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Subcutaneous Infection with Non-mouse Adapted Dengue Virus D2Y98P Strain 
Induces Systemic Vascular Leakage in AG129 Mice
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Abstract
Introduction: Dengue (DEN) is a mosquito-borne viral disease which has become an 

increasing economic and health burden for the tropical and subtropical world. Plasma 
leakage is the most life threatening condition of DEN and may lead to hypovolaemic shock if 
not properly managed. Materials and Methods: We recently reported a unique dengue virus 
strain (D2Y98P) which upon intraperitoneal (IP) administration to immunocompromised 
mice led to systemic viral dissemination, intestine damage, liver dysfunction, and increased 
vascular permeability, hallmarks of severe DEN in patients (Tan et al, PLoS Negl Trop Dis 
2010;4:e672). Results: Here we report the clinical manifestations and features observed 
in mice subcutaneously (SC) infected with D2Y98P, which is a route of administration 
closer to natural infection. Similar to the IP route, increased vascular permeability, 
intestine damage, liver dysfunction, transient lymphopenia (but no thrombocytopenia) 
were observed in the SC infected mice. Furthermore, the SC route of infection was found 
more potent than the IP route whereby higher viral titers and earlier time-of-death rates 
were measured. In addition, various staining approaches revealed structurally intact blood 
vessels in the moribund animals despite pronounced systemic vascular leakage, as reported 
in dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS) patients. Interestingly, 
measurement of soluble mediators involved in vascular permeability indicated that 
vascular leakage may occur at an early stage of the disease, as proposed in DEN patients. 
Conclusion: We believe that this novel mouse model of DEN-associated vascular leakage 
will contribute to a better understanding of DEN pathogenesis and represents a relevant 
platform for testing novel therapeutic treatments and interventions. 
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Introduction
Dengue (DEN) is an arthropod-borne viral disease that is 

endemic in subtropical and tropical countries.1 The highly 
domesticated Aedes aegypti mosquito is the main vector 
for DEN virus (DENV) transmission to humans. With 
approximately half the world's population residing in DEN 
endemic regions2 and more than 50 million new infections 
estimated to occur annually,3 DEN certainly poses a global 
health threat.

DENV infections may be asymptomatic or lead to 
undifferentiated fever, dengue fever (DF) or dengue 

hemorrhagic fever (DHF) with plasma leakage that may 
lead to hypovolaemic shock (dengue shock syndrome, 
DSS). According to the 1997 World Health Organization 
guidelines (http://www.who.int/topics/dengue/en/), all 4 
clinical/laboratory criteria, fever, hemorrhagic tendency, 
thrombocytopenia, and capillary leakage must be fulfilled 
for DHF/DSS classification. In DHF/DSS patients, capillary 
leakage is often observed at the time of defervescence and 
develops rapidly over a period of hours. Pleural effusion, 
ascites and hemoconcentration (hematocrit increased by 
more than 20%) are indicative of leakage.4 The patient can 
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quickly progress to shock if volume loss is not remedied with 
proper fluid therapy and severe leak will be accompanied 
by cardiovascular collapse within hours. 

Bleeding tendencies are also observed in DSS patients: 
hemorrhagic manifestations range from a positive tourniquet 
test to the presence of petechiae, ecchymosis or purpura 
and/or spontaneous bleeding mainly from the mucosa and 
gastrointestinal tract. Hemoconcentration and marked 
thrombocytopenia (platelet count <100 x 109/L) are the 2 
hallmarks of  DHF/DSS.5 Hepatic involvement has also been 
implicated in DEN disease which translates into elevated 
levels of aspartate (AST) and alanine (ALT) transaminases.6 

While the haematological, vascular and hepatic systems 
appear to be central in the DHF/DSS pathology,7 atypical 
clinical presentations that involve other organs have been 
increasingly reported, including encephalitis, myocarditis 
and cholecystitis.8-10

