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Abstract
Severe dengue is caused by host responses to viral infection, but the pathogenesis remains

unknown. This is, in part, due to the lack of suitable animal models. Here, we report a non-

mouse-adapted low-passage DENV-3 clinical isolate, DV3P12/08, derived from recently

infected patients. DV3P12/08 caused a lethal systemic infection in type I and II IFN receptor

KO mice (IFN-α/β/γR KOmice), which have the C57/BL6 background. Infection with

DV3P12/08 induced a cytokine storm, resulting in severe vascular leakage (mainly in the

liver, kidney and intestine) and organ damage, leading to extensive hemorrhage and rapid

death. DV3P12/08 infection triggered the release of large amounts of TNF-α, IL-6, and

MCP-1. Treatment with a neutralizing anti-TNF-α antibody (Ab) extended survival and

reduced liver damage without affecting virus production. Anti-IL-6 neutralizing Ab partly pro-

longed mouse survival. The anti-TNF-α Ab suppressed IL-6, MCP-1, and IFN-γ levels, sug-

gesting that the severe response to infection was triggered by TNF-α. High levels of TNF-α

mRNA were expressed in the liver and kidneys, but not in the small intestine, of infected

mice. Conversely, high levels of IL-6 mRNA were expressed in the intestine. Importantly,

treatment with Angiopoietin-1, which is known to stabilize blood vessels, prolonged the sur-

vival of DV3P12/08-infected mice. Taken together, the results suggest that an increased

level of TNF-α together with concomitant upregulation of Tie2/Angiopoietin signaling have

critical roles in severe dengue infection.
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Introduction
Dengue fever is caused by dengue virus (DENV), which is transmitted by mosquitoes. The
worldwide incidence of dengue fever has increased markedly in recent decades; indeed, at least
2.5 billion people (approximately 40% of the global population) are now at risk. The World
Health Organization estimates that there may be 390 million DENV infections worldwide
every year, resulting in approximately 25,000 deaths [1]. At present, no effective vaccines or
drugs are available. There are four serotypes of DENV: DENV-1–4, which cause a number of
conditions, including undifferentiated fever, dengue fever (DF), dengue hemorrhagic fever
(DHF), and dengue shock syndrome (DSS) [2].

DENV belongs to the family Flaviviridae within the genus Flavivirus. The genus Flavivirus
comprises arthropod-borne viruses such as yellow fever virus, Japanese encephalitis virus,
West Nile virus, and DENV [3]. The DENV genome comprises a single-stranded RNA mole-
cule of 10.7 kb, which encodes a single precursor polyprotein that is co- and post-translation-
ally processed by viral and cellular proteases to yield three structural proteins (the capsid, pre-
membrane, and envelope proteins) and seven non-structural proteins (NSs), namely, NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5.

The signs of severe dengue virus infection include plasma leakage into interstitial spaces
and thrombocytopenia [4, 5], which result in the life-threatening syndrome, DHF. There are
two hypotheses to explain the pathogenesis of DHF. One is based on the virulence of the
infecting DENV: virulent dengue virus strains cause DHF, while avirulent DENV strains
cause DF [5]. The other is based on immunopathogenesis, and suggests that DHF is mediated
by host immune responses. Both factors are likely to be intricately associated each other.
Most importantly, it is known that severe disease is due to the host response to DENV infec-
tion [5]. For this reason, establishing a small-animal model of the disease is necessary if we
are to fully understand the interaction between DENV and host response, and its pathogene-
sis and develop effective anti-dengue therapeutics. The development of a suitable animal
model for DENV infection, however, has been hampered by the low (or lack of) viral replica-
tion in wild-type mice, even in type I and II IFN receptor-deficient mice (AG129 mice);
DENV only replicates in the latter when they are infected with a high dose of mouse-adapted
virus [6].

Here, we developed a new mouse model of a lethal DENV-3 infection, which was charac-
terized by DHF-like vascular leakage. Intraperitoneal infection with low-passage DENV-3
P12/08 (DV3P12/08) isolated from infected Thai patient caused an acute systemic disease in
C57BL/6 background knockout (KO) mice lacking type I interferon (IFN)-α/β receptors
(IFN-α/βR KO mice) and in mice lacking both type I and II IFN receptors (IFN-α/β/γR KO
mice). Infection by DV3P12/08 caused vascular leakage in the liver, kidney, and small intes-
tine, and tissue damage in the spleen and liver. High levels of virus production were observed
in the spleen, liver, kidney, thymus, lung, peritoneal exudate cells (PEC), bone marrow (BM),
intestine, and serum, but not in the brain. High levels of TNF-α, IL-6, and MCP-1 were
detected in the serum during the final stages of the disease. TNF-αmRNA was mainly pro-
duced in the liver and kidney, while high levels of IL-6 mRNA were produced in the intestine.
A neutralizing anti-TNF-α antibody (Ab), suppressed increases in the levels of IL-6, MCP-1
and IFN-γ, protected mice from liver damage, and prolonged mouse survival. Importantly,
angiopoietin-1, which is a stabilizer of blood vessels, protected mice from the early lethal
effects of DENV. Thus the mouse model described herein may provide new insights into the
pathogenesis of DHF.

