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Dengue-virus-infected dendritic cells trigger vascular
leakage through metalloproteinase overproduction
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Dengue virus (DV) is an important re-emerging arthropod-borne
virus of global significance. The defining characteristic of DV
infection-associated pathology is haemorrhagic fever, which
often leads to a fatal shock-like syndrome (DHF/DSS) owing to
an increase in vascular endothelial permeability. Here, we show,
in a viral dose-dependent manner, that DV-infected immature
dendritic cells overproduce soluble gelatinolytic matrix metallo-
proteinase (MMP)-9—and to a lesser extent MMP-2—which
enhances endothelial permeability, but which are reduced by
specific inhibitors and a neutralizing anti-MMP-9 antibody. This
permeability was associated with a loss of expression of the
platelet endothelial adhesion molecule 1 (PECAM-1) and vascular
endothelium (VE)-cadherin cell adhesion molecules and re-
distribution of F-actin fibres. These in vitro observations were
confirmed in an in vivo vascular-leakage mouse model. These
results provide a molecular basis for DHF/DSS that could be a
basis for a general model of haemorrhagic fever-inducing viruses,
and identify a new therapeutic approach for the treatment of
viral-induced vascular leakage by specifically targeting gelatino-
lytic metalloproteases.
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INTRODUCTION
Dengue virus (DV serotypes 1-4) is a re-emerging arthropod-borne
virus, from the Flaviviridae family, that infects humans. The World
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Health Organization classifies infection with DV as a relatively
benign, self-limiting fever, and as a severe and sometimes fatal
haemorrhagic disease referred to, respectively, as dengue fever
and dengue haemorrhagic fever with a dengue shock syndrome
(DHF/DSS; Mackenzie et al, 2004). Dengue physiopathology is
correlated with activation of T lymphocytes and monocytes, as
well as with overproduction of cytokines and soluble mediators
leading to increased vascular permeability, serum leakage and
hypovolemia (Lei et al, 2001). Less commonly, DV infection
causes hepatic failure, encephalitis and haemorrhage (Gubler,
1998). The two main hypotheses to explain DHF/DSS in patients
on the basis of epidemiological data are that DHF/DSS (i) depends
on a second heterotypic antibody-dependent enhancement of
DV infection (Halstead, 1970), and (ii) does not depend on
a secondary infection, but rather a combination of viral load,
strain virulence and host immune response (Rosen, 1986).

Although DV can infect different cell types, cells from the
monocytic lineage, such as Langerhans cells in the skin and
interstitial dendritic cells (DCs), are the primary viral targets. In
these cells, expression of DC-specific intercellular adhesion
molecule 3 (ICAM3)-grabbing non-integrin (DC-SIGN) is essential
for productive DV infection (Navarro-Sanchez et al, 2003;
Tassaneetrithep et al, 2003). It is noteworthy that immature,
monocyte-derived DCs (iDCs) are permissive for infection with
DV. This infection results in productive viral replication, cellular
activation and maturation, and also increased production
of cytokines (Ho et al, 2001), such as tumour necrosis factor-a
(TNF-o;; Marovich et al, 2001) and interleukin-8 (Juffrie et al,
2000), both of which are strongly correlated with severe DHF/DSS
and death. Trans-endothelial migration of DCs occurring during
normal physiological or inflammatory processes requires extra-
cellular matrix remodelling, which involves changes in VE
permeability regulated by the production of matrix metallo-
proteases (MMPs). In excess, these MMPs have deleterious effects
on endothelial cell integrity (Asahi et al, 2001).