The current paradigm that explains increased vascular 
permeability in DEN patients involves a variety of soluble 
mediators known to play a role in vascular permeability 
based on measurements in DEN patients and, in some 
cases, further supported by in vitro experiments using 
endothelial cell lines.11,12 They include pro-inflammatory 
cytokines and chemokines, metalloproteinases (MMP),13 

complement proteins,14 vascular endothelial growth factor 
A (VEGF-A) and its receptor VEGFR-2,15 nitric oxide, 
tissue fibrinogen activator, endothelin, thrombomodulin, 
dengue virus non-structural protein 1 (NS1), and cross-
reactive anti-NS1 antibodies. In addition, an in vitro 
proteomic approach recently showed that DENV induces 
F-actin re-organisation in endothelial cells and modulates 
the expression and redistribution of surface molecules that 
play a critical role in vascular permeability.16 The current 
paradigm for DEN associated vascular leakage thus involves 
the combination of a plethora of soluble factors that act in 
concert and lead to the transient alteration of the vascular 
permeability. However, note that most of the dysfunctions 
such as elevated levels of pro-inflammatory cytokines and 
chemokines for example, proposed to play a critical role in 
vascular leakage during DEN disease, have been reported 
in other infections but without a noticeable effect on the 
vascular permeability. Moreover, general lack of structural 
changes and alterations of the blood vessels in DEN patients 
argues against some of the proposed mechanisms such as 
the destructive role of MMPs on the blood vessels or the 
apoptotic function of tumor necrosis factor-α (TNF-α) on 
endothelial cells. Therefore, some pieces are clearly missing 
in the current paradigm to fully explain what causes vascular 
leakage in DEN patients. 

Progress in deciphering the mechanisms responsible for 
DEN pathogenesis and in developing effective prophylactic 
and/or therapeutic treatments has been impeded by the lack of 

a relevant and convenient animal model.17 Most of the DENV 
strains do not replicate efficiently in immunocompetent 
mice. Mouse-adapted DENV strains displayed a higher 
infectivity but led to irrelevant clinical manifestations such 
as paralysis.18,19 Alternatively, immunocompromised mice 
displayed greater susceptibility to DENV infection.20-23 

Among them, AG129 mice, deficient in interferon (IFN)-α/β 
and -γ receptors, allowed effective replication of DENV.24,25 
We have recently described a unique non-mouse adapted 
DENV serotype 2 strain, namely D2Y98P, which is highly 
infectious in AG129 mice.26 Infection via the intraperitoneal 
(IP) route with a relatively low dose (104 plaque forming unit, 
PFU) of this virus led to asymptomatic viral dissemination 
and replication in relevant organs, followed by non-
paralytic death of the animals after the virus had cleared 
from the blood circulation, similar to the disease kinetic 
observed in humans. Intestine damage, liver dysfunction 
and increased vascular permeability were observed in the 
infected animals. We report here the clinical manifestations 
and features of AG129 mice infected with the same virus 
via the subcutaneous (SC) route, closer to natural infection. 

 
Materials and Methods

Virus strain and growth conditions. The D2Y98P-PP1 
virus used in this study was derived from the D2Y98P strain 
that had been plaque-purified twice sequentially on BHK-
21 cells and fully sequenced (Genbank accession number 
#JF327392).27 D2Y98P-PP1 virus was propagated in C6/36 
cells (ATCC# CRL-1660) as described previously.25 Virus 
stocks were stored at -80oC. 

Plaque assay
 Plaque assay was carried out in BHK-21 cells as described 

previously.26 Briefly, 2 x 105 cells BHK-21 cells were seeded 
in 24-well plates (NUNC, NY, USA). BHK-21 monolayers 
were infected with 10-fold serially diluted viral suspensions 
ranging from 10-1 to 10-8. After 1 hour incubation at 37oC 
and 5% C02, the medium was decanted and 1% (w/v) 
carboxymethyl cellulose was added to the wells. After 4 
days incubation at 37oC and 5% CO2, the cells were fixed 
with 4% paraformaldehyde and stained with 1% crystal 
violet. The plates were dried and the plaques were scored 
visually and expressed as the number of plaque forming 
units (PFU). Triplicate wells were run for each dilution of 
each sample. The limit of detection for the plaque assay 
was set at 10 PFU per ml or per g of tissue.