Pathogenesis of Dengue Virus in Mouse Model

PLOS ONE | DOI:10.1371/journal.pone.0148564 February 4, 2016 2 / 17

Competing Interests: The authors have declared
that no competing interests exist.



Materials and Methods

Ethical statements
The samples including DV3P12/08 were from an already-existing collection and the study was
approved by the ethics committee of Institute for the Development of Human Research Protec-
tions, Thailand. All samples were anonymized. All animal experiments were performed in
accordance with the guidelines for the care and use of laboratory animals at the Research Insti-
tute for Microbial Diseases, Osaka University. The study was approved by the Animal Experi-
ment Committee of the Research Institute for Microbial Diseases, Osaka University (#H25-09-
1), as specified in the Fundamental guidelines for the Proper Conduct of Animal Experiment
and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry
of Education, Culture, Sports, Science and Technology, Japan, 2006. Trained laboratory person-
nel performed anesthesia of mice via intraperitoneal injection of a mixture of medetomidine,
midazolam, and butorphanol during viral injection and euthanasia by cervical dislocation.

Virus and cells
The virus strain DV3P12/08 was derived from patients infected with DENV-3 in Thailand in
2008, who exhibited DHF grade 1. The virus was isolated in Aedes albopictus C6/36 cells and
then passaged 3–5 times in C6/36 cells and once in Vero cells. Virus stocks were stored at -80°C
until use. The C6/36 cell line was cultured at 28°C in Leibovitz’s 15 medium (Gibco, Gland
Island, NY) supplemented with 0.3% BactoTM Tryptose Phosphate Broth (Becton Dickinson,
Sparks Glencoe, MD, USA) and 10% fetal calf serum (FCS). Vero cells were cultured in Eagle’s
minimum essential medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% FCS.

Focus-forming assays
Virus infectivity was measured in focus-forming assays and expressed as focus-forming units
(FFU). Briefly, culture supernatants were serially diluted (10-fold) in MEM and then 50 ml of
diluent was added to monolayers of Vero cells in 96-well microplates. After incubating for 2 h at
37°C, the infected cells were treated with 2% carboxyl-methyl-cellulose (CMC) in 2% FBS-MEM
for a further 72 h. The infected cells were then washed five times, fixed in a 3.7% formaldehyde
solution, and permeabilized with 0.1% Triton X-100 prior to overnight incubation with an anti-
E monoclonal antibody (D23-1G7C2) [7] at 4°C. The infected cells were then washed and incu-
bated with horseradish peroxidase (HRP)-conjugated rabbit anti-human IgG (309-035-003;
Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 hr. Finally, the culture plates
were washed with PBS and the infected cells visualized after exposure to H2O2-diaminobenzi-
dine (Sigma, St Louis, MO, USA). The number of foci was counted under a light microscope.

Mouse model of lethal infection
Mice lacking both type I and type 2 IFN receptors were obtained by crossing IFN-α/βR KO
mice (kindly provided by Dr. Ishii, Immunology Frontier Research Center, Osaka University)
with IFN-γR KOmice (Jackson Laboratories); the progeny were named IFN-α/β/γR KOmice.
IFN-α/β/γR KOmice were bred and maintained under specific pathogen-free conditions. Mice
were challenged either intraperitoneally or subcutaneously with 2×102-2×106 FFU of DV3P12/
08 under anesthesia (by i.p. injection of medetomidine, midazolam, and butorphanol tartrate
at final concentrations of 0.3 mg/kg, 4 mg/kg, and 5 mg/kg respectively). Following inoculation,
mice were weighed and visually monitored at least once daily by scoring morbidity. Morbidity
scoring criteria were based on a 0 to 4 scale: 0-clinically healthy; 1-mild signs of lethargy;
2-lethargy, ruffled fur and hunched posture; 3-lethalgy, ruffled fur, hunched posture with
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decreased mobility; 4-moribund with unresponsiveness, and/or difficulty walking. Analgesics
and anesthetics were not used in this study to minimize animal suffering or distress. Mice were
euthanized for humane purposes if they reached a score of four or exhibited weight loss> 20%
of initial body weight in the 3-day period after infection, or 25% of weight loss in the 7-day
period after infection to avoid unnecessary suffering. No unexpected death occurred during
this study and mice were euthanized by cervical dislocation under anesthesia (by i.p. injection
of medetomidine, midazolam, and butorphanol tartrate at final concentrations of 0.3 mg/kg, 4
mg/kg, and 5 mg/kg respectively). Euthanized mice were counted as being dead on the follow-
ing day for analysis.