Understanding DHF/DSS pathogenesis is important because of
the absence of a vaccine or effective treatment against DV.
However, the molecular mechanisms governing virus-mediated
enhancement of vascular permeability, leading to vascular
damage, are not yet fully understood. In view of the important
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Fig 1| Dengue virus infection of immature dendritic cells triggers the
overproduction of matrix metalloproteinases and inflammatory
cytokines. Cell-surface expression of CD1a (A) and DC-SIGN (B) by
myeloid immature dendritic cells (iDCs) was determined by flow
cytometry. Cells were stained with an isotype-matched control antibody
(a), an anti-CDla antibody or an anti-DC-SIGN antibody (b).
Supernatants from dengue-virus (DV)-infected iDCs (DV +) and
uninfected iDCs (DV—) were collected at 3 h after infection to assess the
amount of IL-8 (C), TNF-a (D), MMP-2 (E), MMP-9 (F) and MMP-13
(G) by Searchlight Proteome array technology. Statistical significance
(¥¥*P<0.0001; Student’s t-test) was determined from four independent
experiments. After DV infection of iDCs with increasing viral loads,
MMP-9 activity was analysed by gelatin zymography (H). DC-SIGN,
DC-specific ICAM3-grabbing non-integrin; IL-8, interleukin-8;

MMP, matrix metalloproteinase; MOI, multiplicity of infection; Sup iDC,
supernatants of iDCs; Sup iDC-DV, supernatants of DV-infected iDCs;
TNF-0o, tumour necrosis factor-o.
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Fig 2| Levels of tissue inhibitors of metalloproteinases secreted by
dengue-virus-infected cells. Supernatants of immature dendritic cells
(iDC) and iDC/DV were collected to assess the amount of TIMP-1 (A)
and TIMP-2 (B), measured using the sensitive Searchlight Proteome
array detection method. Statistical significance (****P <0.0001; Student’s
t-test) was determined from four independent experiments. DV, dengue
virus; TIMP, tissue inhibitors of metalloproteinases.

viro-immunological role of iDCs during DV infection, and in the
absence of an in vivo DHF/DSS model, we have examined—both
in an in vitro and in an in vivo vascular permeability model—
whether DV-infected DCs might be involved in the pathogenesis
of DHF/DSS through the production of MMP.

RESULTS AND DISCUSSION

In vitro-generated iDCs expressing CD1a (Fig 1A) and DC-SIGN
(Fig 1B) were incubated with DV. The results obtained by
chemiluminescence protein arrays, show that virus-free super-
natants of DV-infected iDCs (Sup iDC-DV; see the Methods
section) have significantly higher levels of secreted pro-
inflammatory cytokines interleukin-8, TNF-o,, MMP-9 (92 kDa gelati-
nase) and MMP-13 (collagenase 3) as compared with uninfected
iDC supernatants (Fig 1C,G). This is in agreement with the
observation that MMP-13 activates MMP-9 (Knauper et al, 1997),
and to a lesser extent MMP-2 (72 kDa gelatinase). After 3 h of
infection by DV, iDCs only slightly increased gelatinase gene
expression compared with uninfected iDCs (supplementary Fig S1
online). Moreover, MMP-9 activity was shown to be dependent on
viral load iDC exposure (Fig TH). DV infection also induced the
production of tissue inhibitors of metalloproteinases (TIMP)-1 and
TIMP-2 (Fig 2A,B), indicating that the enhanced production of
these natural inhibitors of MMP-9 and MMP-2, respectively
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Fig 3| Supernatants from dengue-virus-infected immature dendritic cells P>

increase endothelial cell permeability in a matrix metalloproteinase-
dependent manner. Sup iDC or Sup iDC-DV were treated for 1h at 37°C
with SB-3CT (A), GM-6001 or neutralizing anti-MMP-9 polyclonal
antibody (B) and subsequently added to confluent human umbilical
vascular endothelial cells (HUVECs) grown on 24-well transwell
polyethylene membranes for a period of 24 h. After the addition of
fluorescein isothiocyanate-dextran to the HUVEC monolayer, the extent
of permeability was determined by measuring fluorescence in the lower
transwell chamber by spectrofluorometry. Data (mean+s.d.; n=4) are
representative of four independent experiments (""P<0.001, “P<0.01,
NS =P>0.5 versus controls). Vascular leakage of Evans blue was
visualized after treatment of mouse skin with (1) 10 mM Tris-buffered
saline, (2) 10 nM bradykinin, (3) Sup iDC, (4) Sup iDC-DV, or Sup
iDC-DV preincubated with (5) 5 ug/ml neutralizing anti-MMP-9,

(6) 20nM GM-6001 or (7) 600 nM SB-3CT (C). Dye leakage was
quantified in equal-size punch-biopsies as described in the Methods (D).
Data (mean+s.d.; n=4) are representative of three independent
experiments. MMP-9, matrix metalloproteinase-9; Sup iDC,

supernatants of immature dendritic cells; Sup iDC-DV, supernatants of
dengue-virus-infected immature dendritic cells.