Mice infection
All the animal experiments were carried out under 

the guidelines and upon approval of the animal ethics 
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committees from the National University of Singapore 
(NUS). Blood withdrawal procedure was performed under 
anesthesia, and all efforts were made to minimise suffering. 
AG129 [129/Sv mice deficient in both alpha/beta (IFN-α/β) 
and gamma (IFN-γ) interferon receptors] were obtained 
from B&K Universal (UK). They were kept under specific 
pathogen-free conditions in individual ventilated cages. 
Eight to nine week-old mice were administered with 107 

to 104 PFU of D2Y98P-PP1 via the SC route (0.1 ml in 
PBS) in the back’s skin. Survival rate was derived from 
the number of mice that were euthanised at moribund stage 
as evidenced by severe diarrhea and lethargy as described 
previously.26 

Determination of virus titres in infected mice
Blood samples were collected from the cheek vein in 0.4% 

sodium citrate and centrifuged for 5 minutes at 6000 g to 
obtain plasma. The presence of infectious viral particles 
was determined by plaque assay as described above. The 
levels of infectious virus in the tissues from infected mice 
were assessed as described previously.26 Briefly, euthanised 
animals were perfused systemically with PBS prior to 
harvesting the liver, spleen, brain, spinal cord, kidney, 
back’s skin, intestines, mesenteric lymph nodes, brachial 
and axillary lymph nodes. Ten-fold serial dilutions of each 
tissue homogenate (from neat to 1: 105) were assayed in a 
standard virus plaque assay on BHK-21 cells as described 
above. Triplicate wells were run for each dilution of each 
sample. Data are expressed as log10 [mean ± SD] in PFU 
per gram of wet tissue with a limit of sensitivity set at 
1.0 log10 PFU/g of tissue. Five mice per time point per 
group were assessed. Results are representative of at least 
2 independent experiments.

Histology
 Mice were euthanised, and tissues were harvested and 
immediately fixed in 10% formalin in PBS. Fixed tissues 
were paraffin embedded, sectioned and stained with 
hematoxylin and eosin (H&E). 

Vascular permeability assay
 Vascular leakage was assessed using Evans Blue dye 
as a marker for albumin extravasation as described 
previously.26 Briefly, 0.2 ml of Evans blue dye (0.5 % 
w/v in PBS) (Sigma Aldrich) were injected intravenously 
into the anesthetised mice. After 2 hours, the animals 
were euthanised and extensively perfused with PBS. The 
tissues were harvested and weighed prior to dye extraction 
using N,N-dimethylformamide (Sigma; 4ml/g of tissue 
wet weight) at 37oC for 24 hours after which absorbance 
was read at 620nm. Data are expressed as fold increase in 

OD620nm per gram of tissue wet weight compared to the 
uninfected control.

Hematology
Mouse blood samples were collected in K2EDTA and 

serum tubes (Biomed Diagnostics). Serum alanine (ALT) 
and aspartate (AST) aminotransferases, and albumin levels 
were quantified using chemistry analyser COBAS C111 
(ROCHE).

Detection of cytokines and other soluble mediators
 TNF-α, Interleukin-6 (IL-6), MMP2, MMP9, VEGF-A, 
VEGFR-2 and C5a were measured in the serum of infected 
and uninfected mice using specific detection kits (R&D).

Visualisation of vascular endothelium using DiI dye
 Blood vessels can be directly labelled with 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), a 
lipophilic carbocyanine dye, which is incorporated into the 
endothelial cell membranes upon contact.28 Briefly, cardiac 
perfusion of various solutions in the following order was 
administered to the euthanised mice at a rate of 1 to 2 ml/
min: 2 ml of PBS, then 5 ml of DiI solution and finally, 
10 ml of 4% paraformaldehyde fixative. Whole animal 
tissues were then observed under a fluorescence microscope 
(Olympus) using a rhodamine filter set. 

Visua l i sa t ion  o f  vascu lar  endo the l ium by 
immunohistochemistry
 Whole-mount immunohistochemical analysis of the 
intestines was performed as described previously.29 Mice 
were euthanised and perfused with 4% paraformaldehyde. 
Tissues were dissected and further fixed in 4% 
paraformaldehyde overnight at 4°C. Fixed tissues were 
then incubated overnight at 4°C in a blocking solution of 
0.5% bovine serum albumin and 0.3% Triton X-100 in 
PBS. Finally, tissues were incubated with anti-rat CD31 
antibody (PECAM-1; BD Biosciences San Jose, CA) and 
revealed by Cy3-conjugated anti-rat antibody (Jackson 
ImmunoResearch). Specimens were viewed under a 
fluorescence microscope (Axio imager.Z1, Axiocam HRM 
camera; Carl Zeiss Micro Imaging, Inc., Jena, Germany). 