Quantification of viral RNA
Viral RNA was isolated from serum (70 μl) using the QIAmp Viral RNAMini kit (Qiagen) and
from the tissue homogenate using TRIzol reagent (Life Technologies) according to the manu-
facturer’s protocol. Spleen, liver, kidney, thymus, lung, brain, PEC, bone marrow, small intes-
tine, and large intestine were homogenized using a bead crusher μT-12 (Taitec). Total RNA
was extracted using TRIzol and adjusted to 200 μg/ml for use in real-time PCR. RNA was
quantified using a One-Step SYBR PrimeScript RT-PCR Kit II (Takara) and the following den-
gue group-specific primers: DN-F, 5’-CAATATGCTGAAACGCGAGAGAAA-3’ and -DN-R,
5’-CCCCATCTATTCAGAATCCCTGCT-3’ [8]. The reaction conditions were as follows:
50°C for 30 min, 95°C for 15 min, and then 40 cycles of 95°C for 20 sec, 55°C for 30 sec, and
72°C for 30 sec, followed by a melting curve analysis step. PCR was performed in a CFX Real-
Time PCR Detection System (Bio-Rad).

Quantitation of vascular permeability
Vascular leakage was examined by intravascular administration of Evans blue (Sigma-Aldrich)
as previously described [9]. Briefly, Evans blue (0.2 ml of a 0.5% solution in PBS) was intrave-
nously injected into moribund mice on Day 5–6 post-infection (p.i.) with DV3P12/08. After 2
h, the mice were anesthetized (by i.p. injection of medetomidine, midazolam, and butorphanol
tartrate at final concentrations of 0.3 mg/kg, 4 mg/kg, and 5 mg/kg respectively), euthanized by
collection of whole blood, extensively perfused with PBS, and the spleen, liver, kidney, lung,
brain, small intestine, and large intestine were collected. Evans blue was extracted from the
organs by incubation in 1 ml of formamide (Sigma-Aldrich) for 24 hrs, centrifuged at 5,000
rpm for 10 min, and 150 ml of supernatant was collected. The concentration of Evans blue in
each organ was quantified by measuring the absorbance at 620 nm using a Corona Grating
Microplate Reader SH-9000 (Corona, Electric Co., Ltd.). The results were expressed as optical
density per gram of tissue weight.

Histology
Mice were euthanized, 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).

Measurement of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels in mouse serum
Serum was obtained from blood samples on Day 6 p.i. and the levels of AST and ALT measured
immediately using Transaminase CII-Test Wako (Wako Chemicals) according to the manu-
facturer’s instructions. The OD was measured at 555 nm in a Corona Grating Microplate
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Reader SH-9000 (Corona, Electric Co., Ltd.). The OD values were converted to Karmen units
by using AST and ALT calibration curves.

Cytometric Bead Assay (CBA)
The levels of TNF-α, IL-6, IL-10, MCP-1, IFN-γ, and IL-12p70 in blood were measured using a
Mouse Inflammation CBA Kit (Becton Dickinson). Briefly, sera were diluted 10-fold in Assay
Diluent and 50 μl of diluted sample was incubated with 50 μl of mixed Mouse Inflammation
Capture Beads and 50 μl of Mouse Inflammation PE Detection Reagent for 2 hrs. After washing
the mixture once in Wash Buffer, the intensities of the signals on beads were measured by flow
cytometry, and the results were analyzed using FCAP Array software 3.0 (BD). All steps were
performed at room temperature. Cytokine concentrations were expressed as pg/ml.

Neutralization of TNF-α and IL-6, and Angiopoietin-1 (Ang-1) treatment
Mice were intraperitoneally injected with 100 μg of a purified, functional grade anti-mouse
TNF-α antibody (Ab) (clone MP6-XT3; eBioscience), with 500 μg of anti-mouse IL-6 Ab
(MP5-20F3; BioXcell), or with 100 μg of an isotype control Ab (clone P3.6.2.8.1; eBioscience)
on Days 1, 2, and 4 p.i. Mice were monitored daily until Day 30 p.i. For treatment with Ang-1,
mice were intraperitoneally injected with 1μg of rhAng-1 (R&D Systems)(dissolved in 100 μL
phosphate-buffered saline per injection) or the same volume of control buffer (100 μL phos-
phate-buffered saline per injection) [10].

Measurement of TNF-α and IL-6 mRNA
The levels of TNF-α and IL-6 mRNA were determined by real-time PCR [11] using the CFX
Real-Time PCR Detection System (Bio-Rad). mRNA expression was quantified using the com-
parative Ct method [12] and levels were normalized to that of GAPDHmRNA. mRNA expres-
sion in IFN-α/β/γR KOmice was calculated relative to that in mock (PBS)-inoculated IFN-α/
β/γR KO mice.

Blood test
Heparin blood samples (20–30 μL) were collected from mouse tails on 6 day p.i. Platelet counts
were measured by Celltac αMKE-6308 (NIHON KOHDEN, Tokyo, Japan).

Data analysis
All data were analyzed using Graphpad Prism software (Graphpad 5, San Diego, CA). Kaplan-
Meier survival curves were analyzed by the log rank test. Differences in vascular leakage, cyto-
kine levels, and AST and ALT levels were analyzed by Student t-test.