(Goldberg et al, 1989), was not able to restore the physiological
balance between the MMPs and TIMPs or to reduce DV-induced
vascular permeability. It has been reported that soluble gelatino-
lytic MMP secretion can be induced at different levels by the
activation of pro-MMPs and by an increase in MMP gene
transcription restricted to transcription factors induced or
repressed by a large variety of soluble factors, including cytokines,
growth factors and hormones, or by cellular contacts acting
through specific signalling pathways (Van den Steen et al, 2002).
Furthermore, viral double-stranded RNA (dsRNA) activation of the
intracellular Toll-like receptor 3, present in iDCs (Matsumoto et al,
2003), might lead to secretion of pro-inflammatory cytokines and
MMPs (Ritter et al, 2005). Interaction of purified glycoprotein
120—the surface envelope glycoprotein of human immuno-
deficiency virus-1—with its cell-surface receptor induces the
secretion of active MMP-9 in a MAP-kinase-dependent manner
and in the absence of dsRNA (Misse et al, 2001). Taken together
with other reports, the present data indicate that gelatinolytic
MMP secretion and regulation, initiated by DV infection of iDCs,
could result from several levels of non-exclusive interactions
between virus and surface or internal iDC ligands that would
activate different pathways. These could include the pro-
inflammatory pathways and upregulation of MMP-9 in a
MAP-kinase-dependent manner (supplementary Fig S2 online).
As MMP-9 was overexpressed in Sup iDC-DV, we investigated
whether these supernatants could modify the permeability of
endothelial cells by using primary human umbilical vascular
endothelial cell (HUVEC) monolayers (Bonner & O’Sullivan,
1998). The HUVEC monolayers were incubated for 24 h with
culture supernatants from uninfected or DV-infected iDCs. Sup
iDC-DV enhanced the permeability of HUVECs by about twofold,
as compared with those from uninfected iDCs (Fig 3A). To
establish whether the endothelium-permeabilizing activity of the
virus-free Sup iDC-DV was mediated by MMPs, the experiments
were repeated in the presence of SB-3CT (3-(4-phenoxyphenyl-
sulphonyl)-propylthiirane), a small and highly selective molecule
that, at nanomolar concentrations, inhibits MMP-9 and MMP-2
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gelatinase activities by binding to their catalytic zinc ion (Solomon
et al, 2004). As shown in Fig 3A, SB-3CT restored the endothelial
permeability of HUVECs to basal levels, similar to those observed
on incubation with uninfected iDC supernatants. Similar effects
were observed with GM-6001, a broad MMP inhibitor, as with a
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neutralizing antibody specific for MMP-9 (Fig 3B). These results
highlight the important role of the secreted MMP gelatinases
present in Sup iDC-DV in increasing endothelial permeability.
In addition, Sup iDC-DV-induced permeability was markedly
reduced, after MMP-9 depletion by a specific neutralizing
antibody, whereas the consequence of MMP-13 removal was
modest (supplementary Fig S3 online).

In the absence of a DHF/DSS animal model (Bente & Rico-
Hesse, 2006), we used a mouse vascular permeability enhance-
ment model to investigate DV-induced endothelial disruption, and
the effect of gelatinolytic MMP inhibitors in vivo. Sup iDC-DV
induced substantial vascular leakage, which was reduced by both
the gelatinolytic MMP inhibitors and a neutralizing anti-MMP-9
antibody (Fig 3C,D). Similar results were observed when TNF-o
was used instead of Sup iDC-DV (supplementary Fig S4 online).
These data confirm and extend the in vitro results, showing
that the increased HUVEC permeability induced by TNF-a
was reduced to basal levels by SB-3CT. These data support the
TNF-a-mediated induction of MMPs (Lehmann et al, 2005) and
consequent vascular permeability.