Statistics
All statistical analysis was done with GraphPad Prism 

Version 5.0 (GraphPad Software, San Diego, CA, USA). 
Data were analysed by Student’s t test. A one-tailed P <0.05 
was considered significant.
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Results

Survival rate and viremia in D2Y98P-PP1-infected AG129 
mice

 To test the infectious potential of the D2Y98P-PP1 strain 
when administered via the SC route, AG129 mice were 
infected with 10-fold serially diluted viral doses ranging 
from 102 to 107 PFU. Survival rates indicated that SC 
infection with as few as 103 PFU and above led to 100% 
mortality (Fig. 1). As previously reported for the IP route,26 
a direct correlation between viral dose and time-of-death 
was observed, which ranged between 6 to 16 days p.i. for 
the 107 to 103 PFU viral dose range. SC infection with 
102 PFU gave 10% survival only (Fig. 1A). The clinical 
manifestations that were observed upon SC infection were 
similar to those observed upon IP infection26 i.e. ruffled fur 
and hunched posture which further progressed to lethargy, 
diarrhea-like symptoms and moribundity at which stage 
the animals were euthanised. No signs of paralysis were 
observed. In order to compare with the IP route of infection 
previously reported,26 we monitored the viremia over time 
in the animals SC infected with 104 PFU of D2Y98P-PP1 
virus. A  peak of viremia was observed at day 5-6 p.i. 
followed by viral clearance at the time of the animals’ death 
by day 12 p.i. (Fig. 1B). 

Tissue tropism and kinetic of virus replication in D2Y98P-
PP1-infected AG129 mice

Upon SC infection with 104 PFU of D2Y98P-PP1 virus, 
the presence of infectious viral particles was monitored over 
time and quantified in the back’s skin, brachial and axillary 

lymph nodes, liver, intestines, mesenteric lymph nodes, 
spleen, brain, spinal cord and kidneys. The animals were 
perfused prior to organ and tissue harvest, thereby ensuring 
that the number of PFU obtained represents the number 
of virus particles that have reached the organs and tissues. 
The infection profiles observed in the skin, liver, intestines, 
spleen and kidneys followed the viremia (compare Figs. 2A, 
C, D, F, I with Fig 1B). In contrast, high levels of infectious 
viral particles were still detected at moribund state in the 
brachial and axillary lymph nodes (Fig. 2B), mesenteric 
lymph nodes (Fig. 2E), brain (Fig. 2G) and spinal cord 
(Fig. 2H). Even more interestingly, whereas for most of the 
organs tested a peak of virus concentration was detected at 
day 5-6 p.i. followed by more or less rapid clearance, the 
concentration of infectious viral particles kept increasing 
over time in the brain and spinal cord (Figs. 2G and H). 

Histology of intestines, spleen, liver and brain from D2Y98P-
PP1-infected AG129 mice

Histological analysis revealed severe damage of the 
intestines as early as day 6 p.i. with detachment and 
disintegration of the intestinal villi (Fig. 3A). In contrast, 
the liver and spleen architecture did not appear significantly 
altered throughout the infection. However, hepatic necrosis 
was observed at day 11 p.i., characterised by pyknotic nuclei 
and cytoplasmic vacuolation of hepatocytes. Liver damage 
was further supported by elevated levels of alanine (ALT) 
and aspartate (AST) transaminases in the infected animals 
(Fig. 3B). Signs of vacuolation were also observed in the 
cerebellum at day 11 p.i., indicative of some brain tissue 
damage (Fig. 3A).

Fig. 1. Survival rate and viremia in D2Y98P-PP1-infected mice. Fig. 1A shows the survival rate of 8-9 weeks old AG129 mice that were infected 
subcutaneously (SC) with 10-fold serially diluted suspensions of D2Y98P-PP1 virus as indicated. Survival rate was monitored over time post-infection 
(p.i.). Ten mice per group were used. Fig. 1B shows viremia in AG129 mice that were SC infected with 104 PFU of D2Y98P-PP1 strain. Viremia was 
monitored over time post-infection. Five animals were sacrificed at each time point. Blood was collected and the number of infectious viral particles was 
determined by plaque assay in BHK cells. The limit of detection is set at 10 PFU per ml. Legend: black circles represent individual virus titers measured 
at each time point for each mouse; and crosses represent the average of the virus titers at each time point.