Results

DV3P12/08 causes a fatal non-neurological disease in mice
We first examined different DENV strains in IFN-α/β/γR KOmice to identify a strain with
high virulence (Table 1). A single DENV-3 strain, DV3P12/08 caused a lethal infection in IFN-
α/β/γR KOmice. To further test the virulence of DV3P12/08, IFN-α/β/γR KO mice (5–6 weeks
old) were inoculated (i.p.) with viral doses ranging from 2 × 106 to 2 × 102 FFU (Fig 1A). The
results showed that infection with 2 × 106 FFU DV3P12/08 induced 100% mortality by Day 6
p.i; thus the infection progressed rapidly. Infection with 2 × 105 FFU resulted in a survival rate
of 66%. There was a reciprocal correlation between viral dose and time of death in mice
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infected with a lethal dose of virus. Although mice showed no symptoms during the initial
stages post-infection, they adopted a hunched posture with ruffled fur and suffered severe diar-
rhea for 1 or 2 days prior to death. Subcutaneous (s.c) infection with 2.6 × 106 FFU DV3P12/08
resulted in death between Days 7 and 9 p.i. (Fig 1B). Mice showed no clinical signs of neurolog-
ical disorders, such as paralysis, at any time.

Table 1. Challenge of DENV clinical isolates in IFN-α/β/γR KOmice.

Virus Titer (FFU) Number a % Survival Period b

DV3-2 3.3×105 4 100 -c

DV3-3 3.1×105 5 100 -c

DV3-4 8.3×105 5 40 25–32

P12/08 2.0×105 3 0 9–24

a Numbers of mice used for challenge.
b Period indicates the days when mice condition reached the end point.
c All mice survived until days 42 post-infection without symptom.

doi:10.1371/journal.pone.0148564.t001

Fig 1. Survival rates and virus titers in IFN-α/β/γR KOmice infected with DV3P12/08. (A) Groups of IFN-α/β/γR KOmice (5–6 weeks old) were
intraperitoneally infected with DV3P12/08 at doses ranging from 2 × 106 to 2 × 102 focus-forming units (FFU) or (B) subcutaneously infected with 2.6 × 106

FFU of DV3P12/08 and survival monitored. (C) Groups of IFN-α/βR KOmice (either 5 weeks old or 11 weeks old) were intraperitoneally infected with
1.3 × 107 FFU of DV3P12/08 and survival was monitored. (D) IFN-α/β/γR KOmice (5–6 weeks old) were intraperitoneally infected with 2 × 106 of DV3P12/08,
sacrificed at Day 5 p.i. under anesthesia, and perfused extensively with PBS. Virus copy numbers in the spleen, liver, kidney, thymus, lung, brain, peritoneal
exudate cells (PEC), bone marrow (BM), upper (U) small intestine, lower (L) small intestine, large intestine, and serum were then measured by qRT-PCR.
Bars indicate the mean value. Each symbol represents an individual mouse.

doi:10.1371/journal.pone.0148564.g001
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We next examined the virulence of DV3P12/08 in mice lacking only type I IFN receptors
(IFN-α/βR KOmice). Two groups of IFN-α/βR KOmice (either 5 weeks or 11 weeks old) were
challenged with 1.3 × 107 FFU of DV3P12/08. All of the 11-week-old mice and 60% of the
5-week-old mice survived (Fig 1C). The surviving 5-week-old mice showed some clinical signs
of disease, such as a hunched posture and ruffled fur, at Days 5 and 6 p.i.; however, they subse-
quently recovered. Therefore, we used IFN-α/β/γR KOmice for all subsequent experiments
because they were 100% susceptible to lethal infection with DV3P12/08.

To better understand the disease caused by DV3P12/08, we examined the spleen, liver, kid-
neys, thymus, lungs, brain, PEC, BM, upper and lower small intestine, large intestine, and
serum samples to determine the tissue tropism of the virus. We detected high levels of virus in
these organs at Day 5 p.i. (the exception was the brain [< 102 copies/μg RNA) (Fig 1D). Partic-
ularly high levels were detected in the large intestine (> 106 copies/μg RNA), thymus, and PEC
(> 105 copies/μg RNA).

DV3P12/08 induces vascular permeability in infected mice
The rapidly progressing fatal non-neurologic disease observed in DV3P12/08-infected IFN-α/
β/γR KO mice suggested that DV3P12/08 may cause increased vascular permeability, a hall-
mark of severe DENV infection. Therefore, we examined vascular leakage by injecting
DV3P12/08-infected or mock-infected mice with Evans blue dye [6, 9]. We observed leakage of
Evans blue into the liver, small intestine, and kidneys of DV3P12/08-challenged mice at Day 5
p.i. (the moribund stage) (Fig 2A–2E). We next extracted the dye from the organs to measure
the amount of leakage. The highest levels of vascular leakage occurred in the liver, kidney, and
small intestine (Fig 2F). These observations suggest that DV3P12/08 causes increased vascular
permeability in certain tissues.