Increased serum levels of soluble factors, including the pro-
inflammatory cytokines interleukin-6 (Nguyen et al, 2004), TNF-a
(Fernandez-Mestre et al, 2004) , interleukin-8 (Juffrie et al, 2000),
transforming growth factor-p (Agarwal et al, 1999), vascular
endothelial growth factor (Tseng et al, 2005) and soluble vascular
cell adhesion molecule 1 (sVCAM-1) (Murgue et al, 2001), are
correlated with the vascular damage characteristics for DHF/DSS.
Most of these factors activate the production of gelatinolytic MMP
(Luca et al, 1997; Behzadian et al, 2001; Li et al, 2003), whereas
factors such as sVCAM-1 could result from cell-surface shedding
owing to the action of both gelatinolytic MMPs and TNF-o-
converting enzyme (Hummel et al, 2001; Garton et al, 2003). In
addition, most of the factors involved in the vascular permeability
enhancement, such as bradykinin and anaphylatoxins, are located
upstream of active gelatinolytic MMP secretion (Hsieh et al, 2004;
DiScipio et al, 2006). Thus, our results unify data from the
literature by suggesting that most of the vascular damage
correlates could constitute, at least in part, a network of pathways
triggering gelatinolytic MMP overproduction and, consequently,
the vascular damage observed in DHF/DSS.

Endothelial cells express adhesion molecules such as cadherins
and PECAM-1, which are concentrated at areas of cell-cell
contact, and contain abundant F-actin fibres that are involved in
changes of cell shape and in endothelial cell junction activities
(Hordijk et al, 1999). To visualize modifications of endothelial
junction integrity triggered by DV-infected iDC supernatants, we
analysed the distribution of PECAM-1 and VE-cadherin, and the
organization of the actin cytoskeleton in confluent HUVEC
monolayers incubated with virus-free culture supernatants from
uninfected or infected iDCs (Fig 4). Results from these experiments
show that the expression of PECAM-1, and also that of VE-
cadherin, was strongly decreased in HUVEC monolayers cultured
in the presence of iDC-DV-infected supernatant and resulted in
significantly reduced cell-cell adhesion (Fig 4B,E). In addition,
MMP activity on HUVEC monolayer integrity was also reflected
by a decrease and redistribution of F-actin staining (Fig 4H). The
observed disruption of cell-cell adhesion induced by DV-infected
iDC supernatants was found to be strictly dependent on the
activity of MMP gelatinases as the addition of SB-3CT prevented
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Fig 4| Supernatants of dengue-virus-infected immature dendritic cells
induce matrix metalloproteinase-mediated disruption of endothelial cell-
cell adhesion. Double immunofluorescence microscopy was carried out
on confluent human umbilical vascular endothelial cell monolayers after
exposure for 24 h with either Sup iDC or Sup iDC-DV. Where indicated,
Sup iDC-DV was pretreated for 1 h with 200 nM SB-3CT before
incubation with cells. The cells were stained with either anti-PECAM-1
(A-C) or anti-VE-cadherin (D-F) (green) antibody, followed by
fluorescein isothiocyanate-conjugated anti-mouse IgG. Rhodamine-
phalloidin (red) was used to visualize F-actin fibres (G-I). Nuclei were
stained with 4,6-diamidino-2-phenylindole (blue). Similar results were
obtained from three separate experiments. The expression of VE-
cadherin (J) and PECAM-1 (K) proteins was determined by western blot
analysis. Data are representative of two independent experiments.
PECAM-1, platelet endothelial adhesion molecule 1; Sup iDC,
supernatants of immature dendritic cells; Sup iDC-DV, supernatants of
dengue-virus-infected immature dendritic cells.
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the disruption of endothelial cell-cell adhesion molecules
(Fig 4C,F) while maintaining proper organization of the endothe-
lial cytoskeleton (Fig 4l). The results from western blot analysis
confirmed the immunofluorescence data by showing a decrease in
the expression of both VE-cadherin and PECAM-1 in HUVECs
treated with iDC-DV supernatants (Fig 4),K).