1A 1B

  A Mouse Model of Dengue-associated Vascular Leakage—Grace KX Tan et al



527

Annals Academy of Medicine

 

Fig. 2. Kinetic of infectious virus particles in organs and tissues from D2Y98P-PP1-infected mice. AG129 mice were subcutaneously (SC) infected with 104 

PFU of D2Y98P-PP1 strain. At the indicated time points p.i., 5 animals were sacrificed, perfused with PBS and (A) the back’s skin, (B) brachial and axillary 
lymph nodes, (C) liver, (D) intestines, (E) mesenteric lymph nodes, (F) spleen, (G) brain, (H) spinal cord and (I) kidneys were harvested and homogenised. The 
number of infectious viral particles was quantified by plaque assay. The limit of detection is set at 10 PFU per gram of tissue.

Fig. 3. Histology of intestines, liver, spleen and brain from D2Y98P-PP1-
infected mice. Fig. 3A: AG129 mice were subcutaneously (SC) infected with 
104 PFU of D2Y98P-PP1 strain or left uninfected. At day 6 and 11 p.i., the 
animals were sacrificed and their organs were harvested, fixed and processed 
for H&E staining. Observations were made at 200x (intestines and spleen), 
400x (liver), and 100x (brain) magnification. Fig. 3B: Serum concentration of 
aspartate (AST) and alanine (ALT) transaminases. Legend: day 3 p.i. (broad 
striped bar); day 6 p.i. (black bar); day 9 p.i. (white bar); day 11 p.i. (narrow 
striped bar); and uninfected animals (grey bar).

3A

3B
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Blood parameters in D2Y98P-PP1-infected AG129 mice.
Various blood parameters were assessed over time post-

infection in the SC infected animals and compared to the 
uninfected animal controls. They included white blood cells 
(WBC), neutrophils (NEU), lymphocytes (LYM), red blood 
cells (RBC), hematocrit (HCT), and platelets (PLT). WBC, 
NEU, RBC and HCT displayed increased concentrations 
throughout the course of infection which indicated cellular 
activation/proliferation and infiltration (WBC and NEU), 
and hemoconcentration (RBC and HCT) (Fig. 4). In contrast, 
the PLT concentration remained unchanged. A transient drop 
in LYM concentration was observed at day 6 p.i. followed 
by a sharp increase to reach at moribund state higher levels 
than those measured in the uninfected controls (Fig. 4).

Vascular leakage in D2Y98P-PP1-infected AG129 mice
Vascular leakage was first assessed in the SC infected 

animals using Evan’s blue dye extrusion assay as reported 
previously.26 The results revealed a significant increase in 
the vascular permeability for all the organs tested (liver, 
intestine, kidney, spleen, skin) compared to the uninfected 
control animals (Fig. 5A). Vascular leakage was apparent 
at day 6 p.i. and was more pronounced at moribund state 
(day 11 p.i.). Consistently, significant decrease in the serum 
albumin concentration was observed in the infected animals, 
indicative of plasma proteins leakage (Fig. 5B).

Fig. 4. Blood parameters in D2Y98P-PP1-infected mice. AG129 mice were 
subcutaneously (SC) infected with 104 PFU of D2Y98P-PP1 strain. At the 
indicated time points p.i., 5 mice were sacrificed and the blood was harvested 
for the measurement of blood parameters including white blood cells (WBC), 
neutrophils (NEU), lymphocytes (LYM), red blood cells (RBC), hematocrit 
(HCT), and platelet (PLT). Legend: day 3 p.i. (broad striped bar); day 6 
p.i. (black bar); day 9 p.i. (white bar); day 11 p.i. (narrow striped bar); and 
uninfected animals (grey bar).