Histological examination of organs harvested from DV3P12/08-infected
mice
We next performed histologic analysis of hematoxylin and eosin-stained tissue sections from
the organs of IFN-α/β/γR KO and control mice. The livers from mice infected with 2 × 106

FFU of DV3P12/08 showed evidence of an inflammatory infiltrate, edema, and swollen hepato-
cytes (suggestive of hepatocyte injury) (Fig 3); however, there was no evidence of necrosis.
Although mice infected with 2 × 106 FFU of DV3P12/08 suffered severe diarrhea and exhibited
marked vascular leakage in the intestine (Fig 2F), the edematous changes and vascular dilation
in this organ were not severe; however, we did observe mild-to-moderate edema and increased
numbers of infiltrating cells in the lamina propria. Also, epithelial cells were detached from the
tops of the villi. These features provide evidence for pathological changes in tissues exhibiting
signs of increased vascular permeability. In addition, a reduction in the length of the intestine
was observed (Fig 2B), suggesting the intestine had undergone a strong inflammatory response.
Massive loss of lymphocytes from the white pulp and infiltration of inflammatory leukocytes
were observed in the spleen at Day 5 p.i. Although there was evidence of vascular leakage in the
kidney (Fig 2F), there were no clear pathological changes. The glomeruli and tubules appeared
normal.

Cytokine levels in DV3P12/08-infected mice
Cytokines are thought to contribute to the vascular leakage associated with severe dengue [5,
13, 14]. Therefore, we measured the levels of five pro-inflammatory cytokines (TNF-α, IL-6,
IL-10, IL-12p70, IFN-γ) and one chemokine (MCP-1) in serum samples collected from mice
(infected with 2 × 106 FFU of DV3P12/08) at Day 5 p.i. The results showed that the levels of
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TNF-α, IL-6, IFN-γ, and MCP-1 were much higher in infected mice than in mock-infected
mice (Fig 4). No IL-12p70 or IL-10 were detected (data not shown). These data suggest that
infected mice experience a cytokine storm, which results in severe vascular leakage.

Neutralizing TNF-α prevents DV3P12/08-induced lethality during the
acute phase of disease
To examine whether TNF-α or IL-6 is responsible for the lethal effects of the virus in this ani-
mal model, we treated DV3P12/08-infected IFN-α/β/γR KOmice with either an anti-mouse
TNF-α Ab (100 μg), anti-IL-6 antibody (500 μg) or an isotype control antibody (100 μg) on
Days 1, 2 and 4 p.i. Treatment with the anti-TNF-α Ab significantly prolonged the survival of
DV3P12/08-infected mice until Day 18–36 p.i. (Fig 5A); however, most of the control mice

Fig 2. IFN-α/β/γR KOmice infected with DV3P12/08 suffer vascular leakage. (A) Mice (5–6 weeks old) were intraperitoneally infected with 2 × 106 focus-
forming units (FFU) of DV3P12/08 or PBS (mock-infected). Moribund mice were intravenously injected with Evans blue dye on Day 5 p.i., sacrificed under
anesthesia, and perfused extensively with PBS. Extravasation of the dye into the peritoneal cavity, (B) intestines, (C) brain, (D) kidneys, and (E) liver of mock-
infected or DV3P12/08-infected mice. (F) Quantification of Evans blue in the spleen, liver, kidneys, lungs, brain, upper small intestine, lower small intestine,
and large intestine of infected and mock-infected mice (n = 6/group). *P < 0.05 and **P < 0.01.

doi:10.1371/journal.pone.0148564.g002
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died by Day 5–7 p.i. On the other hand, treatment with the anti-IL-6 Ab weakly protected mice
(Fig 5A). This result clearly shows that TNF-α plays a critical role in the lethal effects of DENV
in this IFN-α/β/γR KOmouse model. To examine whether anti-TNF-α treatment had any
effect on virus production, we measured the viral titers in the sera of mice treated (or not) with
the anti-TNF-α antibody. TNF-α treatment had no effect on virus production at Days 4 or 5 p.
i. (Fig 5B); thus neutralization of TNF-α protected mice from lethal infection without affecting
virus production, suggesting that TNF-α plays a key role in lethal infection.