CONCLUSIONS AND SPECULATION

Our experimental in vitro and in vivo results highlight the
major role of secreted gelatinolytic MMP in increased vascular
permeability on infection of iDCs by DV in an antibody-
independent manner. Although the relevance of these results
needs to be ascertained in humans, our results on DHF/DSS and
the current literature allow us to propose the basis for a general
model for other viral haemorrhagic fevers (VHF), as most of
the soluble factors triggered by VHF-infected myeloid cells
(Geisbert & Jahrling, 2004) can act as upstream activators of
MMP-9 secretion. Finally, as neither vaccine nor therapeutic is
available against DV infection and on the basis of the results of
the present study, it is important to stress that the development of
therapeutic approaches specifically targeting gelatinolytic MMP
might be beneficial in controlling endothelial vascular leakage
induced in DHF/DSS.

METHODS

Cells and dengue virus. Myeloid iDCs were generated from
peripheral blood mononuclear cells according to a modified
method of Wong et al (2001). Immature DC CD14~, CD1a™,
CDC86* and DC-SIGN* (>97% purity) were cultured and used
after 5 days. Primary HUVECs were cultured according to a
slightly modified method of Carr et al (2003). The DV strain 16681
from DV2 subtype was propagated in LLC-MKj cells, and the virus
titres expressed as plaque-forming units (PFU) were determined by
plaque assay (Halstead et al, 1984).

Dengue virus infection of immature dendritic cells and cell
stimulation conditions. Five hundred thousand iDCs were ex-
posed to DV for 2 h at a multiplicity of infection of 1 PFU/cell,
extensively washed to remove excess virus, and further starved
at 37°C and 5% CO, in RPMI-1640. All experiments were
performed using virus-free (negative reverse transcription—PCR;
Deubel et al, 1990) supernatants from DV-infected iDCs that
contained the soluble factors produced in 1h after the viral
washing out, that is, 3 h after infection.

Protein arrays. Protein levels in cell supernatants were analysed
by using the highly sensitive Searchlight Proteome array technol-
ogy (Pierce Endogen, Boston, MA, USA), on the basis of
chemiluminescence protein detection.

In vitro permeability assay. Permeability of the HUVEC mono-
layer cultured on collagen-coated semipermeable membranes was
assessed using a commercialized in vitro vascular permeability
assay (Chemicon International, Temecula, CA, USA), according
to the manufacturer’s instructions. The amount of fluorescein
isothiocyanate—dextran that permeated the HUVEC monolayer
into the plate well was determined by measuring fluorescence at
an excitation wavelength of 485nm and emission at 530 nm in
a spectrofluorometer (GENios-TECAN, Trappes, France). Several
gelatinolytic MMP inhibitors were tested.

In vivo vascular permeability enhancement assay. This assay was
carried out according to the method of Imamura et al (2005) with
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some modifications. Briefly, adult BALB/c mice were anaesthetized
by using a continuous inhalation flow of 3% isoflurane (AErrane,
Baxter, Maurepas, France). Evans blue (30 mg/kg body weight) was
injected into the tail vein. A 50 pl sample (iDC supernatants and/or
products able to induce or inhibit vascular damage) was injected
intradermally in the dorsal skin of mice. When necessary, the
products were dissolved in 10 mM Tris-HCl and 150 mM NaCl
buffer. After 1 h, the mice were killed by inhalation of a lethal dose
of CO,. The blue, bleeding tissues were biopsied and incubated in
3 ml of formamide (Sigma, St Louis, MO, USA) at 60 °C for 36 h.
Vascular leakage was determined by measuring the amount of
skin-extracted Evans blue by spectrophotometry at 620 nm. Several
gelatinolytic MMP inhibitors were tested.

Immunofluorescence microscopy. HUVEC monolayers were
incubated for 24 h at 37 °C with virus-free Sup iDC-DV. After this
incubation, HUVECs were treated and incubated with the
appropriate fluorescent staining system to observe the localization
of VE-cadherin, PECAM-1, F-actin or nuclei under a fluorescence
microscope (Carl Zeiss, Gottingen, Germany). For immunoblot-
ting, pretreated cells were lysed and VE-cadherin and PECAM-1
proteins were analysed by western blotting, as described
previously (Misse et al, 2001).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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