Fig. 5. Vascular leakage and serum albumin levels in D2Y98P-PP1-infected mice. Fig. 5A. At each indicated time point post-infection, 5 mice subcutaneously 
(SC) infected with 104 PFU of D2Y98P-PP1 strain were intravenously injected with Evan’s blue dye and sacrificed 2 hours later. After careful and extensive 
systemic perfusion with PBS, various organs and tissues were harvested and processed for Evan’s blue dye quantification. Results are expressed as fold changes 
compared to the uninfected animals control. Legend: day 6 p.i. (black bar); day 9 p.i. (white bar); and day 11 p.i. (striped bar). Fig. 5B. D2Y98P-PP1-infected 
and uninfected mice were bled at different time points p.i. to measure serum albumin concentration. Legend: uninfected (grey bar); day 3 p.i. (broad striped 
bar); day 6 p.i. (black bar); day 9 p.i. (white bar); and day 11 p.i. (narrow striped bar). 
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The current paradigm of  DEN-associated vascular leakage 
involves a number of soluble players including inflammatory 
cytokines and chemokines, as well as non-inflammatory 
mediators such as MMPs and complement proteins. A 
number of these soluble mediators were measured in the 
AG129 mice SC infected with D2Y98P-PP1 virus, including 
TNF-α, IL-6, VEGF-A, VEGFR-2, MMP9 and MMP2, and 
complement protein C5a. The results showed that all the 
mediators measured were present in higher concentrations in 
the serum from the infected mice compared to the uninfected 
controls (Fig. 6). These increased levels were detected as 
early as day 3 p.i. and were either transient with a peak 
at day 3 p.i. (TNF-α, VEGF-A, VEGFR-2), or sustained 
throughout the course of infection (IL-6, MMP9, MMP2, 
C5a). Interestingly, the levels of  VEFGR-2 measured in the 
serum from the infected animals at day 9 and 11 p.i. were 
significantly lower than the level measured in uninfected 
controls, suggesting internalisation or down-regulation of 
the receptor. 

Altogether, these data support that SC infection with 
D2Y98P-PP1 virus induces systemic vascular leakage in 
AG129 mice with early detection (day 3 p.i.) of elevated 
levels of a number of soluble mediators involved in vascular 
permeability.

Vascular endothelium integrity
Intact endothelium has been reported in DEN patients 

who experience increased vascular permeability.30 To assess 
blood vessels and capillaries integrity in our mouse model, 
SC infected mice were anesthetised at a late stage of infection 
(day 9 p.i.) and cardiac perfusion was performed with a 
lipophilic carbocyanine dye (DiI) shown to uniformly and 
stably stain blood vessels.28 Whole mount preparation of the 
small intestines was prepared and directly examined under 
a fluorescence microscope using a Rhodamine filter set. 
Despite the severe damage of the intestinal luminal structure 
(in particular the villi) as evidenced in the H&E stained 
sections (Fig. 3A), the large blood vessels and capillaries 
displayed no obvious structural alteration (Figs. 7A and B). 
To confirm this observation, CD31-immunolabelling was 
also performed. CD31 (aka PECAM-1, Platelet Endothelial 
Cell Adhesion Molecule-1) is a 130 kDa integral membrane 
protein that is expressed constitutively on the endothelial 
surface as well as at inter-endothelial cell contacts. The 
vascular structure of the blood vessels in the small intestine 
from DEN infected animals was found to be morphologically 
undamaged with intact inter-endothelial junctions (Figs. 
7C and D).  

Fig. 6: Systemic levels of soluble mediators in D2Y98P-PP1-infected mice. AG129 mice were subcutaneously (SC) 
infected with 104 PFU of D2Y98P-PP1 strain. At the indicated time points p.i., 5 mice were sacrificed and the blood 
was harvested for measurements of various soluble mediators including TNF-α, IL-6, VEGF-A, VEGFR-2, MMP9, 
MMP2, and C5a as indicated. Legend: uninfected (grey bar); day 3 p.i. (broad striped bar); day 6 p.i. (black bar); day 
9 p.i. (white bar); and day 11 p.i. (narrow striped bar).
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Discussion
We have previously reported the infection of AG129 adult 

mice with D2Y98P virus via the IP route.26 We described 
here the clinical features and manifestations observed upon 
infection with the same virus via the SC route, closer to 
natural infection. Similar to the observations made with 
the IP route, SC infection led to a viral dose-dependent 
time-of-death of the animals which displayed comparable 
relevant clinical manifestations and features including 
transient viremia, intestine damage, liver dysfunction, 
transient lymphopenia, and increased vascular permeability. 
However, some important differences were observed 
between the SC and IP routes. Firstly, different time-of-
death rates were observed in SC and IP infected mice 
infected with the same lethal viral dose. For example, IP 
infection with 104 PFU led to 100% mortality within 20 
days p.i. versus 12 days in SC infected mice. As for sub-
lethal viral doses, 90% versus 10% mortality rates were 
obtained in mice infected with 102 PFU via the SC and IP 
routes respectively. These observations thus suggested that 
the SC route of infection is more potent than the IP route 
at inducing severe disease in the mice. Secondly, for the 
same infectious dose (104 PFU), the peak concentrations 
of infectious viral particles measured systemically and in 
various organs from SC infected animals were at least 1 
log higher than those measured in the IP infected mice.26 