Neutralizing TNF-α suppresses IL-6, IFN-γ, and MCP-1 levels
We next examined whether neutralizing of TNF-α affected the levels of other cytokines. Serum
samples were collected from DV3P12/08-infected mice treated with or without anti-TNF-α Ab

Fig 3. Histopathological examination of tissues from IFNα/β/γR KOmice infected with DV3P12/08.
IFN-α/β/γR KOmice infected with 2 × 106 focus-forming units (FFU) of DV3P12/08 or mock-infected with PBS
were euthanized at Day 6 p.i. Sections of liver, spleen, kidney, and small intestine were prepared, stained
with hematoxylin and eosin, and observed under low (×100) and high (×400) magnification. Images are
representative of at least three sections per tissue.

doi:10.1371/journal.pone.0148564.g003
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Fig 4. Levels of pro-inflammatory cytokines and chemokines in DV3P12/08-infected IFN-α/β/γR KOmice.Mice were intraperitoneally infected with
2 × 106 focus-forming units (FFU) of DV3P12/08 or PBS (mock) and blood samples taken at Day 6 p.i. The levels of TNF-α, IL-6, MCP-1, IFN γ, and IL-10
were then measured using a Mouse Inflammation CBA Kit. The results are expressed as the mean + SD of 5–6 mice per group.

doi:10.1371/journal.pone.0148564.g004

Fig 5. TNF-α plays a critical role in lethal DV3 12/08 infection. (A) Survival of IFN-α/β/γR knockout (KO) mice intraperitoneally infected with 2 × 106 focus-
forming units (FFU) of DV3P12/08, followed by the intraperitoneal injection with an anti-TNF-α Ab (n = 6) or an isotype control Ab (n = 6) on Days 1, 2, 4 p.i.
Survival differences were statistically significant between the anti-TNF-α-treated group and the isotype control (p = 0.0004), the anti-TNF-α-treated group and
the anti-IL6-treated group (p = 0.0023), the anti-IL6-treated group and the isotype control (p = 0.0036). (B) Sera were collected from anti-TNF-α Ab- (n = 6) or
isotype control Ab- (n = 5) treated mice on Days 5 and 6 p.i. and the viral copy number determined by qRT-PCR. (C) Sera were collected frommock- (n = 3)
or DV3P12/08 (2 × 106 FFU) (n = 6) infected mice and the levels of TNF-α, IL-6, MCP-1, IFN-γ were measured by qRT-PCR. Bars indicate the mean values.
Each symbol represents an individual mouse.

doi:10.1371/journal.pone.0148564.g005
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on Day 5 p.i. and the levels of TNF-α, IL-6, IL-10, IL-12p70, IFN-γ and MCP-1 were measured.
As expected, treatment with the anti-TNF-α Ab abolished TNF-α; however, we also found that
it markedly suppressed the levels of IL-6 and MCP-1 (Fig 5C). This suggests that increased
expression of TNF-α has an effect on the levels of these two molecules. It is important to note,
however, that the protective effects of the anti-TNF-α Ab may depend on factors other than
(or in addition to) TNF-α.

Neutralization of TNF-α relieves liver damage
Obvious vascular leakage (Fig 2) and pathological change (Fig 3) were observed in liver. Liver
damage was evaluated by measuring AST and ALT levels in serum collected from IFN-α/β/γR
KOmice at Day 6 p.i. Levels of AST and ALT were significantly increased in DV3P12/
08-infected mice, and importantly there was no increase in AST and ALT levels in anti-TNF-α
Ab treated-DV3P12/08-infected mice (Fig 6). This suggests that liver damage was triggered by
the induction of TNF-α.

Expression of TNF-α and IL-6 mRNA in different organs
Vascular leakage was mainly evident in three organs: liver, kidney, and small intestine (little
leakage was observed in the brain) (Fig 2F). Vascular leakage appeared to be a local event, even
though cytokine levels in the serum were elevated (Fig 5). This raised the following question:
which organ is responsible for the production of TNF-α and IL-6? To answer this, we exam-
ined the expression of TNF-α and IL-6 mRNA in different organs by quantitative real-time
PCR. We found that high levels of TNF-αmRNA were expressed in the liver and kidney (19.7-
and 25.8-fold increase relative to that in mock-infected control, respectively) (Fig 7). Although
vascular leakage was observed in the small intestine, levels of TNF-α was low. On the other
hand, high levels of IL-6 mRNA were detected in the thymus, PEC, BM, small intestine, and

Fig 6. Serum alanine (AST) and aspartate (ALT) transaminase levels in DV3P12/08-infected IFN-α/β/γR
KOmice.Mice were intraperitoneally infected with 2 × 106 focus-forming units (FFU) of DV3P12/08 or with
PBS (mock) and blood samples were taken at Day 5 p.i. The levels of AST and ALT were measured using
Transaminase CII-Test Wako. The results are expressed as the mean + SD of 5–6 mice per group. *P < 0.05
and **P < 0.01.

doi:10.1371/journal.pone.0148564.g006
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large intestine (616-, 6,934-, 279-, 512-, and 9,396-fold, respectively). On the other hand, much
lower levels are expressed in the liver and kidney (30- and 34-fold, respectively).

Angiopoietin-1 (Ang-1) protects IFN-α/β/γR KOmice
Recently, mRNA expression of endothelial tyrosine kinases Tie1 and Tie2 was found to be
reduced in susceptible mice infected with Ebola virus [15]. In this mouse model, hemorrhagic
syndrome was observed. Ang-1 is a ligand of the Tie2 receptor [16] and acts to prevent vascular
leakage [17]. To examine whether introduction of Ang-1 protects IFN-α/β/γR KOmice from
lethal infection with P12/08, mice were treated with recombinant rhAng-1 at Days 1, 3, and 5
p.i. With no treatment (Fig 8), all mice died at Day 5 while with Ang-1 treatment, 50% of mice
survived until Day 17 p.i. and 10% of mice survived until day 21 p.i. This suggests that the Tie/
Angiopoietin system plays a critical role in this model.

