to the infection, 
with P-values as indicated (two-sided Student t-test). Data were combined from two similar experiments. ADE, antibody-dependent 
enhancement; p.f.u., plaque-forming units.
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levels increased with the higher doses of DENV used for 
infection and correlated with DENV-induced morbidity and 
mortality. We tested a range of DENV doses to represent the 
spectrum of morbidity resulting from DENV infection in this 
rodent model. As determined by ELISA, the levels of Sia and 
NS1 in circulation at day 3 post-infection increased according 
to the DENV dose used for infection. Both Sia and NS1 levels 
correlated significantly with DENV infection severity. Taken 
together, these findings are consistent with previous observa-
tions indicating that the pathophysiology of DENV infection 
is associated with the disruption of vascular endothelium 
components and increased NS1 antigenaemia [14, 15, 20–22].

Sia constitutes an important component of the extracellular 
matrix in many different tissues [13]. Given its ample distribu-
tion, abundance and diverse structure, it is not surprising that 
Sia is involved in a number of cellular, physiological and immu-
nological functions [23]. Indeed, the abundant expression of 
Sia on cellular and lysosomal membranes is consistent with 
the roles of this sugar family in the stabilization of adhesion 

molecules and membranes and in mediating interactions 
with the environment [23]. It is estimated that the typical cell 
displays tens of millions of Sia molecules and that concentra-
tions on the cell surface glycocalyx are approximately 100 mM 
[24]. Under normal physiological conditions, extracellular Sia 
can be taken up by mammalian cells via macropinocytosis, 
arriving in the lysosomes for subsequent reutilization or 
degradation [17, 23, 24]. In addition, free Sia derived from 
cellular sources can be readily excreted in urine [17, 23]. Sia 
dynamics are critical for numerous biological functions. For 
instance, cell inflammatory responses are increased after 
Sia removal from cell surface ligands or receptors [25]. In 
particular, desialylation of TLR4 ligands is required for TLR4 
signalling [26]. NS1 has been also shown to trigger secretion 
of proinflammatory cytokines via TLR4 activation of periph-
eral blood mononuclear cells (PBMCs) [4]. In this study, 
circulating levels of Sia and NS1 were significantly higher in 
mice that succumbed to DENV infection in comparison to 
the levels in mice that survived DENV infection. Thus, higher 

Fig. 3. Analysis of free Sia in mouse serum using LC-MRM-MS. (a) Chemical structures of Neu5Ac and Neu5Gc. Neu5Ac is converted to 
Neu5Gc by the enzyme cytidine monophosphate-N-acetylneuraminic acid hydroxylase, which is only found in non-human mammals. The 
red circle indicates the difference between Neu5Ac and Neu5Gc. (b) LC-MRM-MS-extracted ion chromatograms of N-acetylneuraminic 
acid (top panel) and N-glycolylneuraminic acid (middle panel) in serum from DENV-infected mice and [13C

3
]-N-acetylneuraminic acid 

spiked into the serum (bottom panel) are shown. Three ion transitions of each compound were monitored for MRM detection; here 
quantifier ion transitions are shown. (c) LC-MRM-MS was used to quantify Neu5Ac and Neu5Gc in serum from mice infected with ADE 
3×105 p.f.u. DENV2 D220 or uninfected (naïve) mice. Free sialic acid in the form of Neu5Gc, the predominant species in mouse serum, 
was increased in samples from mice with severe dengue disease. Mean±sd; P-values as indicated (two-sided Student t-test). Data were 
pooled from a minimum of two similar experiments. ns, not significant.
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circulating levels of NS1 in DENV-infected mice, resulting in 
desialylation and concomitant increased release of Sia, could 
lead to the activation of TLR4 on PBMCs and an inflamma-
tory cytokine response, which is also characteristic of severe 
DENV infections [27].