This observation thus suggested a correlation between viral 
titers and disease severity in this mouse model of DEN, a 

concept that is further supported by a recent work where we 
identified a single amino acid substitution in the viral genome 
responsible for the virulent phenotype of D2Y98P strain 
and which resulted in differential viral titers.27 Furthermore, 
whereas no pathological signs were observed in the brain 
from IP infected animals, vacuolation was apparent in the 
cerebellum of the SC infected mice. Consistently, although 
relatively rare, DEN-associated encephalopathy has been 
reported before in humans.31,32 Brain tissue alteration in SC 
infected mice correlated with strikingly higher levels of 
infectious viral particles detected in their brain compared 
to the IP infected animals (6 log10 PFU in SC infected 
animals versus 2 log10 PFU in IP infected animals) and may 
be the result of a direct cytopathological effect of the virus. 

The current paradigm that explains DEN-associated 
vascular leakage involves the combination of a plethora 
of soluble factors (including pro-inflammatory cytokines/
chemokines and other non-inflammatory mediators) 
that act in concert and lead to the transient alteration of 
the vascular permeability.11,12 Consistently, transient or 
sustained elevated levels of TNF-α, IL-6, MMP2, MMP9, 
C5a, VEGF-A and VEGFR-2 were measured in the serum 
of the infected mice. Interestingly, these elevated levels 
were detected as early as day 3 p.i., which suggested that 
increased vascular permeability begins at a rather early stage 
of the disease. This hypothesis is supported by some early 
experimental evidence in DEN patients that alteration of 
the vascular permeability begins during the febrile phase 
of the illness.30 However, due to the limited range of tools 
available to interrogate this phenomenon, plasma leakage 
is generally detectable and detected in DEN patients during 
or shortly after defervescence. Plasma leakage manifests 
via hemoconcentration tracked by increases of serial 
hematocrit measurements. Ultrasound examination has also 
proved useful to monitor plasma leakage.33,34 Furthermore, 
intact endothelium has been reported in DEN patients who 
experience increased vascular permeability.30 Likewise, 
using DiI dye staining and anti-CD31 antibody labeling 
procedures, we showed that the blood vessels and capillaries 
from D2Y98P-infected mice appear intact even at moribund 
stage where vascular leakage is most prominent. To further 
confirm the endothelium integrity, immunofluorescence of 
the inter-endothelial tight junctions using antibodies specific 
to zonula occludens (ZO) protein, claudin and VE-cadherin 
is in progress in our laboratory. 

Finally, a number of blood parameters were measured 
in the SC infected mice and the study revealed some 
common features with severe DEN (DHF) patients such 
as RBC and HCT increased concentration, and transient 
lymphopenia.35,36 However no thrombocytopenia was 
observed in the infected mice unlike in humans where 
platelets drop is one of the hallmarks of  DHF.36 Furthermore, 

Fig. 7. Visualisation of the vascular endothelium in D2Y98P-PP1-infected 
mice. AG129 mice were SC. infected with 104 PFU of D2Y98P-PP1virus 
(panels B and D) or left uninfected (A&C). At moribund stage (Day 10 p.i.), 
the mice were anesthetised and Dil dye was injected via cardiac perfusion 
before euthanasia (A & B). Whole mounts preparations of small intestines 
were made and directly observed under fluorescent microscope (A & B) or 
after staining with anti-CD31 antibody (C & D).
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neutropenia and leukopenia also described in DHF patients36 
were not observed in the infected mice. 

In conclusion, we report here a unique mouse model 
of primary DENV infection using a non mouse-adapted 
DEN2 virus strain (namely D2Y98P-PP1) which upon 
SC administration to AG129 adult mice leads to systemic 
increased vascular permeability accompanied by a number 
of clinical features and parameters that resemble those 
described and measured in DEN patients. Our mouse model 
thus offers a unique opportunity to identify the molecular 
players involved in DEN-associated vascular leakage and 
elucidate its underlying mechanisms. It also represents an 
ideal platform to test novel prophylactic and therapeutic 
interventions to fight DEN.
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