DV3P12/08 does not cause thrombocytopenia
In addition to vascular leakage, another typical manifestation is thrombocytopenia. However,
we found no evidence for thrombocytopenia in this model (Fig 9). Mechanisms, other than
loss of thrombocytes, may be responsible for the vascular leakage and thrombocytopenia.

Fig 7. Expression of TNF-α and IL-6 mRNA in organs from IFN-α/β/γR KOmice.Mice were infected with PBS (n = 3) or with 2 × 106 focus-forming units
(FFU) of DV3P12/08 (n = 6) and total RNA was extracted from the spleen, liver, kidneys, lungs, thymus, brain, peritoneal exudate cells (PEC), bone marrow
(BM), small intestine, and large intestine at Days 6 p.i., and the levels of TNF-α and IL-6 mRNA were measured by qRT-PCR. The results were analyzed
using the comparative Ct method. Dots represent individual mice and bars represent the mean values.

doi:10.1371/journal.pone.0148564.g007

Fig 8. Ang-1 protects DV3P12/08-infected IFN-α/β/γR KOmice. Survival of IFN-α/β/γR knockout (KO)
mice intraperitoneally infected with 2 × 106 focus-forming units (FFU) of DV3P12/08, followed by the
intraperitoneal injection with Ang-1 (1 μg/mouse/time) (n = 6) or PBS control Ab (n = 6) on Days 1, 3, 5 p.i.
Survival differences were statistically significant between the Ang-1 and PBS-treated mice (p = 0.0051).

doi:10.1371/journal.pone.0148564.g008
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Discussion
Here, we showed that DDV3P12/08, a low passaged recent clinical isolate DV3P12/08 caused
acute systemic lethal infection in C57BL/6 background IFN-α/β/γR KOmice. Viral infection
caused a DHF-like syndrome, which was associated with vascular leakage and liver damage.
Several groups have used AG129 mice infected with a mouse-adapted DENV-2 strain and
non-mouse adapted strain as an animal model of DENV infection [6, 18–21]. Unfortunately,
the majority of DENV clinical isolates and laboratory strains that we tested did not cause lethal
infection in mice, not even in IFN-α/β/γR KOmice. Although some strains did cause a lethal
infection, the disease was manifested by neurological disorders rather than vascular leakage
(Phanthanawiboon et al. submitted for publication). However, there may be other as-yet-
unidentified strains of DENV that cause a DHF-like syndrome, at least in mice lacking IFN
receptors. Indeed, Sarathy et al. reported that DENV-3 C0360/94 strain caused systemic lethal
infection [22]. There remains an urgent need to identify virulent strains of DENV 1 and 4
because there are currently no mouse models of infection by these serotypes.

The model used in the present study has features that are similar to those of DENV-2 mod-
els based on infection with a mouse-adapted DENV strain, D2S10 [6], D2Y98P strains [21],
and the DENV-3 C0360/94 [22] strain (in AG129 mice). Mice infected with these viruses suf-
fered, systemic infection and vascular leakage, accompanied by histopathological changes such
as dilated hepatocytes in the liver, mononuclear cell infiltration and loss of texture in the
spleen, thickening of the mucosal layer of the intestine due to the presence of inflammatory
cells, and disease amelioration after treatment with a neutralizing anti-TNF-α Ab [6, 21, 22].
We also noted an apparent lack of fluid in the pleural cavity (Fig 2) and the absence of throm-
bocytopenia (Fig 9), as was observed in a previous study [6] although the DENV-3 C0360/94
strain caused thrombocytopenia [22]. Despite the fact that the IFN-α/β/γR KOmouce used in
this study have the C57BL/6 genetic background, which is different from that of AG129 mice,
DV3P12/08 infection caused similar symptoms in this mouse. There are a number of genetic
differences between C57BL/6 and AG129 mice; however, these differences do not appear to
affect the phenotype of mice infected with DENV.