In previous studies, we have observed comparable survival 
rates in studies using ADE 3×105 p.f.u. DENV2-D220 to infect 
Ifnar−/− mice as seen here [9, 28]. Intriguingly, the rates of 
morbidity and mortality in mice infected with 1×105 p.f.u. 
and ADE 3×105 p.f.u. were fairly similar. We speculate that 
the blood collection performed at day 3 post-infection may 
have precipitated the rapid disease progression and increased 
mortality in animals infected with 1×105 p.f.u. Nonetheless, the 
overall data suggest that NS1-triggered disruption can lead to 
the release of EGL components and that this process is indeed 
pathogenic. In pathological conditions such as sepsis and viral 
haemorrhagic fevers, the shedding and degradation of Sia are 
often accompanied by the release of other EGL components 
(e.g. heparan sulfate, chondroitin sulfate and hyaluronic acid), 
which leads to loss of EGL barrier function and increased 
vascular permeability [8, 9, 29–31]. Increased levels of NS1 
have been associated with the development of severe mani-
festations in humans as well as morbidity/mortality in mouse 
models of DENV infection [3, 21, 22]. Importantly, previous 
research in human populations showed that increased levels 

of hyaluronic acid, heparan sulfate, claudin-5 and syndecan-1 
in serum are associated with vascular leakage, underscoring 
the usefulness of EGL components as markers of severe 
dengue disease [8, 9]. Thus, the feasibility of Sia as a marker 
of clinical dengue disease warrants further research.

Sia molecules are widely found in nature as components 
of very complex matrices, including oligosaccharide units 
in mucins, glycoproteins and other microbial polymers. 
Therefore, the existing methods for determining these 
compounds can be time-consuming, tedious and sometimes 
not specific. The quantitative methods currently used in the 
field to measure Sia, such as ELISA assays, typically employ 
unprocessed biological samples, do not differentiate between 
free and conjugated Sia, and cannot discriminate between 
closely related molecular species or isomers. High-perfor-
mance liquid chromatography (HPLC) methods have the 
ability to discriminate closely related molecular species and 
isomers, but require extensive sample preparation involving 
derivatization with a fluorophore for detection. In contrast, 
LC-MRM-MS provides high mass-specific detection, yields 
greater sensitivity and can differentiate free from conjugated 
Sia, as well as molecular species and isomers, with minimal 
sample preparation. In this study, in addition to the widely 
used Sia ELISA, we also developed a targeted mass spectrom-
etry method that accurately detected free Sia released from 

Fig. 4.  DENV-induced morbidity and mortality in a murine model of dengue disease are correlated with increasing levels of Sia and NS1 
in circulation. (a) Ifnar—/— mice were infected with DENV2-D220, and 3 days post-infection, circulating levels of Sia were measured by (b) 
ELISA and (c) a newly developed LC-MRM-MS assay. The latter approach showed that serum levels of free N-glycolylneuraminic acid 
(Neu5Gc), a form of Sia found in most non-human mammals, were significantly higher in DENV-infected mice. (d) High levels of NS1 and 
Sia were associated with increased mortality in DENV-infected mice. These findings indicate that DENV infection leads to disruption of 
EGL components, such as Sia, which can be measured in serum and could used as potential biomarkers for severe dengue disease in 
humans.
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parental glycoconjugates in mouse serum [32]. This approach 
allowed us to monitor multiple ions (three ions) during anal-
ysis to achieve enhanced specificity for Sia identification and 
quantitation in the presence of complex biological matrices 
such as serum. This is a significant advancement compared to 
the current ELISA-based methods used in the field that suffer 
from selectivity and specificity problems and, as commonly 
used, only detect total Sia without discriminating between 
the conjugated versus free molecules in biological fluids. The 
method developed can also accurately discriminate between 
free Neu5Ac and Neu5Gc, the two most abundant forms of 
Sia, increasing our ability to discriminate between molecular 
species of free Sia.

In conclusion, we demonstrated that DENV-induced 
morbidity in a murine model of dengue disease is correlated 
with increasing levels of Sia and NS1 in circulation and that 
the concentrations of Sia and NS1 in sera were significantly 
higher in mice that succumbed to DENV infection (Fig. 4). 
Further, the newly developed LC-MRM-MS approach for the 
detection of free Sia provides a useful tool for the identifica-
tion of molecular signatures associated with severe dengue 
disease and warrants further studies assessing the utility of 
this method in human populations. Finally, these results 
extend previous research indicating that EGL disruption is 
associated with the hallmark characteristics of vascular leak 
observed in severe dengue.
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