Although most observations made using this model resemble those made using other mod-
els, there are several differences such as the absence of thrombocytopenia, as above mentioned.
In addition, swelling of intestine was very obvious (Fig 2A) and intestine length was shorter in
this model than other models (Fig 2B). These features of the intestine are often observed in

Fig 9. Analysis of blood samples obtained from IFN-α/β/γR KOmice infected with DV3P12/08. Blood
was harvested frommice infected with PBS (mock) (n = 5) or 2 × 106 focus-forming units (FFU) of DV3P12/08
(n = 6) at Days 6. p.i and the number of platelets was counted by using Celltac a (Nihon Kohden). P = 0.04.

doi:10.1371/journal.pone.0148564.g009

Pathogenesis of Dengue Virus in Mouse Model

PLOS ONE | DOI:10.1371/journal.pone.0148564 February 4, 2016 13 / 17



some inflammatory enteric diseases such as inflammatory bowel diseases (IBD) [23]. IBD is
thought to be driven by several pro-inflammatory cytokines, especially IL-6 [24]. The change
in appearance of the intestine (Fig 7) may be due to the expression of IL-6 in the intestine.
Although vascular leakage was observed in the intestine of all models using AG129 mice, virus
was not detected in the intestine of mice infected with D2Y98D [21]. In other models, virus
was detected in the intestine from mice infected with D2S10 [6] and C0360/94 [22]. In this
model, DENV infection in the intestine induced induce vascular leakage, as evidenced by the
high levels of DV3P12/08 found in the intestines (Fig 1D).

TNF-α is likely to be an important factor in all mouse models [6, 25, 26]; however, the pro-
tective mechanism of anti-TNF-α neutralizing Ab has not been investigated. Neutralization of
TNF-α suppressed IL-6, MCP-1, and IFN-γ levels in serum (Fig 5C). Although IL-6 was also
partly involved in lethality (Fig 5A), IL-6 was probably induced by TNF-α. These results sug-
gest that there may be other mediators triggered by TNF-α that are responsible for lethality
and vascular leakage. Importantly, neutralization of TNF-α relieved liver damage (Fig 6), sug-
gesting a critical role for liver function in the lethality of this model. Interestingly, C0360/94
did not induce liver damage [22]. Both type 3 DENVs results in lethal infection, but the
detailed events leading up to lethality may be different at the organ level. A comparative study
will be required to address this issue in the future.

TNF-α circulates in serum and is likely to be a master regulator (Fig 4), but vascular leakage
was limited mainly to the liver, kidney, and intestine (Fig 2). This raises the following question:
What is the determinant of organ specific vascular leakage? Which organs or cells produce
TNF-α? The results of the present study suggest that cells within the liver and kidney are the
most likely source (Fig 7), which is consistent with the pattern of vascular leakage observed in
this model (Fig 2F). However, a question remains. Although marked vascular leakage was
observed in the intestine (Fig 2), we observed high levels of IL-6 mRNA instead of the low lev-
els of TNF-αmRNA (Fig 7); thus, vascular leakage in this organ might be triggered by IL-6
produced in the intestine. We propose that vascular leakage in different organs may be trig-
gered by different mechanisms.

A significant advance in this study was the observation that Ang-1 effectively extended the
mouse survival (Fig 8). Ang-1 is a ligand for the endothelial specific receptor, tyrosine kinase
with Ig-like loops and epidermal growth factor homology domains-2 (Tie2) [16] and is essen-
tial for embryonic vascular development [27]. In addition, Thurston et al. reported that Ang-1
protects the adult vasculature against vascular leakage [17]. Binding of Ang-1 to Tie2 receptor
activates Tie2, and angiopoietin-2 (Ang-2) is an antagonist of Ang-1. It has been believed that
Ang-2 is thought to inactivate Tie2 and destabilize vessels by dissociating endothelial cells into
endothelial cells and endothelial cells into mural cells [28]. The Ang-1/Ang-2 balance is one of
determinants governing the stability of blood vessels. Ang-1 mediated protection against vas-
cular leakage caused by several diseases has been reported. Vessels in Ang-1 overexpressing
mice are resistant to leakage caused by inflammatory agents [29]. Moreover, Witzenbichler
et al. reported a protective role for Ang-1 in endotoxin shock [30], which is a condition with
microvascular leakage. Importantly, a lower Ang-1/Ang-2 ratio was found in dengue patients
with severe condition [31, 32]. In addition, an imbalance in the Ang-1/Ang-2 ratio was also
observed in patients with Crimean-Congo hemorrhagic fever [33]. Tie 2/Ang signaling may
play an important role in other viral hemorrhagic fevers. Interestingly, in human, platelets
store Ang-1 [34], suggesting that thrombocytopenia may exacerbate the imbalance in the Ang-
1/Ang-2 ratio and lead to condition that cause vascular leakage. The expression patterns of
Tie2/Ang were associated with organ-specific vascular leakage (Fig 2). Tie2 and its ligands
Ang-1/Ang-2 are highly expressed in the lung of mice [28], [35], which may insensate the lung
to activation of Tie2 driven by DENV-infection. A more detailed study is needed to clarify
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whether the improvement in mouse survival brought about by administration of Ang-1 is due
to its indirect blocking effect against a yet unidentified factor that induces vascular leakage or
its protective role in the blood vessel restoration step. We still cannot exclude the possible
involvement of other factors in vascular leakage, and the nature of the facto(s) that link
between TNF-α to Ang-1 is unclear. It will be necessary to determine how the Tie2/Ang system
is involved in severe dengue, and answer if we are to develop therapeutics that effectively pre-
vent the vascular leakage observed in DENV-infected patients.
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